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FOREWORD

Thls report was prepared by the haticnal Bureau of
Standards under USAF Contract No. AF 33(616)5912. The contract
was iniltiated under Project No. 7340, "Non-Mebtalliic and
Composite Materials", Task No. 73400, "Organic and Inorganic
Plastles". The project was administered under the direction
of the Materials Laboratory, Directorate of Laboratories,
Wright Air Development Center, with Mr. George P. Pefterson
acting as project englneer.

The experimental work that lg reported was done at
Convalr, Division of Ceneral Dynamlcs Corporatlon, in
San Dlego, California. Other acknowledgements are made in
the text.

This report covers the perlod of work firom about
September 1957 to September 1959.
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ABSTRACT

Data are presented that show the reslstance of
0.318-cm (0,125-1in.) thick plates of white sapphire and hot-
presaed alumina to impingement with 0,2-cm-dlameter water-
drops and mercury drops. In colllsion with mercury drops,
the VelociRy at which damage was flret observed was
3.514 x 10} cm/sec 51,153 ft/secg for white sapphilre and
§,276 x 10% cm/sec (1,403 £t/sec) for hot-pressed alumina;
the difference in the veloclitles found for the two ceramice
1s not congldered to be significant. The veloclty required.
to damage these ceramic materlals on collislion wlth a :
waterdrop was not reached experimentally. By means of a
theoretical extrapolatlion, 1t 1s shown that plates of these
ceramlics of the lndlcated thickness can be expected to
survive collilsion with 0.2-cm waterdrops without damage up
to a velocity of 33.7 x 10% em/sec (11,100 ft/sec). For air
at 0° C and 1 atm pressure, this is equivalent to a Mach
Number of 10.

PUBLICATION REVIEW

This report has been revlewed and 1s approved.

FOR THE COMMANDER:

W. E. DIRKES
Chilef, Plastlics Branch
Non-Metalllc Materlals Divislon
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RESISTANCE OF WHITE SAPPHIRE AND HOT-PRESSED ALUMINA
TO COLLISION WITH LIQUID DROPS

I. Introduction

The leadling surfaces of obJects that fly at high speed
through raln are eroded ags a result of colllslon with the
raindrops. The eroslion damage lncreases In severlty as the
relatlve implngement velocity 1s lncreased. 1%t has bhecome
a major problem in the present era of high-speed flight.

1,1 Testing and Regearch

A search for materlals that will resist thls type of
damage has been made for the past 10 years. Experimental
testing of materlals has been carried out at many laboratoriles
of the aircraft lndustry. An effort to determine the cause
of the damage and the mechanlism by which it 1s produced has
been In progress al the Natlonal Bureau of Standards.

Manuscript released by the author September 1959 for
publicatlon as a WADC Technical Report.

WADC TR 53-192 Pt XV 1



1.2 Rigld Materials or Rubbers

One of the questlons asked, at the time that the research
program on the mechanism of high-speed rain erosion was
initiated, was whether a soft rubbery materlal or a hard
rigld materlal should be sought as the solution Yo the rain-
erosion problem. The answer to thils question 1ls now at
hand. In practlcal terms, the answer is that there are
rubbery coating materials that can withstand collislon with
waterdﬂops,up to Implngement velocltles of roughly
3 x 10% em/sec (1,000 ft/sec) but that at higher lmpingement
velocliies the solution to the problem must be sought among
the hard rigld materials of high strength.

Fused alumina has been reported to be one of the most
promising materials for reslstance to erosion due to high-
speed collislon with liquid drops. In thls report some test
results of the overall resistance and particular mode of
failure of whlite sapphire and hot-pressed alumlna, under
high-speed liquld-drop Iimplngement, are presented,

II. Materlals and Test Method
2.1 Whlte Sapphire

White sapphlre l1s a pure, single crystal alpha alumina
made by droppling flnely powdered alumina through a post- :
mixed oxyhydrogen flame onto the molten cap of a seed crystal
supported in an insulating furnace, Crystalllzatlon occcurs
at. the lnterface between the body of the crystal and the
molten cap. Under proper operating condliions, the material
that crystalllzes has the same orlentation as the seed ’
crystal. The as-grown crystals are annealed at 1,900° C
(3,452° P) to remove strains.

Five disk-ghaped target plates of white sapphire that
were 1.59 cm (0,625 in,) in diameter and 0.318 cm (0.125 in.)
thick vere obtalned from the Linde Air Products Company In
New York City, New York, for use in the experliment., They
ywere crystal clear and had the appearance of high quallbty
glags, The face of the target plate that would strilke the
liquid drop was glven a hlgh polish by the manufacturer.

The physlcal properties of whlbte saprhire, taken from
data supplled by the manufacturer, are listed in Table 1,

WADC TR 53-192 Pt XV 2 .



2.2 Hot-Pressed Alumina

Hot-pressed alumina (gray) differs from the more common
polycrystalline alumina (cream white) in that it 1s heated’
and pressed in one operatlon rather than in two. The heating
and presslng 1s done in graphlte dles and hot-pressed alumina
1s gray in color because 1t picks up a carbon lmpurity from
the dles., The amount of carbon that dlffuses into the
alumina depends on the pressure, temperature, and time
involved 1n the hot-pressing operatlion. Hot pressing produces
an alumina having a density close to that of white sapphilre;
there 18, however, a conslderable amou:t of varlabllity in
the product from lot ¢to lot.

H.P.Alundum 1ls hot-pressed alumina of uniform denslty
and hardness manufactured by gintering the pure aluminum
oxlde crystals, No bonding matriz 1s used. Five disk-shaped
target plates of H.P.Alundum that were 1.59 em (0.625 in.)
in diameter and 0,318 cm (0.125 in.) thick were obtained
from.the Norton Company in Worcestc;, Massachusetts, for use
in the experiment. They were opaque and light gray in color.
The face of the target plate that would strike the liquild
drop was glven a high polish by the manufacturer by means of
dlamond grinding and lapping. '

The physilcal propcrcles of H.P.Alundum, taken from data
supplied by the manufacturer, are ligted 1in Table 1.

2.3 Llguld-Drop Collligsion Test

The target plates of whlte sapphlre and hot-pressed
alumina were sent ic Convalr, Divislon of General Dynamics
Corporation, in S8an Dlego, California, where the collision
experiment was carrled out. The ceramic target plates
were fastened with adheslve to metal dlsks of the same size
and were flred agalnst mercury draps and waterdrops at
velocities, ranging from 2.89 x 10 cm/sec (948 ft/sec) to
11,88 x 10% cm/sec (3,898 ft/sec). The metal backing disks
kept the ceramlc target plates fha* were shattered by the
llquild-drop collisiong from falling lnto pleces,

The drop slze specifled for the colllislons was O,2-cm
dlameter. The mercury drops were welghed on an analytical
balance and the dlameter of each drop was calculated from .
1ts welght. The mercury drops that struck the target plates
ranged from 5 percent above to 1 percent below the silze that

