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•This program is directed toward an assessment of the effecte 
of rain erosion damage on loss in transmission of radiation 
through window materials.  The general Influence of the progreS' 
slon of the material removal process on the spectral transmit- 
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for wavelengths from 0.5 to 2.1 microns.  Erosion mechanism 
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spinel, and borosilicate glass) and the infrared transmitting mate- 
rials (zinc sulfide, arsenic trisulfide, germanium, and sapphire), 
however mechanical difficulties were encountered in the AFML/Bell 
rotating arm apparatus before the transmittance measurements as a 
function of the exposure to the rain environment were completed. 
The materials evaluated were exposed to the standard rainfield of 
1.8 mm water drops at an impact velocity of 730 fps. 
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The erosion parameters of primary interest were the sequential 
formation of damages, the optical transmittance, and the incubation 
period for mass loss.  The following rain erosion ranking in order 
of increasing resistance was observed: arsenic trisulfide glass, 
zinc selenlde, germanium, zinc sulfide, spinel, and sapphire for 
the infrared transmitters; borosilicate glass, soda lime glass, 
thermally tempered soda lime glass, calcium aluminosilicate glass, 
and ion-exchanged glass for the oxide-based glasses; and polysul- 
fone and polymethylmethacrylate were less resistant whereas nylon 
and polycarbonate were more resistant. For all material classes 
the observed erosion modes and rates depended sensitively upon the 
drop diameters, impact velocity, material fabrication, and surface 
preparation.  However, the fractures in the Inorganic materials and 
glasses produced by multiple water drop impacts were found to pro- 
pagate by the same mechanisms as observed for quasistatic loadings. 
The fracture morphologies and stresses associated with pointed and 
spherical indenters provided the most useful basis for interpreting 
the erosion sequence.  In the materials of low to moderate fracture 
strength, initial drop impacts produced an array of partial and 
complete rings whose centers resisted damage and whose perimeters 
consisted of annular crack arrays. During this stage, cracks were 
initiated at scratch and flaw sites by the dynamic tensile stresses 
and pits were initiated by lateral outflow impact against surface 
discontinuities.  Continued exposure gradually developed an array 
of interconnected cracks and cavl^es? which extended into the Inter 
ior. During this stage, hydraulic loading produced by water pene- 
tration into cracks and flaws was the dominant damage propagation 
mechanism.  Increased optical degradation was observed during this 
stage. In the final stage, mass loss occurred as impacts dislodged 
undercut surface fragments. 

An analogous erosion sequence occurred in the plastics in 
which crevice propagation was also important.  For very resistant 
materials an array of minute pits and polishing digs were observed 
after extended exposure at higher velocity (845 fps). 
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I. INTRODUCTION 

Bell Aerospace Company has been actively engaged In iden- 

tifylng the erosion mechanisms responsible for material removalv   ' 

and In analytical modeling of the overall response of materials 

to multiple particle impacts.^   '    The current program is directed 

toward an assessment of the effects of rain erosion damage on 

loss In transmission of electromagnetic radiation through window 

materials.  The general Influence of the progression of the mate- 

rial removal process on the spectral transmlttance of polymeric 

materials (polymethylmethacrylate, polysulfone, polycarbonate, and 

nylon) and soda lime glass was evaluated for wavelengths from 

0.5 to 2.1 microns.  Similar evaluations were to be made for the 

window materials (Chemcor, Cortran, spinel, and borosillcate 

glass) and the infrared transmitting materials (zinc sulflde, 

arsenic trisulflde, germanium, and sapphire) listed In Table 1, 

however mechanical difficulties were encountered in the AFML/ 

Bell rotating arm apparatus during the early stages of the current 

funding period which terminated the testing program before the 

transmlttance measurements as a function of the exposure to the 

rain environment were completed.  The AFML/Be.>l erosion facility 

was not operational during the remainder of the current funding 

period.  The use of the AFML rotating arm facility for limited 

rain erosion evaluations required to complete the work on the 

erosion mechanisms in brittle materials Is gratefully acknow- 

ledged. 

Specimens of the materials listed in Table 1 were exposed 

to the standard ralnfleld In the AFML/Bell erosion facility (a 

one-Inch per hour rainfall of 1.8 mm water drops) at an impact 

velocity of 730 fps.  All of the specimens were rectangular 

parallelepipeds 1.5 In- x 0.875 In. with the thickness specified 

in Table I for each material. 

General properties taken from the supplier's literature 

for the polymeric materials In Table 1 are listed In Table 2. 

These properties are provided for general reference.  Correlations 
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of the erosion behavior with these or other properties of the 

materials tested will be made on the basis of the dominant micro- 

scopic erosion mechanisms, since it has already been demonstrated 

that the steady-state erosion rates for a variety of different 

polymers could not be correlated with their gross mechanical and 
(?) physical properties.^^ Subsequent work in this area will be 

directed toward correlating the general microscopic features of 

the erosion damage with particular material properties and struc- 

tural parameters for the restricted classes of polymeric mate- 

rials considered here. 

The dynamic stress analysis for an idealized model of 

liquid drop impacts has been programmed for digital computer com- 

putations of the transient stresses in an elastic half-space. 

The computational procedure which is now operational was proposed 

in an earlier report.' ' Comparisons are made between the dyna- 

mic stress analysis and the equivalent static analysis in order 

to see if the static solutions are representative of the loadings 

imposed by liquid drops as suggested by Peterson.^9'  The dynamic 

stresses are found to rapidly approach the static values at loca- 

tions directly under the expanding contact zone, however the 

radial tensile stresses outside the contact area for the dynamic 

case can be many times the corresponding static stress values. 

A number of cases are considered for the standard 1.8 mm water 

drops used in the AFML/Bell erosion facility and the glass bead 

environments used in the development of an analytical model for 
(^-7) the erosion of brittle materials.w  ' The material properties 

for the brittle materials used in this program are listed in 

Tables  3 and 4. 

Ä •   , 

The fracture behayior of inorganic glasses due to indenta- 
tion by rounded  spherical indenters from 150 to 550 microns  in 
diameter has been evaluated to extend the data base required  in 
analyzing the erosion of fused  silica and borosilicate glasses 
due to multiple collisions with glass beads.'-3-   '    The  indenta- 
tion loads for fracture  initiation in a variety of inorganic 
glasses are being used to differentiate differences  in the erosive 

■ a>...':/  '    ■ .i^;.. ■  . ...,.     ,.. ■ 
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response of these glasses subjected to both water drop and glass 

bead Impacts.  The indentation test with appropriate indenter 

radii provides a mechanical test procedure which most closely 

approximates the inhomogeneous stresses generated during parti- 

cle impacts.  Our preliminary results indicate that the fracture 

loads obtained by this procedure do approximate the relative 

erosion resistance of several inorganic glasses which have approxi- 

mately the same fracture stress levels when tested by other 

fracture evaluation procedures.  Correlations based on the micro- 

scopic observations of the erosion mechanisms in organic and 

inorganic glasses and ceramic materials are beginning to provide 

the understanding required to model the erosion process in 

selected materials.  A materials characterization effort has 

also been initiated to correlate the general microscopic features 

of the erosion damage with particular material properties and 
structural parameters. 

■. .._*_ 
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II.  ANALYSIS OF SINGLE PARTICLE IMPACTS 

The erosion damage observed in brittle materials during 

the early stages of the overall erosion process is a complex 

phenomenon. A single particle Impact may or may not be damaging 

depending on the impact velocity.  Consider a small volume of 

the specimen which includes a portion of the surface several 

times the cross sectional area of the impacting particle.  In 

the Initial stages of the erosion process an impacting particle 

can (1) leave the initial condition of this volume unchanged, 

(2) produce structural changes within the volume, (3) nucleate 

a subcritical crack, (4) extend a crack nucleated during a pre- 

vious impact, or (5) nucleate a critical craok.  The extent to 

which any of these possibilities occur is governed by the magni- 

rude of the impact velocity of the particle, with event number 

(1) being most probable at low velocities (well below the thres- 

hold for fracture initiation) and event number (5) being the 

immediate consequence at high impact velocities.  In the inter- 

mediate range of impact velocities a number of particle impacts 

are required before the integrity of the material is adversely 

affected.  The most challenging problems occur in the low to 

intermediate velocity range where damage to the material occurs 

through the cumulativ« damage of numerous particle impacts. 

This level of abstraction is not v'ry useful in developing 

a viable analytical model of the erosion process, however micro- 

scopic examinations of lightly eroded specimens have revealed 

individual water drop imprints on some of the materials tested 

at a water drop impact velocity of 730 fps: polysulfone, poly- 

methylmethacrylate, zinc selenide, zinc sulfide, and to a lesser 

extent polycarbonate and nylon.  The erosion of arsenic trlsul- 

fide was quite rapid, however the very early stages of the erosion 

process in this material showed well-defined multiple ring frac- 

tures at a drop impact velocity of 500 fps.  These ring fracture 

formations can be contrasted with the random fracture development 

observed in most of the inorganic glasses tested with the excep- 

tion of arsenic trisulfide.  The ring fractures represent a 
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definable damage mode which can be related to the parameters 

associated with an Impacting drop.  Such relationships are signi- 

ficant in developing an analytical model of the erosion process, 

since the generation of a random array of cracks whose relation- 

ship to the impacting drops Is not known is a considerably more 

difficult process to represent as a definitive model. 

The basic element for the initiation of erosion damage by 

rounded solid particles is the cone fracture.  The diameter of 

the ring and penetration of the conical fracture surface extend- 

ing into the glass specimens have been measured for a range of 

impact conditions.^'^ The mode of material removal for spheri- 

cal solid particles near the velocity threshold for cone crack 

Initiation is seen to depend on the cone depth which is a func- 

tion of the radius of the impacting glass bead.  Although static 

stress evaluations are not applicable to the highly cranslent 

loading conditions Imparted to the solid during the collision 

process, the Hertzian predictions for the diameter of the contact 

zone as a function of impact velocity appear to be consistent 

with the measured ring fracture diameters.  The formation and 

Interaction of ring fractures in brittle materials provide the 

basis for an analytical model for erosion due to rounded par- 

ticles. 

In the inte; rdiate range of impact volocities described 

above the experimental results Indicate that a number of parti- 

cle impacts are required before the infrared transmission charac- 

teristics of the materials tested are changed.  To Investigate 

the mechanisms responsible for the loss of infrared transmission, 

it is necessary to consider the effect of the pressure distribu- 

tion from several overlapping but non-concentric particle impacts 

on the surface of a small volume of material, AV.  Once a parti- 

cle impact produces damage in AV the local properties of AV are 

modified.  The evaluation of the effect of the next impact must 

account for the change In the constitution of AV. 
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Several features of the general erosion process will be 

reviewed as a continuation of our efforts to relate materials 

properties to the microscopic erosion mechanisms and the concomi- 

tant reduction in the transmlttance of electromagnetic radiation 

through specimens exposed to multiple particle impingement. 

A.  Collision of a Liquid Drop with a Plane Surface 

Detailed knowledge of the flow patterns and impact 

pressures developed during the collision of a liquid drop and a 

deformable plane surface is still unavailable.  The qualitative 

details of a liquid drop impact have been obtained from a number 

of high-speed photographic studies.(11"1 '    The experimental 

data on spherical drops striking a solid surface still cannot 

provide a quantitative description of the temporal magnitude and 

distribution of the liquid/solid interfacial pressure; however, 

direct pressure measurements over a very small region of the 

contact area of an impacting drop^15"17^ are beginning to supply 

the required information.  In general little agreement can be 

found in the literature concerning the analysis of the sequence 

of events which take place at a solid surface impacted by a 

liquid drop. 

The damage produced on solid surfaces due to liquid 

drop impingement arises from two sources: the direct pressure 

generated over the expanding impact area in order to bring the 

drop to a sudden stop and the high-velocity lateral outflow of 

the liquid subsequently escaping from the high pressure zone. 

Huang^1^ developed a fluid mechanics analysts with computer 

solutions to indicate the time-evolution of the impact pressures 

and lateral outflow at impact velocities of 980 and 2450 fps. 

Huang's calculations support Engel's contention^ ?'  that the 

pressure buildup and lateral outflow occur simultaneously after 

the Initial contact is made, although the Jetting is not appre- 

ciable during the early stage of impact.  This contradicts the 

opinions of Morris,^ Heymann, ^20) and Bowden and Field^3 

that lateral flow cannot begin before the compression wave in 
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the fluid moves ahead of the circular boundary between the drop 

and the solid surface. At approximately 300 fps these calcula- 

tions Indicate that the critical edge angle Is on the order of 
fl4l a few degrees. Brunton and Camusv  ' however, provide photogra- 

phic evidence that under these conditions, the critical angle, 

<P,   falls in the range of from 13° to 19°, or the radius of the 

contact area at this point is from 0.23 to O.33 times the 

radius of the drop.  Using high-speed photography, Rochester 

and Brunton^  ' determined that lateral outflow initiated at a 

critical angle ?=110 at an Impact velocity of 300 fps.  They 

found that the value of <P  did not vary for drop diameters rang- 

ing from 2 to 9 mm.  It is to be noted in the experiments of 

Brunton and Camus^  ' and Rochester and Brunton^  ' that the 

drop is a disk of liquid generally 5 mm in diameter and 1.5 mm 

thick.  The relation between the observations for a disk-shaped 

drop with lateral constraint and a spherical drop remains to be 

established.  Rochester and Brunton suggest that lateral outflow 

is observed at ^=11°, since this is the angle at which the out- 

ward edge velocity between the drop and solid falls below the 

maximum possible Jet velocity.  Until this condition occurs the 

liquid cannot escape from under the drop. 

(21\ Huangv  ' has provided a plausible explanation for the 

discrepancy between the predicted and observed values of V.  His 

description of spherical drop impingement Involves a three-stage 

Impact process.  The first stage, the center stamping zone. Is 

equivalent to that assumed by Bowden and Field,'  ' but with 

internal radial flow already occurring within the drop.  At the 

first contact of the drop with the solid, the maximum contact 

pressure is not reached instantaneously, but begins to build up 

toward the maximum pressure as the contact time increases.  Pres- 

sure buildup initiates in the liquid In the drop at a slightly 

later time corresponding to the expansion of the contact area 

between the drop and the plane surface.  This time difference 

due to the curvature of the drop creates radial pressure gradients 

which in turn produce internal radial flow.  The angle at which 

the compresslonal wave front in the liquid just overtakes the 
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expanding boundary of the contact area Is designated the criti- 

cal angle, f*   .     This is the condition for the lateral outflow 
lC  /-, N (nQ\ (12) 

used by Morris,^ ; Heymann,v  ; and Bowden and Fieldv  ; in their 

analyses. As the compressional wave front overtakes the inter- 

facial perimeter lateral Jetting begins.  However, at this point 

the lateral Jetting velocity is still not sufficient to overtake 

the velocity of the expanding contact area.  The second critical 

angle, «K» , is the value of the contact angle at which the velo- 

city Of lateral Jetting overtakes the velocity of the expanding 

contact area which is decreasing as the contact time increases. 

It is this second critical angle which is observed in the high- 

speed photographic studies. 

On the other hand, Rochester and Brunton^  ' agree 

with Huang's analysis for the center stamping zone but describe 

different conditions in the zone of constrained lateral flow 

when V-,  <?<'?„  .     Since the compression wave in the fluid is 
1c   2c 

able to reach a point on the free surface of the drop before 

that point is overtaken by the expanding contact perimeter, a 

release wave is generated which propagates back into the liquid 

in the drop.  The compression wave and attached release wave 

propagate along the curved wall of the drop altering its spheri- 

city to some extent.  According to Rochester and Brunton the 

release waves will not reduce the pressure along the axis of the 

drop which is still increasing.  This pressure will not decrease 

until the edge pressure is reduced by the onset of lateral out- 

flow, which ocours when the two release waves (for the disk 

shaped drop) intersect at the center of impact. 

With this background the effect of a variation in the 

radius and velocity of an impacting water drop on the erosion 

behavior of window materials transparent to radiation in the 

visible and near infrared wavelengths will be considered in 

terms of simple models.  To be specific, drop diameters of 0.5 mm, 

1.8 mm and 2.5 mm at impact velocities of 300 fps (0.0914 mm/ps) 

and 730 fps (0.2225 mm/^is) and 1120 fps (0.3355 mm/ps) will be 

investigated. 

12 
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When a liquid drop first strikes a plane surface, the 

boundary of the contact area will be traveling at supersonic 

speeds with respect to the dllatational wave speed for the 

Impacted body. For a homogeneous and Isotropie elastic material 

the period of time the radial velocity of the contact zone 

exceeds the dllatational wave speed will depend on the radius 

and initial impact velocity of the liquid drop and the compres- 

sibility of the elastic material. The time-dependent radius of 

the contact area during the collision of a completely compres- 

sible liquid drop with a rigid surface is given by 

P 
1/2 

a(t) = l2RV0t-(V0t)
2J (1) 

where Vo is the Impact velocity, R is the radius of the spheri- 

cal drop, and t is the time elapsed from the initial contact. 

Based on the available experimental evidence and 

analyses, it will be assumed that the lateral outflow is not 

significant for spherical drops impacting at the designated velo- 

cities until the critical contact angle, ^2c, falls In the range 

10°s?2c<25
o.  Using the idealized liquid drop model, the contact 

radii for this condition are listed in Table 5.  Eq. (1) is then 

used to compute the approximate time after Initial contact at 
which lateral outflow would take place. 

The above summarizes some of the current thoughts on 

the mechanics of liquid drop impacts on rigid surfaces. However, 

relatively little unanimity can be found in the literature con- 

cerning the nature of the pressure distribution which develops 

at a solid surface impacted by a liquid drop. 

Considering impact velocities which are less than 

1000 fps. Heymann's analysis(20) predicts a maximum pressure of 

approximately 3P0C0V0 which occurs at the periphery of the con- 

tact area between the drop and a rigid surface where p ,C , V 

are the density, acoustic velocity, and impact velocity of'the 

liquid drop. A paratoloidal pressure distribution is obtained 

13 
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TABLE 5 

CRITICAL CONTACT RADII AND ELAPSED TIMES FOR 
LIQUID DROP IMPACTS ON RIGID SURFACES 

Drop Diameter 
0.5 mm   1.8 mm   2.5 mm 

o 
Volume (mm-') 
Mass Ratio 

Maximum Contract Radius (mm) 

9 = 10° 
<P= 15° 
9= 20° 
V= 25° 

Time  in Microseconds Required  to 
Reach Maximum Contact Radius When 

0.654 
1 

0.0434 
. 0646 
.0855 
.1058 

.05 

.66 

0.156 
.233 
.308 
380 

8.19 
12.50 

0.217 
,324 
.427 
.529 

V0 = 300 fps (0 n9l4 mm/us) 

0 =  10° 0.041 0.148 0.206 
9=  15° .0914 .330 .459 
9=  20° .160 .576 • 799 
9=  25° .244 879 1.22 

V0 = 730 fps (0.2225 mm/us) 

<P = 10° 0.0169 0 0609 0.0848 
9=  15° .0376 .1358 .189 
<p=  20° .0658 .237 .330 
«= 25° .1008 .361 .503 

V = 1100 fps (0.3355 mm/us) 
9=  10° 0.0112 0.0402 O.O56 
v=  15° .0248 .O896 .125 
9=  20° .0435 .157 .218 
»- 25° .0665 .239 .332 

14 
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by Heymann with the minimum pressure occurring along the axis of 

spherical drop passing through the point of contact. 

Huang's numerical approach,'  ' devised for obtaining 

quantitative estimates for the pressure distribution associated 

with a compressible liquid drop striking a rigid surface, indi- 

cates that a hemispherical pressure distribution predominates 

during the very early stages of the collision.  The maximum 

value of the pressure is reached under these conditions. As 

compression of the drop continues, the distribution becomes more 

uniform with a very slight increase in the magnitude of the pres- 

sure at the periphery of the contact area.  The magnitude of the 

maximum value in the pressure distribution decreases as lateral 

outflow becomes more dominant. Huang's numerical results indi- 

cate that the maximum pressure does not exceed 0.8 P0C0^0  for a 

2 mm water drop impacting at 980 fps. 

,(18) 

The magnitudes of the pressure given by Heymann^  'and 
(20), 

Huangv"-'' were obtained for a rigid surface and, therefore, 

represent the maximum values that are likely to occur. As the 

pressure increases on a deformable surface, the localized contact 

zone will be depressed; hence, the relative velocity of approach 

of the liquid is less than what it would be for a rigid surface. 

Hwang(22^ recently investigated the stresses generated 

by a liquid drop impact on an elastlcally-deformable half-space 

using the same computational scheme as Huang. Hwang's results 

for a 2 mm water drop impacting a rigid plane at 980 fps show 

that the maximum pressure of 0.755 P0C0V0 occurs at a radius near 

0.5 R which revises Huang's earlier numerical analysis. Hwang 

finds that the pressure distribution on a deformable solid sur- 

face is lower and more uniform than for a rigid surface. The 

stress state beneath the contact zone is mainly compressive with 

the greatest tensile stresses occurring on the surface of the 

half-space slightly beyond the contact zone. 
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Using microtransducers, Rocnester and Brunton'  ' were 

able to obtain the spatial distribution of direct and shear sur- 

face stresses when a solid surface Impacts a disk-shaped water 

drop 5 mm In diameter and 1.5 mm thick. The shear stresses for 

smooth surfaces are negligible with respect to the magnitude of 

the applied pressure.  The peak pressure Is approximately 

1.8 P0C V and occurs at the edge of the Impact area where #»»f* . 

Rochester and Brunton comment on the high edge pressures.  For 

V-]C<V<<p2C'  
a particle In the front surface of the drop Is stopped 

by direct contact with the solid surface, the rate of change of 

momentum for such a collision will be higher than for a similar 

particle for which ^^c'  For ^^c' the Particle ls separated 
from the solid by Intervening Jets carrying liquid from the 

center of the drop.  Accordingly, the rate of change of momentum 

for this particle Is reduced and It does not come into direct 

contact with the solid. 

a; 

B. Stresses Generated in an Elastic Half-Space Due to 

Particulate Impingement 

The review in the previous section shows that the 

sequence of events associated with a liquid drop striking a de- 

formable surface at subsonic to low supersonic velocities is 

still a matter of speculation.  In qualitative terms the liquid/ 

solid interfaclal pressure rapidly Increases nonuniformly over a 

rapidly expanding contact area, reaches a peak value, and then 

decreases to a lower value while the contact zone continues to 

grow.  The entire sequence of events is completed within one 

microsecond for 1.8 mm water drops impacting at high subsonic to 

low supersonic velocities.  It was previously proposed^ ' that 

an analytical solution to the drop Impact problem derived by 

Blowers' ^ be used In conjunction with the pressure-particle 

velocity relations for water to estimate the transient stresses 

in an elastic solid due to an increasing pressure distribution 

over a radially increasing contact zone. A computer program 
for the evaluation of Blowers' analytical solution of the liquid 

drop impact problem Is now operational and the transient stress 

16 

- , y '■...Ll.Jt t.-* ...... ...____. .. .._... __._JE,... ...*.._ ,...,._,... __... ....  ■ "*a,,^'-:'- 



  —     —• 

distributions within the elastic half-space can be determined. 

The program computes the four nonvanishing stress components, 

the principal normal stresses, and the principal shear stresses 

in cylindrical coordinates.  Some results from this program will 

be described for the evaluation of critical stress conditions 

within the half-space and a comparison will be made between 

dynamic and static stress distributions due to localized loads 

on the surface of a half-space.  This latter problem is posed 

since it would be much easier to undertake static as opposed to 

transient stress analyses in establishing potential failure 

modes in a particular material and since a significant number of 

incorrect estimations of the stress levels a material experiences 

when exposed to particulate impacts have appeared in the erorion 

literatuue. 

Peterson^^ has already reduced the transient problem 

of liquid drop Impact to the evaluation of the stresses in an 

elastic half-space by asBuming a static pressure distribution is 

applied over a circular region on the surface of the half-space. 

In actuality he has evaluated the stress field due to a spheri- 

cal, rigid indenter pressed against a thick elastic plate (the 

Hertzian contact problem in the theory of elasticity^). 

Peterson refers to Huang's computer solutions'10) for the temporal 

and spatial distribution of pressure when a spherical drop 

strikes a rigid surface in support for the hemispherical pressure 

distribution used in his analysis.  The hemispherical distribu- 

tion of pressure in the early stages of the impact has been 

questioned by several investigators. Recent computer results by 

Kreyenhagen, et.al.,^  ' for a water drop striking a rigid sur- 

face show that the maximum pressures occur at the boundary of 

the contact zone in the early stages of the impact and then move 

to the axis of symmetry passing through the initial point of 

contact during the later stages of the collision process. 

i 

Due to the level of uncertainty in all of the work 

done on this problem to date, simple models will be considered 

here only to obtain an estimate of the stress conditions 

17 
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particular material specimens experience when exposed to a rain 

environment In conjunction with experimental observations of the 

failure modes in a variety of brittle solids. The response of 

materials to subsonic water drop impacts is quite complex as 

showu for the case of inorganic glasses to be described in 

Section III.C.  Glasses with essentially the same gross mecharl- 

cal properties display significant differences in their erosion 

behavior.  The reasons for these differences are being explored 

in terms of a materials-oriented program, since the material 

characteristics which Influence the erosion behavior have not 

been identified. 

1. Mathematical Models 

Blowers' ^ investigated the propagation of stress 

waves in an elastic half-space subjected to a uniform pressure 

p distributed over an expanding circular region on its surface 

whose time-dependent radius is deduced from the idealized mcäel 

of a compressible liquid drop given in Eq.(l) where 

a(t) = [2Rv0t-(vot)
2j   - jm^ t 

11/2 1/2 1/2 
(2) 

The radius  of the contact area,   a(t).   Increases with time accord- 
ing to the relation  In Eq.   (1)  which was  subsequently described 
by Engel.'   -''    The pressure distribucton  on the surface  of the 
solid used by Blowers  in hiq analysis  is  of the  form 

p(r,t) = p for  r < kt 
= 0 for r > kt 

1/2 
1/2 (3) 

The magnitude of p is assumed  to be a known quantity which has 
to be prescribed. 

The accuracy of the approximation used by Blowers cor- 
responding to a compressible drop  striking a rigid plane given 
in Eq.(2)  will be evaluated.     The  general relation can be  rewritten 

I5 t  +  (f)     =0 
o vo 

m 
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which yields 

Vot 
(5) 

On the other hand Blower's approximation becomes 

V lra/ 
?^R (6) 

For comparison Eq.(5) and (6) are plotted In Fig. 1.  It is seen 

that the approximation In Eq.(2) is a good representation of the 

exact relation for values of (a/R) less than-0.5.  Fq. (3) will 

therefore be applicable to the largest contact radii listed in 

Table V for which it is believed lateral outflow will occur. 

The velocity of the expanding circular boundary 
-1/2 defined by Eq.(2) is initially supersonic out decreases as t   . 