WADC TR 53-192 Pt XV 3



Table 1,

Physlcal Propertles of White Sapphlire and H.P.Alundum

Material H.P.Alundumé/ White Sapphlreg/
Density, g/cc 3.95 3.98
Modulus
Elasgicity, 1 1p
d/cm 3.4 x 1012 (3.4 - 3.8) x 1077 | depending
6 6 on position
psi 50 x 10 (50 - 55) x 10" of crystal
- C-axls
Modulus Rupture, 9
d/em 2,4 x 10 (2.8 ~ 9.0) x 10°
3 at 30° C
psi 35 x 10 (40 - 130) x 103
Compresglve
‘Strength, d/em® | 2.8 x 1070 [2.1 x 10%° |
psl 400 x 10 300 x 10
Knoop Hardness
(K 100) 2,000 1,525 - 2,000
Mohs Hardness 9 - 9,5 9
Melting Point,
°¢ 2,000 2,040

a/ Tabulated data supplied by Norton Company

b/ Data supplied by Linde Alr Products Company

WADC TR 53-192 Pt XV i
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was specified. It was estimated by the experimenters that
the waterdrops were within *10 peccent of the nominal glze,

An attempt was made %o distribute the veloclties at
which the target plates were fired., Closely similar velocities
were sometimes unavoldably obtalned, however, because the
velocity produced by a glven welght of powder ls affected
by temperature varlation, amount of casing crimp, and the
denslty of powder pack.

The velocitles at whlch the white sapphire and hot-
pressed alumlna target plates were fired and the material
of the drops with which they colllded are listed in Table 2,
These data were supplied by Convalr,

III, Observations

The target plates of whlte sapphire and of hot-pressed
alumina that had collided with mercury drops and waterdrops
at high speed were examlned with use of a stereomlcroscope.
The failure that was observed to have occurred as a result

_of collisions with these llquid drops 1s described in the

followlng sectlons. Obgervatlons of the result of collislons
of the target plates wlth waterdrops are -pregsented filrst,
These are followed by a description of the damage that
regulted from colllslons of the target plates with mercury
drops. 'The sgpeclfic target plates are dlscussed in the

order of the relative collilsion velocity at which they struck
the liquild drops beginning wilith the lowest veloclty at which
a colllision occurred.

3.1 Whilte Sapphire

Only one whilfe sapphire target plate was used for
colligions wlth waterdrops. Thig tarpget plate was fired
three times. In the first two firings, 1t colllded wilth
0.2-cm waterdrops at velocitiﬁs of 4.779 x 10 cm/sec
(1,568 ft/sec) and 6,620 x 107 cm/sec (2,172 ft/sec) without
sustalning any damage It was then filred at a veloclty of -
7.529 x 10% em/sec %2 470 ft/sec). The 0.2~cm waterdrop
was not hlt, but the sapphlire target plate cracked from.
firing shock. The maximum experimental evidence that resulted,
therefore, for the resigtance of white sapphire to a water-
drop collilslon 1s that no damage is produced on a white

WADC TR 53~192 Pt XV 5



Table

2,

Dataé/ for Collislon of Target Plates of White Sapphlre and
Hot-Pressed Alumina wlth O.2-cm-diam Drops
i
Target Plates of Whlte Sapphlre

Specimen Drop Liquid Collislion Velocliy

Number 10% em/sec £t/sec
1 mercury 4,420 1,450
2 mercury 4,584 1,504
3 water 4,779 1,568
3 water 6.620 2,172
3 water 7.529 2,470
4 mereury 3,581 1,175
5 mercury 2.890 glig
5 mercury 3,197 1,049
5 mercury 3,216 1,055
5 mercury 3.51Y4 1,153

Target Plates of Hot-Pressed Alumina

Specimen Drop Liquid . Collision Veloclty

Numbexr 10% cm/sec ft/sec
-1 water 7.346 2,410
2 water 9,14k 3,000
3 water 11.88 3,898
4 merceury 4. 276 1,403
5 mercury 4,996 1,639
5 mercury 4,100 1,345

a/ These data were obtalned at Convalr, Division of General
Dynamlcs Corporation, San Diego, Californla.

WADC TR 5
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sapphire plate that 1s 0.318 c¢cm (0.125 in.) thick on colliding
wlth a O.a-cmuwaterdrop up to a relative colllslon velocity
of 6.620 x 10" cm/sec (2,172 ft/sec).

The white sapphlre target plate used for the lowest-
veloclty collislons with mercury drops was fired four times.
In the first three firings, it coﬁlided wilth 0,2-cm mercury
drops at Vﬁlocities of 2.890 x 107 cm/sec (948 ftﬁsec),
3.197 x 10" em/sec (1,049 ft/sec), and 3.216 x 107 cm/sec
(1,055 ft/sec) without sustaining any damage. In the fourth
firlng, 1t colllded wi&h a 0.2-cm mercury drop at a relatlve
veloeity of 3.514 x 10% cm/sec (1,153 ft/sec). The whilte
sapphire target plate was damaged by this collision.

An enlarged view of this target plate 1s shown in
Flgure la, The whlte sapphire 1s crystal clear; machining
marks in the metal backing plate can be seen through the
¢clear sapphlire. Damage 1s restrlicted to the immedlate site
of the colllslon at the edge of the target plate; the
remalnder of the target plate 1s not affected.

A view of the central point, or eye of K the collision,
at higher magnification 1s shown in Figure lb. It can be
seen that the eye of the colllslon consists of an undamaged
central area surrounded by an lmperfectly developed polygon
of short stralght cracks that tend to form almost parallel
to one another. Posslble explanations of the exlstence of
the undamaged center and of the formatlon of the characteristic
poly%onal'crack structure are discussed in Sections 4.2.1
and 4.2.2, Evldence that these cracks extend down into the
target pl~te 1n a concholdal type of fracture 1s presented
helow. It can be seen that sapphire has been broken out of
the surface along the polygonal cracks and on the side of
the cracks away from the center of the collision, that 1s,
in the direction of the radlal flow of the liquid of the
drop that implnged. A possible cause of the breaking away
of materlal along the polygonal cracks is discussed in
Section 4.2.3.

From the evidence provided by thils target plate, 1t
appears that the velocity at which a plate of whilte sapphire
that i1s 0.318 cm (0.125 in.) thick is damﬁged, on collision
with a 0.2-cm mercury drop, is 3.51% x 10 cm/sec
(1,153 ft/sec).

WADC TR 53-192 P{ XV 7

SISO VR S

P N .



——lee == e e B

- noﬂmw.ﬂoo M:S Mo un.mom Hm.up,nao ma,. Auo >o,§. Y

Mﬁ anoﬁa wnwsonn heub h.mu

bu.mdw uomsmu a1 bu

ﬁﬁu\t ,mmH 1)) bun\_ﬁ o.n x ﬁm.m po ES& & -

40850 .HMBUE nﬁr..m\ odEHS nmau.ﬂou «E S h&ag ém MEHE_ nH m.mmwﬁw

_WADO TR £3-192 Pt XV



The next-hlghest-speed collislon between a whlte sapphilre
target plate ind & 0.2-cm mercury drop cccurred at a veloclty
of 3.581 x 10" em/sec (1,175 ft/sec). This collision was
also close to the edge of the target plate; 1t resulted in
a plece of sapphlre bheing chipped away. An enlarged view
of thils target plate is shown In Figure 2a where ‘the machining
marks, ln the metal backlng plate and bubbles in the adhesive
can be seen through the clear sapphire. A view of the eye
of the collision at higher magnifilcation 1s shown in Figure 2b,
The imperfectly developed polygon of cracks around -an .
undamaged center can again be seen., Sapphlre 1ls broken out ,
of the surlface along the cracks on the side away from the |
center of the collision, that 1s, in the directlon of the
radial flow of the llquld of the drop that impinged.

That the poliygonal cracks extehd below the surface in
a concholdal fracture can be seen in the views of the eye
of this collision shown in Figure 3. These pictures were
taken with a different mode of lighting, at lower magnification,
and with greater depth of focus. In Figure 3a the structure
of the subtersurface fractures can be seen best but the
polygonal cracks on the surface are dim. In Figure 3b it can
he seen that the subtersurface fractures extend from the
surface cracks and that, with lncreasing depth, they dlverge
from a line taken through the central point of the collision.

Colllslon between a white sapphire target plate and a
0.2-cm merﬁLry drop at a relative collision veloclty of
4,420 x 10 om/sec (1,450 ft/sec) resulted in radlal cracks
that extended completely across the target plate. An enlarged
view of the damaged target plate is shown in Figure 4a. The
long radlal cracks extend through the thickness of the

‘qnnphiru plate. A4 possible explanation of the cause of the

=&

radial cracks i1s discussed in Section 4.2. 4

A view of the eye of this collision at hlgher
magnification 18 shown in Figure 4b. It can be seen that
sapphire has been broken out of the surface along the
polygonal cracks and on the slde of the crack away from
the central point of the colllsion, that 18, in the directilon
of the radial flow of the liquid of the drop that impinged.
The large dark reglons of Figure 4p are areas where sapphilre
has been chipped from the surface. It appears that this
chipping out of the sapphlre occurred between intersecting
cracks.

WADC TR 53-192 Pt XV 9



‘moTsITTO0 UL Jo jutod TBIIUSD U 3O 33» «.Pw

aqeTd um.m.n.mp aqs ov ademu] .«o 1GIIXS wﬁsoﬂw NOTA Aﬁv

-

(0e8/35 54T T) 998w %H x TR5°C 0 E&Sﬂw ¥ .S

0EG FEDOMEN WO-2*0 ¥ EGL4 (EGITIO0 GVH: EAVIL [EDKYG TETEIAVS n.mmx 'z SENST

WADG TR 53~192 Pt XV



FIGURE 3. VIUWS OF My

STTRPACTS

WADC TR 53-19:: Pt AV

SUBTHRSURFACE FHACTURYS WATENDING FROM THY

CRACKS SITOWN IN FIGURE 2(b).

11



¥

:

"HOTSTITOD 993 u.o .«H.noP im.nummu ¥q3 Jo meis {q)

ma.m.mnm &m.w.n‘mﬁ Qﬁv o3 uWNﬂﬂm .ﬂa 4u,man Mﬂﬁ#ouﬁm 3&@» adv

o ﬂuom\«s om@i Sn\su 0T oma.a & weSS..mr ¥ aﬂ

nomm gﬁ.&& qEE ﬁﬂasp Jm.rm@m IEOE

N

Y=

ﬁgg

w ERLOLE

WADG TR 53-1

J.2

92 Pt XV



The highest velocity at which a white sapphlre targﬁt
plate collided with a O.2-cm mercury drop was 4.584 x 107 cm/sec
(1,504 £t/sec). An enlarged view of the damaged sapphire
target plate is shown 1n Flgure 5a. A view of the eye of
the colllslion at hlgher magnlficatlon 1s shown in Flgure 5b,
Extenslive radial cracks run out from the central area of
the colllsion where a conslderable amount of sapphire has
been chlpped out of the surface. The chipplng out of sapphire
appears to have occurred between Intersecting cracks,

Two seml-clrcular cracks are indilcated with arrows in
Figure 5a. These cracks appear to reflect the curved side
of the target plate. A possible explanation of why these
cracks formed is discussed in Section 4.2.5.

3.2 Hot-Pregsed Alumina

Three target plates of hot-pressed alumina were used
for collisiona with O.2-cm qatorﬂrops. The lowest-veloclty
collision was at 7.346 x 10* cm/sec (2,410 ft/sec). An
enlarged view of this target plate 1s shown in Figure 6a.
The circle and arrow were drawn on the target plate by the
experimenters at Convalr who reported observing an almost
imperceptible damage mark. A view of the area enclosed by
the circle at higher magnification i1s shown in Figure 6b,
Careful inspectlion of the surface in this area falled
to provide concluslve evidence that damage had occurred,

.The second hot-presged, alumina target plate was fired
at a veloclty of 9,144 x 10% cm/sec (3,000 f£t/sec). It
shatterasd due to firing shock,

The third hot-pressed ﬁlumina target plate was fired
at a veloeclty of 11.88 x 10" em/sec (3,898 ft/sec) and it
collided with two 0.2-cm waterdrops. The experimenters at
Convair had coated thils target plate with blue dye prilor
to firing it. An enlarged view of this target plate 1s
shown 1n Flgure Ta where 1% can be seen from' flower-llke
traces in the dye that two waterdrops were struck. These
traces were formed when the radlal flow of the lmplnglng
waterdrops removed the dye from the surface, A view of the
larger of these traces l1ls shown 1in Figure Tb at higher
magnification, After the pictures shown in Figure 7 were
made, the dye was completely removed from the surface of
the target plate with alcohol. The clean surface of the
target plate was inspected under the microscope; no concluslve
evidence of damage to the surface was seen.

WADC TR 53-192 Pt XV 13
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On the basls of these observations 1t appears that
hot-pressed alumina plates that are 0.318 em (0,125 in.)
thilck will not be damaged by collislion with 0.2-cm waterdrops
up to a collision velocity of 11.88 x 107 cm/sec
(3,898 ft/sec).

The fourth hot-pressed alumina target plate collided
with a 0.2-cm mercury drop at a veloecity of 4.276 x 10 cm/sec
(1,403 ft/sec). The target plate was damaged by the collision.
An enlarged view of the damaged target plate 1s shown in
Figure 8a. The experimenters at Convalr drew a2 c¢lrcle around
the damage mark which they reported was 0.0005 em (0.0002 in.)
deep and 0,071 cm (0.028 in.) in diameter.

A view of the eye of this collislon at higher
magnlfication 1ls shown in Flgure 8b, It can be seen that
the eye of the collision consists of an undamaged central
area surrounded by clrcles of short cracks. Because the
hot-pressed alumlna l1lsg opaque, the amount of damage that
exlists below the surface cannot be assessged.

IF'rom the evldence provided by thils target plate, 1%
appears that the velocity at which a plate of hot-pressed
alumina that 1s 0.318 cm (0.125 in.) thick 1s damaged, on
collision with a O.2-cm mercury drop, 1s 4,276 x 107 cm/sec
(1,403 ft/sec). DBecause this i1s the lowest velocity at
which collilslon between a hot-pressed alumlna target plate
and a mercury drop cccurred, 1t is not known 1f thls 1s the
very lowest veloclty at which observable damage would be
produced.