The disturbance experienced by the solid medium will then be due 

to the propagation of a dilatation wave traveling at a velocity, 

C,, the propagation of a distortional, or shear, wave traveling 

at a velocity, Cp, and a Rayleigh wave propagating along the sur- 

face at a velocity CR which ic slightly less than Cp.  As long 

as the boundary of the loaded region is moving at a velocity 

ä(t)>C,, the radius of the disturbance will be the same as that 

of the loaded area.  When a(t)<C1, the disturbance will move 

ahead of the load and will continue to travel at the sonic velo- 

city of the medium.  The time at which a(t)=C-| can be determined 

from Eq.(2) 

"l " ^Tü^ (7) 

Correspondingly the shear wave will move ahead of the loaded 

region wh^n 

rP - (■57r") 2C, (8) 

19 

^uskM* ■j-.   ..t^  -  - ^ .  ■    ■: 



*WB!WfP!P«PPmrrwW'iw^^^ 

1.0 

V 

0.8 

0.6 

0.4 

0.2 

C-UAM*     DAIA^IMM 

■ 

Blower's Approximation   ^ ^" 

j 
■ 

/         / 

/       / 

A' 

• 

* 

' 

0.2 0.4 0.6 0.8 1.0 
(a/R) 

Figure 1. Comparison of the Exact and Approximate Relations Describing the Rate of 
Expansion of the Contract Area for a Compressible Drop Striking a Rigid Plane 
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where 

r  2 -   fE)   ( .      1-!/   . 1 Cl = V"?) ((1+^(1-2^ 

C2 = fp^ ^(l+i/)) 

(9) 

(10) 

E is Young's modulus 

v Is Poisson's ratio 

p is the density of the medium 

Although the exact spatial and temporal distribu- 

tion of the pressure over the contact zone, p(r,t) in Eq.(3) is 

not known, the one-dimensional shock wave relations for water 

striking a deformable substrate will provide general order of 

magnitude approximations to p.  The balance of mass and momentum 

equations corresponding to the condition depicted in Fig. 2 are 

p U = p' fU +(V -V )) Hw w  H w' w v o w' ^ 

p = p U (V -V ) *w   w wv o w^ 

and 

■ ■ ■ 

(11) 

(12) 

p U = p' (U -V ) s s   M sv s s ^ 

p = P U V 
^p   s s s 

(13) 

(14) 

The water drop strikes the target with an impact velocity V . 

A shock wave is transmitted into the drop at a velocity U , and 

a second shock wave is propagated into the substrate at a velo- 

city U across the water/substrate interface. The particle 

velocities for the water and substrate are denoted by V and V , 
w s 

respectively.     Continuity of the pressures and particle velo- 
cities at the water/substrate  interface  requires p =p    and V =V , 

^    ^s *w     s w 
Only the momentum equations, Eq. (12) and (14), are required' 
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i 

Figure 2. One-Dimensional Shock Wave Relations for a Liquid Drop Striking a Plane Surface 
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to evaluate the magnitude of the pressure pulse applied to the 
substrate.  Setting Vs=Vw in the relation p «p yields 

V 
(15) 

V = w 
1 + PS

Us 

The relation between the shock velocity and particle velocity is 
known for water.  When the shock velocity as a function of the 
particle velocity is known for the substrate, Eq.(15) can be 
solved for Vw.  Then, using either Eq.(12) or (14), the pressure 
at the water/substrate interface can be determined. 

Pw = 
"wVo 

1 + Pw
Uw 

Hs  s 

(16) 

When the water drop impact velocity is small in comparision to 
the acoustic velocities of water and the substrate, the respec- 
tive particle velocities are also negligible with respect to the 
acoustic velocities and Eq.(l6) reduces to 

Pw = 
pwCwVo 

pwCw 1+ 
(17) 

where Cw and Cs are the acoustic velocities for water and sub- 
strate, respectively, at zero particle velocity. 

The variation in the acoustic and shock velocities 
for water as a function of the particle velocity is given in 
Fig. 3 based on the tabulated data of Rice and Walsh.(27) The 

expression 

Uw = Co + 2Vw- 0-l (^) Vw (     (18) 
0 

derived by Huang^18) is also plotted in Fig. 3.  The shock data 
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Uw, C (mm/jus) 

0.4 0.6 
Vw(mm/jus) 

Figure 3. Shock Velocity as a Function of Particle Velocity for Water 
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for water will be used subsequently to evaluate the pressure 

applied to selected target materials by an Impacting water drop. 

Limited numerical results are provided in Blowers' 

paper for the case when Poisson's ratio v=0.3.     Blowers shows 

that the transient radial and azlmuthal surface stresses at time 

t = ST-J^ are primarily compressive with extremely high tensile 

stresses found only in a narrow band immediately behind the Ray- 

leigh wave front.  Blowers comments that although extreme radial 

tensions arise, the radial dimensions in which they occur are 

always quite small.  Thus, each point experiences the critical 

tension for an extremely short duration.  Blowers conjectures 

that this result of the analysis tends to raise doubt in the 

effectiveness of the Rayleigh wave as the cause of liquid impact 

erosion damage.  The stress states associated with the Rayleigh 

wave have been proposed by Bowden and Field^12) as initiating 

fracture in glass specimens impacted by a water jet at 1970 fps. 

More extensive computations to be described shortly, 

using Blowers' analysis indicate that this conclusion regarding 

the duration of critical tensile stresses may have been premature. 

These computations indicate that there are locations in the 

interior of the half-space where significant tensile stresses 

develop for a reasonable length of time in relation to the dura- 

tion of the impact event.  The stresses associated with a 1.8mm 

water drop striking zinc selenide, polymethylmethacrylate, and 

soda lime glass at 730 fps are computed to cover a range of 

material response and to compare the results from these compu- 

tations with the actual damage observed on these materials.  In 

addition, numerical computations were carried out for the range 

of drop diameters and velocities listed in Table 5 for a half- 

space having the elastic properties of zinc selenide. 

The numerical solutions for Blowers' equations 

provide the stresses at all points within the elastic half-space 

except in the vicinity of the Rayleigh surface wave at and near 

the surface where a non-removable singularity in the equations 
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prevails. Many attempts were made to overcome this difficulty 

in the numerical computations, but without success. The computed 

results reported here are given at locations within a few microns 

below the surface of the half-space where the calculated stresses 

are reasonably well-behaved including the regions in the vicinity 

of the Rayleigh wave front. 

The stress distribution associated with the con- 

tact of two elastic bodies was first derived by Hertz.' '    The 

problem originally considered by Hertz was to determine for the 

case of two elastic Isotropie bodies which touch each other over 

a very small part of their surface and exert upon each other a 

finite pressure distributed over the common area of contact, 

the form of the common surface, the distribution of pressure 

over it, and a relation between the distance the bodies approach 

each other and the pressure existing on the contacting surface 

of each body. The results given here will be restricted to the 

case of a spherical elastic body Indenting an elastic half- 

space. A detailed account of the stress distribution for this 

case was given by Hubert29 the specialized theory is often 

referred to as the Hertz-Huber theory. 

K 

The non-vanishing stress components for the Hertz- 

Huber theory are evaluated from the expressions given belovr     ' 

3P 
2iTa 

+ z r (i- - 1 zr (i-^v2 , (i+^v tan"1  (£)  -  2 
a J 

(Tee = 
3P 

2ira 2 3p L      v    j 

.2 
+ | [illiE . UtEH tan"1 ($) + 2vl 

v L a^ + V a J 

(19) 
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a2v 

avv -    3P     ,ZN
3    a2V2 

—   g1 w^ ""5 ?r^ 2tra^    v    V4 + adZd 
ZZ 

where V    is  the positive root  from 

(p2 + Z2-a2)±((p2 + Z2-a2)2 + 4a2Z v24 (20) 

and the direction of Z is perpendicular to the plane of the 

specimen. 

The radius a of the circle of contact and the 

distance of approach a for an elastic sphere indenting a thick 

elastic plate are given by 

a = (KPR)1/3 

.2 
a = 

(21) 

(22) 

where P is the normal load on the indenter, R is the indenter 
radius, and 

K - 3 
(23) 

where vv   E1 are Poisson's ratio and Young's modulus for the 

sphere and v2, E2 are the elastic constants for the half-space. 

If the magnitude of the maximum pressure is scaled to the radius 

of the contact area, the pressure distribution over the contact 

area is shown to be hemispherical for the particular case under 

consideration. 

Knowing the magnitude of the contact surface and 

the pressure acting on it, the elastic stress distribution in the 

half-space can be evaluated. The above system of equations, 

Eq.(l^) to (23), have been programmed for digital computer compu- 

tations along with evaluation of the principal normal and shear 

stresses. 
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Hertzw ' assumed that the collision of two bodies 

could be regarded as a statical problem; the compression at the 

place of contact Is regarded as gradually produced and as sub- 

siding completely by reversal of the process by which It was pro- 

duced.  To study the Impact of a spherical body on an elastic 

surface, the previous relations from the Hertzian theory are 

restated In terms of the velocity of approach V Instead of the 

load P which Is now an unknown.  In order to establish a rela- 

tion between P and V0, the kinetic energy of the Impacting sphere 

is equated to the strain energy at the time of maximum impression. 

a max 
i (ip^R3) V 2 -     P(a)da (24) 

J o 

where p^j^  Is  the density of the  impacting sphere.     Using Eq.(22) 

3/5    -2/5      6/5    2 
=  ,5 Pmax "  (f "l) K V. (25) 

The duration of contact T between the two impacting bodies   is 
given by 

'5_ v\2/5 R T = 2.943   {jnp^KY 
V. 175" (26) 

Analysis  of the elastic waves generated when a 
rounded rigid projectile  Impacts an elastic half-space  is pro- 

(■30) 
vided by Tsal.^ ' Tsai obtained transient stress distributions 

by solving the three-dimensional equations of motion after writing 

the stresses as the sura of the Hertz contact stresses and the 

effect of stress waves.  The solution to the problem including 

the wave effects is compared with results from the corresponding 

Hertzian theory of impact. 

The time-dependent pressure distribution, p, and 

distance of approach, a,   corresponding to the static contact 

problem of a rigid sphere impressing a half-space are 

*(*'V'V^W     IMt)2-r2J 

«(t) - a(t) 
R 

2 

(27) 

(28) 
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where G,v    are the shear modulus and Polsson's ratio, respectively 

R   is the radius of the sphere 

r   is the radial distance from the point of contact to 

an arbitrary point within the expanding contact 

circle of radius a. 

Tsai introduces the approximate form of a(t) given by 

a(t) = (0.995)1/2 a1 sln
1/2 (4) (29) 

where aj^ is the maximum radius of contact and T is the duration 

of contact. The expression for a1 can be written In terms of 

the Impact velocity V0 and the mass, m, of the impacting sphere. 

5 _ 15(1- (1-") m ^Y2 
(30) 

The basis for Tsai's comparison with the Hertzian 

theory is the evaluation of the radial stress component at the 

boundary of the contact zone, however due to the complexity of 

the solution only limited numerical results are provided. The 

value of the radial stress component at the circle of contact is 

computed for values of T from 10 to 200 »is.   After an elapse 

time of 1|»8 the ratio of the dynamic stress to the Hertzian 

stress Increase rapidly with increasing a1 and decreasing T. At 

T/2 it is shown that the ratio decreases if a, increases and T 

decreases. For relatively small a. and large T the radial 

stress components converge to the Hertzian values. 

When the total load is the same for a hemispherical 

and a uniform pressure distribution applied to a circular 

region, the static stresses within an elastic half-space are 

identical except in the vicinity of the boundary of the loaded 

region. Hence the results obtained for a uniform pressure dis- 

tribution should also be applicable to the hemispherical pressure 

distribution corresponding to the Hertz-Huber equations.  The 

stress distributions within an elastic half-space due to a uni- 

form pressure p distributed over a circle of radius a can be 

evaluated/3 ' The computed dynamic stresses obtained from 
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Blowers'   analysis(23^and the corresponding static stress distri- 

butions can therefore be compared directly.    The governing 
iquatlons for a uniform pressure p distributed over a circular 

-glon are as follows. 
e 
re 

82X       ^82V n      /«     8V       /,   0   N   8 X        78V   \ 

1  8X       Z  8Vv 

PP       2n   '       8Z 

p     _     8V       ,n   0   v   1  8X       2  8VN 
= IF (2,,ii- (1-2,,) pi*P ■ P a*1 

pZ 

'0 6 

ff«7 " "2T  ^8p8! 

(31) 

zz 

-pz firV) 

. X (II . z G) 
2ir     8Z 

82V. 

8Z£ 

where 

11 = -2 rK'E(M)- (K'-E')F (lt,«)-K'  |   J 
8Z L 2 8Z 

i 
9P 

Zr0 Z(2aS-Z2) 2 EI   +  m  KI_ 
9d r2Pl 

O   =   TT-   ^^   E^    +  —« 

2     2 a +g    (K'E(k,») -   (K'-E')F (k,^))      when    p<a 

-rra*      Zr0 Z(2a2+Z2 

2 „,    , — K 

a 

P 

21Ä2 

Z(2a2+Z2) 

p^'' + T7— v + 
r2p 

(32) 

i£- (K'E (k,e)-   (K'-E')F (k, 0))      When    p>a 
ft2 

2.   2.„2w   2  „2 „2 2         fp-+a^+Z^)(p -a -Z^) 0 
rp   f,       2v 1 

efv ^   ^P MP  lE'-2    K'   +-§    (l+k2)K'-E' 
8p r2 r2 p2 r2 P     L 

1  8X 

p   8P 

Zr0 Z(2a2+2p2+Z2) 
2  t.. ._ _^  K'   + ir+ _-^ E'   - 

P2 

2   .2 

r2P 

a Zl   [K'E  (k,^) -   (K'-E')F (k,f)] when    p<a 
P 
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a2      Zr Z(2a2+2p2+Z2) 

o2    «2 

^-=£- [K'E(k, e)-(K'-E')F(k,e)] 
P^ 

when   p>a 

—    =  \ (1+k^) K'   -  2E, 

8o P    Lv ^ J 

D2V 
K'   - 

87 

r_       (p2+a2+Z2)(p2-a2-Z2)- 

7 + - —2 ?" 
rl    r2 P 

E' 

82V Z 

8p8Z       r2P 
(1 +-45- )  E'   -   2K ■1 

f 

i 

The  solution is  expressed  in terms  of elliptic integrals, 
ir/2 

(l-k'£ sin" 0)' 
«r/S 

j (1-k'2 sin2  0)1/2    cl0 
o 

~    [ (1-k.2 sin2 -^ 

E(k,J) = j     (1-k2 sin2 0)1/2 d^ 

(k,^) =r 

o 

ß dp 

b    (1-k2 sin2   0)1/2 

(33) 

where 
rl P      p i/2 

k = ^   and    k' =  (l-r^/r/) 

r^ =  (a-p)2 + Z2 

rp =  (a+p)2 + Z2 
(34) 

with       e m sin"1^),    <p= 7r-e. 
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The total load P in Eq.(19)  is  related to the 
distributed pressure  over the contact  area of radius a denoted 

by p  in Eq.(31)  by 

P 
P = (35) 

Tra 
so the stresses for equivalent loadings can be investigated for 

the hemispherical and the uniform pressure distributions. As 

pointed out earlier, the stresses in the elastic half-space will 

be nearly identical for these two cases except at the periphery 

of the contact zone when Eq.(35) is satisfied.  The equations in 

(31) are the static analog to Blowers' equations for a uniform 

pressure over an expanding circular region described by Eq.(2) 

and (3).  The system of equations, Eq.(31) to (35), has been 

programmed for digital computer computations along with evalua- 

tion of the principal normal and shear stresses. 

The two principal stress components in addition to 

a   are determined from 

.^ll^PP^zz).*^ rPp-ffzz)2 + Sz' 11/2} (36) 

The angle y  between the normal to the plane on which o^ acts 

and the positive p coordinate is given by 

tan 2Y =  ( —) (37) 

Both the magnitude of the principal stress and the angle y  have 

to be prescribed. 

2.  Comparison of Liquid Drop and Spherical Solid 

Particle Impacts 

The stress distributions for a number of conditions 

which are of interest in both our solid and liquid particle ero- 

sion investigations will be described.  The particular cases 

which will be investigated are for a 290 um  glass bead colliding 
with a glass surface at 200 fps and for a 1.8 mm water drop 

Impacting a glass surface at 730 fps.  The values of the static 
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and transient stresses can be determined at any point within the 

half-space for uniform pressure loadings using the solutions 

provided by Love'-3 ^ and Blowers.' ^ Calculations have been 

made which indicate the relative magnitude of the tensile stress 

components compared to the magnitude of the localized pressure 

pulse imparted to the specimen's surface by particle impinge- 

ment. According to these calculations the duration of a critical 

stress state at a particular location within the specimen depends 

on the elastic properties and density of the material. The 

relevant properties for a number of glasses are summarized in 

Table 3«  The subsequent analysis and experimental observa- 

tions will be described in terms of the Information provided in 

Table 3« 

a.  Solid Particle Impingement 

According to the Hertzian theory of impact, 

the maximum radius of the loaded circular contact area is a, = 

1.43 mils (36.3jxm) and the maximum equivalent static load is 

P=3.56 lbs. for a 290^m glass sphere impacting a glass plate at 

200 fps.'^ These values are computed based on the elastic pro- 

perties of soda lime glass. The magnitude of "the corresponding 

uniform pressure loading, Eq.(35),   is p = 3.5^  x 105 psi.  The 

radial stress components for static and dynamic loading condi- 

tions are compared In Fig. 4.  The radial stresses shown in Fig. 

4 are evaluated at a depth of 0,17875 mils (or 0.125a,) below 

the surface. When the radius of the expanding contact area for 

the dynamic case reaches the radius a1, the static and dynamic 

radial stresses are nearly identical for the values of p under 

the applied load but diverge for p>a1.  The maximum dynamic ten- 

sile stress Is 35,000 psi while the maximum static value is 

only 20,000 psi.  These differences become greater closer to the 

surface of the glass plate. The dynamic stress distributions 

reach higher values of the tensile radial stress component at a 

much earlier stage of the collision process than the correspond- 

ing static stress distributions. 
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The static stresses were computed using both 

Eq.(19) and Eq.(31) with the equivalent loadings for each case 

evaluated from Eq, (35). The numerical results confirmed that 

the form of the loading over the contact circle had relatively- 

little Influence on the stress distribution beyond the contact 

radius. 

The time-evolution of the transient radial 

stresses at a depth of 0,125«, Is displayed in Fig. 5. Compar- 

ing Fig. 4 and 5 it is readily seen that the static stress dis- 

tributions do not even approximate the general form of the radial 

variation in the dynamic stresses during the very early stages 

of the collision as would be expected.  The Initial compressive 

pulse propagates into the half-space at the dllatatlonal wave 

velocity in glass of 2.22 x 105 in./sec; so, when the radius of 

the loaded region reaches the radius a, = 1.43 mils, the dllata- 

tlonal wave has reached a distance of almost 12a, at 0.079ps 

after the loading begins.  In Fig. 5 the location of the boun- 

dary of the loaded circular region is denoted by the letter P 

and the location of the shear front by an S. When the loading 

reaches a radius of 0.25a1 the dllatatlonal wave has reached a 

distance of 0.75^  and the shear front is at 0.5«,*, The radial 

stress Is compressive for all values of p.  As the shear wave 

propagates, tensile radial stresses begin to appear in the vici- 

nity of the shear wave front.  The compressive stresses associ- 

ated with the dllatatlonal wave and the transition to 

significant tensile stresses can be seen in the plot when the 

loaded area reaches a radial distance of 0.375a,.  At longer 

times the tensile radial stresses occur over radial distances 

just ahead of the shear front to a short distance outside the 

loading circle. 

An additional observation can be made. 

Essentially two models of partlculate impingement have been 

Introduced:  one is a perfectly compressible liquid drop striking 

a rigid plane and the other is a rigid sphere striking an elastic 

half-space as shown in Fig. 6. Using the Hertzian theory of 

35 

"~~ 

tiiail ämmäimmäsmmM ii     <rn . m iil<M—i^ ■ *-   - ' f- '■■- t^M MMB <~~!mmm 



" • ".«w - i "«mm  """ '     " '"MW-P.""! .,.  ..,^...j piuif iiU|U.!PIMWl«|UWPWf!li).l.,«!l..IWW.I 

/ 

z 
o 
w z 
UJ 
1- 

z 
o 

III 
cc a. 
S o 
Ü 

o 

i 
< 
5 
< 

z 
LU 
z 
2 
s 
o o 

36 

IL ;xi:;-:i:k::-€i^;.; .^^^ t ■ v ,^  •.  _ _._.  MtÄ^Ki&M;;. 



■     ■ ! '"'^^wr—i ■^rw^mmmm^mmmmm^ .JMP|sipimuiM.u»u ■ ■■■ 

- 00 

(O 

. ^• 

CM 

— q » (Q ^t M 
<0 t— o 

IU
S

O
F

 
C

T 
A

R
E

A
   

  0
 

V) 

o O 

Q < S 
< H —' . 
cc z 

O 
o 

^B O     Wl <^*fc 

on
ta

 
od

e)
 

1 
X 

o (0 o y r" O c 1 z .2 E o u 
Ul a I 

00 CO 

UJ —,  Crt 

? 1« 
P R

ad
 

R
ig

i 

to 
■ 

is
on

 o
f 

op
 a

nd
 

>-     L. 

e 
6.
 

C
om

pa
 

or
 L

iq
ui

d 
D

 

37 



"' "U-l1- wmmmmm mm '"■         '    "'"-««—"■"«•111» ■•PJI  IIIUWJIIHHI^  IU MMIllllp.lJI.IMnilWll.IU II I 

impact, the duration for the collision of a rigid sphere, 290 

microns in diameter, against a glass plate at 200 fps is 0.36fis 

and the maximum radius of the boundary of the indented region is 

a, = 1.13 mils.  Evaluation of Eq.(l) for the radial expansion 

of the contact zone for a liquid drop impact and Eq.(29) for the 

solid sphere, yield the results in Fig. 6.  It is seen that for 

the idealization of the liquid drop impact the time required to 

reach the contact radius a, is much shorter than that for the 

rigid sphere. The rigid sphere comes to rest at a, and is then 

accelerated away from the elastic surface.  The duration of the 

solid sphere impact will be large for elastic spheres as opposed 

to rigid spheres as long as they undergo small deformations 

during the collision.  It can also be realized that the magnitude 

of the contact pressures will be higher for the solid sphere 

when the density is greater than the density of water. 

b.  Liquid Drop Impingement 

Now consider a 1.8 mm water drop striking a 

glass surface at 730 fps.  For a soda lime glass specimen, p« 

38,000 psi according to Eq.(17).  Two contact radii listed in 

Table 5 will be introduced which span the range over which it is 

thought that lateral outflow may initiate for liquid drop impacts. 

Fig. 7 to 9 show the temporal and spatial 

development of the radial stress component for a, = O.I56 mm for 

^=10° in Table 5.  It is seen that the dilatational stress wave 

has only propagated to slightly beyond two times the maximum con- 

tact area. The tensile stress levels are sufficient to produce 

fracture, however the duration of the stress at a particular loca- 

tion is exremely short.  The principal radial stress distribution 

in Fig. 8 indicates that the magnitude of the stress and its dura- 

tion is increased.  The orientation of the planes on which the 

principal tensile stresses occur requires more study before the 

most probable orientations of the fracture surface can be deter- 

mined. As seen already in Fig. U and 5 the tensile stresses develop 

in the vicinity of the shear wave and extend back to the boundary 

of the loaded region.  The short duration of the period before 
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lateral outflow Initiates does not allow the shear wave to pro- 

pagate an appreciable distance beyond the contact zone.  The 

location of the shear wave front is denoted by the letter S in 

Fig. 6 and 7. Referring to Table 3, it is seen that the shear 

wave velocities for all of the glasses used In the erosion evalu- 

ations except arsenic trtsulflde are nearly identical.  Only 

minor differences in the magnitude of the stresses and their 

propagation characteristics would be anticipated for these 

glasses.  The dynamic and static radial stress distributions are 

compared in Fig. 10.  It Is seen that the magnitude of the aver- 

age transient tensile stresses is much larger than the associated 

static values. 

Similarly plots of the "arlous stress distri- 

butions are provided for a1 = 0.380 mm in Fig. 11 to 14 corres- 

ponding to ^»=25° in Table 5. For this case the dilatatlonal 

wave has reached a distance of approximately six times a,.  The 

wave patterns are much more developed and moderately high tensile 

stresses outside the contact area are maintained for almost the 

entire duration of the impact.  The reader can Interpret the 

effects of the impact from the figures provided and on the basis 

of our previous discussions. 

Comparing the plots of the stress distributions 

for the two contact areas. It is seen that the magnitude and 

duration of the radial tensile stresses are strongly dependent 

on the radius of the contact zone before lateral outflow initi- 

ates. The experimental observations of the fractures produced 

in inorganic glasses by liquid drop Impacts will be investigated 

in terms of the computations which can now be made with regard 

to some of the features of the Impact event. 

wt 

C. Ring Fracture Formations on Material Specimens Due 

to Water Drop Impacts 

It was pointed out in the Introduction to this section 

that the damage initiation process in brittle materials at sub- 

sonic velocities is a complex phenomenon. At high enough 

velocities water drops striking brittle materials will produce 

f.M. ,. , ,«A-..».A-. .-  \ .... .-. ,  i 
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Figure 10. Comparison of Static and Dynamic Radial Stress Components 
when a] =0.156 mm 
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Radial Distance (mm) 

0.546       0.624 0.702      0.780 

Figure 11. Temporal Development of the Transient Radial Stress Component 
for z = 20 jitm when a] = 0.380 mm 
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well-defined ring fractures which form during a single collision 

and at velocities beyond this range craterlng will occur. ^■1"■1", 12, ^) 
The Impact event Is characterlzable.  On the other hand the 

sequence of events leading to material removal at subsonic velo- 

cities Is quite random and complex fracture surfaces are formed 

after a number of drops strike the same local area on the exposed 

surface of the specimen. Although the fracture properties mea- 

sured by standard testing procedures are nearly the same for 

most of the glasses listed In Table 3, the crack growth behav- 

ior due to partlculate Impingement show considerable variance 

from the ordering Indicated by the measu'-ei values of the frac- 

ture stress and hardness for the limited test results available. 

The erosion rate for boroslllcate glass Is considerably higher 

than that for soda lime glass (Corning 0080), and the erosion 

rate for annealed soda lime Is considerably higher than that for 

tempered soda lime glass at a drop Impact velocity of 730 fps 

(0.223 mm/jis). The erosion rate for fused silica during the 

early stages of the erosion process for 290 micron glass beads 

Impacting at 200 fps (0.06l mm/>s) Is approximately twice that 

for boroslllcate glass, although this difference decreases as 

the exposure time Increases.'-''^ The erosion rate for arsenic 

trlsulflde is extremely rapid consistent with the hardness and 

fracture stress values recorded in Table 3.  The specimen is 

highly fractured after only a 5-second exposure to the standard 

ralnfield at 500 fps (0.153 mm/ps). 

Individual water drop Imprints have been found on some 

of the materials tested in the AFML/Bell erosion facility  The 

best examples are shown in Fig. 15 and 16 for polysulfone and 

polymethylmethacrylate (PMMA) for a 1.8 mm drop diameter at 730 

fps.  Although the form of the damage surrounding a central 

undamaged zone is different in the case of polysulfone and PMMA, 

the general features of the damage correspond to those found by 

other investigators at higher impact velocities. The central 

undamaged area for each material is approximately O.34 to 0.38mm 

in radius which is only attained at the larger contact angles 

for the maximum contact radii listed in Table 5.  The cause of 

I 
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the damage Is still a matter of speculation.  Polysulfone dis- 

plays a high degree of ductility when exposed to the strain 

rates Imposed during water drop Impacts, while PMMA behaves In 

a brittle manner under these conditions. 