The fifth hot-pressed alumina target plate was fired
twlce., It was chipped by an edge collislon with a 0.2-cm
mercury drop at a veloclty of 4#.996 x 107 cm/sec (1,639 ft/sec)
and was then shattered by colllsjon with a 0.2-em mercury
drop at a veloclty of 4.100 x 107 cm/sec (1,345 ft/sec).

An enlarged view of the target plate 1s shown in Flgure 9a;
a view of the eye of the lower-velocity collislon is shown
a2t higher magnification in Flgure 9b; a view of what remains
of the eye of the hlgher-veloclty edge colllsion 1s shown
in Figure 9c.

From Flgure 9a 1t can be seen that a crack runs acrogs
the target plate between the two polnts of collision. If
this crack existed even partlally before the second (lower-
veloclty) collision occurred, the extent of damage caused

WADC TR 53-192 Pt XV 17
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by the collision at %.100 x 10% em/sec (1,345 ft/sec) may
not be representative. In thilis connection, it should be
polnted cut that the degree of damage seen in Flgure 9 was
not produced 1n the colllsion of the hot-pressed alumlna
target plate with a 0.2-cm mercury drop at 4.276 x 107 cm/sec
(1,403 ft/sec). - See Figure 8a.

From Flgures 9b and 9c¢ 1t can be seen that the eye of the
collision is again bounded by a clrcle of short cracks,
Less than half of the eye of the collislon that occurred
at a veloeclty of 4.996 x 107 om/sec (1,639 ft/sec) can be
seen 1n Filgure 9; the remaining part of this area was
apparently lost when a chip from the edge of the specimen
broke away. Because the eye of this colllision was broken
in half, the crack structure below the surface of the opaque
hot-pressed alumina can be observed. Microscoplc inspectlon
of thils damaged area wlth the target plate turned at an angle
revealed that the short and more or less parallel cracks
that bound the eye of the collislion run deep into the
ceramic; they may extend through the target plate. The
1nnermost cracks of the ring may have formed nearly
perpendicular to the surface, but the outermost cracks
formed at an angle that was estimated roughly to be close
to 45° to the surface,

From Figure 9a 1t can he seen that seven radlal cracks
formed around the eye of the lower-veloclty collision; the
longer of thege cracks are characterized by dilchotomous
branching. From a comparison of the damage produced on thlg
hot-pressed alumlna target plate and that produced on the
hot-pressed alumina target plate that colllded wi&h a mercury
drop of the same size at a velocity of 4.270 x 107 cm/sec
(1,403 ft/sec), it might be concluded that the circular
cracks that bound the eye of the colllsion form either with
or without the formation of the long radial cracks. On
the other hand, the damage produced by the collision with
a 0.2-cm mercury drop at a velocity of 4.100 x 10% cm/sec
{1,345 ft/sec) may he misleading, as was pointed out above,
Cracks that were almost invisible may have been produced
in thls target plate as a result of the edge collision with
a mercury drop that 1t had already suffered.

An interesting crack that appears to reflect the
contour of the edge of the target plate 1s indlcated with
an arrow ln Flgurc 9a,., Thls crack intersects flve of the
geven radial cracks that run out from the eye of the lower-
veloclty collision. The possible origin of this crack is
discussed in Section 4.2.5.
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3.3 Summary of Observatlons

For the 0.318-cm (0.125-1n.)-thick plates of white
sapphire and hot-pressed alumlna that were used, no damage
was done to elther ceramlc by colllslon with a 0.2-cm-diam
waterdrop at the hilighest colllslon velocitles that were
used, namely, 6.620 x 184 em/sec (2,172 ft/sec) for white
sapphire and 11,88 x 107 cm/sec (3,898 ft/sec) for hot-
pressed alumina. In collision with 0,2-cm~dlam mercury
drops, the veloclty at which damage wag first observed was
3.514 x 10% em/sec (1,153 ft/sec) for whilte sapphire and
h.276 x 10% em/sec (1,403 ft/sec) for hot-pressed alumina;
the difference in the velocitles found for the two ceramics
is not significant because the veloclty given for hot-pressed
alumina i1s the lowest veloclty at which colllslon between
a mercury drcp and thils ceramlc occurred,

The first evilidence of fallure of hlgh-strength whlte
sapphire and hot-presged alumlna under high-speed mercury-
drop implngement was the formation of cracks that bound a
more or less clrcular undamaged area around the central
point or eye of the collision. In white sapphlre these cracks
were polygonal; in hot-pregsed alumina they were clrcular.
Thege crackg ran deep Into the ceramic material, The cracks
nearest to the central point of the collision were nearly
perpendicular to the surface of the target plate but the
outer-lying cracks were inclined at an angle to the surface
of the target plate.

_ The material of the target plate was broken out of the
surface along these cracks and on the.side of the cracks
away from the central point of the colligion; that 1s, in
the directlion of the radial flow of the liquid of the drop
that impinged. The erosion damage was more severe the
higher the veloclty at which the collisglon occurred.

At high impingement velocltles radlal cracks formed,
The radial cracks ran out from the center of the colllsion
and extended completely across and through the target plate,

Curved cracks that appear to reflect the curved edge
of the target plates also formed when the impingement velocity
wasg high Cracks of thls kind obrerved in whlte sapphlre
were below the surface of the target plate; the curved crack
observed in hot-pressed alumina extended to the surface of
the target plate.
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IV, Fallure

In order to understand how the damage that has been
observed was produced, 1t i1s necessary to review the stresses
that are limposed by an Impinglng liqula drop.

4.1 Liquid Drops as Damage Tools

Wnen a liquld drop colildes wlth the planar surface
of a solid, (a) it exerts a localized pressure and (b) it
flows out radially around the central point of impingement.

4,1,1 Locallzed Pressure

During the early stages of the colllisglon between a
liquid drop and the planar surface of a sollid, maximum
pressure exlsts in a ring around the central point of the
collision. At the flrst instant of the collislon, when
the maximum pressure 1s higher than at any later time,
this ring may be regarded as a point circle. The radius
of the rilng of maximum pressure increases and the value of
the maximum pressure in the ring decreases with time until
the redius of the clrcle of contact between the drop and the
solid 1s about 0.6 of the original radius of the drop. When
this stage of the colllslion 1s reached, the ring of maxlmum
pressure vanlshes.,

. Saviec and Boult [l]l/ have glven a hydrodynamlic treatment

of the colligion of a drop of Incompressible liquid with a
completely unylelding solid. They found that the pressure

is infinlte at the Tflrst lnstant of the collislon when the
ring of maximum pressure may be regarded as a point circle,
They state that this Infinity 1s prevented physically by the
fact that the hlgh 1nitial pressure 1s absorbed in the bulk
compressibility of the liquid, glving rise to an emitted

compresslion wave,

According to the treatment of Saviec and Boult (1],
very hlgh pressure maxima are developed durlng the early
stages of the collision when the pressure maximum exlsts
in a ring around the central polnt of the collislon.
Approximate values of the pressure maxima found by them for
varlious values of the radius of the circle of conbact

1/ Numbers in brackets refer to literature references at
the end of this paper.
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between the drop and solid surface are given in fable 3,

In Table 3, R 1s the original radius of the drop, P .
1s the density of the liquild of which the drop 1ls composed,
and U 1s the impingement velocity. They found that when
the radius of the circle of contact 1s 0.5 R, the ring of
maximum pressure vanlshegs, maximum pressure then exists at
the center of the drop, and the pressure proflle acroas

the contact area decreases from the center to the periphery
of the circle of contact.

Table 3,

Maximum Pressure in an Impinging Liqguid Drop

Radius of Cilrcle of Contact
in Terms of the Orilglnal Approximate Value of
Drop Radius R Maximum Pressure
0.1 R 3 Pu?
0.2 R 3/2 Pu®
0.3 R pu?
0.6 R 1/2 Pu?

Structural materials do not usually fail when a uniform
pressure 1s applied to them. However, when a localized
pressure 1s applled, tensile and shear stresses, which may
cause Tallure, appear in the sollid material. A circular
compressed ares in a thin plate has radlal symmetry. The
traces of the principal planes of stress are the radil of
the cilrcular area and tangents to any clrcle drawn around
the central point of the compressed area. The principal
stresses act at an angle of 90° to the principal planes

of stresag/.

The stresses that are introduced into an elastic plate
by a spherical indenter were studied with use of small foam
rubber pads and spherical indenterg of glass and sieel.

2/ Helpful conversations with Dr, J. M, Frankland of NBS
Engineering Mechanles Section with regard to the principal
stresses are gratefully acknowledged,
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The kinds of stresses that were acting and the directions

in which they were actling were deduced from the behavior

of blemishes (holes and scratches) in the rubber as observed
under low power magniflcatlon.

- By pressing a steel sphere into the rubber it could
be seen that, at the periphery of the compressed area, the
princlpal stresses are tenslile stresses acting at an angle
of 90° to the tangent planes of principal stress and
compressive stresses acting at an angle of 90° to the radlal
principal planes of stress. See Flgure 10, The principal
stresses below the Indenter were studled with use of a spherical
glass indenter that was flattened on one side. The behavior
of the rubber under the indenter as 1t was pressed 1nto the
pad was observed through the flat area on the sphere, It
could be seen that, near the center of the compressed area,
the principal stresses are all compressive, See Figure 10,
The principal stresses at the convexlty on the opposite slde
of the plate were studled by pressing the rubber pad over a
steel sphere, It could be seen that, at the convexity, the
principal stresses are all tenslle gstresses., See PFigure 10,

A cavity may form in a solid to which a local pressure
1s applled if the strength of the solild is low or 1f the
pressure that 1s exerted 1s high.

An Impinging ligquid drop acts like an impinging soilid
sphere Iln exerting a locallzed pressure. However, for any
glven impingement veloclty, the locallzed pressure exerted
by an Impinging llquld drop 1s never as great as that exerted
by an lmpinging solld sphere. Thls 1s because part of the
collision energy of an impinging drop is transformed into
radlial flow of the liquld of which it is composed. An
impinging solid sphere can inflict damage only by exerting
a lecallzed pressure; an lmpinging liquld drop can inflict
damage both by the locallzed pressure thal it exerts and by
1ts radial flow.

4,1.2 Radlal Flow
The lmpact pressure that 1s produced by the collision
of a llquld drop with the planar surface of a so0lid drives

the 1liquld that ls close to the solid surface radlally
outward around a central stagnation polnt, The flow veloclity
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FIGURE 1J. PRINCIPAL STRESSYS (P, PRESSURE; 7, TENSION) AT THE CONCAVITY
AND CONVEXITY PRODUCED BY A SPHERICAL INDENTER PRESSING

AGAINST AN ELASTIC SOLID PLATE
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can become very hiligh. In the case of a waterdrop colliding
with a glass plate, 1t may approach ten times the value of
the impingement veloclty for short times after the coliision
incident %2].

The radially flowing liquld of an Implnging drop exerts
a ghear stregs on the surface of the solld over which i1t 1s
running. The shear stress 7 between layers of liquid in
laminar flow 1s glven by M (dv/dz) where s 13 the
viscoslty of the liquid, ‘v I1s the veloclty at which the
liquid is moving, and 2z 1s the dlrection through the
thickness of the liquld sheet. The layer of llquid molecules
in direct contact with the surface of the solid has zero
veloclty but the veloclty gradient 1is not zero and the
shear gtress ls applled to the solid.

If the radial flow of an lmpinging lliquld drop runs
over a surface protrusion, it exerts forces against the
protrusion that act in opposltion to the coheslion of the
protrusion to the underlying layers of material. Pressure
exerted agalnst the protrusion by the flowlng liquid tends
to move the protrusion along the planar surface of the solld
and results in a shear stress at the base of the protrusion.
The pressure exerted by the liquid also results in a fturning
moment that tends to bend the protrusion over. The turning
moment 1s the 1lntegrated cross product of the compressive
force exerted by the liquld and the distance above the planar
purface of the solid of the polnt where the force 1s appliled.
If the forces exerted by the rapld flow of liquld are large
enough, or 1f the protrusion has a notabhle elevatlion above
the planar surface, fallure may occur, The protrusion may
be bent over, 1t may be broken off, or part of the solild
material below the surface may be torn out with 1t.

4,2 Correlation

A logilcal explanation of the obgervations on the faillure
of white sapphire and hot-presged alumina under mercury-drop
impingement, whlch were gsummarlized at the end of Section 3,
must be based on the stresses that an implngling liqulid drop
exerts, These have been reviewed in Section 4,1. In this
section the observed damage wlill be consldered in the light
of the stresses that were produced in the ceramic materials.
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4,2.1 Undamaged Center

The flrst characteristic of the damage mark produced
on whlte sapphilrs and hot-pressed alumlna by mercury-drop
impingement that was cited was an undamaged center surrounded
by a.polygon of cracks ln the case of sapphlre and by a
clrcle of cracks in the case of hot-pressed alumlna. The
undamaged center ls the part of the damage mark that was
under high pressure during the collislion incident. If a
cavity formed during the collislon, the undamaged center
was. the highly compressed materlal ati the bottom of the
cavity where the princlpal stresses are all compressgive
(see Figure 10). Brittle materials, such as glass, fail
in tension [3], and 1t can be surmlsed that white sapphire
and hot-pressed alumina will fall in tenslon. Because no
tensile stresses form in the compressed solid material near
the center of the colllsion, fallure would not be expected
here, and the exlstence of an undamaged area at the center

f the colllision ls to be anticlipated.