/ 

Zinc selenide and zinc sulflde also show a definite 

tendency for moderately well-defined ring fracture formations 

which appear to be due to a single liquid drop impact as the 

example in Fig. 17 illustrates.  On the other hand the glasses 

tested, with the exception of arsenic trlsulflde, showed little 

tendency for ring fracture formations.  The general erosive 

response of selected polymeric materials, glasses, and zinc 

sulflde and selenide is summarized in Table 6 for water drop 

Impacts at 730 fps. 

Bo^osillcate glass specimens have been exposed to the 

standard rainfield over a velocity range of from 300 to 730 fps 

(0.092 to 0.223 mm/us).  The extent of the damage found on the 

surfaces of these specimens is recorded In Table 7. A negli- 

gible amount of damage occurs at 300 fps.  As the impact velo- 

city Increases the magnitude of the pressure pulse Imparted to 

the specimen's surface increases along with the number of water 

drop Impacts per minute.  Gross material removal takes place 

through a preferential process of erosion pit nucleatlon and 

growth as described mathematically in previous reports,' ''^ 

however, the fracture behavior is not coherent but comprises a 

random array of surface and subsurface fractures.  It is not 

until an impact velocity of 730 fps is reached before coherent 

ring fractures are observed on the exposed surface. A moderately 

dense distribution of ring fractures as shown in Fig. 18 can 

be found over the surface of the specimen after an exposure of 

30 sec. which corresponds to roughly 6 or 7 Impacts at a parti- 

cular location.  It is interesting to note that the developed ring 

fractures at 30 sec. appear to be nucleated as a single event, 

that is, all of the conical fracture surfaces extending into 

the bulk of the specimen originate at a common origin. However 

the ring fractures are not observed at an exposure time of 10 sec. 
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and are Just becoming preceptible at an exposure time of 20 sec. 

It therefore appears that some percursor of the ring formation 

must be initiated at an earlier stage of the total exposure time 

which controls the orientation of subsequent crack growth In the 

region, since it is not very likely that subsequent drops will 

impact at the same location to maintain the character of the 

ring formations seen at the 30 sec, exposures. 

The radius of the innermost circular fracture in boro- 

silicate glass ranges from 0,35 to 0,45 mm so the fracture sur- 

face is on the order of the larger contact area before lateral 

outflow occurs considered in Section II.A. The damage observed 

on soda lime glass is quite distinct from that observed for the 

borosllicate glass with very little tendency for ring fracture 

formations, although the general properties for the two glasses 

recorded in Table 3 are similar. 

The observed circular damage formations can be more 

readily analyzed than the random forms of damage which are a more 

common occurrence in most of the materials investigated.  Con- 

jectures will be made regarding the sequence of events associated 

with the collision of a water drop with a deformable surface 

based on the individual drop imprints found on PMMA, polysulfone, 

and zinc selenide.  The transient stresses calculated from 

Blowers' analytical solution for a compressible drop striking 

an elastic half-space (described in Section II.B.l) will be used 

to interpret the origin of the erosion damage observed in PMMA, 

zinc selenide, and soda lime glass.  The material properties 

required in the computer evaluations of the governing equations 

are listed in Table 8, The wave velocities are computed from 

the elastic moduli and densities shown using Eq.(9) and (10) for 

the long wave length evaluation except for PMMA for which high 

frequency experimental values are listed.  The calculated values 

for PMMA are significantly different from the experimental values 

due to the viscoelastic nature of PMMA and the frequency- 

dependence of the viscoelastic moduli.  Excluding polysulfone 

the other materials listed In Table 8 should behave elastically. 
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Zinc  selenlde, PMMA, and soda lime glass will be sub- 

jected to the Impact of a single 1.8 mm water drop at 730 fps 

In order to relate the stress wave computations to the available 

experimental data.  The general observation can be made from 

the micrographs In Fig. 15 to 18 that the radius of the central 

undamaged zone corresponds to the larger contact radii listed 

In Table 5.  The radial locations of the shear and dllatatlonal 

wave fronts are provided In Table 9 when the contact radii 

reach values corresponding to Included angles ranging from 10 

to 25 degrees as recorded In Table 5.  The nature of the stress 

distributions In the three materials selected will be Investi- 

gated for the larger contact angles. 

1. Zinc Selenlde 

The magnitude of the stress components are normalized 

to unity In all of the plots which will be described.  The magni- 

tude of the actual stress component Is found by multiplying the 

value on the graph by the magnitude of the liquid/solid Inter- 

faclal pressure. Using the calculated dllatatlonal wave velocity 

for zinc selenlde In Table 8, Eq.(15) becomes 

Vw = 
1 + PsCs 

PwUw 

(38) 

For ?0 = 730 fps (0.2225 mm/jxs), Vw = 0.01785 mm/us and p = 

3.91kbar (56,600 psl) as determined from Eq. (16).  The magnitude 

of the llquld/solld Interfaclal pressure for an Impact velocity 

of 1100 fps Is 6.18 kbar (89,500 psl). 

Brittle Infrared windows will be susceptible to frac- 

ture Initiation In domains where tensile stresses of sufficient 

magnitude occur. Fig. 19 and 20 provide an overview of the 

regions within the half-space where tensile stresses do exist in 

zinc selenlde substrates at a drop Impact velocity of 730 fps. 

When the critical angle for lateral outflow 9=20°,  the dominant 

radial tensile stresses are only found near the surface of the 

specimen slightly ahead of the shear wave front and extending 
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back to the loaded area.  A region of tensile radial stress 

exists in the vicinity of the axis through the point of initial 

contact between the drop and the target, however the maximum 

magnitude of these stresses is on the order of 1000 psi. For 

^=25° (Fig. 20) the range of the tensile radial stresses, a 
rr 

is somewhat extended.  A fairly extensive domain wherein the 

normal stress components, <rzz, are tensile also exists for 

«»=250, however the distribution of tensile values for o      is 

negligible when 9=2.0° : the tensile values only occur in^he 

vicinity of the surface of the half-space. 

i 

From the general maps of the stresses in the zinc 

selenide target it is concluded that critical tensile stresses 

will generally occur at and near the surface layer at a radial 

distance extending from Just outside the loaded region to a point 

slightly beyond the shear wave front.  A relatively weak compres- 

sive stress is found at the surface beyond the shear wave front 

which is consistent with the photographic records of the impact 

event(11"13) and is due to the fact that the loading is normal 

to the plane surface of the half-space.  The magnitude of these 

radial stresses is indicated in Fig. 21 and 22 for a water drop 

Impact of 730 and 1100 fps, respectively.  The graphs shown are 

for one instant of time when the loaded area reaches an included 

angle of ?»=250.  The magnitude of the tensile stresses can be 

compared for 0.5, 1.8 and 2.5 mm drop diameters.  It is seen 

that at this time the duration of the tensile stress for an 0.5 

mm water drop is exceedingly short. The direct effects of this 

size drop at higher velocities would probably be detrimental, 

but fracture initiation through stress wave Interactions with 

existing flaws does not seem very probable for the short pulse 

durations imposed on the target. The duration and magnitude of 

the transient tensile stresses for the 1.8 and 2.5 mm drops do 

seem capable of producing the circumferential fractures observed 

on the surface of zinc selenide specimens.  The magnitude of the 

tensile stresses are comparable for the 1.8 and 2.5 mm drops; 

however, the duration of these stress levels is longer for the 

2.5 mm drop, and correspondingly the resulting damage should be 
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more extensive.  From these graphs at z=10fim the sustained ten- 

sile radial stress a rr 11,300 psi at V0 « 730 fps. At 1100 

fps a  is maintained at a value exceeding 27,000 psi for a 

reasonably long duration with respect to the impact event. 

The temporal and spatial development of the principal 

radial stress distributions for 1.8 and ?,5 mm drops impacting 

at 730 fps are shown in Fig. 23 to 28 for a range of impact 

conditions.  These graphs are presented to illustrate the 

nature of the stress distribution within the half-space repre- 

senting the zinc selenide target. A  strong compression pulse 

is propagated along the axis of symmetry which diminishes In 

Intensity in the radial direction as the included angle between 

the axis of symmetry and the line drawn from the point of 

Impact to a point in the half-space increases.  The magnitude of 

the normal compresslve stress, a  . as a function of distance 

into the target is shown in Fig, 29 along the axis passing 

through the initial point of contact.  In contrast to the one- 

dimensional shock and plane elastic wave analyses the magnitude 

of this stress component decreases with distance due to the 

geometric attenuation of a spherical wave. 

The variation In the response of the target when the 

elastic properties and density are changed will be Illustrated 

for the case of polymethylmethacrylate and soda lime glass.  The 

primary wave speeds for PMMA are considerably lower than those 

for zinc selenide and higher in the case of soda lime glass. 

This difference directly affects the development of the transient 

stress states in these materials, 

2.  Polymethylmethacrylate 

The mechanical response of PMMA is more complex than 

tnat associated with linearly elastic materials to which Blowers' 

analysis is applicable.  The moduli for polymeric materials are 

a function of the frequency of the applied loadings,  therefore 

the long wavelength approximation to the acoustic velocities 

using quasistatic loading conditions are not reprerentative Of 
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the material response for Impact loadings.  The acoustic velo- 

cities for PMMA have been measured in the 6 to 30 MHz frequency 

range,'-^ ' and will be used In the analysis which follows. 

Experimental one-dimensional shock wave studies indi- 

cate that PMMA behaves as a nonlinear viscoelastic material 

below a peak stress around 100,000 psi (Tkbar). (^'^o)  Plastic 

deformations may occur at applied pressure above 7kbar.  An 

estimate of the magnitude of the Interfacial pressure for a 

water drop impacting a solid surface at 730 fps (0.2225 mm/us) 

can be determined from Eq.(15) and (16), since the shock wave 

velocity as a function of particle velocity is known for both 

water and PMMA.^ ^ Eq.(15) can be solved to yield V = O.O786 

mm/jis and from Eq.(l6) p = 2. 57 kbar (37,200 psi).  Thus it is 

seen that plastic deformations are not to be expected under the 

specified Impact conditions. 

Although PMMA does not behave as a linear elastic 

solid, the transient stress distributions due to a liquid drop 

impact will be evaluated on this basis.  The magnitude of the 

applied pressure will again be normalized to unity, so the actual 

magnitude of the stresses can be determined by whatever procedure 

is used to evaluate the pressure at the water/solid interface. 

Radial tensile stresses in PMMA only occur in a very 

shallow layer near the free surface of the target for 1.8 mm 

drops impacting at 730 fps.  The form of the radiAI stress for 

a range of values of <P  is shown in Fig. 30 at a depth of lOjjm. 

The decrease of the magnitude of the radial stress component 

with depth is indicated in Fig. 31 while the temporal develop- 

ment of the radial stress component is shown in Fig. 32 and 33. 

The attenuation of the compressive normal pressure pulse with 

distance into the specimen is shown in Fig. 34. 

The level of sustained radial stress for a 1.8 mm 

water drop striking PMMA at 730 fps when l''=250 is approximately 

11,500 psi according to Fig. 30.  This value of the stress is 
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quite comparable to that for ZnSe for the same impact condition 

as shown in Fig. 21, however the duration of the tensile stresses 

at this level is longer in the case of ZnSe. 

3.  Soda Lime Glass 

At a water drop Impact velocity of 730 fps it is felt 

that the calculated elastic wave velocities listed in Table 8 

are representative of the transient conditions in soda lime 

glass.  Using Eq.(15) and (16) in conjunction with Fig. 3, it 

is found that V =0.0264 rm/v-s  and p = 3.72 kbar (53,900 psi). 

Once again the computed stresses are normalized to unity so all 

of the values shown have to be multiplied by p to obtain the 

actual magnitude of the stresses. 

The general distribution of tensile radial and normal 

stresses when 9=15°,   20°, and 25° are shown in Fig. 35 to 37 

for V = 730 fps.  The maximum values of the radial tensile 

stresses occur in the vicinity of the free surface.  The distri- 

butions of tensile values of a  and a      are analogous to those 
rr     zz 

shown in Fig. 19 and 20 for zinc selenide except that the spatial 

extent of these stresses is expanded due to the higher wave 

speeds in soda lime glass.  The calculated magnitude of the 

pressure imparted to the specimen is approximately the same for 

these two materials. 

The extent of the radial stress component at z = lOjim 

for various contact angles before lateral outflow occurs is 

shown in Fig. 38. The comparison with the corresponding curves 

for PMMA in Fig. 30 is striking.  The magnitude of the tensile 

stresses for PMMA is somewhat larger than that for soda lime 

glass, but the radial dimension over which it is applied is about 

four times less.  The time duration over which the tensile 

stress acts is indicated in Fig. 39 for points in the target 

lOftm  below the surface.  Fig. 40 Illustrates the change in the 

normal stress component, or . with depth in the soda lime glass 

specimen. 
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4. Discussion 

Single water drop Impacts on PMMA have been described 
by Engel^'n and Pyall.' ^' According to Engel, circumferen- 
tial cracking forms around the point of Impact of an Impinging, 
spherical waterdrop due to the tensile stresses that are pro- 
duced when the compresslve Impact stress forms a cup-shaped 
cavity In the material. A breaking out of material from the 
surface should be observed as a result of the rapid radial out- 
flow of water over the raised ridges of the fine circumferential 
cracks that have formed.^'^ The Impact conditions In the 
experiments reported by Engel are an average 1.9 mm water drop 
striking PMMA at 730 fps. Fyall's experiments' ^'  were for a 
2 mm water drop Impinging at 90k  to 987 fps. At these velocities 
a smooth annular depression Is observed to occur outside the 
central undamaged zone with circumferential cracking seen 
beyond this depressed zone. Fyall provides c i explanation 
similar to that of Engel except that he allows for permanent set 
In the deformed regions XLA and BMY In Fig. 4l. He explains 
that before lateral outflow occurs the surface AB In Fig. 4l is 
compressed to A'B'. The sides of the depression XA' and YE' 
would then be In tension and the tensile stresses would be set 
up over XD and YE resulting In circumferential cracking. Fyall's 
measurements of the change of lengths from XA and YB to the 
deformed state show that any residual tensile strain Is very 
small. The surface returns to AB but the small permanent set 
Induced in XA' and YB' gives the profiles XLA and BMY.  The 
annular depressions are not observed in the Imprints studied In 
our experiments on PMMA at 730 fps as seen in Fig. 16. 

Field, et.al.,'  ' have embarked on a program to demon- 
strate the quantitative as well as the qualitative similarities 
between a spherical water drop impact and a liquid Jet. At 
the lower impact velocities in their investigation they show a 
direct correspondence between a Talysurf trace for one of 
Fyall's PMMA specimens and the damage due to a water Jet colli- 

(11 12  17^ slon. The Cambridge investigatorsv ''     '   { '  have described the 
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Figure 41. Schematic Profile of Damage Site in PMMA Impacted by a 2 mm Water Drop at 
1000 fps (taken from Fyall^)) 
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damage modes In thin and thick specimens of PMMA subjected to 

water Jet Impacts from 290 to 1200 m/s. Fyall's smooth annular 

depressions surrounding the central undamaged region were 

observed for Impact velocities up to 500 m/s when deep ring 

cracks would originate within the annular depressed zone.  A 

subsurface damage zone lying on the axis of symmetry developed 

at velocities In excess of 600 m/s and the central surface area 

was deformed plastically to produce small but measurable depres- 

sions In the undamaged zone. The circumferential cracks outside 

the annular depressed region were found to be almost perpendicular 

to the surface but tended to grow parallel to the surface with 

Increasing radial distance from the Initial point of impact. 

The depth of the cracks decreased with radial distance., but the 

average depth was around lO/im.  Using multiple beam interfero- 

metry, Bowden and Bruntonv  / found that at each fracture there 

Is a small step in the surface which is oriented so that the 

vertical face of the step faces in towards the center of impact. 

Durin« the impact there will be a radial force acting on the 

step face due to lateral outflow of the water drop.  This inter- 

action is sufficient to chip material out of the surface along 

the line of fracture as seen in Engel's early micrographs'-^'' 

and in our observations of the early stages of the erosion pro- 

cess In a variety of materials.  As the Jet velocity increased 
ri"^ in Field's experimentsv J'  the ring crack was found to become 

wider and deeper until it Joined with the axial subsurface 

fracture at Jet velocities around 900 m/s. 

According to the preceding discussion one explanation 

for the circular damage formations in Fig. 15 and 16 would be 

that the undamaged region is depressed during the period pre- 

ceding lateral outflow and tensile bending stresses develop out- 

side the depressed region.  The material withii an annulus 

surrounding the central region is then stressed beyond th^i  yield 

point and after the applied pressure subsides localized wrinkling 

can occur within this annulus.  This would account for the rip- 

ple pattern shown in Fig. 15 for polysulfone but no large-scale 

permanent deformations are found within the compressed zone. 
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The magnitude of the applied pressure has to be such that the 

compresslve stresses which develop within the central undamaged 

region are not sufficient to yield the material In this region, 

but the magnitude of the deformations surrounding the central 

region are sufficient to produce local yielding of the material 

In tension. The same reasoning can be applied to polymethyl- 

methacrylate. However, due to the semlbrittle nature of this 

material micro-cracks occur In the region surrounding the depressed 

zone In order to accommodate the tensile field which develops 

during the drop Impact. 

An alternative line of reasoning would ascribe the 

circular damage zones to stress wave phenomena. The computed 

dllatatlonal wave velocity, C^, and shear wave velocity, C«, for 

the polymers as well as the corresponding values for zinc sele- 

nlde, zinc sulflde and soda lime glass are listed In Table 8. 

The stress wave computations Indicated that the critical tensile 

stresses occur after the shear wave has propagated outward from 

the contact area. The location of the shear wave fronts for the 

contact radii considered In the numerical computations are 

listed In Table 9.  The actual radial stress distributions for 

PMMA, zinc selenlde, and soda lime glass are shown In Fig. 42 

when ^=20°. The comparison Indicates that although the Intensity 

of the applied pressure Is the least for PMMA the radial stresses 

at this Instant of time are more confined and more Intense than 

for the other two materials.  The depression mechanism described 

earlier therefore seems to be supported by these calculations 

In the case of polymethylmethacrylate and polysulfone.  On the 

other hand, the composition of the transient waves will be 

fully established In the annular region around the Impact zone 

for zinc selenlde, zinc sulflde, and soda lime glass when 

9=20°  and the primary wavefronts are detached from the contact 

area.  Critical stress conditions result in the annular region 

around the impact zone to which each material responds in its 

own way. The magnitude of the tensile stress decreases more 

rapidly in soda lime glass as compared to zinc selenlde due to 

the higher wave speeds in soda lime glass. 
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The actual magnitudes of the normal stress component 

as a function of depth Into the target are shown In Fig. 43 for 

PMMA, zinc selenlde, and soda lime glass.  For the normal stress 

component the higher wave velocity for soda lime glass tends to 

maintain the magnitude of the stress at a higher level to a 

greater depth than for the other materials represented. 

The comparison between the computed and experimental 

results appear to be consistent: the magnitude and duration of 

the transient tensile stresses at and near the surface must be 

sufficient to Initiate crack growth at a number of locations 

around the central point of contact.  The Interaction of subse- 

quent drop Impacts with a system of small fractures on the sur- 

face Is still not completely evident.  Once a series of small 

cracks are present on the surface It Is difficult to Isolate 

the stress wave effects generated by a drop Impact In the vici- 

nity of these flaws and crack propagation which takes place due 

to the direct pressure applied to a pre-existing crack. Details 

of the microscopic observations of the fracture behavior of 

transparent materials are described In Section III, however much 

remains to be learned about the correlation of fracture data 

with the transient stress distributions In the target material. 

The deformation of a spherical water drop striking 

rigid and elastlcally deformable surfaces have been computed by 

a few Investigators.'22'2^) it Is Interesting to compare the 

results from these numerical computations with the Idealized 

model   the Impact event used for the stress wave computations. 
(22) 

Hwang's computationsv  ' are based on an Invlscld compressible 

liquid.  The shape of a 2 mm drop striking a rigid surface at 

980 fps is shown in Fig. 44a: the dashed lines indicate the 

shape corresponding to a perfectly compressible drop impacting 

a rigid surface. Kreyenhagen•s numerical solution'2^' employs 

the Walker-Sternberg equation of state for water. ^8) ^e 

shape profiles for a 1 mm drop impacting at 675 fps are shown 

in Fig. 44b and again the corresponding profiles for a perfectly 

compressible drop are indicated by the dashed curves.  The 
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Figure 43. Variation of Normal Stress Component (at r = 0) with Depth for 1.8 mm Water Drop 
Impacting Various Materials at 730 fps (^ = 20°) 
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Figure 44. Computed Temporal Profiles of Water Drops Striking a Rigid Plane 
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comparison with both numerical procedures suggest that incompres- 

slblllty effects are not significant for the range of a/R 

values used In our stress wave computations, so the transient 

stress distributions reported here should be Indicative of the 

very early stages of the water drop collision. 

Hwang and Kreyenhagen evaluated the llquld/solld Inter- 

faclal pressures. Hwang finds that this pressure rapidly rises 

to a value of O-TPQC^, The pressure distribution Is spatially 

uniform with the peak pressure occurring along the axis of 

symmetry of the drop Impact.  As the contact radius Increases 

the location of the maximum pressure moves to the perimeter of 

the contact zone and the value of the pressure along the axis 

of symmetry decreases.  The peak pressure Is found to be 1.06 
poCoVo and occurs at a contact radius of 0.6R, although the 

results from the numerical computations for contact radii 

ranging from 0.5 to 0.8R show a sizeable degree of scatter. It 

does not appear that the form of the pressure distribution 

stipulated by Hwang can be unequivocally supported on the basis 

of the numerical results he presents. Hwang also Investigated 

the Impact of a spherical drop on an aluminum and PMMA half- 

space. He finds for PMMA that due to the small deformations 

calculated at the llquld/solld Interface there Is no appreciable 

difference between the drop shape profiles for a spherical drop 

striking the elastic half-space and the collision with a rigid 

surface. Hwang also found for the same impact conditions the 

liquid/solid interfacial pressure on elastically deformable 

materials was lower and more uniform than for a rigid body. 

Both of these factors would tend to support the simplified 

modeling approach reported in the previous sections. 

Based on the limited time steps reported by Kreyenhagen(22) 

the interfacial pressure has a maximum value at the perimeter of 

the contact zone in the very early stages of the collision and 

becomes more uniform toward the later stages of the Impact: 

after lateral outflow is initiated.  The shape history for the 

drop Impact shown in Fig. 44 seems to indicate a more rapid 
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expansion of the contact area than that corresponding to Hwang's 

computations or the Idealized model.  The relative magnitude of 

the llquld/solld Interfaclal pressure during the initial stages 

of the impact is also found to be considerably lower than the 

values reported by Hwang. 

On the basis of both the experimental and numerical 

results it would seem that the analytical approach developed 

here is a viable approach for understanding the transient stresses 

generated in an elastic body during the period when the direct 

pressure applied to the surface by the impacting drop dominates 

the collision. While some difficulties are encountered in 

evaluating the stresses at the plane surface of the half-space 

in the analytical approach, the stress values can be prescribed 

throughout the half-space and show a consistent variation from 

point to point.  The finite difference schemes, on the other 

hand, display a fairly high level of irregularity in the results 

presented to date due to the requirement that a reasonable grid 

size be used in order to maintain economical computer times. 

However for the purpose which it serves the analytical approach 

is sufficient to get a handle on the mechanics of the water drop 

Impact on deformable materials.  It is important to note that 

consideration of the elastic properties alone are not sufficient 

to differentiate the range of the response displayed by mate- 

rl.f-.lö under dynamic loadings. Additional material characteriza- 

tion is required if a correlation between the material properties 

and erosion damage is to be developed as will become evident in 

Section III. 

Furthermore the mathematical description of a single 

drop impact is only a small part of the overall erosion process 

even in the case of brittle Infrared window materials.  The 

significant damage observed in all of the materials tested in 

the subsonic range is not due to a single lirpact but is due to 

nearly overlapping but non-concentric multiple drop Impacts. 

It is the manner in which the initial fracture surfaces grow 

and Interact with other fracture surfaces which contributes to 
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the loss of optical clarity and Infrared transmittance. The 

experimental observations of the fracture behavior and pit 

nucleatlon for the transparent materials listed In Table 1 are 

described In Section III. 
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III.  MICROSCOPIC EXAMINATION OF PROGRESSIVELY ERODED SPECIMENS 

The results of microscopic examination of the erosion 

damage which develops on the surfaces of the polymeric materials. 

Infrared transmitting materials, and oxide-based glasses listed 

In Table 1 will be described. All of the specimens tested In the 

AFML-Bell erosion facility were exposed to the standard ralnfleld 

(1 ln./hr. rainfall of 1.8 mm drops) at an Impact velocity of 

730 fps. 

A.   TRANSPARENT POLYMERS 

In the very early stages of the erosion process all of the 

polymers considered displayed some tendency toward damage In the 

form of multiple ring formations which will be described for each 

material. However the predominant characteristic of the multiple 

ring formations Is that they have an Interior zone which is devoid 

of damage and a concentric band of damage whose maximum diameter 

is always less than that of the impacting drop.  In order to 

obtain some perspective on the conditions each location on the 

specimen's surface may experience when subjected to the standard 

ralnfleld at 730 fps, an estimate was made of the number of 

drops required to cover a unit area of the specimen's surface 

with non-overlapping ring formations. Using a maximum diameter 

of 1.5 mm, 330 rings would be required if distributed in a hexa- 

gonal array; while 7^5 rings would be required If the maximum 

diameter was only 1.0 mm.  It is estimated that an exposure time 

from 6 to 14 sec. in the standard ralnfleld is necessary for the 

entire exposed surface of the specimen to show evidence of water 

drop collisions in accordance with the assumed damage configura- 
tion. 

1.  Polysulfone 

The initial damage on the surface of polysulfone at an 

exposure time of 10 sec. appears in the form of rippling of the 

surface. Most of the damage occurs in fragmentary arc sections, 

however numerous well-formed complete ring patterns are observed 
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as shown In Fig. 15. The rippled domains are confined to a 

region ranging from hO  to 60 percent of the radius of the 1.8 mm 

water drop.  The radial dimension of the rippled zone Is confined 

to roughly 100 microns. As the exposure time Increases, the 

rippled domains begin to overlap with fairly uniform coverage 

on the surface of the specimen at an exposure time of 2 min. 

The polysulfone displays a high degree of ductility with very 

little tendency for material removal.  It is the ductile nature 

of the material when subjected to the moderately high strain 

rates Imposed by liquid particle impingement which contributes 

to the loss of optical transmission before detectable mass loss 

has taken place. 

Surface scratches provide sites for the development of 

Internal fractures. The cracks penetrate the bulk material 

along essentially plane surfaces inclined to the perpendicular 

to the surface of the specimen.  The variation in the angle of 

inclination of these cracks has not been determined.  The bound- 

aries of the cracks are roughly semi-elliptical as is shown to 

some extent in Fig. 45. Additional drop impacts produce large 

and highly localized deformations along the pre-existing cracks 

along the surface scratches as shown in Fig. 46; the ductility 

of the polysulfone specimens is easily observed in the permanent 

deformation of the material surrounding the pits. 

The SEM micrograph in Fig. hj  shows a piece of material 

on the order of 40 microns being uplifted from the surface which 

may represent the Initiation of material removal from a highly 

deformed region on the surface.  The general condition of the 

eroded surface after an exposure time of 4 min. is shown in Fig. 