4.2,2 Polygonal or Circular Cracks

In the first damage marks produced on white sapphire
and hot-pregsed alumlna the undamaged central area was
surrounded wlth polygonal cracks and clrcular cracks,
regpectively. These cracks formed in the reglon of tensille
stress around the central compressed area. See Figure 10.
It seems reasonable to suppose that these cracks are the
result of a tensile fallure,

The expresslon for the radlal tenslle stresses that
form at the periphery of the compressed area 18 known for
the case that the maximum compresslve stress exlsts at the
central point of the compregsed area and that the presuure
decreases regularly to the perlphery of thls area ?3]. It 1s

g, = (1 -.27)/3 qq

where 2 1s Polsson's ratio and g is the maximum pressure
at the center of the compressed arla. The type of pressure
distribution for which this equation applies exisis under

an impinging liquid drop only after the circular pressure
peaks that develop durlng the earliest stages of the collision
have vanlshed. Thls occurs when the radius of the clrcie

of contact 1g about 0.6 of the original radius of the drop.
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See Section 4.1. The maximum pressure at this time, according
to the hydrodynamic treatment of Savic and Boult [1] for

a drop of incompressible liquid impinging asainst the planar
surface of an unylelding solid, i1s 9.3 x 10 d/cm2

(135,000 psl) for the case that the liquid of thﬁ drop 1s
mercury and the collision velocity is 3.581 x 10* cm/sec
(1,175 ft/sec). The damage mark made on a whilte sapphire
target plate on collision with a 0.2-cm mercury drop at this
veloelty is shown in Figure 2b. Using this value Tfor the
maximum pressure, q_, and 0.26 for an average value/ of
Polsson's ratlio, ¥ ~, glves a value of 1.5 x 10 d/cm2
(22,000 psi) for the radial tensile stress, o, . Thils is
only about half of the tensile strength of whige sapphire,
See Table 1, From Flgure 2b 1t can be geen that the radius
of the area enclosed by the outermost polygonal cracks is
about 0.05 cm or half the original radius of the 0,2-cm~diam
mercury drop, whereas the calculated value of o, 1s for a
radius of 0.06 cm,

Furthermore, polygonal eracks have formed at distances
from the central point of the collision that range from
about 0.025 c¢m to about 0.05 cm. From the treatment of
Savic and Boult [1], the maximum pressure would be lncreased
by a factor of 2 for the case that the radius of the circle
of contact 1s 0.3 of the radius of the origlnal drop
(0.03 em) and would be increased by very close to a factor
of 3 for the case that the radlus of the circle of contact
1s 0.2 of the radius of the original drop (0.02 cm), See
Table 3. Hence 1t can be surmised that the radial tensile
stresses are from 2 to 3 times higher than 1.5 x 109 d/cme
(22,000 psl) at the distances from the central point of the
collision where polygonal cracks are observed to have formed,
and are 1n excess of the tensile strength of white sapphire,
However, because the equation gilven for the radial tensile
stress, op , 18 based on a different pressure distribution
from that which exigts in a liquid drop when the radius
of the circle of contact 1s less than 0.6 of the original
radius of the drop, thils equation cannot valldly be used
to compute them.

3/ This average value of Polsson's ratlo for white sapphire
and polycrystalline alumina was kindly supplied by
J. B, Wachtman, Jr., of NBS Engilneering Ceramles Section.
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It was observed that the cracks that form 1ln white
sapphlre as a result of the radlal tenslle stresses are
polygonal whereas those that form in hot-pressed alumina
are clrcular, The difference in the type of cracks appears
to result from the degree of anisotropy of the two ceramles.
The gingle-crystal whlte sapphire is characterized by cleavage
planes on which fallure occurs flrst whereas polycrystalline
hot-pressed alumina 1s isotroplec.

4.2,3 Breaking Out of Material

White sapphlre 1s eroded away along the polygonal
eracks that formed in it., Thls damage appears to be the
result of the radlal flow of the mercury drops that implinged.
If the brolen edges of the cracks were ralsed above the
planar surface of the target plate by plastic flow, they
may have provlded protrusions against which the radlally
flowlng mercury exerted pressure, The pressure would result
in a shear stress below the protruslion and a turning moment
cxerted agalnet 1% that may have caused the loss of material.

The reasoning Just gilven is supported by the cobservatlon
that the loss of sapphire material occurred on the slde of
the crack agway from the central polnt of the collision. If
the raised broken edge of the crack provided a protrusion
against which the radial flow of the mercury of the drop
could exert a pressure. this 1s the slde of the crack against
which the pressure would be exerted.

There are two other observatlions that support the
reasoning given. One of these 1s that the outermost of the
polygonal cracks are more eroded than the innermost. This
may be explained. in terms of the magnitude of the veloelty
of the radlal flow at different dlstances from the stagnatlion
point (zero flow velocity) at the center of the collision.
On the other hand, there may have bheen an increase 1n the
magnitude of the radial tensile stress with increase in
distance from the center of the collilsion and the outermost
cracks may, therefore, have develcped hilgher ralsed edges
due to plastic flow. The other is the cbservation that the
erosion damage Ilncreased 1n severity as the impilngement
veloclty was increased. This could be in agreement wlth
the fact that the veloclty of the radial flow 1s increased
a8 the limpingement veloclty 1s increased. However, the
magnltude of the radlal tenslle stresses introduced is also
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increased as the implngement velocity 1s increased and this
could explain the observation in terms of higher ralsed
edges along the cracks,

4,2.4 Radial Cracks

Radlal cracks formed at the highest lmpingement velocitles
at which mercury drops struck the target plates of white
sapphlire and hot-pressed alumina. They ran out from the
center of the collilslon and extended completely across and
through the targeft plates.

These cracks are probably alsc the result of a tensile
failure. Tensile stresses perpendlcular to the radlal
princlpal pleanes of stress are required to account for them.
The stresses perpendicular to the radial principal planes
of stress around the perlphery of the area of the target
plate that was compressed by the colliding drop are compressilve
(see Section 4.1 and Figure 10).

It 1s possible that these cracks may originate on the
reverse face of the target plate when the compresslonal
wave inltliated by the collision reflects as a tenslon wave.
The principal stresses in the convexlty that should form
on the reverse face of the plate when thls reflection occurs
are all tensile stresses (see Figure 10). Hence radilal
cracks could be expected to form on the reverse face of
the plate as a regult of a tensile fallure. It is possible
that the radlal cracks orilginate on the reverse face of
the btarget plate and progress through. 1t to the collision

surface,

-

4.2.5 Curved Cracks

Cracks that reflect the curvature of the bounding
edge of the target plates formed in both whlte sapphire
and hot-pressed alumina as a result of high-speed colllsglion
with mercury drops. A wave of compression 1s 1lnltiated
in the target plate as a result of the collision. When this
wave reaches the curved edges of the target plate, 1t
reflects as a tenslion wave., 1t seems very lilkely that the

curved cracks, which nave been observed in whlte sapphire

and hot-presied alumilna, formed when the level of stress
in the reflected tenslon wave exceeded the tenslle strength
of the ceramlc materlal,
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" From Figures 58 and % Lt can be seen that the distance
from the edge of the hot-pressed alumina target plate to
“the curved crack ls about the same as the distance from the
edge of the white sapphire target plate to the curved
crack that formed furthest from the edge of 1t. On ‘the
basis of the observation that no second crack formed 1n
hot-pressed alumina, and of the informatlion that the tenaile
gstrength of the ceramics and the size and veloclty of the
impinging drops were closely similar; 1t can be deduced that
the crack furthest from the edge of the white sapphire
target plate formed first. Thls deduction 1is in agreement
wlth the observation that the curvature of the two cracks
is dn the same direction. If the crack nearest the edge
of the sapphlre target plate had formed first, the compressionsl
wave. Inltiated by the collision would have begun to reflect
from the curved surface of thils crack, and 1t would be expected
that, 1f the level of tensile stress in the tenslon wave
reflected from this crack agaln exceeded the tensile strength
ot the ceramic, the second c¢rack to form would curve in
the ppposite direction.

The curved edges of the target plates focus the reflected
tenslon waves In the same way that a curved mirror focuses
reflected light waves, This 18 1n agreement with the observatlon
that the curved cracks are lsolated; they do not extend
from edge to edge of the target plate. The curved cracks
‘formed 1n white sapphire are below the surface, This may
be aseribed to the effect of the bevelled edge of the taerget
plate on the reflected wave. In hot-pressed alumina,
however, the curved crack extends to the surface.

If the curved crack furthest from the edge of the white
sapphire target plate formed first, as seems to be the case
from the evidence at hand, the mechanism .by means of which
the crack nearest the edge of the target plate then formed
needs to be explailned.

At the time that the curved crack furthest from the
edge of the target plate forms, a tenalon wave superposed
on a pressure wave 1s trapped between thils surved cracly
and the curved edge of the target plate. The curvature of
both boundlng surfaces between which the trapped wave must
travel 1s such as to focus the wave further. This 1s in
agreement with the observatlon that the crack that eventually
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forms closest to the edge of the target plate ls shorter
than the crack that appeared first and that formed furthest
from the edge of the target plate. If the boundaries between
which the trapped wave must reflect were stralght, the level
of tensile stress ln the tenslon wave would never agaln
exceed the tensile strength of the ceramic. In the case of
reflectlon between concave curved boundaries, the focusing
effect of the boundarles may make the formation of the

second fracture possible.

V. Resistance to Waterdrop Impingement

The information of greatest interest from a practical
standpolnt ls the resistance of white sapphlre and of hot-
pressed alumlna to waterdrop implngement. Thils information
wag not obtalned in the tests that were made because im-
pingement velocltles high enough to fracture these ceramlces
on colliding wlth a waterdrop were not reached, 1In this
gectlon an equation is developed from which an estimate of
the reslstance of these ceramlces to waterdrop impingement
can be obtalned by extrapolation of thelr reslistance to
mercury drop implngement.

To develop this equation the followlng assumptlons are
made: 1) a concavity (no matter how small) forms in a thin
ceramlc plate, whose reverse face ls a free surface, as a
result of high-speed liquid-drop impingement, 2) elastic
recovery without fracture occurs when the implngement
velocltles are low and the depth of the concavity 1s small,
and 3) corresponding velocitles to produce equal depth of
concavity Iin a given edge-supported ceramic plate by im-
pingement with drops of a ligquld A and drops of a liquid B
are corresponding velocltles for fracture when the concavity
reaches the depth at whlch the tenslle stresses that develop
around 1t (elther by themselves or when they are reinforced
by the tenglon wave reflected from the reverse face of the
plate) are sufficlent to produce fracture.

Assumptions 1) and 2) are reasonable because, although
mlcroscoplc plastlc deformation at stress concentratlons has
bean found to take place in white sapphire and ruby [4], in
macrogcopic terms these ceramicg may be saild to yleld elasti-
cally until fracture occurs. The validity of assumption 3)
is open to question. It depends on similarlty consilderations
and, therefore, on the lmpllcation that concavities of equal
depth produced by impingement of drops of dlfferent liguids
are of slmllar shape. However, it may be sufflclently
rellable for a rough estimate if the dlameters of the drops
and the viscoslity and surface tenslon of the liquids that
are used are not too widely different. Wlthin the validity
of the assumptions made, an equation from which extrapolated
corregpondlng veloclitles for equal fracture of thin edge-
supported ceramic plates by liquid-drop impingement can he
calculated, has been developed as follows,
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When a fast-moving target plate collldes wlth a station-
ary liquld drop, a core of material through the target plate
under the collision area 1s slowed down wlth regpect to the
remalnder of the target plate as a result of the colllision.,
As in a previous treatment [5], the situatlon is i1dealized
In two ways. First, the core 1ls regarded as a true cylinder
that 1s free to move in the direction of the c¢ollislion blow
but 1s restralned laterally. A similar cylinder exists in
the liquld of which the drop 1s composed, Secondly, the
compresslonal waves that move through the cylinder in the
target plate and through the cylinder in the drop are re-
garded as plane waves,

The depth, S' , of the concavlty that forms elastlcally
in a ceramic target plate as a result of high-speed collisgion
with a liquid drop is proportional both to the particle
veloclty, v' , produced in the core of target material
under the contact area as & result of the collislon, and
to the time, t , that this particle velocity exlsts. Then,

St o= kvt (1)
where k 1is a constant. It has been shown [6] that, for

the case that the target plate collldes with a liquid drop
rather than with a solid sphere,

& zV
M 2

where 4 1s a coefficlent having a value less than one,

V 1is the lmplngement veloclty, and 2z = cﬁ9'where P 1is
the density and ¢ 1s the speed of lrrotatlongl waves in
infinite medium. Primed quantities refer to the material
of the snlid target plave; unprimed quantlitles refer to the
liquid of which the drop ls compogsed, All quantitles are
in cgs units. It hagp also been shown [6] that

X= 0.41/{1 + (0.59 z/z')]. (3)
As before [5], the time t 1s the time required for
the compressional wave inltiated in the liguid of the drop
to move through the drop, reflect as a tenslon wave from
the free liquid-to-air interface, and return to the contact
area between the drop and the target plate, Then,
t = 24/c ()
where d i1is the dlameter of the drop.
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By substituting eqs (2) and (%) into aq (1), the depth
of concavity produced by collision of the target plate. with
a dyop of liquid A 1is :

6: o Xy 2y VA 2 dA_ . (s)
A - 2! + Oy zp /| ey

Similarly, for a drop of a liquid B,

c(B 2, V {2 dg
9y =k ( z B%BZB)( %?) ' (&

By equating egs (5) and (6), 1t is found that

L

’ Op 2g\(2' + ¥y B \[%a\[% )
= t
A {XA ZA z' + QB zB OB dA B{7)

If the stresses that appear in the ceramlc are
proportional to the depth of the concavity that forms, then,
by substituting into eq (7) the velocity known to produce
any arbitrary amount of fracturs on & brittle elastic solld
by impingement of drops of a liquid B, the velocity required
to produce the same amount of fracture on the same solid by [
impingement of drops of a liquld A can be calculated,

Let liquid A be water, liquid B be mercury; and the
target plate be of white sapphire. From eq (3), and the
data of Table 4, the coefficilent OK for waterdrops impinging
against white sapphire is 0.40, and the coefficient X for
mercury drops impinging agalnst white sapphire is 0.32. Then,
from eq (7) and the data of Table 4, :

Im

= 9.6'a“w" VM F) (8)

Yy

where sub-W 1ndicates water and sub-M 1ndicates mercury.
For the condition that the waterdrop and mercury drop have

the same diameter, Vy = 9.6 Vy. It required an lmpingement
velocity of 3.514 x 104 om/sec {1,153 ft/sec) to produce the -
damage seen in Figure 1 on a white sapphlre target plate

that was 0.318 cm (0.125 in.) thick by collision with a

0.2~cm mercury drop. From eq (8), 2 0.2-cm waterdrop would
have to collide with the same target plate at a velocity of
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33.7 x 10% cm/sec (11,100 £t/sec) in order to produce the
gsame amount of damage. Taklng the speed of sound in air
at 0° C and 1 atm pressure to be 3,317 x 104 cm/sec
(1,088 ft/sec), the Mach Number equivalent is 10.