48 where It can be seen that a range of particle sizes are being 

removed from the surface.  Larger fragments are removed through 

the continued growth of the pits nucleated in deformed regions 

as shown in Fig. 4? or by the intersection of cracks with con- 

comitant cleavage of the material below the surface and subsequent 

tearing of the undermined material by additional drop Impacts. 

Intermediate stages in this process are shown in Fig. 49 where 

98 

riUnfMilBlMiitfiiin-iiin !     nv initifM-'-^'aB*toaa^-;-     -■■    -     ■     ^--^- —-   -  ■-.■-■■ 













'»mmmv „,... ^vmvrfm.*,,. -*-*w-" ■ : ——— ^ 

material removal Is originating at the intersection of two cracks 

(Fig. 49a) and possibly within a small pitted region (Fig. 49b). 

The pieces of material being removed have lateral dimensions of 

approximately 700 microns. At this point the polysulfone is 

becoming quite opaque and at an exposure time of less than 4 min. 

the transmission of light through the specimen is essentially 

zero (refer to Section IV). 

After an exposure of 6 min. the surface is highly 

distorted and contains numerous crevices and pitted regions as 

shown In Fig. 50a. The microscopic details of the cleavage sur- 

face inside a typical erosion pit can be seen in Fig. 50b. 

2.  Polycarbonate 

An uncoated and a melamtne coated polycarbonate were 

tested.  On the basis of the mass-loss data and general optical 

characteristics the uncoated polycarbonate was slightly superior 

to the melamlne coated material. The details of the micro- 

scopic observations for the uncoated polycarbonate will be des- 
cribed first. 

At short exposure times patches of shallow ripples 

several microns deep are randon y distributed over the surface 

of the uncoated polycarbonate analogous to those observed on 

polysulfone. The general condition of the surfte at an expo- 

sure of 2 min. is shown in Fig. 51.  It is interesting to note 

that no completfe ring patterns could be found.  Instead, ripple 

formations occur as very small circular arcs. At equivalent 

exposure times the surface of the polycarbonate specimens is 

considerably less distorted than the polysulfone, since each 

drop Impact Is much less- damaging than in the case of polysulfone. 

Consequently, the optical transmittance of the polycarbonate is 

not impaired to the same extent as the polysulfone.  The poly- 

carbonate maintains a high level of ductility at the strain rates 

Imposed by the impacting drops, however initially very Isolated 

domains within the drop Impact zone are susceptible to ductile 
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formations. While these deformations cause deterioration of 

transmission in the visible range, they do not In themselves 

produce mass loss. 

The condition of the surface after a 6 min. exposure 

to the standard rainfleld is shown In Pig. 52 and compared with 

polysulfone under the same conditions. The extent and nature of 

the damage is seen to differ.  The erosion process in polycar- 

bonate does not exhibit the dependence on surface scratches 

which is observed to be the case for polysulfone and nylon. 

Internal fractures develop in the polycarbonate In conjunction 

with the highly-deformed regions produced by overlapping ripple 

patterns. The deformation patterns associated with relatively 

small Indentations on the surface can be seen in Fig. 53. Fine 

cracks are beginning to develop within the deformed areas.  It 

is conjectured that the localized cracking within the deformed 

areas serve as nucleation sites for larger scale material removal. 

The relative Influence on light scattering of the Internal frac- 

ture surfaces and surface deformations is Illustrated in Fig. 5^. 

Fig. 54a was photographed under Illumination which emphasized 

the scattering due to the ductile deformations, while Fig. 54b 

was photographed under Illumination which suppressed the scat- 

tering due to the ductile deformations and emphasized the associ- 

ated crack distribution.  The narrow crevices seen In Fig. 52a 

and 54b are formed in a rather unusual way. Each crevice was 

found to originate from an erosion pit. A crack appears to be 

formed by penetratlorji of the material below the surface and the 

overlying material Is torn apart by the water escaping from the 

interior of the material.  Stereo microscopy indicates that seg- 

ments along the crevice have one very sharp edge but a flap of 

material can be seen along the opposing edge of the crevice. 

These edge conditions alternate several times from one edge to 

the other along the length of the crevice. Once a crevice is 

formed it contributes to the growth of erosion pits in much the 

same way as surface scratches provide additional pit nucleation 

sites in polysulfone. Further exposure to water drop Impacts 
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results In a small Increase In surface wrinkling, but a steadily- 

increasing number of larger cracks and crevices develop. 

Larger erosion pits are created by the intense 

hydraulic pressure developed when a water drop impacts upon an 

existing crack in the surface. The water penetrating the crack 

separates small fragments of material from the bulk specimen by 

cleavage fractures as shown in Fig. 55 and 56. A number of 

erosion pits with a variety of orientations can be found along 

the cracks in the surface indicating that a number of water 

drop impacts have taken place to produce the highly localized 

pitted regions.  This process continues to provide an abundance 

of sites for material removal as shown in Fig. 57 by the number 

of material fragments being freed from the surface after an 

exposure time of 10 min. 

The genera] character of the material removal mecha- 

nisms in the later stages of the erosion process are the same 

in polysulfone and polycarbonate. Differences in the erosion 

behavior of the two materials during the incubation period are 

attributed to the greater susceptibility of polysulfone to rip- 

pling of the surface due to individual water drop impacts and 

the influence of surface scratches on the nucleation of erosion 

pits.  It is the severe rippling of the surface in polysulfone 

which produces the significant difference in visibility when 

compared with polycarbonate.  In the early stages of the erosicn 

process in polycarbonate surface wrinkling is quite localized 

so visiblity is maintained for a longer duration. Although the 

mass loss data in Fig. 134 is not conclusive, it appears that 

crevice formation within the locally deformed regions in poly- 

carbonate during the incubation period is more effective in 

removing material than the material removal mechanisms operative 

in polysulfone during this period.  The greater number of erosion 

sites available in polysulfone is probably responsible for the 

higher mass loss at the intermediate stage of the erosion pro- 

cess, however it is seen in Fig. 13^ that the rate of material 

removal is comparable for polysulfone and polycarbonate in the 
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advanced stage of  the  erosion process when the  initial differ- 
ences  In the operative  erosion mechanisms are no longer  Important, 

The  surface  of the melamlne coated polycarbonate 
exhibits slightly less ductility than the uncoated specimens 
when subjected to water drop  Impacts,  and very faw rJpple pat- 
terns could le  found on the  surface compared  to the uncoated 
polycarbonate.     The  coated polycarbonate displays crevices which 
have a  greater tendency for branching and generally have larger 
bifurcation angles  than the uncoated polycarbonate as seen in 
Fig.   58.    Again the  crevice network originates  from pitted 
regions.    The markings  in the  interiors of the pits  show mate- 
rial was removed by cleavage,  however the edges  of the pits seen 
in Fig.   59 show considerably less ductility than  shown in Pig. 
56 for the unocated material.    Except for these minor differences 
in the  Initial behavior of the type of specimens,  the erosion 
mechanisms for the coated polycarbonate differ    only in quanti- 
tative details from those already described for the uncoated 
specimens. 

3.    Nylon 

Microscopic examination of the nylon specimens revealed 

that two damage mechanisms predominated during the initial expo- 

sure to the standard rainfleld at 730 fps.  First, the drops 

which struck residual polishing scratches opened linear cracks 

extending into the Interior of the specimen.  Cleavage occurs 

before the yield stress of the surrounding matrix is exceeded 

so the surrounding material is relatively free of deformation. 

Generally both crack walls appear wrinkled from plastic deforrm- 

tion produced by the water Jet as it penetrates the cleavage 

crack. Additional drop' impacts selectively extend these cracks 

deeper into the interior of the specimen.  At sites of crack or 

scratch intersection, the water drops appear to penetrate beneath 

the surface layer of the nylon and push out small fragments of 

material as seen in Fig. 60.  Consequently, material located 

within the acute angle of intersecting cracks, whether impacted 
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In the Initial Impact oi* subsequent impacts, is vulnerable to 

being torn free from the specimen's surface.  This mechanism is 

primarily responsible for the observed form of the mass loss 

data. The mass loss data in Fig. 134 indicates an incubation 

period of several minutes is required during which the requisite 

network of cracks is produced.  The optical micrographs in Fig. 

6l illustrate impacted scratches. 

# 

The second damage mechanism occurs on surfaces free 

from defects which yield upon impact to form arc-shaped zones 

of damage.  Cleavage cracks similar to the linear cracks are 

readily initiated but do not penetrate very far into the inte- 

rior of the specimens.  Under these conditions the nylon does 

not form cracks whlct. propagate by brittle fracture.  Although 

the cracks tend to propagate along linear paths, the material is 

noncrystalllne and no preferential path orientations are observed. 

In addition to the larger cracks, a pattern of very fine micro- 

cracks and crevices develop as shown in Fig. 62. 

t   1- 1 

A tendency toward a circular damage pattern can be 

observed in Fig. 61. Toward the droplet impact perimeters the 

induced radial stresses open cracks creating the damage zones. 

This zone lies within the original drop impact diameter. 

5« 

During the Initial stages (first several minutes) the 

optical transmission properties degrade due to scattering from 

microscopic crack patterns.  Concurrently, e  macroscopic net- 

work of linear cracks is gradually produced which run along 

pre-existing scratches and the longer Impact cracks.  This crack 

network causes the onset of rapid mass loss and subsequent des- 

truction of the specimen's surface.  The primary crack network 

penetrates more deeply into the interior of the bulk material 

and is more sparsely distributed than in the case of polysulfone 

and polycarbonate. The form of the cleavage surfaces found 

within larger pitted regions is shown in Fig. 63. In general, 

the nylon specimens display much less ductility than observed 
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for polysulfone and polycarbonate at the strain rates Imposed 

by water drop Impacts, although the quaslstatlc elongation Is 

the highest value recorded In Table II for the polymers tested. 

4.  Polymethylmethacrylate 

In contrast to the other polymers tested, PMMA responded 

In a brittle manner when exposed to the rain environment.  The 

Initial damage appeared in the form of multiple ring fractures 

(or ring crack patterns) as shown in Fig. 16 whose maximum dia- 

meter was always less than the diameter of the impacting drop. 

Apparently each Impacting drop onto a previously undamaged sur- 

face produced a ring crack pattern.  The interior zone of the ring 

pattern was Initially free of damage and resisted the Introduc- 

tion of damage by subsequent drop impacts.  However, this resis- 

tance was not as effective as that observed in the ring crack 

patterns formed in brittle inorganic transmitters which could 

exclude early stage fracture.  The ring crack diameter typically 

extended from 1.0 mm to 1.5 mm. When possible, the perimeter 

cracks tended to align along the straight line paths of polishing 

scratches.  This preferential attack mechanism was particularly 

effective in PMMA, since Nomarskl Interference contrast was 

required for scratch detection at sites free of impact damage. 

Even for the first Impact event, these cracks tended to have an 

optically resolvable width (perhaps .3 pm) and some showed pit- 

ting on the exterior edge together with a straight, undamaged 

interior edge.  Consequently, the Impacting drop enlarged residual 

scratches and established surface fractures at the perimeter 

during the early period of the drop Impact, producing raised 

edges and surface discontinuities.  As evident in Fig. 44 a high 

velocity water jet emerges tangential to the surface during the 

early stages of drop collapse. The observed edge pitting results 

from the impact of the lateral Jet against the raised exterior 

edges of the circumferential fractures as described on page 88. 

In the absence of residual scratches, the drop Impact 

produced very short and discontinuous perimeter cracks which in 

the aggregate formed a band which encircled the central Impact 
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zone. These initial perimeter cracks all tended to be very- 

shallow (no appreciable interaction with transmitted light) but 

possessed optically resolvable widths and height differences 

suggesting limited microplasticlty. Consequently, the initial 

crack structures were vulnerable to direct attack by hydraulic 

penetration and lateral outflow during subsequent rain exposure. 

The fracture surfaces generally did not suggest conchoidal struc- 

ture as illustrated in Fig, 55 and 59 (although a rough river 

structure could be discerned) but instead contained a fine, non- 

reflective microstructure which could not be optically resolved. 

The density and dimension of the individual perimeter cracks 

tended to be greatest at approximately the center of the annulus 

and then decreased as the outer limit of the annulus was 

approached. 

The perimeter crack annulus is particularly important 

in PMMA because the course of subsequent erosion is based pri- 

marily upon the interaction of the initial crack annulus with 

subsequent impacts. The impact of a second drop whose center 

would be located perhaps two-thirds of the perimeter diameter 

from the center of the initial drop reveals the relevant stages. 

Two zones of interest were produced during this sequence. Mid- 

way along the axis connecting the impact sites, scratches and 

larger cracks were greatly enlarged. Whereas the largest 

scratch width at noninteracting perimeter sites was less than 

Imn, the scratch widths in this zone were 1-3/im and the depths 

of damage correspondingly deeper. These scratches had pitted 

edges on both sides where successive lateral outflow jets had 

chipped material free. As the scratches were traced around the 

perimeters away from the axis, the outflow orientation of the 

closer drop became more, important and ultimately predominating 

as described for the initial impact (straight interior edge and 

a pitted exterior edge).  Often a weak fracture annulus could be 

detected within the central zone of the first drop but greatly 

diminished In comparison with the crack annuli of both drops at 

noninteracting sites. At the sites of crack annuli overlap 

above and below the axis strong damage enhancement and a dense 
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crack pattern resulted although not quite as severe as that at 

the axis.  The lateral outflow pitting and crack enlargement were 

particularly pronounced. The two sets of perimeter fracture 

structures seemed to propagate through one another without inter- 

ference yielding a criss-crossed array of scratches.  These 

scratch patterns were more important than their dimensions would 

indicate since scratch intersections are preferential sites for 

pit formation and the resulting surface discontinuities increased 

the number of orientations from which lateral outflow Jets could 

produce edge pitting. Observation of the perimeter fracture 

structures in transmitted illumination clearly indicated the 

pronounced enhancement of the damage at the overlap sites. 

Continued exposure of the overlapping impact sites to 

rainfield gradually eliminated the structure of the original 

impacts.  The density of pitting due to the lateral outflow 

during the collapse of subsequent drop Impacts increased rapidly 

at the sites of ring crack overlap  The crack density also 

increased rapidly and the surface appeared wrinkled, although 

the originating impact sites could still be traced for up to four 

overlapping Impacts. However, the most important damage resulted 

from hydraulic penetration so that a third drop impact could 

open the cracks in the Interaction zones to widths up to 15 Mm 

(and possibly greater) concurrently penetrating far more deeply 

into the interior. In this earlier stage, the crevices often 

moved from one circumferential crack to another via the circum- 

ferential cracks of another Impact resembling the cross-slip 

mechanism observed in crystallographic materials. As the cre- 

vice edges were plastically deformed and displacements were 

introduced along the path, reconstruction of the damage sequence 

became more difficult and the crevices began to resemble those 

shown in Fig. 34b for polycarbonate (typical widths perhaps 

3-6um).  The central sites of Initial impacts were able to 

resist the subsequent Introduction of damage at least up to this 

stage of 3-h  sequential Impacts. 
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Sites influenced by four or more Impacts resulted In 

a dense maze of fine cracks and pits together with a distribu- 

tion of these randomly oriented crevices. An Increasing propor- 

tion of randomly oriented cavities of irregular shaped cavities 

appeared whose structures bore no apparent relationship to the 

surrounding microstructure. The straight lines of initially 

damaged cracks were able at this stage to serve as initiating 

sites for subsurface fracture formation analogous to those shown 

in Fig. 6l (although at a much lower frequency). Subsequently, 

hydraulic penetration into the crack opening dislodged the over- 

lying material analogous to the glass fracture shown in Fig. 109a. 

These observations suggest that a network of microcracks and a 

degree of micro-yielding embrittled the surface layer to allow 

the formation of these deformation modes observed only in the 

advanced erosion stages.  Isolated cavities and crevices began 

to enlarge very rapidly with respect to the surrounding micro- 

structure suggesting these structures trapped ever increasing 

volume fractions of the Impacting drop.  Intersections of enlarged 

scratches were also particularly effective sites for the prefer- 

ential formation of cavities.  Cavitltes at some sites ranged as 

large as 15 mils length by 5 mils width in this advanced erosion 

stage (perhaps 60 drop Impacts per square centimeter).  Sur- 

prisingly, the random spatial distribution of Impacts permitted 

a number of enlarged scratches and damage resistant central 

zones from the initial stage of erosion to be identified on this 

specimen. - 

The preceding discussion was based upon short dura- 

tion exposures in the AFML facility to the standard rainfall at 

730 fps/sec. Exposures corresponding to a greater density of 

drop Impacts were carried out in the AFML/Bell facility for the 

same nominal rainfall and velocity. Fig. 16 Illustrates a single 

drop impact at a previously undamaged site on the FMMA surface. 

Although the contrast Is poor (partially the result of the very 

shallow fracture penetration) examples of lateral outflow pit- 

ting appear at the top of the figure for scratch initiation and 

at the bottom for ring fracture initiation. Note the absence 
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of damage In the central zone. Fig. 64 Illustrates the damage 

Introduced by two overlapping perimeter crack annull as enhanced 

by subsequent drop Impacts (and also photographic over-exposure). 

Note, however, the increase in damage intensity at the interaction 

site, the large cavities vulnerable to hydraulic penetration, 

the important contribution of the lateral outflow jets to pit 

initiation, and the low density of damage in the central zones. 

In the center the dense, cross-checked pattern of the fine cir- 

cumferential cracks can be distinguished between the large 

cavities.  At perimeter sites distant from the overlap interaction, 

the arc-shaped fracture annull Illustrate the Information sources 

from which the damage sequence can be reconstructed. Fig. 6k 

and 65 do illustrate the primary contribution of the lateral out- 

flow mechanism and the overlap of perimeter crack' zones to the 

initiation of pit removal and the perimeter overlap to the initial 

optical degradation.  Obviously, the greatest Importance of these 

mechanisms-is that they render the sites vulnerable to subsequent 

hydraulic penetration which is far more damaging in the advanced 

stages of the erosion process. Evidence of how effective this 

mechanism was is shown for specimen PM 1 (refer to Section IV.A) 

which lost 4 mg mass and approximately 25^ transmittance for a 

30 sec. exposure (estimated to be two Impacts per arbitrarily 

located site) in comparison to specimen PM 2 which lost 16 mg 

mass and over 90%  of its transmittance for a 60 sec. exposure 

(estimated to be four impacts per site).  Optical micrographs 

illustrating this degradation in optical properties and subsequent 

mass are shown in Fig. 65 and 66.  Although these micrographs 

show the influence of lateral outflow mechanisms in Fig. 45 and 

the accelerated growth of cavities in Fig. 66, the deep scratch- 

initiated fractures are more clearly observed in Fig. 4l.  It 

is assumed these produce the extensive subsurface fracture net- 

works shown in Fig. 67 by a mechanism similar to those observed 

in the less resistant glass systems. Further exposure to the 

ralnfield caused the mass loss to approximately double with each 

additional 30 sec. exposure as the undercut surfaces cause 

larger size particle removal. 
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B. INFRARED TRANSMITTING MATERIALS 

The leading candidate materials for Infrared window appli- 

cations Include the covalently-bonded semiconductors germanium 

and silicon; binary semiconductors with a high covalent bond 

content such as cadmium tellurlde, gallium arsenide, zinc sele- 

nlde, and zinc sulflde; binary salts with primarily Ionic bond 

character such as potassium chloride and strontium fluoride; 

semiconductor glasses such as arsenic trlsulflde; and oxides of 

high covalent bond strength such as magnesium oxide and sapphire. 

These substances are carefully purified and then fabricated by 

single crystal growth from the melt or as a polycrystalllne 

aggregate by such techniques as chemical vapor deposition, crys- 

tal growth from the melt, fusion casting, hot-pressing, and 

physical chemical deposition. With the exception of sapphire, 

these substances are generally prepared as polycrystalline sub- 

stances both to reduce cost and to Increase mechanical strength 

and toughness. Obviously, the final optical and mechanical pro- 

perties will be sensitive functions of these processing techni- 

ques. For the lower strength materials such as the hallde salts 

and the binary semiconductors the processing techniques become 

critical so that the grain and subgrain structures must be intro- 

duced by press forging or fusion casting the single crystal 

(e.g. potassium chloride); alternatively binary alloy systems 

have been explored (e.g. potassium bromide-potassium chloride 

and zinc sulfo-selenlde) to attain the necessary mechanical pro- 

perties. Materials parameters such as composition, crystal 

orientation, crystal structure, grain boundary properties, grain 

size, impurity distribution, residual stresses and surface 

finish will all influence the rain erosion rates. 

Exposure to water drop impacts such as would be encountered 

during subsonic flight through rainfields produces mechanical and 

optical degradation in infrared window materials.  Since these 

materials are brittle, damage primarily consists of conchoidal 

fracture, cleavage crack formation and cavity formation (initially 

microscopic but ultimately macroscopic). However, the dependence 

of the extent of drop impact damage, the interaction of drop 
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impactlon with pre-existing damage, and the rate of macroscopic 

damage upon the material properties and the fabrication processes 

are still not understood.  In general, the IR transmission 

through these materials Is greatly reduced before a measurable 

weight loss Is recorded, and It Is obvious that the Interaction 

between the Infrared beam and the evolving network of Internal 

fracture surfaces contributes significantly to this reduction. 

1.  Zinc Selenlde and Zinc Sulfide 

These materials are primarily covalently bonded semi- 

conductors and therefore tend to be more brittle than materials 

with ionic or metallic bonding.  The fact that they do have some 

ionic, contribution to their bonding (e.g., ZnSe is thought to be 

20%  ionic^C^), may enable dislocation motion to occur more 

readily than would be possible in a purely covalently bonded 

structure. In the absence of any significant heating of the 

compounds during exposure to rain erosion, the Impact energy will 

probably be initially absorbed by elastic deformation, plastic 

deformation and fracture propagation. Fracture can Initiate in 

the compound semiconductors by both cleavage along {110} planes 

and also by grain boundary separation. 

(40) 

Zinc selenlde and zinc sulflde are primarily fabricated 

by four techniques: chemical vapor deposition, hot-pressing, 

physical vapor deposition, and crystals grown from the melt. 

Commercial polycrystalllne samples fabricated by the first two 

techniques were examined in this work. Eroded specimens of 

chemically vapor-deposited material were examined after exposure 

to the rain environment in the AFML rotating arm facility at an 

impact velocity of 690 ft/sec. This material is fabricated by 

the chemical reaction of. zinc vapor with hydrogen selenlde and 

hydrogen at a graphite mandrel to form the binary compound at 

the surface.^1) The fabrication of large pieces (2 ft. x 1 ft.) 

with good optical and mechanical properties has been demonstrated 

for satisfactory deposition rates with both zinc selenlde and 

zinc sulflde.  Quality control is excellent, yielding very low 
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porosity, very low Impurity content, uniform grain size, arid 

uniform material properties.  Previous work has established that 

under bend bar loading quasistatic fracture in these materials 

tends to Initiate at surface sites of machining flaws and at 

volume sites such as porosity and defects in large grains.'  ' 

Consequently, the surface finishing quality would be anticipated 

to be a critical parameter in determining the rain erosion rates. 

Macroscopic inspection of the zinc selenide specimen 

after an exposure of 10 minutes and the zinc sulfide specimen 

after an exposure of 20 minutes in the AFML erosion facility 

under transmitted illumination revealed both specimens contained 

extensive internal fracture networks. Although such an examina- 

tion could suggest that these networks were initiated at volume 

sites, microscopic examination under several illumination modes 

revealed fracture continuity between many surface cracks and the 

interior propagation cracks whose surfaces roughly approximated 

segments of expanding cones (analogous to the Hertzian ring 

crack structures formed in glass).  It additionally indicated 

that the observed reductions in infrared transmittances arose 

primarily from reflections at the internal fracture facets. 

Repeated surface impacts enlarged the crack wall separations 

producing the high internal reflectances and extended the crack 

propagation depths until one-third of the sample thickness had 

been penetrated at some sites. 

Fig. 68a shows a typical low magnification field of 

view at this stage of erosion.  The damage consisted of over- 

lapping arrays of eroded cracks whose Jogged structures appeared 

to approximate concentric circular segments (with some misregis- 

tration) together with eroded cracks of random orientation and 

cavitites of various dimensions.  The optical micrograph shown 

in Fig. 69 emphasizes both the circular appearance of the cracks 

and the presence of cavities. The scanning electron micrograph 

contained in Fig. 68b shows the straight edges characteristic 

of many of the surface cracks.  These cracks were primarily 

formed by transgranular cleavage (consistent with the fracture 

study cited above)v42) and ranged from a few microns to several 
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hundred microns  in length.     It  Is believed  the  longer traces 
could have arisen In several adjacent grains with closely 
similar orientation.     Such propagation has been  observed on bulk 
fracture specimens and chemical vapor deposited zinc selenide 
has been demonstrated to contain significant  residual texture 
which would increase the probability of such alignments.'   *' 
Detailed examination using scanning electron microscopy and 
optical microscopy,  with oblique illumination and Nomarski  inter- 
ference contrast   (illumination modes which emphasize topological 
differences) established  that  residual surface finishing scratches 
exert a negligible influence on the formation of such cracks. 
Preferential  initiation at  sites of twin boundaries could not 
be evaluated.     The advanced state of erosion restricted fracture 
analysis,  since the high flaw density precluded etching and the 
severe edge pitting obscurred the original fracture markings. 
However,  possible grain structures consistent with the grain size 
listed in Table 4 can be identified along some of the fractures 
shown in Fig.  68b suggesting a significant contribution along 
intergranular paths.  Any evidence of severe subsurface flaws 
(comparable to chatter marks  in glass) arising from residual 
grinding damage would have been removed during the early stages of 
erosion and the importance of this initiation mechanism which was 
found to be important in the fracture study cited above'     ' is 
impossible to assess. 

Further evidence for the transgranular mechanism is 
provided by viewing the specimen under the metallograph with 
polarized  illumination which suppresses  the direct  surface  reflec- 
tion from the specimen.     Within large grains which contained the 
long straight  surface  cracks,  associated  large  transgranular 
surfaces containing prominent cleavage  river markings could be 
traced along the entire  length of the  surface  cracks.     In general, 
the surface crack walls were  surprisingly straight  suggesting 
that these {110}  surfaces must have been aligned approximately 
orthogonal to the perimeter of the advancing  impact  stress  since 
little or no evidence  of  large cleavage  steps  could be detected. 
The  {110}  surfaces   in grains which were not  favorably oriented 
for fracture propagation either resisted crack formation or 
yielded Jogged cleavage  cracks which were more  susceptible to 
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subsequent edge attack. Fig. 68b illustrates the chipping and 

pitting which occurred preferentially along only one edge in 

many materials.  It is believed this attacked edge was on the 

exterior side of the initiating impact event.  In view of the 

large grain size, the substructure within the cracks must result 

from transgranular fracture propagated by the hydraulic mechanism 

during subsequent impacts as illustrated in Fig. 68b and 68c. 

Examination of the cracks at higher magnifications 

revealed that curved cracks were very unusual (e.g. Fig. 68b) 

indicating concholdal fracture formation is not an important 

mechanism in this system. A similar preferential formation of 

transgranular fracture was observed in eroded specimens of single 

crystal gallium arsenide in which the surfaces of shallow pits 

were composed of rectilinear cleavage faces which approximate the 

curved concholdal shapes observed in germanium and the glasses.v  ' 

Both the zinc chalcogenlde compounds and gallium arsenide^ 

have the zinc blende crystal structure and the preferential for- 

mation of cleavage cracks dominated erosion of the gallium 

arsenide surfaces during the incubation period before measurable 

optical degradation. The absence of concholdal fracture in these 

zinc blende structures is attributed to the low energy of {110} 

cleavage (.6-.? J/sq.rtT) in zinc selenlde. 
(42) Cleavage along 

{ill} planes required unattainable energies since oppositely 

charged {111} surfaces must be separated. At high magnifications, 

the formation of very small cleavage traces on otherwise undamaged 

zinc selenlde surfaces could be readily discerned by optical 

metallography with topologlcally sensitive Illumination - such 

traces show parallel alignment and constant angles of intersec- 

tion. Although smaller and sparser than the cleavage traces 

observed on eroded surfaces of germanium and gallium arsenide, 

this difference probably results from the much smaller grain size 

as well as the dissipation of a greater fraction of the impact 

energy within the specimen bulk (extending the fracture by the 

hydraulic penetration mechanism). Although a few large cavities 

were observed (greater than 0.5 mm in diameter), most were small 

as shown In Fig. 69. Both optical microscopy and scanning electron 
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microscopy observations indicate that the pit walls also are 

formed predoninantly by transgranular cleavage as shown in Fig. 
70. 

Optical microscopy revealed large cleavage surfaces 

frequently occurred within the larger pits in which one or more 

grains had undergone transgranular fracture.  These cleaved 

grains closely resembled those observed on the bulk fracture 

surfaces (which were virtually flat with the exception of a few 

cleavage traces)/ 2'    At higher magnifications (40X objective) 

and polarized illumination, such cleaved grains spanning 50 urn 

or more were observed to lay beneath 20%  or more of the intact 

specimen surface.  These strongly reflected light (visible wave- 

lengths) as noted earlier and suggested the bulk material to have 

been heavily damaged in comparison to the surface.  A high magni- 

fication view of the fracture surface of a bend test specimen is 

provided in Fig. 71a; more representative micrographs have been 
published.^2) 

s 
As noted earlier, the advanced state of damage prevented 

a precise determination of the early erosion stages.  It is 

believed the first drop Impact to strike a surface site either 

resulted in the initial formation of a partial ring crack struc- 

ture or the first drop impact established a precursor form of 

damage which interacted with subsequent drop impacts to produce 

partial ring crack structrues. Such a precursor state could arise 

from stress concentrations introduced by plastic flow or the sub- 

critical extension of fracture initiating flaws (e.g. microcracks, 

pores, inclusions, etc.).  It is believed that the early damage 

was dominated by the formation of ring perimeter segments composed 

of fine transgranular cracks. It is probable that some subsurface 

damage is associated with these early cracks since ring struc- 

tures are clearly evident in optical macrographs employing trans- 

mitted illumination of a zinc selenlde specimen exposed to the 

same erosion environment for only 30 seconds/ ^ Some pitting 

of the exterior edges of the outer perimeter cracks was observed 

at this early stage of damage. Continued exposure then produced 

the extensive damage described above for 10 mln. exposure. 
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(46) 

Correlation of the grain size at the fracture origin 

with the observed fracture strengths observed under bend bar 

loading showed the fracture strengths depended upon the inverse 

square-root of the grain size.' '    Such a relationship has been 

previously demonstrated for a number of polycrystalline ceramics. 

In addition, continued propagation of a crystallographic crack 

through a polycrystalline material requires both directional 

changes at the grain boundary and grain boundary rupture.  Con- 

sequently, although the previous rain erosion literature does 

not clearly define the relationship between grain size and erosion 

rate; the above information, cavltatlon studies on nickel, and 

ballistic impact studies on alumina ceramic all Indicate that 

decreased grain size should increase rain erosion resistance.^'-^ 

Although the chemical vapor deposited zinc sulfide 

specimen was exposed in the AFML erosion facility for 20 min., 

twice the exposure period for the zinc selenide specimen, the 

apparent surface dairage observed under optical microscopy was 

minimal in comparison as illustrated in Fig. 72. Note particu- 

larly the absence of the long straight line segments character- 

istics of the zinc selenide erosion surface.  The absence of 

these cleavage cracks (and also the large subsurface cleavage 

facets) could result from the much greater fracture strength of 

zinc sulflde (16,000 psi vs. 7,500 psi)^50^ exceeding the peri- 

meter tensile stresses Induced by drop impact and/or the very 

small grain size 2-10jim determined by metallographic measurement 

after a hydrochloric acid etch. 

Instead the apparent surface damage under bright field 

examination consisted of a sparse distribution of fine circum- 

ferential cracks some of which appeared to comprise Incomplete 

sectors of the original Impact.  Polarized reflected illumina- 

tion or transmitted illumination permitted the fracture propaga- 

tion path to be traced from these cracks into the interior. 

These interior surfaces generally involved a smaller angular 

sector which penetrated less deeply than those of zinc selenide 

suggesting the greater fracture strength of the zinc sulflde 
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restricted surface fracture extension as well as surface crack 
enlargement.     Instead,   higher magnification resolved only that 
the surface cracks generally consisted of connected lines of fine 
pits without revealing whether the path structure arose from 
intergranular fracture or transgranular fracture conforming to 
the interaction between the advancing tensile stress wave front 
and the flaw distribution within the zinc sulfide surface. 

■ i 

Subsurface fractures were more easily identified and 

frequently could be traced back to surface crack structures. At 

some surface sites, the subsurface fractures were shown by 

Nomarski interference contrast to be associated with slight sur- 

face bulges rather than surface cracks. These very small bulges 

were analogous to larger surface bulges observed during compres- 

sion tests of zinc selenide specimens before gross failure 

occurred, (approximately 5,000 - 6,000 psi).'-' ' However, many 

of the smaller subsurface fractures could not be traced to sur- 

face cracks or flaws under oblique illumination (which was 

usually a very effective technique) and the more sensitive Nomarski 

interference contrast established that some subsurface fractures 

were not associated with surface flaws. Such damage could have 

arisen either at sites of subsurface machining damage or volume 

distributed flaw sites; however, residual polishing scratches 

and submicroscopic surface flaws are excluded as origin sites. 

Such subsurface initiation was probably more frequent than 

indicated at this stage of erosion and the subsurface damage pro- 

pagated back to the surface during the erosion exposure.  The 

surface above such suspected subsurface initiated fractures con- 

sisted of shallow cleavage traces or irregular surface mounds. 

The subsurface fracture surfaces were covered with 

tiny facets and the nature of their structure could not be opti- 

cally resolved. However, examination of some larger surface 

cavities at high magnification with the scanning electron micro- 

scope as shown in Fig. 73 established their walls to have been 

formed by transgranular cleavage; it is believed this mechanism 

145 

Bi4Käi& '■ -I:^UJ*'^. i;«..^ :: ,%:S^At '■•"""■•',*''' 





wr,3™0w-w«"*^"^,re^ 

dominated the fracture propagation. Again, the.fracture mechan- 

isms observed on both the bend bar surfaces and the rain erosion 

surfaces were transgranular cleavage (illustrated in Fig. 74). 

The smaller scale of facets on the bend bar surfaces of zinc sul- 

fide is primarily attributed to the emaller grain size; the 

facet dimensions on the eroded surfaces may also have been 

reduced by the requirement for a large number of randomly located 

rain impacts to propagate the fractures a significant distance 

along the surface. 

Rain erosion tests of a hot-pressed zinc sulfide mate- 

rial were initiated on the AFML/Bell erosion facility at 730 fps. 

Due to the large difference in the droplet encounter densities 

for the same specified rainfall rate for the erosion facilities 

at AFML and Bell, these tests do not allow a direct comparison 

of the relative erosion resistances of the two materials based 

upon exposure periods. Note also that the as-polished (by the 

vendor) hot-pressed specimens contained a relatively high density 

of surface pits, perhaps several million per centimeter squared 

primarily ranging from ]L-5*ta in size. Although their structure 

could not be resolved under optical microscopy, a probable ori- 

gin would be grain pull-out during polishing. The grain diameter 

determined by optical etching corresponds to the smaller pits and 

the larger pits could result from loss by small aggregate. After 

20 and 40 second exposures (independent tests) on the AFML/Bell 

facility, fine ring cracks were observed on both specimens. 

After the 20 second exposure, two principal damage modes 

become apparent as illustrated in Fig. 75 and 76. First, sur- 

face ring crack patterns form whose perimeters consist of con- 

centric Jogged cracks. Fig. 77, photographed after an additional 

minute of exposure on the AFML erosion facility. Illustrates that 

many of the surface cracks are nearly Invisible under bright field" 

observation. However, reflected polarization illumination of the 

same field of view reveals that significant cone crack penetra- 

tion into the substrate occurred together with the onset of optical 
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transmittance degradation.  Optical microscopy employing Nomarskl 

Interference contrast and transmitted Illumination Indicated 

similarities between the Initiation of damage in the chemical 

vapor deposited and the hot-pressed zinc sulflde specimens.  In 

this system, a small fraction (but larger than that for the chem- 

ical vapor deposition product) of the subsurface fractures could 

not be associated with surface topography variations. Although 

the relative contributions from subsurface grinding damage and 

from volume distributed flaws could not be Isolated, such flaws 

initiated a significant fraction of the erosion damage. Early 

stage fracture initiation and propagation definitely proceeded by 

an intergranular mechanism.  Surprisingly, the size of the sur- 

face displacements above small to moderate subsurface fractures 

did not simply correlate with size and intensity of the subsur- 

face damage suggesting also that competition occurred between 

surface and subsurface fracture initiation. As the extent of the 

subsurface damage progressed further, grain ejection systema- 

tically occurred at the surface crack above the damage in approx- 

imate proportion to the intensity of subsurface damage. Ultimately, 

the severely damaged areas showed enlarged crack widths (analogous 

to those shown in Fig. 68 but resulting from intergranular frac- 

ture ). 

The other major damage mode shown in Fig. 76 is the for- 

mation of large cavities together with associated subsurface 

structures. Unlike the conical subsurface fracture structures 

which measurably Influence the infrared transmittances data only, 

the cavities Influence both the infrared transmittance and the 

mass loss data. However, to this stage of damage the conical 

subsurface fracture structures are the more important source of 

transmittance loss.  Progressive degradation of the optical and 

mechanical properties occurred during the 20 sec. exposure as 

subsequent drop Impacts extended and enlarged these damage modes. 

The cavities enlarged by extension of subsurface fractures origi- 

nating at flaw sites along the interior surfaces.  An undercut 

surface is clearly evident as the bright area adjacent to the 

cavity in Fig. 76; this surface is probably slightly uplifted 
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since its lateral boundaries are marked by surface cracks.  Sub- 

sequent drop penetration would cause mass removal by the hydrau- 

lic pentration mechanism. Although cavities were often associated 

with surface cracks, their initiation did not appear to require 

a mecnanism based on the ring crack patterns or the intersection 

of the cone fractures of two adjacent ring crack patterns. 

Instead the surface damage associated with the ring patterns only 

tended to enlarge the crack widths and extend the fracture sur- 

faces deeper into the substrate as described above. 

After kO seconds exposure in the AFML/Bell erosion faci- 

lity, the specimen surface was covered with a dense array of ring 

patterns whose subsurface cone fractures interacted strongly with 

the incident light as shown in Fig. 78. With continued exposure, 

surface cracks perpendicular to the ring perimeter, within the 

ring pattern, and at Isolated sites also appeared. These surface 

cracks appeared to be less important to specimen degradation than 

those associated with the subsurface conical fracture extensions 

and the cavity enlargements. 

A study of the cavity walls employing scanning electron 

microscopy confirmed that fracture propagation in the hot pressed 

zinc sulfide is dominated by the Intergranular mechanism as 

shown in Fig. 79.  it is possible that this material was not pre- 

pared under conditions suitable for optimal grain boundary strength, 

Surprisingly, for similar grain size material, both the chemically 

vapor-deposited material and the hot-pressed material yielded 

similar mlcrohardness values indicating that microplastlclty is 

probably not the critical parameter in determining the rain ero- 

sion resistance.(5 '    Consequently, although the macroscopic dam- 

age modes observed in zinc sulfide fabricated by the chemical 

vapor deposition and hot-pressing processes were similar, frac- 

ture in the latter material proceeded by an intergranular 

mechanism; the grain boundaries separated before the critical 

resolved cleavage stress on the {110} plane could be attained. 

Although direct comparisons of the erosion resistances between 

the two fabrication techniques were not possible, this data 
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suggests the hot-pressed zinc sulflde would undergo degradation 

at a more rapid rate both before and during the weight loss regime. 

2.  Arsenic Trisulflde 

Amorphous arsenic trisulflde (AS2S3) is an important 

candidate for antireflectlve coatings at 10.6 microns.  The mate- 

rial may be obtained in bulk as a glass and its fracture proper- 

ties have been characterized (see Table III).^2'") In bend bar 

tests, fracture initiation occurs at surface flaw sites and the 

fractography structure is typical of such fractures in glasses. 

The fracture parameters, modulus of elasticity, and hardness 

range from 25 to 50%  of the values for the common oxide-based 

glasses. Consistent with these smaller mechanical parameters, 

the bulk arsenide trisulflde specimen demonstrated a low resis- 

tance to rain erosion as described below. 

The initial evaluation of the rate of erosion for 

arsenic trisulfide in the AFML/Bell erosion facility resulted 

in destruction of the specimen after a 20 second exposure to the 

standard ralnfleld at 730 fps. An average depth of 2-3 mm of 

material was removed from the exposed surface yielding an opaque 

specimen covered with a macroscopically rough surface.  At some 

sites, the fracture surfaces penetrated about two-thirds of the 

way through the specimen although the specimen remained intact 

to completion of the test run on the rotating arm. However, a 

hairline crack could be seen on the back face of the specimen 

which ran diagonally across the specimen and the specimen was 

later manually fractured along this line without difficulty. 

Consequently, testing at 730 fps was discontinued and instead 

lower velocities were employed in subsequent erosion exposures. 

A second specimen was run for 5 seconds at 500 fps in 

the AFML/Bell erosion facility to further investigate the damage 

mechanisms. Although the extent of bulk damage was greatly 

reduced, it was still more severe than that sustained by the 

other brittle transparent materials evaluated in this study. 

Note, however, that the Intended application for this material 
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is  as a component In Infrared coatings rather than as a sub- 

strate. Light transmission through the specimen revealed the 

extensive damage which occurred in the bulk of the specimen as 

Illustrated in the macrograph (Fig. 80).  The opacity was pro- 

duced by very extensive and complex subsurface fracture networks 

which reflected and scattered visible light too effectively to 

permit microscopic study with transmitted illumination.  Although 

continuity between the surface cracks and subsurface fractures 

which indicated surface initiation could be established by opti- 

cal microscopy, a disproportionately great fraction of damage 

occurred below the surface (in comparison to other materials 

reported herein).  Similar to the early exposure of the hot- 

pressed zinc sulfide, the intensity of surface damage did not 

simply correlate with the intensity of subsurface damage. For 

such erosion systems, the measurement of weight loss curves is of 

limited value and optical transmittance provides a more realistic 

assessment of both mechanical and optical degradation. 

The intensity of subsurface fracture damage varied con- 

siderably over the sample surface.  The substructures at the 

opaque regions were very complex, consisting of intersecting 

layers and networks or large conchoidal fracture surfaces. Exam- 

ples of such subsurface facets are shown in the micrograph con- 

tained in Fig. 8l.  At some sites where the fracture surface 

penetrated along a single plane without branching, successive 

hackle and rib markings indicated macroscopic penetration depths 

produced by a single drop impact. Although not so apparent as 

the complex subsurface fracture systems and the conical subsur- 

face fracture sectors, these large planar cracks are the damage 

mode which limits mechanical integrity in this system. 

Inspection of the eroded surface established that the 

surface damage primarily consisted of a distribution of Individual 

raindrop imprints together with a random array of disjointed 

EL,.. t.._ _ _   

cracks. Under bright field microscopy. the surface seemed to 

be moderately damaged and a significant fraction of the surface 

was free of cracks and pits.  A typical ring pattern is shown 
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In Fig. 82 under oblique reflected and polarized reflected illu- 

minations. The central diameter of undamaged material spanned 

.50 ar. and the outer diameter defined by the surface cracks 

ranged from 0.75 - .90 mm. These dimensions are approximately 

70%  of the corresponding dimensions observed for polymethylmeth- 

acrylate exposed in the AFML/Bell erosion facility (1.8 mm 

nominal drop diameter). The perimeter walls preferentially 

formed along residual polishing scratches oriented tangentially 

along the perimeter consistent with the observations of surface 

flaw initiation in bend bar specimens.  These flaws penetrated 

substantially into the specimen interior at angles close to 90° 

similar to the very deep line fractures cited earlier. However, 

the ring fractures are propagated less deeply since the drop 

impact interacts with a greater number of cracks. The higher 

magnification views of Fig. 82 (also under oblique illumination) 

show that the polishing scratch widths are enlarged where the 

impact stress wave exceeded the fracture stress and that a shal- 

low fracture was initially created.  The optically resolvable 

width of these cracks suggests the hydraulic mechanism could make 

a significant contribution to subsurface propagation during sub- 

sequent rainfield exposure. The subsidiary cracks which connected 

from one residual scratch to another were not associated with a 

depth of subsurface damage comparable to that associated with 

the enlarged residual scratches. In the areas where the residual 

surface geratenes were not enlarged by the drop impacts, topolo- 

gically sensitive illumination was required for their detection 

and no subsurface damage could be associated with them. 

In the absence of appropriately oriented residual 

scratches, the perimeter tensile forces produced a ring pattern 

comprised of a dense distribution of fine discontinuous cracks 

as shown in Fig. 82b. These secondary crack systems suggest 

that the impact tensile stresses at the interior diameter were 

comparable to those required for propagation of the typical sur- 

face flaw so that concentric arrays of flaws were briefly propa- 

gated as the Impact stress wave expanded. These cracks do not 
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appear to be an important source of degradation and may protect 

the surface from the more damaging scratch extension (similarly 

dissipating the droplet impact over a large rvanber of flaws). 

No appreciable depth of penetration was obser/ed for such surface 

crack formations.  Likewise, the small, shallow, discontinuous 

pits and cavities which form at such sites are not believed to 

be important.  In contrast, the linear cracks and irregular 

cracks which formed at the exterior were large and more damaging. 

In Fig. 83b the pitting, although relatively small at this site 

as shown in Fig. 82b, is concentrated at the outer ring diameters. 

At other sites, both macroscopic cracks and cavities were located 

at the outer ring diameters. The cavities were located on the 

exterior side of the cracks analogous to those observed in the 

zinc chalcogenldes. The crack widths of the enlarged scratches 

became increasingly wide as the diameter increased and subsurface 

penetration increased also. Comparison of Fig. 82b and 83a indi- 

cates one of the larger perimeter subsurface networks originated 

at the surface. Most of the surface overlying this site was 

apparently undamaged. Adjacent to and just beyond the perimeter, 

subsurface fractures penetrated deeply into the substrate as 

shown in Fig. 82b.  Inspection of Fig. 82 and 83 indicates that 

these fractures tended to initiate at the peripheral cracks and 

that the surface scratch dimension did not simply correlate with 

the extent or Intensity of subsurface damage. This again sug- 

gests that although surface Initiated, subsurface fracture pro- 

pagation was more important than surface fracture propagation 

during subsequent erosion exposure. 

A ring fracture density of approximately 15 rings/cm2 

was observed at this stage.  This density is a large fraction 

of the estimated number of impacts consistent with the observa- 

tion that the majority of circular arcs were fragmentary rather 

than complete. In general, ring location was disjoint from or 

adiacent to rather than overlapping suggesting that the initial 

ring crack interacted with overlapping drop Impacts to propagate 

damage by subsurface crack propagation and extension of subsur- 

face cone fractures at the drop periphery. As noted earlier. 
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the structural integrity of the sample was most threatened by 

isolated surface fractures which could penetrate deeply into the 

substrate whereas the optical degradation arose primarily from 

the formation of complex subsurface fracture systems whose inter- 

actions limited individual crack penetration.  In general, super- 

imposed drop impacts did not leave a clear record of the subse- 

quent impact events en the initial fracture site.  Instead the 

central area remained free of surface and subsurface damage and 

the outer perimeter cracks initiated conical subsurface fractures 

which penetrated deeper into the substrate with continued expo- 

sure.  Of the rain-eroded systems studied here, this most closely 

resembled the erosion behavior observed for glass bead erosion 

of glass surfaces. 

3. Germanium 

Germanium crystallizes in the diamond structure which 

has cubic symmetry. At room temperature, germanium specimens 

aligned along the <lll>axis ruptured in three-point bend tests 

to yield fracture surfaces which contained no evidence for plas- 

tic deformation.^ ' Instead, analysis of the fracture surfaces 

indicated that the fracture mechanism in the tensile stress 

region was cleavage along the {111} planes and passed into an 

irregular and complex mechanism in the compressive stress region. 

In the tensile region, the fracture surface was remarkably 

planar with height variations confined to less than 50A between 

cleavage markings and surface layer alignment within 1° of the 

appropriate {ill} plane. Fracture initiation generally occurred 

at a surface flaw surrounded by a glassy mirror region constrained 

to be closely aligned to the {111} fracture surface.  The frac- 

ture front passed directly from the mirror region to the cleav- 

age region with long straight rib marks provT -"ling a realignment 

mechanism for the transition from the mirror region to the cleav- 

age planes. Fracture initiation with the <100>axis orientation 

to minimize the resolved tensile stresses across the {111} cleav- 

age planes yielded very rough surfaces which did not orient 

along a crystallographic face. (55) 
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preference In fracture propagation has been observed for quasi- 

static Hertzian ball indentations on {ill} surfaces at high 

stress levels.'-5 ' Ihose sectors of the ring crack which lay- 

along the three traces of the intersecting {111} planes pene- 

trated deeper into the substrate than the remaining arc sectors. 

In summary, germanium behaves as a classic brittle crystal with 

fracture initiating at surface flaws and the magnitude of the 

initiating stresses proportional to the square root of the abra- 

sion depth. 

The rain erosion resistance of germanium has been 

reported for 1.2 mm drop diameter at kOO m/sec velocities.^2^ 

This report does not indicate the structure of the geri.ianium, 

focusing primarily upon both the transmittance loss as a func- 

tion of exposure duration and the incubation period for weight 

loss. For these conditions, the authors found that a period of 

perhaps 12 seconds was required for the onset of weight loss and 

ranked it comparable to some calcium alumlnate glasses.  This 

erosion ranking cannot be directly compared to the data reported 

herein since this glass was not tested. 

The substructure of polycrystalline germanium used in 

the initial erosion studies was characterized by etching: 20 sec. 

immersion at 100°C in an etchant prepared by dissolving 8g 

K3Fe(CN)6 and 12g KOH in 100 ml water just before etching. 

Although this etchant is a demonstrated dislocation etchant, 

application to the as-polished surface (vendor supplied) yielded 

only chemical polishing indicating the surface layer to be rela- 

tively free of dislocations and microcracks. To sensitize the 

surface to reveal damage and orientation, metallographic cross- 

section specimens were prepared with a terminal polishing by 

0.3 micron a-alumina on a napped cloth. Fig. 84 and 85 illus- 

trate the macroscopic zones within the specimen and also the 

etch pits observed on the central section which appeared to be 

near the {ill} orientation. A survey of the etched cross-section 

indicated that clusters of similarly oriented grains occurred 

frequently within the zones and major orientation changes occurred 
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across zone boundaries.  Ihe grain structure was quite complex 

as Indicated by the micrographs in Fig. 86 so that a simple 

grain size did not provide a representative description (addi- 

tional fine structure could be observed in some fields as the 

magnficatlon was increased).  Grain dimensions ranged from per- 

haps lOjiin to 1mm or more and growth twins were frequently 

observed during the metallographic survey. Measurement of a 

well-def5.ned microhardness was precluded by the large variations 

in orientation and substructure density. Qualitatively, this 

germanium appeared to be inferior in mechanical properties to 

those observed in specimens obtained from a second vendor; the 

forces exerted by a fingernail were sufficient to manually split 

off a chunk. 

Initially, two germanium specimens were exposed to the 

standard ralnfleld at 730 ft/sec in the AFML/Bell erosion facility 

for periods of 20 and hO  seconds, respectively. Microscopic 

inspection of both samples indicated both erosion exposures had 

produced relatively uniform distributions of damage over the 

specimen surfaces. Fracture occurred via several competitive 

mecharfisms consistent with fractography studies of bend test 

specimens cited earlier.'^5,55) As Illustrated in Fig. 87-92, 

these damage modes included crystallographic cleavage, conchoidal 

fracture, cavity formation, small, dense arrays of fine cracks, 

and crushed fracture cores (Fig. 91-92). 

After the 20 second exposure, the fracture patterns 

formed by {111} plane cleavage were the most striking feature 

(particularly under topologlcally sensitive illumination).  In 

some microscopic fields of view, extrapolation of the cleavage 

lines yielded equilateral triangles whose angles were measured 

to be 60 ± 2° (protractor uncertainty) indicating those fields to 

be very close to the {111} orientation.  This is consistent with 

the microstructure observed by etching the shielded areas on the 

erosion face and the specimen cross-section.  However, no evidence 

was observed in this survey for a correlation between the density 

and partitioning of damage modes with the intersection angles 
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formed by the cleavage traces (and so grain orientation). 

Cleavage predominated when the fracture formed at large angles 

with respect to the specimen surface. As the fracture angle 

decreased,concholdal fracture became increasingly Important and 

was generally associated with cavity formation and surface relief 

fractures as illustrated in Fig. 87 and 88. Fig. 88 also illus- 

trates how cavity walls preferentially formed along one side of 

the cleavage fracture; probably the exterior wall as observed in 

ehe brittle materials which underwent ring crack formation. 

Subsequent erosion exposure of these cavities led to enlargement 

on both sides of the cleavage fracture until the Initiating 

cleavage fracture source was obscured. Small cavities also 

formed preferentially at small angle intersections of cleavage 

fractures (Illustrated in Fig. 110b for analogous erosion at sur- 

face scratches on glass).  Possibly because of the low mechanical 

strength of the polycrystalline germanium, the cleavage traces 

generally conformed very closely to the preferred crystallographic 

orientation; greater deviations in angle and straightness were 

observed in the harder <111> orientation germanium specimens 

tested here and in gallium arsenide samples tested In the APML 

rain erosion facility. 

As noted earlier, pits and cavities formed an Important 

damage mechanism which would be the primary cause for both opti- 

cal degradation and mass loss.  The larger cavities strikingly 

resembled the classic concholdal cavities formed in glass and 

their surfaces contained pronounced mlcrohackle and rib markings. 

Similar surface relief fractures were observed surrounding 

Vlcker's microhardness indentations produced with excessive loads 

again suggesting similarities In the response of germanium to the 

drop impact and to quaslstatic fracture initiation. Although the 

most frequently observed nucleation site was the cleavage fracture, 

cavity formation also nucleated at sites of surface flaws, frac- 

ture cores, and surface nicks (illustrated in Fig. 121a for 

calcium alumlno-slllcate glass).  Cavity enlargement would be 

expected to occur by the same mechanisms which were observed for 

the zinc sulfide and glass specimens. 
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Less Important microscopic damage modes included the 

compact crack patterns, surface nicks, pits, and the crushed 

fracture cores.  These features were small, did not propagate 

rapidly, and probably did not influence the macroscopic specimen 

properties (except possibly as nucl!?atlon sites for other forms 

of damage).  Similar microscopic features were observed in the 

oxide based glasses. 