Table 4,
Acoustle Impedance
Materlal Density Sound Speed Acoustic
Impedance
g/cm> cm/sec g/(cm sec)
water 8/0.99707 | ¥/1.497 x 105 0.1493 x 10°
a/ b/ 511.966 x 102
mercury 13.546 1.451 x 107 [ 1,966 x 10
polyethylene . 2/0.92 ¢1.95 x 109 | 0.179% x 108
white sapphire 4/5.98 £/11.00 x 105 | 4318 x 100
hot-pressed alumina| ¢/3.95 /12,00 x 10°| 4.345 x 10°
a/ Data from Handbook of Chemistry and Physlcs
b/ Data from L. Bergmann, Der Ultraschall, S. Hirzel,
Stuttgart, 1954
g/ Data from American Institute of Physlcs Handbook, 19%8
d/ Data supplied by Linde Air Products Company
¢/ Data suppiled for H.P.Alundum by Norton Company
£/ Approximate average value supplied by Mr. John B. Wachtman,

Jr., of NBS Engineering Ceramlcs Sectlon

Experimental verification of eq (7) 1s needed before
corresponding velocltles calculated by use of it can be
relied upon. The only experlmental data that are avallable
to check eq (7) are those being obtalned in a study currently
in progress on the fracture of an unldentifled polycrystalllne
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alumina by impingement of polyethylene pellets {7]. In
this study, 12.7-cm (5-in.) square plates of 99+ percent
pure polycrystalline alumina that are 0.635 em (0.25 in.)
thick are belng used as targets for impingement of 0.5-cm

polyethylene

ellets that are fired at a constant veloclity

D
of 23.5 x 10% cm/sec (7,700 ft/sec). The ceramic plates
are malntained at a temperature of 1371° C (2500° F) during
the firings. The angle at which the polyethylene pellets
sbrike the target plabtes 1s increased until eroslon, and
finally breakage fallure,occurs. The data avallable at
pregent are that two plates have been tested to complete

fallure, Sdignificant

eroslon was not noted untll the Impact

angle was 1in each case 40°., One of the plates failled to

the point of breakage
other plate falled to

at an impact angle of 40° and the
the same extent at an impact angle of

60°., These impact angles wereqreported to correspond to

normal veﬁocities of 14,9 x 10
em/sec (6,700 ft/sec), respectively [T].

20.4k x 10

em/sec (4,900 ft/sec) and

Because the reslstance of white sapphire and of hot-
pregsed alumina to mercury-drop Impingement was found to be
nearly the same, and because the more common, cream-white
polycrystalline alumina is a ceramic of comparable strength
properties, the relilabllity of eq (7) can be tested roughly
by calculating the veloclty required to damage white sapphire
to the point of radlal crack formation by implngement of a
0.5~cm polyethylene pellet.

By use of eq (3) and the data of Table 4, 1t is found
that the coefficlent © for collision of a polyethylene
pellet with a white sapphire plate i1s 0.40. By use of eq (7)

and the data of Table

VP =

, 1t 1g8 found that
dM
10.5 @ Vy (9)

where the sub-P notatlon Indlcates polyethylene., From
Figure 4 1t can be seen that radial fracture of a white

sapphlre target plate

occurred as & result of impingiment

-of a 0.2-cm mercury drop at a veloclty of 4,420 x 10" cm/sec

(1,450 ft/sec). Using this velocity for Vy , 0.2 em for
dy » and 0.5 cm for dp » eq (9) predicts that an implngement

veloclty of 18.6 x 10o%

to produce the extent

em/sec (6,090 ft/sec) would be required
of fracture seen in Flgure 4 with use

of a 0.5-cm polyethylene pellet,
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The velocity calculated by use of eq (2) 1= between

. the two values that have been found experimentally. However,
the fact that the ceramic target plates were held at a
temperature of 1371° C (2500° F) during the teat firings,
which may have affected thelr reslstance, and the fact that
the polyethylene pellets implnged at an angle, which should
repult In an unsymmetrical dlsiributlon of stress, ralse
questions that reduce the slgnifilcarice of this good agreement,

Jackman and Roberts [8] have found that the strength
of polycrystalline alumina is not changed by an lncreasc
in temperature untll the temperature reaches T00° C (1292° F).
If the temperafure ls increased further there 18 a gradual
 decrease of strength with increase of temperature [8]. At
1300° ¢ (2372°°F) the strength is roughly one third of its
room-temperature value [8]. The strength of white sapphire
has a very different temperature dependence [4) [8]. It
decreases wlth increase of temperature to a muinimum in the
range of 300 - 600° € (572 - 1112° F) gnd then increases
with further lncrease in temperature until, at about 1000
- 1200° ¢ (1832 - 2192° F), 1t 1s very close to 1ts room-
temperature value,

It is posslble that, at the high rates of loading involwved

in the impingement tests, the temperature of the ceranile
_plates may not have an important effect on the v& oclty

that an impinging pellet must have to break the . Both |
this effect and the effect of the angle at which the colligioch
ocecurs need to be determined.

Until eq (7) is verified more conclusively with
experimental evidence, corresponding velocltles calculated
by use of 1t shculd not be regarded as mors than estimatesn.

VI. Ultimate PFallure

. In order to extrapolate from the observed liguid-drop-
impingement failure of white sapphlre and hoi{~pressed aluming
to what may be expected at higher colllslon wvelocltles, 1t
is useful to consilder the fallure of low-strength brittle
solids, such as (poly)methylmethacrylate and (poly)styrene,
under lmposed stregses of the same kind.

Polygonal cracks have been observed in (poly)methyl-
methacrylate as a regult of waterdrop impingement at a
velocity of 2.234% x 10% em/sec (733 £t/sec) [9]. The

4/ I am indebted to Mr. J. B. Wachtman, Jr., of NBS
Engineering Ceramics Sectlion for this suggestlon,
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craciks were wldened by breaking out of the surface material
along them in a direction away from the central polnt of
impact as a result of the radial flow of the water [9].
With respect to these features, the damage marks produced
on low-strength (poly)mahhylmethacrylﬂte by waterdrops
impinging at a veloclty of 2,234 x 10 cm/sec (733 ft/sec)
are similar to the damage marks produced on high-girength
white sappﬁire by mercury drgps impinging at a veloclty of
3.514 x 107 cm/see (1,153 ft/sec).

The ultimate kind of falilure that whlte sapphire will
undergo may be predicted from the observed damage done
to a 0.318-cm (0.125 in,)-thick plate of {poly)styrene N
that collided with a waterdrop at a velocity of 7.666 x 107
em/sec (2,515 ft/sec). A circular plug of (poly)styrene
was cut out of the plate as a result of the collision.
See Flgure 11, It can be expected that similar damage will
be done to white sapphire and to hot-presssd alumlnz as a
result of colllision with a waterdrop. The only difference
willl be that the collision velocity required to produce
this degree of damage will be much higher for the hligh-
strength ceramics than for the relatively weak (poly)styrene,
Indeed, 1t has already been reported informslily %7] that
a plug has been cut out of a plate of polycrystalline
alumine as a result of collislon with a polyethylene pellet,
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