Comparison of the 20 sec. specimen with the 40 sec. 

specimen emphasized the increasing importance of cavity forma- 

tion with continued rainfield exposure. This rapid increase in 

cavity volume resulted from increases in both the density and 

dimension of the cavities. The larger cavities would be the 

primary cause of subsequent optical degradation and mass loss; 

a significant optical degradation was observed after 40 sec. as 

shown in Table 10. 

To clarify the early stages of germanium erosion, a 

polycrystalline specimen and a <111> oriented single crystal 

specimen (the latter grown by a different vendor) were initially 

exposed to the rainfield in the AFML erosion facility for a 

period of approximately 6 seconds. The quality of surface 

finish was inferior to that of the specimens tested earlier 

since only a brief manual polishing sequence was permitted by a 

late change in the testing schedule. This polishing procedure 

left a residual pattern of fine scratches.  It is estimated that 

approximately 40-60 drops struck the 1.0 cm x 3.5 cm exposed 

areas (11-17 drops/cm ) based on a study of polymethymethacrylate 

samples exposed in the AFML erosion facility for periods of 6 

and 12 sec. For these exposure periods, the plexiglass preserved 

an accurate impression record of each impact event.  The study 

ale? indicated that imprints were generally isolated so that 

very few sites would receive two Impacts and probably no site 

would receive three impacts. 

Microscopic inspection of the samples under oblique 

illumination indicated that each sample had one detectable region 
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are remarkably similar, differing primarily In propagation 

length,  in other microscopic fields, the onset of pitting was 

observed by the same mechanism described earlier for the zinc 

seltnide and arsenic trlsulflde as shown in Fig. 95 (similar 

cleavage Initiated pitting occurred on the single crystal speci- 

men). Fig. 95 also Illustrates the effectiveness of fracture 

nucleatlon by residual scratches during the initial erosion 

period. The onset of the other damage modes observed after the 

20 sec', exposure to the AFML/Bell erosion facility were also 

observed on this sample, including one concholdal surface relief 

fracture.  Similar densities and modes of damage were observed 

on the single crystal specimen. Crystallographlc cleavage was 

confirmed by comparing fracture alignment over a lar^e fraction 

of the specimen surface while maintaining a common specimen 

orientation. The micrographs contained in Fig. 96 Illustrate 

this for the traces oriented at approximately 40° angle with 

respect to the longer axis of the photograph. The orientations 

of the prominent cleavage traces shown in Fig. 96a are consistent 

with those anticipated for a precursor ring of <lmm diameter; 

however, no obvious ring pattern was observed on either sample 

exposed in the AFML facility. Fig. 96b also contains a fine 

crack array illustrating how these arrays tended to remain local- 

ized developing greater differences in surface height rather than 

extending across the surface (as the cleavage fractures did) with 

Increasing exposure to the rainfleld. 

Application of the etchant to the polycrystalllne sample 

clearly revealed the cleavage fractures as shown in Fig. 97 and 

98. Consistent with the crystallographlc sites monitored on the 

as-eroded surface, microscopic Inspection of the etched surface 

indicated that the grain.and twin sites did not contribute 

importantly to fracture initiation. The etched surface revealed 

more clearly the contribution of residual scratches to fracture 

initiation and propagation. A greater frequency of compact 

crack and damage arrays were apparent on the etched sample than 

on the as-eroded sample. Cracks radiated from the larger cavities 

on this specimen suggesting that even at this parly erosion stage 
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the hydraulic mechanism damaged the surrounding wall material 

(note the pit in the lower left corner of Fig. 97). Such a 

mechanism would explain the rapid increase of the cavity dimen- 

sion with erosion exposure observed during the tests In the 

AFML/Bell facility. 

Fig. 99 and 100 Illustrate a damaged area on the 

single'crystal germanium specimen.  For this specimen, the etch- 

ing procedure yielded an overetched condition which indicated 

more clearly that a dense array of microcracks (and possibly 

dislocations) existed at the sites of concentrated damage. Un- 

like the fine grinding damage observed on metallographic cross- 

sections of a polycrystalline specimen which were etched during 

various stages of surface preparation, this damage Is intensely 

localized.  For the former surfaces, the scratches appeared as 

linear arrays of overlapping, shallow equilateral triangles 

whose lateral dimensions were defined by the scratches.  The 

more extensive the general surface damage (i.e., the larger the 

grit size), the larger and greater the density of the pits. 

However, the pyramidal pits still tended to be sufficiently shal- 

low to be studied by optical microscopy, frequently terminating 

in flat faces when the depth of damage had been reached.  In 

contrast, although the etch procedure was appropriate for such 

scratched aurface conditions, the cleavage and scratch damage 

due to drop impact is very deeply attacked. Attempts to photo- 

graph meaningful views of the central region shown in Fig. 99b 

failed because the penetration depth exceeded optical depth of 

focus and appeared to be on the order of microns. This area 

resembles the compact crack array shown in Fig. 90 and both 

figures illustrate the preferential fracture propagation by 

straight line segments. In the earlier erosion stage shown in 

Fig. 99b, a large fraction of the fractures were aligned along 

the two cleavage directions passing around the intervening arc 

of approximately 60° by short, jogged connections or following 

a residual scratch. The depths of such cleavage cracks and 

damage arrays is surprising since the widths of the as-eroded 
O 

cleavage cracks at this stage were often less than 1000A since 
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microprobe line scans did not Indicate a detectable change In 

specimen current; large crack widths would also have been 

revealed during cross-section studies of an eroded polycryetal- 

llne specimen. 

In the periphery region shown in Fig. 100, the damage 

intensity lessened sufficiently to permit limited characteriza- 

tion by optical microscopy.  Comparison of the orientations of 

the etch pits and the cleavage traces in Fig. 100b indicated 

that the cleavage traces propagated primarily along one <111> 

direction and initiated motion along a second <111> direction. 

There is a striking difference between the very dark cleavage 

lines and the shallow, flat-bottomed pits of the undamaged 

polishing scratches (these probably arose during the 6fim diamond 

rough poslihing step).  The substructure of the cleavage lines 

could not be clearly resolved but appeared only as etched 

linear cavities in which individual pits could not be distin- 

guished. Note particularly in Fig. 100b that even light erosion 

damage to the residual scratch causes a sudden and large increase 

in both etch pit density and etch penetration depth.  The micro- 

graphs of Fig. 99 and 100 indicate that the residual scratches 

accelerate the rate of erosion by >-oth initiating cleavage frac- 

ture and providing a preferential path for fracture propagation. 

However, the large number of cleavage traces and the presence of 

irregular pit clusters in Fig. 100 indicate that successive drop 

impacts would quickly produce a sufficiently large density of 

microcracks and flaws to initiate cleavage fracture in the 

absence of such preferential Initiation sites. 

Metallographie cross-sections were prepared of the 

sample exposed for 20 sec. in the AFML/Bell erosion facility. 

During preparation, it was noted that exposed grains oriented 

close to the <111> direction yielded tetrahedral pits and as the 

mlsorientatlon increased, the pyramidal shapes become distorted 

until for large deviations in orientation no surface pitting was 

observed. Fig. 101b illustrates the fine pyramidal pits observed 
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after manual polishing of .Spm  a-aluralna or .05jim e^-alumlna for 

grains close to the <111> orientation. Inspection of the ger- 

manium beneath the eroded surface indicated larger, well-defined 

pits occurred in the grains close to the <111> orientation which 

were characteristic of selective attack at dislocations and 

microcracks (the latter is the probable origin).  In contrast, 

only one such pit was observed along the length beneath the 

opposite face whereas a small cluster was observed on the side 

where a chunk had been forced free. Fig. 98 contains a survey 

field of these pit clusters and Fig. 101 illustrates the differ- 

ence in the etch pit dimensions at appropriately oriented grains 

beneath the back face (Fig. 101a) and beneath the eroded face 

(Fig. 101b). The damage pits extended as deeply as lOOfun 

beneath the specimen surface. 

4. Sapphire and Spinel 

Sapphire, single crystal aluminum oxide, is the most 

erosion resistant of the current window materials.  The optical 

transmittance is appropriate for lower power laser, irdorae, and 

sensor applications over a wavelength range from 1500A to 5ßm. 

The advantages of sapphire include almost complete inertness to 

all common reagents and gases at low to moderate temperatures, 

a high melting point, Knoop hardnesses of 1500-2200 depending 

on crystalline orientation, flexure strengths exceeding 5 x 10 

psi, large rupture moduli, good resistance to thermal shock, 

and a relatively small thermal expansion coefficient.  Indeed, 

sapphire is one of the few window materials which can withstand 

supersonic rain impact for prolonged periods. 

h 

■ 

:.1 
1 

1 

Sapphire crystallizes in the rhorrbohedral crystal struc- 

ture but is normally indexed with hexagonal axes. For the 

crystals studied herein, the c-axis was inclined approximately 

60° from the specimen surface.  Sapphire does not show macro- 

scopic plasticity below approximately 900oC.^'' However, direct 

transmission electron microscopy of dislocations introduced by 

microhardness indentations at room temperature has established 

that extensive slip occurred on both the (0001) plane and {1012} 
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planes; some orientations also produced slip on the {10ll} 
(52} 

planes. w ' Also observed were rhombohedral twin and less 

frequently basal twin formation. Polished sapphire specimens 

which had been mechanically abraded with 0.25 micron diameter 

diamond powder also revealed dense dislocation arrays, indica- 

ting both baaal and nonbasal plane slip had occurred. ^^ con- 

sequently, localized mlcroplastlc deformation can be produced 

In sapphire specimens at room temperature. 

Fracture studies of sapphire have established pronounced 

orientation effects/57^ The specimens with the c-axls oriented 

at 60° to the surface normal (the orientation of the specimens 

studied In this report) failed by concholdal fracture propagation. 

The specimens with the c-axls oriented 0° ^parallel) to the sur- 

face normal failed by a combination of mechanisms primarily com- 

posed of the {1012} plane cleavage together with some concholdal 

fracture contribution.  Cantilever beam fracture experiments 

yielded similar results, showing fracture does not propagate 

along the basal plane (which would require separation of charged 

planes) but Instead propagated closely along the {10l0} plane 

and more erratically (Including a concholdal contribution) along 
the {1012} plane/59) 

i 

Some rain erosion data have been previously reported 

for sapphire, particularly for long duration rain erosion experi- 

ments. In the 400 m/sec study cited earlier, the incubation 

period for mass loss of sapphire was around 9000 seconds which 

was approximately 30 times the Incubation period of the next 

most resistant material tested: hot pressed magnesium oxide/52) 

Data were also given for the effect of crystal orientation: sap- 

phire exposed with the c-axis parallel to the specimen surface 

required 650 seconds to produce a 10 mg mass loss whereas with 

the c-axls perpendicular to the specimen surface required 190 

seconds for the same mass loss. There is some question concern- 

ing the quality of the sapphire used in their work; however, 

since they Indicate that an approximately 505g increase in exposure 
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time to specified weight loss by annealing the specimen to 

reduce growth strain. Unfortunately, the orientation work 

(based upon their curves) appears to have been done on the as- 

received specimens rather than post-annealed specimens.  In 

another study, Impact on the (0001) basal plane (0°) by a 3 mm 

diameter cylinder of water at 650 m/sec yielded a hexagonal pat- 

tern of cracks (analogous to the ring patterns observed herein) 

whose sides consisted of {1010} cleavage planes/ -' Impact by 

a cylinder of water on a {lOlo} plane (90°) yielded two large, 

parallel cracks which deviated from close conformity to crystal- 

line cleavage.'  ' 

Magnesium aluminum spinel crystallizes in cubic struc- 

ture with the magnesium atoms occupying tetrahedrally coordinated 

sites and the aluminum atomb o^irpying octahedrally coordinated 

sites. This material is relatively hard (Knoop number 1170) 

with similar index of refraction, transmission bandwidth, and 

chemica-L inertness to those of sapphire. Unlike sapphire, this 

material would be free of the anlsotropy In mechanical and optical 

properties arising from the crystal symmetry. To date, dlffi- 

f dlties in annealing growth strains has limited the size of 

crystalline specimens and led to relatively high prices (compar- 

able to sapphire). No data on the rain erosion properties for 

spinel was located in a review of the previous literature. 

L 

Sapphire specimens cut from crystals grown by the 

Czochralski process were exposed to the AFML/Bell erosion facility 

at 730fps for periods of 20 and 60 sec. These crystals were 

oriented for optinum optical properties: c-axis 60° from the sur- 

face normal. Preliminary microscopic examination of the speci- 

mens showed them to be free of volume defects such as striae, 

bubbles. Inhomogeneitles, etc. and the surfaces to be very well 

prepared with only a few polishing digs and microscopic fractures. 

For these rainfield exposures, virtually no damage was detected 

and the sapphire proved to be far more resistant than the other 

materials tested in this program. No evidence of cracks, frac- 

tures, or pits (within sound material) could be detected.  It Is 
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possible that the ralnfield produced additional polishing digs; 

If so the Increase was not detected. Scrupulous cleaning and 

subsequent surface examination under oblique Illumination or 

Nomarski Interference contrast revealed that very small areas of 

wrinkled surface structure were gradually eroding by the forma- 

tion of tiny pits.  It is believed that these areas were surface 

preparation digs filled during polishing with flowed material 

which was gradually removed by the drop impacts.  The rate of 

removal was so slow that no distinction between the 20 and 60 

second samples could be detected. Examples of this damage are 

shown in Fig. 102 but it must be emphasized significant surface 

attack has not begun. 

Specimens cut from spinel single crystals to yield {111} 

surface orientations were exposed to the AFML/Bell erosion facility 

at 7^0 ft/sec. for periods of 20 and 90 seconds. This material 

is also far more resistant than the other materials examined in 

this work but significantly less resistant than sapphire. 

Although the initial crystal and surface quality were comparable 

to that of the sapphire, a higher density of the same surface 

wrinkling and microscopic pitting mechanisms were detected after 

ralnfield exposure. However, only a small total number of sites 

were involved and again the damaged sites were difficult to 

locate. A small degree in damage progression could be discerned 

when comparing the 20 and the 90 second exposure specimens. 

Examples of spinel erosion are shown in Fig. 103 and their appear- 

ance is closely similar to those shown in Fig. 102 for sapphire. 

C.   OXIDE-BASED GLASSES 

In contrast to the crystalline materials for which crystal- 

line cleavage, crystalline slip, intergranular and transgranular 

fracture are all sensitive functions of the material fabrication 

processes and impurity contents, the deformation and fracture of 

hCftogenttwR?, well-annealed glasses should be relatively insensi- 

tive to fabrication processes. Variations in fracture strengths 

between different glass compositions, such as within the silicate- 

based glasses, probably result from variations in Young's modulus. 
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the exlstance of mlcrophase structures, the density of silicon- 

oxygen bonds, and the mean oxygen bond strength.'  ) Since 

Young's modulus Is not a strong function of glass composition 

and the bond density Is proportional to the 2/3 power of the 

silica concentration, neither of these properties would be 

expected to depend strongly upon composition. The mean bond 

strength may, however, depend significantly upon the concentra- 

tion and distribution of the cation content. The mechanical 

moduli and strengths are summarized in Table III; it is some- 

what surprising to note the small deviations between the proper- 

ties of soda lime glass (which contains approximately 25%  of 

oxide substitutions) with those of fused silica. ^'^ 

ß 
The theoretical strengths of glasses (3 x 10 psi) are con- 

siderably greater than the measured strengths (5,000-15,000 psi). 

This has been explained by Griffith's suggestion that fracture 

Is surface initiated at pre-existing minute surface flaws which 

dramatically lower the macroscopic strength (this mechanism can 

also be operative in brittle crystalline and polygranular mate- 

rials/ 3^ In a glass, the Initiated fracture is not confined 

to any crystallographic plane but instead propagates in a direc- 

tion perpendicular to the tensile component of the instantaneous 

stress. The resultant fracture surface shows a characteristic 

structure: an initial, smooth mirror region close to the nuclea- 

tion site surrounded by a transition misty region which finally 

passes into a region of gross roughening called hackle.  Ihe 

misty region results from initial branching and the hackle from 

extensive branching of the crack tip which forms subsidiary 

fracture surfaces during propagation to dissipate the excess 

energy generated by the exothermic fracture thermodynamics/6^ 

However, on the microscopic scale and nanosecond time scale 

relevant to the drop Impact this propagation sequence character- 

istic of slow strain-rate loading may not occur. 

A conventional soda lime glass was studied in this rainfleld 

erosion investigation.  This composition class has been histor- 

ically important and dominates current glass production.  The 

190 

■.      ..*■*:. ....... 1.,,,...», - . ,  ■- ,„, , , .HJ. 
^- ■'--'"* ^A"-■- ■ ■ •   •  • '•—  - —' ' 



ri 

r^^mw^^w^m^m apf-wwww^awwi mmmw»' ^'v'^>»imKKmmPMmvnim'-A*™ wf-wmr.frmwnv ..iMwm.miimwm 

basis for this system Is the addition of sodium oxide to act as 

a flux in the silica system, of calcium oxide to improve the 

chemical durability, and of both aluminum and magnesium oxides 

to suppress dev'-trlflcatlon. ^ 5' An additional interest in the 

soda lime formulation was to directly compare the rainfield ero- 

sion of the annealed surface with the thermally-tempered surface. 

The thermal tempering technique has long provided a simple and 

inexpensive procedure for strengthening certain types of glass- 

ware.' '     ' The glass article is heated until the entire 

volume le slightly fluid and then the surface is suddenly chilled 

by Jets of gas or Immersion in molten baths. The outer layer 

quickly solidifies into a hard shell and the Interior flows suf- 

ficiently to maintain continuity throughout the volume. At this 

point, there is a temperature gradient through the specimen but 

not a stress gradient. As the glass continues to cool, the 

interior slowly contracts establishing a uniform compresslve 

stress of perhaps 20,000 psi at the surface which gradually and 

monatonically passes into a lower magnitude tensile stress at 

the specimen center.  Consequently, the strength of a simple 

solid shape of glass can be Increased two-fold to four-fold. 

Conventional formulations of a borosilicate glass, an ion- 

exchange strengthened glass, and a calcium aluralnosillcate glass 

were also studied in this rainfield erosion investigation.  In 

the borosilicate system, boron oxide is added to the silica matrix 

together with small amounts of sodium oxide and aluminum oxide. 

The boron oxide acts as a fluxing agent, but yields a glass 

whose coefficient of thermal expansion is significantly smaller 

and whose chemical durability is greater than those of soda lime 

formulations.^ 5f In the ion-exchange process, a residual com- 

presslve stress is established in the surface by exchanging a 

fraction of the sodium cations with the larger diameter potassium 

cations.^  ' The process is carried out by immersing the speci- 

men in a potassium oxide (or binary mixture) bath and the chemical 

potential difference between the oxide bath composition and the 

original glass composition provides the driving force for the 

diffusion exchange.  The resulting stress gradient is much 
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greater than that of the thermally-tempered glass; the peak 

compressive stress at the surface exceeds 80,000 psl and this 

transforms to a small tensile force approximately .2 mm Into 

the Interior. Consequently, the glass will spontaneously shat- 

ter when a crack penetrates such a distance. Direct applications 

of this effect have been exploited, but it prevents any signifi- 

cant shaping or finishing operations after the ion-exchange 

treatment. For the erosion exposures employed in this work, the 

maximum damage penetration was probably 5 microns or less so 

that the glass surface may be considered to be under a high 

compressive stress at all erosion damage sites.  Calcium aluml- 

noslllcate glass compositions (approximately 33^ SlOg, 33^ 

AlgO-, and 335^ CaO) have been developed to extend optical trans- 

mission limits to longer Infrared wavelengths.  Soda lime glass 

transmits less than 75%  light at 2.8 microns, fused silica 
glass at 4.0 microns, and calcium aluminosillcate glass at 4.4 

microns for uncoated 2 mm thickness sections. However, the latter 

glass is also free of small absorption peaks which appear in the 

other oxide-based glasses.  In addition to the Improved infrared 

optical properties, the calcium aluminosillcate glass also has 

significantly larger mechanical strength and modulus parameters 

than the soda lime and borosilicate formuatlons. ^^->,  ' Unfor- 

tunately, only limited information has been published on the 

ralnfleld erosion of the oxide-based glasses.  In the 400 m/sec 

rainfleld study cited earlier, a lead glass, quartz (infrasil), 

and calcium aluminate were tested yielding incubation periods 

for mass loss of 4, 7, and 11 sec, respectively.'5 ' These 

times would indicate these glasses to be relatively poor in per- 

formance since their germanium specimen also yielded a 10-11 sec. 

incubation period. A direct comparison to the data reported 

herein is not possible since these glass compositions were not 

Investigated. However, qualitative comparison of the appearances 

of the eroded specimens of borosilicate glass and germanium 

indicated the mass loss incubation period for the borosilicate 

glass was probably one-half to two-thirds of that observed for 

polycrystalline germanium. Qualitative data has been reported 
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for a series of glasses exposed to a 733 fps rainfield at an 

unknown drop size/  ' The data is summarized here: normal soda 

lime: severe damage 5 min.; crown glass: moderate to severe 

damage 6-9 min.; partially thermally tempered glass: deep pitting 

10-20 min.; a thermally hardened glass (composition designed for 

this process): moderate to severe damage 40-80 min.; several 

ion-exchanged glasses: light to moderate damage 70 min. for two 

formulations and severe erosion 180-210 mln. for third formula- 

tion; calcium alumina-silicate glass: moderate erosion 40 min.; 

and zinc selenide: light to moderate surface damage but bulk 

cracking 10 min. Although some concept of erosion resistance 

ranking can be derived from this data, concurrent variations in 

erosion severity, specimen thickness, and damage mechanisms 

severely restrict comparison with the work reported herein. 

1. Annealed Soda Lime Glass 

The soda-lime glass used in the AFML/Bell erosion tests 

was prepared by unknown techniques. The soda-lime glass used in 

the AFML erosion tests was fabricated by the float process with 

special instructions to the vendor to cut the specimens fron a 

previously unused sheet and take precautions to avoid surface 

damage during cutting.  Initial examination of the specimens 

under Nomarski Interference contrast, oblique illumination, and 

transmitted light in both the etched and unetched conditions 

{5% hydrofluoric acid for 40 seconds) established the number of 

defects to be very small for the specimens received from both 

procurements. 

A soda lime glass specimen was exposed to a 730 fps 

rainfield in the AFML erosion facility for 6 seconds.  During 

this exposure it is estimated the glass specimen received 40- 

60 Impacts (11-17 drops/cm2). Optical inspection over the 

entire surface revealed several surface relief fractures and an 

occasional scratch. Since this density of defects is comparable 

to that of the as-received specimens and the drop impact sites 

were unknown, this sample was then subjected to an additional 

exposure of three minutes. Examination of a second specimen 
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exposed for 30 seconds revealed several additional surface 
relief fractures had been produced during the longer exposure 
but revealed no evidence for crack formation  (Including examina- 
tion under Nomarskl Interference contrast). 

Examination of the specimen exposed to the AFML raln- 
fleld for an additional three minutes revealed the first stage 
of visible damage.     It  Is estimated that this specimen received 
800 + 200 drop Impacts  (270 + 60 drops/cm  ).    The general mode 
of damage observed over the surface was a sparse distribution of 
surface relief fractures.     The  Initial fracture structures have 
the same general form and dimension as those to be described 
later for the Ion-exchanged and the calcium alumlnooillcate glass 
specimens.    These fracture surfaces are formed when tensile 
stresses acting on a subsurface flaw Initiation site direct the 
subsurface fracture to propagate back to the exterior surface 
(undercutting a surfcoe fragment).^68)    An example shown in Fig. 
92 was produced during withdrawal of a Vlckers mlcrohardness 
Indentor after applying R 100 g load on the polycrystalllne 
germanium surface.    The central origin site of the drop impact 
fractures characteristically consisted of a roughened core region 
comprised of a dense distribution of minute,  jagged projections 
suggesting that this region had been crushed.    Simple median 
vent cracks characteristic    of pointed indentors were not gen- 
erally observed in the oxide-based glasses,  although such sealed 
vertical fractures would have been difficult to detect.^     ' 

The surface relief fractures observed for the  ion- 
exchanged and the calcium aluminosillcate glasses which are far 
more resistant to ralnfleld erosion generally propagated up towards 
the surface.    The critical distinction between the surface relief 
fracture systems formed  in the soda lime glass from those observed 
in the more resistant glasses is the capability of these water 
drop impacts to Introduce additional subsurface flaws originating 
at   (or possibly below) the central core region and extending 
these fracture surfaces horizontally and vertically beneath the 
original relief fracture.     Consequently,  the soda lim& fracture 
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systems can be locally enlarged by the continuing formation of 

a network of subsurface fractures which undermine the original 

fracture sites. This Is analogous to one mechanism responsible 

for enlarging the walls of fracture cavities In materials such 

as zinc sulflde. Examples of this mechanism appear In Fig. 104a 

(focused at the depth of the deeper set of horizontal fractures) 

and Fig. 104b (vertical penetration - this latter fracture Is 

probably a median vent crack). Application of quaslstatlc loads 

to spherical Indenters on soda lime glass exceeding the fracture 

threshold by more than 50^ produced subsurface horizontal frac- 

tures and loads exceeding the threshold by more than 300^ pro- 

duced median vent crack formation.' "^ For these cases, unlike 

the dynamic event, far more extensive damage occurred concurrently. 

A comparison of the morphology of the surface relief 

fractures of the soda lime glass with those of the resistant 

glasses indicated that in the former system the surfaces were 

rougher whereas in the latter systems the surface was smoother 

and the hackle markings were finer.  It can be speculated that 

this difference arose from a more rapid propagation of impact 

driven fracture in the soda lime system. The roughness would 

result from the crack tip responding more sensitively to the 

rapid changes in the dynamic stress field whereas the slower 

moving crack tips in the more resistant glass would respond via 

discrete steps (i.e., microhackle and rib markings). 

Concurrently, surface fractures originating at the frac- 

ture sites were produced which radiated away to link up with 

adjacent surface fractures.  Ihis link-up mechanism was infre- 

quently observed over much shorter distances on the resistant 

glass surfaces for longer exposure durations. A pair of linked 

surface relief fractures are shown in Fig. 105a althoi'gh at this 

early stage the crack resealed sufficiently well that it is just 

resolved on the original photograph.  A thorough search over the 

entire surface under oblique-illumination revealed two compact 

fracture arrays and two' linear crack systems only (an example of 
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each Is shown in Fig. 105). At this early stage, the other 

crack network was also sufficiently well-sealed to be difficult 

to photograph.  The linear crack mechanism for link-up across 

the surface is far more important than the compact fracture 

arrays since this mechanism contributes to the transmission loss 

(as shown in Fig. 106 for further exposure) and provides the 

basis for subsequent microscopic and macroscopic mass loss via 

the formation of networks of fractures and cavities. The crack 

shown in Fig. 105a extended an equal distance out of the photo- 

graph terminating in a simple fork. Thus, a series of impacts 

were required to generate visible cracks with appreciable length 

and sufficient fracture surface structure to prevent resealing. 

A third soda lime specimen was chemically polished with 

3% hydrofluoric acid for 3 minutes before exposure in the AFML 

erosion facility for four minutes. It was anticipated that this 

treatment would eliminate sites of exceptional weakness since 

the density of defects revealed by ion-exchange techniques were 

dramatically reduced after the application of hydrofluoric acid. 

Such a chemical polish is known to strengthen glass surfaces 

subjected to bend bar tests by removing very small defects and 

enlarging the crack radii of larger defects.  Inspection of this 

specimen after a four-minute exposure to the rainfield did not 

reveal a noticeable decrease in the density of damage (perhaps 

a factor of two change would be required) and both the dimension 

and type of damage were unchanged.  It is possible that a more 

effective chemical polish (agitated 10^ hydrofluoric acid for 4 

minutes) would have removed a deeper surface layer together with 

a greater fraction of critical and subcrltical flaws^  '; however, 

all such treatments enlarge small significant flaws and so signi- 

ficantly degrade optical performance. 

(69) 

An additional exposure of this specimen in the AFML ero- 

sion facility for six minutes produced an erosion state at the 

onset of transition to the formation and expanaion of cavity 

networks responsible for optical degradation and subsequent mass 

loss. Fig. 106 and 107 contain micrographs illustrating how 
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cracks originating at surface relief fractures now simultaneously 

extend across the surrounding surface and penetrate into the sur- 

rounding glass. Also illustrated are sites where phase inhomo- 

geneities have been removed. The fracture system shown in Fig. 

106 appears to have originated adjacent to an etched scratch in 

the glass surface (a more obvious example is shown in Fig. 110a). 

Note also that subsequent impacts removed at least two small 

periphery surface fractures from its edges.  Note also that the 

surface cracks now are sufficiently misregistered to significantly 

reflect light. Fig. 107 shows a surface crack segment of com- 

parable length to the segment shown in Fig. 105a. However, this 

crack has a significantly greater height differential, Jogs and 

forks occur more frequently (onset of two-dimensional crack net- 

works), and small surface relief fractures form frequently along 

the network.  An undercut surface Just before dislodgement appears 

at the left edge together with a large fracture fork. Fig. 108 

contains micrographs illustrating the enlargement of surface 

relief cracks by edge progression.  In Fig. 108a the micrograph 

under transmission illumination shows an undercut extension of 

an existing surface relief fracture system and in Fig. 108b the 

micrograph shows an advanced system produced by this extension 

mechanism.  This mechanism would become Important at a more 

advanced stage of erosion en   a means of mass removal within larger 

and more extensive networks of subsurface fractures. 

A soda lime glass specimen was rough polished for several 

minutes on a metallographic wheel covered with a silk cloth 

Impregnated with 1 micron diamond paste.  In addition to produc- 

ing a dense aligned array of 1 micron scratches, this treatment 

superimposed a set of coarse scratches (due to contamination) 

which permitted study of the effect of several levels cf damage 

to the erosion response of the glass surface. Itils is particularly 

Interesting since such scratch dimensions would be expected to 

gradually form on exposed optical parts.  This specimen was first 

exposed in the AFML rain erosion facility for 30 seconds( an 

estimated 200 ± 50 impacts) after which optical inspection revealed 

a low density of damage consisting of surface relief fractures. 
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The damage density appeared to be somewhat higher than that 

observed on the annealed surface for the same time period - per- 

haps by a factor of two.  In contrast to the lower strength 

materials, the drop Impact did not show evidence of extending or 

enlarging the pre-existing cracks. During this erosion exposure, 

only one large surface relief fracture formed along a major 

scratch as shown In Fig. 109a.  Since no additional such frac- 

tures were observed during an additional 3-5 rain,  exposure In 

the AFML ralnfleld. It Is concluded that the stresses required 

for this mechanism are not attainable for this combination of 

drop Impact loading and substrate fracture parameters. Many 

suitably oriented drop Impacts would be anticipated for this 

exposure period. In contrast, this mechanism was important In 

the less resistant materials such as arsenic trlsulflde, zinc 

selenlde, and germanium. The majority of damage did not form 

along the major scratches or align along the direction of the 

minor scratch paths as for example In Fig. 109b. Instead, 

although the cracks appeared to Influence fracture propagation 

in surface relief fractures, scratches appeared to be less Impor- 

tant (and possibly less effective) as Initiation sites than the 

damage produced by previous drop Impacts. Some preferential 

Initiation of surface relief fractures at the scratch roots was 

observed as shown In Fig. 110a for a typical example.  A frac- 

ture core structure would typically originate tangential to the 

scratch and propagate away at an acute angle. Such a structure 

could be produced by the concurrent Interaction of the compres- 

slve stresses Introduced beneath the surrounding surface by the 

Impacting drop with propagation of the lateral microcracks by 

hydraulic penetration into the crack root structure.  The data 

obtained were not sufficient to resolve whether the original 

transverse microcracks at the scratch roots were responsible 

for initiation or whether additional microcrack substructure 

introduced by the hydraulic penetration mechanism (during the 

ralnfleld exposure) contributed importantly.'^ As observed in 

other scratch-sensitive systems, sites located at the acute 

angle intersection of two scratches were particularly vulnerable 

to mlcrocavity formation as shown In Fig. 110b. 
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A soda lime glass specimen was exposed In the AFML/Bell 

erosion facility at 730 fps for two minutes during which 

each microscopic site was estimated to have undergone 20 ± 10 

drop Impacts.  This exposure produced slight macroscopic losses 

In the optical transmlttance and specimen mass which are believed 

to have resulted from the formation of several small macroscopic 

spall cavities. Investigation of the surface by optical micro- 

scopy revealed It to be covered with an array of surface pits 

and crack networks.  The damage network shown In Fig. Ill Is 

perhaps typical; the distribution of damage ranged from fields 

of view at 125X relatively free of visible cracks and cavities 

to macroscoplcally visible cavity networks which spanned the 

entire field of view at 125X.  Several sites which had resisted 

mass loss also contained similar subsurface fracture networks and 

several sequential drop Impacts at these sites would have mea- 

surably Increased the mass loss.  The Incubation period for mass 

loss Is the time required to establish a distribution of such 

networks of surface and subsurface fractures over the specimen 

surface. The requirement for such pre-existing networks also 

explains why the Incubation time for mass loss depends sensi- 

tively upon a velocity exponential (4-7 for supersonic rain 

erosion) since the damage produced by each successive drop Impact 

depends critically upon the pre-existing damage.'-' ' 

\ 

At this stage of damage, the fracture structures des- 

cribed for the lightly eroded Air Force specimens have been 

eliminated and the crater walls tend to adopt steep angles of 

descent and polygonal surface shapes.  The original surface 

relief fractures have been eliminated and nearly all damage sites 

radiate away cracks so that networks often span more than a 

square millimeter over the surface.  In general, surface cracks 

propagated along jogged and branched paths; and, although the 

path direction frequently changed. It appeared that at this 

stage that the successive drop Impacts readily Initiated and 

continued crack propagation. Consequently, cracks quickly formed 

extensive networks which were associated with angular cavities 

running along the crack surface and fracture surfaces extending 
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deeply Into the specimen.  These surface crack networks frequently 

radiated away from the periphery of large cavities weakening the 

surrounding surfaces. This damage mode is shown in Fig. 112. 

Consequently, although only minimal losses have occurred In 

macroscopic properties, the incubation period was essentially 

completed for this exposure to the rainfield environment. 

During the next two minutes of exposure in the AFML/ 

Bell facility significant transmlttance and weight losses 

occurred as the cavity walls and the enclosed crack networks 

were dislodged by subsequent impacts.  Concurrently, the subsur- 

face fracture networks were driven deeper into the specimen 

since the cavity surface exposed the subsurface crack networks 

to direct attack by hydraulic penetration.  After this exposure 

period, patches of macroscopic damage were readily observed with 

the unaided eye although the damage was confined primarily to 

surface spalling of microscopic dimensions. Further exposure 

to the rainfleld produced catastrophic deterioration as macro- 

scopic cavities dominated the surface damage. After 5 minutes 

exposure, the original surface was completely removed, and after 

an exposure of 6 minutes cracks had penetrated through the 3/8 

in. specimen thickness. Light transmission through the specimen 

was reduced to zero after an exposure time of slightly over 4 
minutes. 

2.  Thermally-Tempered Soda Lime Glass 

A sample of this tempered glass was exposed to the AFML/ 

Bell rain erosion facility for 4 minutes.  The residual compres- 

sive state effectively suppressed fracture initiation and propa- 

gation in this glass. Whereas such an exposure duration would 

be sufficient to destroy a boroslllcete glass specimen and severely 

damage the surface of a soda lime glass specimen, only small- 

microscopic craters and crack networks were observed on the sur- 

face.  Typical fields of view are shown in Fig. 113 and 114. 

These cracks and cavities were significantly smaller than those 

observed on similarly exposed annealed soda lime glass.  Cavities 
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on the tempered surface were angular shaped, forming along the 

surface crack networks where subsequent Impacts dislodged frag- 

ments which were previously undercut by small'subsurface fracture 

networks analogous to the mechanism observed for cavity forma- 

tion on the annealed soda lime specimens.  Both the subsurface 

fracture networks and the spall cavities tended to be isolated 

(surface Unk-up of surface damage appeared to be Inhibited) pre- 

venting the formation of large craters surrounded by damaged 

wall structures. Relatively few surface cracks could be detected 

that were associated with the observed subsurface damage for 

this exposure during which a large number o^ drops struck each 

site. 

In this system, the rain drop impacts appeared to pro- /* 

pagate fractures beneath surface sites free of subsurface damage' 

with great difficulty. First, only the peak tensile stresses 

produced by the drop impact were capable of extending-'öurface 

flaws as indicated by the short lengths and frequent jogs charac- 

teristic of cracks in this system. Secpnd^the high residual 

compressive strength tended to tightly seal the fine surface 

cracks against hydraulic penetration by subsequent drop Impacts. Con- 

sequently, Nomarski interference contrast was required for their 

detection by optical microscopy revealing the crack as a slight 

displacement at the surface. In some cases, a series of short, 

discontinuous cracks extended for distances less than a milli- 

meter. These cracks were closely spaced and oriented in a common 

direction suggesting that the residual compressive stress had 

sufficiently inhibited crack propagation that only a series of 

short crack segments could be propagated from isolated initiation 

sites. This isolation presents a sharp contrast to the annealed 

soda lime glass and the borosilicate glass in which the average 

crack lengths could extend to macroscopic dimensions in the 

ad/anced erosion state. 

A similar phenomenon was the generation of closely spaced 

patterns of discontinuous cracks such as the field shown in 

Fig. 114. In these crack systems the energy of subsequent 
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impafets would be dissipated Into enlarging the series of cracks, 

significantly reducing the magnitude of further crack propaga- 

tion.  Comparison of the span of these crack fields with com- 

parable systems for the annealed soda lime glass and the borosi- 

llcate glass again indicated thoJJ the residual compressive state 

restricted the dimension of the damage produced per Impact. 

Continuation of the ralnfleld exposure for another two 

minutes (total six minutes) significantly Increased the density 

of fine crack networks and produced some large (but shallow) 

spall cavities. Significant increases also were observed in the 

density end penetration depth of the subsurface fracture struc- 

ture.  During the next two minutes of rain exposure (total eight 

minutes) the extensively formed surface crack networks begin to 

enable dislodgement of numerous small fragments producing a dense 

array of shallow cavities with relatively complex geometries. 

Both the surface and subsurface damage continued to increase 

with additional exposure to the ralnfleld.  This combination of 

impact loading and substrate fracture parameters were Incapable 

of propagating long continuous surface cracks and forming large 

associated subsurface fractures (In comparison with the untreated 

soda lime glass).  Consequently, the damage observed under micro- 

scopic examination in the advanced states of ralnfleld erosion 

arose from a dense array of fine crack networks and small spall 

craters in contrast to the large spall cavities formed on the 

annealed soda lime glass.  This was consistent with the greater 

ratio of light transmission loss to weight loss observed for the 

tempered glass data as indicated In Section IV. 

3. Borosilicate Glass 

The shortest exposure duration of 10 seconds in the 

APML/Bell erosion facility produced significant damage to the 

borosilicate glass surface although each microscopic site prob- 

ably received only 2+1 drop Impacts. An example of the crack 

networks formed is shown in Fig. 115. Although the intensity of 

damage was not uniformly distributed, relatively large surface 

cracks which could extend over a centimeter in length and 
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penetrate to millimeter depths were observed at several sites. 

Such damage spanning macroscopic dimensions could be readily 

detected with the unaided eye.  Other sites were less heavily 

damaged although optical microscopy in both the simple reflec- 

tion and the transmission illumination modes revealed the exls- 

tance of surface crack, networks in nearly all fields of view. 

Small surface relief fracturer. were observed frequently, parti- 

cularly at the sites of surface crack forks and intersections. 

At some locations the cracks did not penetrate to significant 

depths and remained isolated; these fields may have received a 

smaller number of drop Impacts. Last, small pits were distributed 

randomly over the surface.  Inspection of the cavity wall sur- 

faces revealed that they were frequently comprised of an array 

of conchoidal fractures similar in morphology to the surface 

relief fractures. Even for this very short exposure period, the 

link-up and extension of surface cracks and their concurrent 

penetration Into the glass interior at large angles (frequently 

larger than 60°) indicated an advanced stage of the incubation 

period had already been attained. 

Exposure in the APML/Bell erosion facility for 20 seconds 

produced a relatively uniform array of damage over the boro- 

sillcate glass surface which appeared to have moderately 

increased in severity when compared to the more heavily eroded 

areas on the specimen exposed for 10 sec. Although macroscopic 

damage was uniformly distributed over the surface to the unaided 

eye, cavities were restricted to microscopic dimensions as was 

observed for the 10 sec. specimen. The most significant differ- 

ence between the 10 and 20 sec. specimens was the rapid rate at 

which the various surface cracks and subsurface fractures 

linked up to form damage networks which extended across the 

specimen surface. Under microscopic inspection the surface was 

seen to be completely covered with arrays of sizable fractures 

and sometime undercut over macroscopic dimensions. 

The circular arc patterns analogous to those described 

earlier for the soda lime based glasses were also observed on 
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this specimen as shown in Fig. 116.  In this glass, the arcs 

originated with lengths of 50 microns or less with little 

vertical penetration and extended outward^tü_a'M,dil of approxi- 

mately 0.4 mm or so (determined from several randomly selected 

patterns) whose depth of penetration Increased as the radius 

increased. The penetration angles were oriented so the outer 

cracks beyond approximately 2 mm resembled arc sectors of the 

Hertzian ring crack patterns. The radius, depth of penetration, 

and crack spacing of the arc pattern were all larger than those 

observed for the other oxide-based glass systems. 

After 30 sec. the induction period for mass loss had 

been completed.  The entire surface was covered with a dense 

array of readily visible cracks.  Interestingly, the cracks had 

a strong arc character and over 20 complete or nearly complete 

ring crack patterns (composed of arc sectors with associated 

conical subsurface fractures analogous to zinc sulfide) could be 

readily discerned. Typical fields of view are shown in Fig. 116 

to 118.  Although the ground specimen sides prevented a cross- 

sectional view, the depths of penetration appeared to be limited 

to a couple of millimeters. Under the optical microscope, the 

entire surface was observed to be densely interconnected with 

two-dimensional networks of surface cracks which extended deeply 

into the substrate so that areas of macroscopic dimensions were 

frequently undercut by a continuous network of subsurface frac- 

tures.  Indeed, nearly all surface cracks were associated with 

significant fracture penetration into the Interior. Microscopic 

pits and cavities were densely distributed and macroscopic 

cavities were sparsely distributed. Under transmission illumi- 

nation in the microscope, the damage was observed to be more 

severe than that shown in Fig. 112 for soda lime glass producing 

significant macroscopic optical degradation. 

Consequently, the critical damage mechanism for boro- 

silicate glass is the formation of surface cracks which extend 

over the surface to form large two-dimensional arrays and which 

penetrate deeply into the interior to undercut the overlying 
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glass. These subsurface networks render the glass vulnerable to 

the expulsion of macroscopic particles upon subsequent ralnfield 

exposure and significantly degrade the optical transmittance. 

Examination of the 10 sec. exposure specimen at magnifications 

ranging from 7X to 400X with a variety of illumination modes 

indicated most but not all cracks possessed an arc-like charac- 

ter following a circular curature. Although small crack segments 

such as shown in Pig. 115 might appear to be randomly oriented, 

the entire crack structure approximated a circular arc as shown 

in Fig. 117 and 118.  The frequent Jogs and forks appeared to 

result from both a tendency for fork formation in borosillcate 

glass as shown in Fig. 115 and crack realignment during propaga- 

tion by randomly positioned drop Impact.  In this system, crack 

extension probably occurred by all of the mechanisms discussed 

in the section of drop impact: hydraulic penetration, dynamic 

Hertzian tensile stresses, and lateral outflow over surface dis- 

continuities. Examination of the subsurface fracture structure 

frequently revealed a prominent rib mark from which microhackle 

radiated further into the interior. On the 20 and 30 sec. speci- 

mens, this suggests that of the anclclpated 5-10 impacts which 

struck such a fracture only one or two had the proper orienta- 

tion to extend the fracture significantly. Such extension was 

produced by the hydraulic penetration mechanism; no other mech- 

anisms would be operative at these depths. Relatively large 

fracture misregistrations must exist to permit such penetration 

by the impacting drop. 

Subsequent exposure for 60 seconds or longer in the 

AFML/Bell erosion facility produced a change in damage morpho- 

logy. A significant fraction (10-20^) of the surface was 

dislodged, forming macroscopic and microscopic cavities. Th« 

remaining surface area sustained a further increase in the den- 

sity of microscopic crack arrays and interior fractures. Con- 

tinued ralnfield exposure to 2 min. duration removed more than 

90%  of the original surface, yielding a very rough surface com- 

prised primarily of macroscopic cavities.  The mean.depth of 

damage was several millimeters and some Interior fractures 
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extended four millimeters beneath the original surface. The 

exposure of the cavity wall flaws and facet Intersections to 

direct drop Impact accelerated this removal process so that the 

boroslllcate specimen had been rendered unusable during the 

shortest duration of the soda lime tests. The results of a 

series of erosion exposures as a function of Impact velocity- 

are summarized In Table VII, 

The sequential history of the ring crack pattern for- 

mation was explored by etching (40 sec. Immersion In 55^ HF) 

the specimens exposed for 10 and 20 sec. In the AFML/Bell ero- 

sion facility. In the eroded state, only partial ring patterns 

were observed on the 10 sec. specimen whereas complete ring 

patterns were observed on the 20 sec. specimen. Application of 

the etchant revealed a large number of previously Invisible 

cracks together with a dense distribution of very small surface 

flaws. 

Although these additional cracks and fracture surfaces 

emphasized the circular character of the damage both on the 

macroscopic and microscopic scale and more clearly defined the 

arc geometries, they did not reveal any additional perimeter 

portion of the partial ring patterns.  Consequently, the Initial 

Impacts for this erosion and substrate system can only Introduce 

a portion of the circumferential crack systems together with 

their associated conical subsurface fractures. However, these 

partial crack systems subsequently Interact with the perimeter 

tensile stresses of appropriately oriented drop Impacts (approx- 

imately concentric) to complete the circular perimeter.  Thus, 

the completed ring patterns represent an admixture of several 

coupled crack patterns rather than the enhancement of a pre- 

existing flaw network from the initial impact. Such a mechanism 

Is consistent with the marked asymmetries and eccentricities 

which were observed on most ring patterns (the example in Fig. 

118 was relatively well-formed).  The residual Influence of these 

ring structures is surprising; several sites on the 60 second 

exposure specimen have circular cylinders of the original 
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surface from which the surrounding surface has been removed. 

This Is believed to be analogous to observations of glass bead 

produced erosion In which subsequent exposure removed the mate- 

rial lying in between the Initial ring crack patterns.  The 

Inner radii of these crack patterns Is comparable with the outer 

radii of the arc crack patterns, 0.4 to-0.5mm, observed during the 

early stage erosion. 

4. Ion-Exchanged Glass 

Ion-exchanged strengthened glass specimens were exposed 

in the AFML/Bell erosion facility at 730 fps for periods of 20 

and 60 sec. Visual examination of the specimens with the unaided 

eye Indicated a dense field of fine bubble-like structures which 

could be resolved with the optical microscope to consist of 

arrays of Isolated microscopic damage.  Principal damage modes 

consisted of the surface relief fractures, Isolated cracks, and 

concentric arc-shaped crack arrays, as shown In Fig. 119.  In 

contrast to the soda lime and the boroslllcate glasses, the pre- 

dominant fraction of damage In this system did not link-up but 

instead remained Isolated.  Consequently, optical transmission 

and weight loss underwent negligible degradation since depth 

penetration was minimal. 

No evidence for subsurface optical degradation due to 

fracture penetration could be detected when examining the speci- 

mens in the optical microscope with transmitted light illumina- 

tion. Although a small Increase in damage density was observed 

for the longer erosion exposure, crack extension and surface 

relief fracture enlargement were not Important at this stage of 

erosion. This ralnfleld and substrate system only yielded the 

initial propagation of severe flaws but not the extension of 

existing surface cracks along the surface or into the interior. 

Consequently, the isolated cracks quickly terminated and the sur- 

face relief fractures tended to remove clusters of surface flaws. 

This glass system did not undergo either the multiple depth 

initiation of lateral surface relief cracks originating from the 
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link-up extension as did the boroslllcate glass. The isolation 

of the microscopic,damage features prevented any degradation in 

optical transmission or mass loss. 

Most of the structures tended to have approximately 

circular shapes although a small fraction had elliptical and 

irregular shapes. An example of a surface relief fracture system 

is shown in Fig. 120 which was produced when a droplet struck two 

defects spaced approximately 20pm apart. On the top side, the 

rib marks (circumferential markings produced by momentary arrest 

of the fracture front) and the microhackle marks (lines oriented 

in the fracture propagation direction analogous to river pat- 

terns produced by cleavage fracture in metal fractography) indi- 

cated this lateral relief fracture propagated as a single event. 

However, the lower lateral relief fractures propagated indepen- 

dently; the right point source probably Initiated a fracture at 

this time.  It is not clear whether the left point source sub- 

sequently initiated the fracture during the original or during 

a subsequent Impact. 

As noted earlier, these fracture systems originated at 

a central core composed of a broken region of jagged Irregular 

surfaces. Fran this core, surface relief fractures propagated 

back to the exterior surface producing a fracture mirror. Exami- 

nation of replicas of several relief fractures by transmission 

electron microscopy at magnifications of 30,000X did not reveal 

evidence of the roughness associated with the onset of crack tip 

instability (mist).  Consequently, although the propagation 

markings acted analogous to those described for quasistatic 

initiated glass macrofracture, these relief fractures seemed to 

«how little crack tip instability and branching suggesting lower 

propagation velocities. Microhackle lines were prominent in 

this glass system and generally served as a mechanism for verti- 

cal linking up of Isolated crack tips along the fracture front. 

These lines were generally straight Indicating the fracture front 

propagated along a direct radial path. Although cracks 

223 

■--'  ..-.i. . -A»-' ^^..^^.i-»i..~ ■■■-.-^ ■.-.■-■'•■'•'■,■.■ .-. ■   ■ --*■-• 





"^'»'''^"''^wipiPG*'"^^ 

occasionally propagated away from the fracture core as shown In 

Fig. 121 for calclum-alumlno silicate glass, this damage struc- 

ture was less important In the Ion-exchanged glass and any such 

cracks quickly terminated.  The circumferential rib marks were 

frequently observed but their relationship to glass properties 

and fracture characteristics Is not understood. 

An optical microscopy and replica transmission electron 

microscopy study was undertaken to characterize the differences 

In fractography of the lon-exchangcd glass from the less resis- 

tant soda lime and boroslllcate glasses.  This work Indicated 

very little If any fracture penetration Into the Interior of the 

Ion-exchanged glass occurred In contrast to those glasses.  Fur- 

thermore, the lateral extension of the surface cracks In the 

Ion-exchanged glass was very short, generally less than lOOum 

after 60 seconds exposure In the AFML/Bell erosion facility, 

preventing the formation of two dimensional surface damage net- 

works.  The crack morphology both under Nomarskl Interference 

contrast Illumination and replica examination Indicated that the 

short cracks were completely Isolated terminating In a single 

fracture unlike soda lime glass which revealed moderate crack tip 

branching (refer tot  example to F^g. 107) and bores 111clate glass 

which underwent extensive branching at analogous crack tips. 

It is believed that the finely spaced .crack arrays (shown In 

Fig. 119) effectively dissipated the drop Impact energy with 

minimal crack extension and interior damage. Most striking of 

the replication observations was the high frequency of isolated 

damage in which a linear trace was formed by a discontinuous line 

of cracks, elliptical chips and parallel crack propagation 

(splitting and rejoining),  in addition, very small relief frac- 

tures frequently lay along short cracks. However it was not 

possible to clearly determine the initiation and sequential 

propagation of damage from this data.  Unlike the soda lime and 

boroslllcate glasses in which the surface relief fracture systems 

could be readily extended (refer for example to Fig. 108), the 

replica investigations of microhackle markings indicated that 
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only small fractions of the surface edges could be freed by sub- 

sequent drop Impacts at this stage of erosion damage. 

As noted above, the initial damage consisted primarily 

of small isolated fracture structures and short, parallel crack, 

arrays so that the rate of damage with rainfield exposure dura- 

tion decreased with continued exposure.  Once the most sensitive 

surface flaws had been eliminated, relatively few subsequent 

impacts were capable of propagating significant fractures through 

the high residual compressive stress (probably greater than 

80,000 psi).  Although it would be tempting to compare the ion- 

exchanged and the thermally-tempered strengthened glasses, the 

large disparity between exposure times reported herein precludes 

such an evaluation. 

5.  Calcium Aluminosilicate Glass ., 

Calcium aluminosilicate glass specimens were exposed 

in the AFML/Bell rain erosion facility at 730 fps for periods of 

20 and 60 sec.  The distribution and mode of damage observed 

resembled that described above for the ion-exchange strengthened 

glass.  Both glass systems effectively confined the drop impact 

event to localized sites preventing the creation and extension 

of large fractures upon subsequent impacts.  The lower magnifi- 

cation photograph of the ion-exchanged glass shown in Fig. 119 

provides an illustration of the damage sustained by the calcium 

aluminosilicate surface for the same erosion exposure. 

In general, rainfield erosion of the calcium alumino- 

silicate glass resulted in a lower density of arc crack patterns 

than for the ion-exchanged glass.  The surface relief fracture 

systems tended tc be less circular and Instead one or more seg- 

ments predominated as shown in Fig. 121.  However, the basic 

structure of a central core surrounded by lateral relief frac- 

tures was observed for this system also.  Comparison of the sur- 

face relief fracture details of the two glass systems indicated 

a greater prominence for rib and Wallner (interference at the 
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crack tip by sonic waves generated by secondary sources) markings 

but a decr'5Ht?ed Incidence of mlcrohackle markings.  Relatively 

few mlcrohackle markings were observed on the calcium alumlno- 

slllcate glass fractures; specific searches on surface replicas 

examined a magnifications up to 20,000X Indicated that the crack 

tip propagation generally did not propagate by this mechanism. 

Only this glass system contained a significant density of nicks 

and grooves as shown in Fig. 121 and grooves several microns 

wide and several hundred microns long occurred rather frequently. 

The roots of such grooves preferentially initiated surface relief 

fractures as illustrated In Fig. 121. Adjacent surface relief 

fractures were sometimes connected by cracks; however auch 

cracks did not branch or fork but instead quickly terminated at 

each end.  A denslfIcatlon mechanism in this glass structure may 

enable successive droplet Impacts to enlarge the crack width 

and blunt the crack tip rather than deeply extending the frac- 

ture surface. 

Many of the surface relief fractures were apparently 

generated by a sequence of Impacts so that both sealed and 

separated surface relief fractures undercut the original glass 

surface during the early erosion stages. Examples are shown in 

Fig. 122 of undercut surfaces associated with well developed 

fracture cores which preceded mass removal. These photographic 

fields were illuminated with a green filter which produced well- 

defined Interference fringes from which a mean angle of descent 

could be derived. 

Examining Fig. 122a, a narrow, finely spaced fringe 

system Is superimposed over a broad, widely spaced fringe system. 

The narrow fringe system was produced by Interference between 

light waves reflected from the upper and lower surfaces of the 

undercut glass. Each fringe displacement corresponded to a 

variation in height of .iS^m so that the upper edge descended 

at a mean angle of 9° with respect to the exterior surface. 

Similar calculations for the fringe spacings at the sides of the 

fracture shown in Fig. 122b both yielded descent angles of 14+1°. 
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Measurement of several additional descent angles conformed to / 

the range 10-15° indicating such angles to be typical.  However, 

this method of measurement is prejudiced against angles 25° -or 

steeper since the fringe widths and spacings become so nar/ow 

that detection and measurement would be difficult. For compari- 

son, a surface relief fracture measurement yielded a 7° Angle 

of descent for a soda lime specimen and several measurements 

yielded approximately 18° angles of descent for surface arc 

fractures on the borosilicate glass specimen exposed for 20 sec. 

The widely spaced circumferential fringe system shown 

in Fig. 122a was produced by Flzeau interference between light 

waves reflected from the upper and lower fracture surfaces 

across the separation gap.  Each fringe displacement corresponded 

to .28pm so a separation angle of 2° is calculated at the edge 

of closer spacings and 1° at the edge of wider spacings.  The 

three fringe displacements indicated the crack entrance to be 

approximately .8nm across and further drop Impacts would quickly 

remove the undercut surface by the hydraulic penetration mech- 

anism. Such fringe patterns were very rarely observed suggesting 

that the average fracture surface separation was less than 

several thousand angstroms.  Examination of the lower photograph 

showed the interference fringes produced by the undercut surface 

to extend beyond the boundary of reflection produced at the 

fracture surface separation.  Apparently an appreciable separa- 

tion width is required to allow conspicuous reflection although 

this data does not allow an estimate of this width.  Examination 

of the fringes produced at the center of the sealed fracture 

indicated a gradual rise angle of 3° which probably preceded a 

sudden Jump to the exterior surface (since the surrounding side 

fringes indicate twice as large a rise angle). 

... 
Fractures originating at the fractured cores and grooves 

tended to rise to the surface rather than penetrate into the 

substrate as observed for the soda lime system and prolonged 

exposure tended to yield elongated elliptical systems in con- 

trast to the circular systems observed for the ion-exchanged 

230 

kMBtifliM«^.^;/-^^. i.,..^,,i;^^ .  ^...  ... ■ w.. ,..^.>../Ht. .^    -  ,. .i-^MM—M^M^L—.^—.^ 



. linPiWiptU1 •«H»".^Vi™ilI«",WIW.W!WW...TO^ 

glass. The apparent decrease In relief-fracture rate with 
exposure time suggests the concerted action of two fracture 
mechanisms. The first mechanism is fracture initiation at sites 
of flaws present in the original glass surface which would con- 
form to first order kinetics and dominated the initial phase of 
the incubation period. The second mechanism is the interaction 
of subsequent drop impacts with flaws and damage produced by 
previous impacts which would conform to a slower fracture rate 
requiring a number of impacts to generate additional fracture 
systems. 

A scanning electron microscopy study was begun of the 
20 sec. specimen of the calcium alumlnosilicate glass and then 
extended to the 20 sec. specimen of the ion-exchanged glass. 
Fig. 123a illustrates the edge chipping which was Important 
during the incubation stage of the calcium alumlnosilicate glass. 
The original fracture event produced the crevice systems in the 
upper righthand corner together with the large semicircular sur- 
face relief fracture. Both the structure of the complex series 
of outer relief fractures and higher magnification view showing 
the misalignment of the coarse microhackle markings indicated 
that the area of surface loss was increased 30 to 50^ by subse- 
quent drop Impacts along the edge. Although the .dge chipping 
also occurred in the less erosion resistant glasses, it was less 
important because of the lower probability for chipping and the 
much greater damage Introduced by alternative fracture propaga- 
tion mechanisms. m 

I» 
IT A 

Figure 123b Illustrates a typical surface relief frac- 
ture system in the ion-exchanged glass. The fracture originated 
in the central core area consisting of broken. Irregular glass 
surfaces. Subsequently, three mirror fracture surfaces originated 
from this area to radiate back to the surface.  The pronounced 
microhackle markings point along the direction the fracture sur- 
face propagated and less prominent rib marks indicate arcs of 
momentary fracture front arrest. The propagation of the relief 
fracture front from the inner relief fracture mirror to the 
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exterior surface can be traced from the spiral mlcrohackle pat- 

tern.  The spiral hackle pattern clearly Indicates how the crack 

tip maintained continuity along the perimeter as it advanced. 

Micrographs at 3,000X and higher revealed typical river pattern 

convergence in the direction of fracture propagation. Views at 

similar magnifications of the base of the opposite fracture mir- 

ror indicated that this mirror plane had been undercut.  Sub- 

sequent drop Impacts removed some of the heavily damaged core 

and probably the origin site also. At the lower corner, higher 

magnification views revealed mlcrohackle misalignment Indicating 

that subsequent impacts also damaged this area (edge chipping). 
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IV.  TRANSMISSION CHARACTERISTICS OF WINDOW MATERIALS 

Erosion of the exterior of supersonic aircraft or missiles 

such as windows, or structural components, may be experienced 

during penetration of ralnfields at low altitudes or clouds of 

ice crystals at higher altitudes under tactical or evasive 

flight conditions.  Transparent materials for windows or enclo- 

sures on aircraft and missiles that have the desired transmission 

In the Infrared or visible electromagnetic spectrum suffer from 

major problems of fracture, surface frosting or pitting due to 

Impacts of rain, sand and Ice particles during flight. There- 

fore, to meet the current and future requirements for all- 

weather subsonic and supersonic aerospace vehicles, knowledge of 

the rain, dust, and ice erosion characteristics of windows, 

coatings and structural materials must be obtained and new and 

improved erosion resistant materials developed.  This research 

and development effort has been initiated in order that service- 

able materials may be available within the next few years. 

■v': .y'l 

A.   MEASUREMENTS OF TRANSMISSION LOSSES 

The change in optical quality of window materials after 

damage by liquid or solid particle impact is of considerable con- 

cern in aircraft or missile applications. For optically trans- 

parent materials the change in quality was assessed by a subjec- 

tive method in which the bar type resolution pattern shown in 

Fig. 124 is resolved through the plastic or glass material before 

and after erosion damage. In this evaluation specimens were 

photographed before and after testing.  The uneroded specimen 

was superimposed over the resolution target and photographed at 

a 6x magnification to illustrate the loss in quality after expo- 

sure to a standard rain environment. 

For optical and infrared materials the change transmlttance 

before and after exposure for various lengths of time to an 

erosive environment was determined objectively using a spectro- 

photometer. The optical materials were scanned over a range 

from O.65 - 2.10 microns (6500 to 21,000A) using a Model 14 

Cary Recording Spectrophotoraeter. 
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The Infrared materials are sometimes used all the way to 

one end or the other of their spectral transmission ranges. 

Near the absorption limits their transmittance is greatly 

affected by thickness.  Therefore, in evaluating the I.R. trans- 

mittance it is desirable to define the actual thickness of mate- 

rial used in obtaining the spectral transmission scans. For 

example, a material having a transmittance of 30^ at 8 microns 

with a 4inm thickness, may have a transmittance near 10%  for a 

12 mm thickness. With this in mind the thicknesses of the 

infrared materials used in these tests were carefully measured 

before carrying out the transmission scans shown In Fig. 125. 

The transmittance measurements (which include losses due 

to reflection at the surfaces) were made using a Perkln-Elmer 

Model 621 spectrophotometer. Spectral reflection reducing 

coatings are available for infrared materials which increase 

the transmission substantially. These coatings are at least a 

thousand Angstroms In thickness and when sufficiently thick can 

offer significant protection in reducing the surface damage of 

Infrared materials due to rain drop impacts. 

The general nature of the erosion damage for the specimens 

of the glasses and organic polymers listed In Section I can be 

seen in Fig. 126-132.  The overall features and microscopic 

details of the erosion process for each material has been des- 

cribed in Section III. 

Comparative mass losses for these materials are shown in 

Fig. 133 for the glass specimens and in Fig. 134 for the organic 

polymers. Each mass loss measurement recorded represents a dif- 

ferent specimen; it is therefore possible that some variation 

In the shape of the mass-loss curves and the magnitude of the 

mass loss can be expected if additional specimens were tested. 

Such variations arise due to the initial condition of the sur- 

face of the specimen and the corresponding number of sites 

nucleated on a specimen's surface which contribute to large- 

scale material removal. The curves provided In Fig. 133 and 134 
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are only Intended to provide a relative measure of the erosion 

resistance of the materials tested. 

In the case of the transparent materials evaluated it is 

not the mass loss as a function of exposure time which is the 

important parameter, but the degradation of visibility through 

these materials which is of major concern.  The effect rtf the 

erosion damage on visibility through these transparent materials 

is assessed by viewing a bar type resolution target through the 

eroded glass or plastic specimens as shown in Fig. 135 through 

141. A quantitative measure of the effect of erosion damage 

on the transmission of light through these transparent materials 

is provided by the spectral scans taken with a Model 14 Gary 

Recording Spectrophotometer over the visible and near infrared 

range of the electromagnetic spectrum. The scans recorded in 

Fig. 1^2 through 148 show the loss in transmittance of radiation 

over wavelengths from 0.5 to 2.1 microns as a function of expo- 

sure to the rain erosion environment. The specimen designations 

with suffix zero denote uneroded specimens of the material} the 

other suffixes on specimen designations correlate with the speci- 

mens shown in Fig. 126 to 132. 

The following trends can be observed between mass loss and 

light transmittance. The transmittance curves for soda linie 

glass in Fig. 1^2 and 143 show that tempering reduces the trans- 

mittance by less than four percent compared with annealed soda 

lime glass, however there is a tremendous increase in the ero- 

sion resistance of the tempered compared to the annealed soda 

lime glass as seen in Fig. 133. Light transmission through the 

tempered glass is only reduced by 20 percent after a 6 minute 

exposure to the rain environment; whereas, the transmission is 

essentially zero in the annealed glass after an exposure time 

of 5 minutes. The curves in Fig. 142 and 1^3 show that the 

erosion damage degrades the transmittance at all wavelengths 

within the range from 0.5 to 2.1 microns to the same degree. 

It is concluded that tempering has a negligible effect on the 

light transmission characteristics of the soda lime glass, but 
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greatly Improves the erosion resistance and correspondingly thi 

length of the exposure to the rain environment during which a 

high level of transmlttance of electromagnetic radiation Is main- 

tained. 

Both an uncoated and melamlne coated polycarbonate were 

tested.  The melamlne coating reduced the transmlttance of the 

uneroded specimens primarily in the wavelengths ranging from 

0.7 to 1.3 microns by 5.0 percent with negligible effect on the 

higher wavelengths as determined from Fig. 1^5 and 146. On the 

basis of the mass-loss data in Fig. 13'+ the coated polycarbonate 

appears to have slightly less erosion resistance than the 

uncoated polycarbonate. Correspondingly, the transmlttance of 

electromagnetic radiation through the eroded melamlne coated 

polycarbonate specimens generally was 10 percent lower than the 

uncoated polycarbonate for comparable exposure times. For both 

materials the percent reduction in transmlttance was found to 

be greatest at the lower wavelengths and decreased uniformly 

with increasing wavelength. From these tests it must be concluded 

that the melamlne coating does not Improve the erosion resistance 

of the polycarbonate substrate and actually appears to contri- 

bute to an accelerated rate of scatter. The microscopic details 

of the erosion process for the coated and uncoated polycarbonate 

specimens are described in Section III.A. 

Comparing Fig. 1^5 and 14? the general features (peaks and 

valleys) of the transmlttance curve for polysuflone are quite 

similar to those for polycarbonate above a wavelength of 1.1 

micron; however the transmlttance of uneroded polysulfone is 

about 10 percent lower than polycarbonate for wavelengths 

ranging from 1.1 to 2.0 microns. The thickness of the specimens 

is 0.5 inches for both materials. As seen in Fig. 13^ the rate 

of erosion of the polysulfone is somewhat higher than that mea- 

sured for polycarbonate, however the transmlttance curves in 

Fig. 147 for eroded specimens of polysulfone show f-hat the trans- 

mlttance is greatly reduced before a measurable mass loss occurs 

and is practically zero when the mass loss is still negligible. 
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Schmittv  ' has pointed out the difference in the transmission 

losses for polysulfone as compared to polycarbonate even though 

the mechanical properties for these two materials are comparable 

(refer to Table II). Schmitt's conclusion is based on an exten- 

sive series of rain erosion tests for impact velocities ranging 

from 585 to 880 fps. Microscopic details of the differences in 

the erosive response of polysulfone and polycarbonate in the 

very eerly stages of the erosion process are reported in 

Section III.A. 

Polymethylmethacrylate eroded very rapidly (Fig. 134) and 

the transmlttance was reduced to zero in less than one minute 

exposure to the ralnfleld. From the nylon specimens tested it 

is difficult to determine if the incubation period of the mass- 

loss curve (not shown in Fig. 134 due to the large variations 

in the measurements) Is greater or less than that for polysul- 

fone and polycarbonate. The percentage of transmlttance for 

nylon deduced from Pig. 148 is slightly less than that measured 

for polycarbonate up to an exposure time of 6 minutes.  The loss 

of transmlttance in nylon at each exposure time is nearly uni- 

form over the range of wavelengths. 

B.   INFLUENCE OF EROSION DAMAGE ON TRANSMISSION 

In the current program at Bell, the transmlttance of infra- 

red radiation through progressively-eroded IR transmitting 

materials is measured with a Perkln-Elmer Model 621 spectropho- 

tometer.  The transmlttance, T, of electromagnetic radiation Is 

evaluated as a function of the wavelength of the incident beam. 

For a radiation absorbing material of thickness d. 

T = (^Va? 

l-r^e ̂ äT (39) 

where 

m  (n-ir+k 
~ (n-l)2+k 

(40) 
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is the reflectivity of the interface when radiation strikes 
the plane surface of the material at normal  incidence in air and 
a is the absorption coefficient. 

a = 4irk 
An (41) 

where k is the absorption constant, X denotes the wavelength of 

the radiation, and n is the index of refraction. 

Multiple water droplet impacts on zinc selenlde and zinc 

sulfide, for example, over a velocity range which may have 

an upper limit in excess of Mach 1 will produce internal frac- 

ture facets within the material with only minor disruption of 

the surface, as described in Section III.B.  Initially, sub- 

microscopic flaws will develop which may or may not have an 

effect on the Infrared transmission. The complex network of 

internal fractures which subsequently develops should have a 

significant effect on the infrared transmittance. The expres- 

sion in Eq. (39) would now have to include additional exponen- 

tial terms representing scattering due to the erosion process. 

The internal scattering of the incident beam is generally taken 

Into account as an additive factor to the absorption coefficient. 

This erosion scattering coefficient will be a function of the 

exposure time, the parameters characterizing the erosive envir- 

onment, and the parameters characterizing the erosion behavior 

of the material. It would consist of two factors: the primary 

term resulting from reflection of radiation from the internal 

fracture interfaces and a second term resulting from absorption 

at crystal defects generated by the water drop impacts. 
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V.  INDENTATION EVALUATIONS 

The small Impacting particles sample very small domains on 

the surface of a material specimen exposed to an erosive envir- 

onment.  The Indentation test Is most representative of these 

conditions.  The Hertzian fracture test can be used to determine 

the relative fracture toughness of the near-surface material, 

the densities of surface flaw size, and the residual stresses 

In the near-surface material/72) The Hertzian fracture test 

Is sensitive to small changes in fracture toughness and the 

magnitude of favorable residual stress states introduced by 

thermal or chemical processes. With a significant cost factor 

governing the number of specimens which can be tested to provide 

fracture data, the Hertzian fracture test procedures permit a 

number of tests to be performed on the surface of a relatively 
small specimen. 

Ring fracture initiation due to quaslstatlc loading by 

solid spherical indenters was measured for several of the glasses 

listed in Table 3. The experimental arrangement for ring 

fracture measurements is shown in Fig. 149.  The specimen is 

loaded by a very small glass bead ranging in diameter from 150 

to 55011m  or a sapphire bead ranging ir size from 400Mm to 
3200^m. The sapphire spheres are used for the harder glasses 

to reduce the fracturing of the spherical indenter during load- 
ing. 

Johnson, et.al/73) showed that a more rigid indenter than 

the test surface gives an Increase in fracture strength of the 

material, and a less rigid Indenter has the opposite effect. 

If the elastic modulus of the indenter is different from that 

of the test material frictlonal forces are brought into play at 

the interface which modify the Hertzian contact stresses, sta- 

tic and dynamic tests on glass plates showed a consistent 

increase in the apparent fracture stress of about 50 percent 

using spherical steel Indenters compared with glass indenters. 

265 

—-■■-•*-■ -■■.■..L-^.   ,■ ..*:        ■ ■■ ■■ ±-   • -UII**:- „■ 1 .^. ... ■...,.--.^   ,>■....-■.,,■-    ,«...«.^^|i.JM-.. 





U'in '    ^Jwnmm^ ,•■•-   ^m,i.,nulmm ^JilllipiiPPili^^ mmm^^^^m^^m^ 

Static  indentation tests were also carried out on sapphire using 
a steel ball and a tungsten carbide ball.    A 50 percent increase 
in the fracture stresses was found for the tungsten carbide over 
the steel ball: the Young's modulus for tungsten carbide is 
more than three times the value for steel.    These results are 
consistent with the influence of the frictional stress on the 
magnitude of the tensile radial stress component and further 
confirms that a more compliant indenter reduces the contact 
stress at fracture while a more rigid one  increases it.    In view 
of these results the quasistatic loading conditions for fused 
silica and borosilicate glass were identical to those used for 
the investigation of the erosion process due to multiple glass 
bead impac t s.' -^     ' 

The experimental procedure involved viewing the contact of 
the sphere against the specimen from the base side of the trans- 
parent specimen with a microscope.    Oblique illumination was 
used to aid in the observation of a ring fracture.    The specimen 
is loaded at a moderate rate.    When a ring fracture is observed 
to develop,  the loading is stopped,  the load level recorded,  and 
the diameter of the ring fracture is measured with the filar 
micrometer eyepiece at a magnification of 40X.    A new location 
on the surface of the specimen at least three bead diameters 
from the previous site is used for the next leading.    Fifty tests 
are carried out for each loading condition. 

The histograms  in Fig.  150 show some of the data for fused 
silica.    The corresponding cummulative distribution curves are 
shown in Fig.  151 for the applied loads and in Fig.  152 for the 
ring fracture diameters.      The 50 percent probability values of 
the fracture load and ring fracture diameter can be obtained 
from these curves for each loading condition. 

The average values of the fracture loads and ring fracture 
diameters for several of the glasses listed in Table 3 are 
tabulated in Table 11.    Significant differences are evident in 
the magnitude of the applied load required to produce a ring 
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Figure 150. Fracture Loads and Ring Fracture Diameters for Fused Silica 
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Figure 152. Cumulative Distribution for Ring Fracture Diameters in Fused Silica 

270 

88 

«.;.. Ll.*£fitifc&ii&a*& „ u. _■ *i--.i'   ,._r, _- . i  - -   -  ■ 



■"■, )iji1iinisj«n.iiii...i*M^ I«"«.«. vßmmmimm^H'm*»-  ""M " mmm ' J-IML»<<,,,„„ „, '  

TABLE 11 

AVERAGE VALUES OF FRACTURE LOADS AND RING DIAMETERS 

Glass 

Fused Silica 

Borosilicate 

Indenter 

501m  glass 
373Mm glass 

305^111 glass 

231^ra glass 

539Mm glass 

4l5^m glass 

286fim glass 

210jim glass 

l48fxm glass 

Soda Lime (annealed)   ^lO^m sapphire 

Soda Lime (tempered)   4lOMm sapphire 

Cortran 

Chemcor % 

4l0^m sapphire 

^lO^xm sapphire 
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Ring 
Fracture Fracture 

Load  Diameter 
Q*-}        ^m) 
1.26 64.8 
0.95 64.8 

.90 59.7 

.76 51.0 

2.60 109.5 
2.10 96.0 
1.75 78.0 
1.10 62.0 
0.66 41.1 

3.83 80.6 

5.60 98.4 

7.30 119.2 

8.20 102.6 
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fracture In the various glasses. The glasses In Table 11 can 

be ranked according to their resistance to ring fracture forma- 

tion in terms of the average applied load.  The ranking indicated 

in Table 11 would be Chemcor, Cortran, soda lime tempered, soda 

lime annealed, borosilicate, and fused silica.  This ranking 

does not correspond to that obtained from the fracture stress 

evaluated from bend tests^"^ recorded in Table 3. The frac- 

ture behavior due to the localized loading is definitely differ- 

ent than that observed in conjunction with more conventional 

fracture evaluation procedures. 

Quasistatic indentation measurements were made using 135 

and 290 micron diameter glass beads impressing specimens of 

borosilicate glass and fused silica from the same lots used in 

the impact tests. The glass beads were also identical to those 

used in the erosion evaluations.  The load required for ring 

fracture initiation was recorded along with the diameter of the 

ring fracture. Fifty runs were made for each test condition and 

the average value of the ring fracture diameter is plotted in 

Fig. 153 for the 290 micron glass bead. 

Using Eq.(21) and the load when the fracture initiates, the 

quasistatic value of the contact radius can be determined from 

Hertz's theory.  Substituting Eq.(25) into Eq.(21) provides ,.the 

Hertzian relation plotted in Fig. 153 between the contact radius 

and the impact velocity for a 290 micron glass bead over a 

range of impact velocities. The measured ring fracture diameters 

for borosilicate glass and fused silica are also plotted in Fig. 

153 for the dynamic loading conditions. The threshold for 

damage initiation under impact conditions can be evaluated from 

the static loading.  The experimental results for borosilicate 

glass Indicate that the threshold is somewhat higher than that 

determined from Eq.(21) and (25). 

The tendency for multiple ring fracture formation is clearly 

indicated in Fig. 153- Multiple ring fractures predominate for 

fused silica at 200 and 300 fps with the outer ring forming 
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Figure 153. Static and Dynamic Ring Fracture Diameters due to 290-micron 
Glass Bead in Borosilicate Glass and Fused Silica 
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slightly beyond the maximum contact radius computed from the 

Hertzian analysis and a tendency for multiple ring fracture for- 

mation is beginning to occur in the borosillcate glass at 400 fps, 

The creation of multiple ring fractures implies that the trans- 

ient stresses generated at an intermediate stage of the compres- 

sion phase of the impact are sufficient to initiate ring 

fractures. Additional ring fractures are produced as a larger 

area reaches the critical stress level.  The process stops when 

the maximum contact area is reached where it is still possible 

for a crack to develop just outside this region before the cri- 

tical stress level decreases as the applied load subsides. 

Results from Indentation tests by other investigators'' ^ 

using spherical tungsten carbide indenters with diameters from 

0.80 to 12.68 mm on soda-lime glass revealed radial cracking 

was initiated after the critical load was reached for cone for- 

mation. Radial cracking occurred for the smallest Indenters 

with a diameter of 0.80 mm at loads only slightly in excess of 

the critical value for cone fracture initiation.  The same 

tendency has been observed by Tsal and Kolsky''^' at loads 

several times the threshold values for 25.4 mm diameter steel 

balls impacting glass plates. Lawn, et.al.^  ' pointed out that 

the observed radial crack patterns were more typical of pointed 

Indenters.  It was suggested that at suitably high loads small 

spheres are capable of producing irreversible flow in the mate- 

rial and of penetrating the surface.  These effects are aided by 

the fact that the expanding contact area tends to encompass the 

surface trace of the cone crack at higher loads and suppress 

further cone extension. 

The tendency for radial cracking is not evident in the 

indentation tests carried out at Bell even when the applied load 

was raised to several times the critical fracture load. Radial 

cracking was also not observed in the dynamic Impact tests for 

small glass beads impacting glass plates.  This difference in 

the Bell data and that of Lawn, et.ftl.^' ' is difficult to 

explain, especially in view of the analysis and experimental 
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evidence provided by Johnson,  et.al.''^ that the fracture 
stress for glass plates is considerably higher for steel inden- 
ters than for glass  indenters. 
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VI.     SUMMARY 

The spatial and temporal distributions of the transient 

stresses generated in elastically-deformable bodies with the 

elastic properties of zinc selenide, polymethylmethacrylate, and 

soda lime glass have been evaluated for an idealized representa- 

tion of a liquid drop impacting a plane surface. The origin and 

extent of the damage due to a single drop impact on these mate- 

rials, while not completely understood mechanistically, are 

beginning to become evident and the appropriate relations estab- 

lished with the mechanical properties using the calculated 

stress distributions. The development of regions of significant 

tensile stresses within the target material is clearly shown. 

Calculations for both the static and dynamic stress distributions 

for the equivalent impact conditions indicate that the dynamic 

tensile stresses are considerably higher than the static stresses 

in the region near the surface outside the contact area. The 

transient stress evaluations also provide a more accurate repre- 

sentation of the critical tensile stresses and the attenuation 

of the direct compression pulse propagating through the speci- 

men in terms of the applied pressure than the simple one-dimensional 

analyses which have been used for this purpose. 

The analytical approach used has its Inherent shortcomings 

which include the lack of obtaining the stresses at the surface 

in the vicinity of the Rayleigh wave front and the fact that it 

is only applicable to the earliest stages of the impact event 

before lateral outflow dominates. However it does appear that 

the period of the collision covered by the analysis is where 

the damage within the material originates, and the evaluation of 

the stresses by this procedure is economical when compared with 

the finite difference schemes currently being developed by 

others.  In general the idealized model reasonably approximates 

the results from the numerical analyses with regard to the water 

drop shape profile in the initial stage of the impact when the 

compressibility of the water In the drop is most significant. 
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The erosion mechanism evaluations based on the experimental 

data obtained during this funding period is summarized below. 

The information provided is a condensation of the more detailed 

account of the microscopic observations presented in Section III. 

Rain erosion of CVD zinc selenide at 695 fps produced ring 

cracks at the surface which then propagated into the Interior 

along conical paths.  Subsequent impacts produced subsurface 

damage more rapidly than surface damage; the ring centers resisted 

the further introduction of damage but the lateral outflow phase 

of the drop collision produced chipping at the exterior edges of 

the circumferential cracks.  Continued exposure to the rainfield 

ultimately produced an array of overlapping ring cracks, pitting 

within the enlarged circumferential cracks, and a random dis- 

tribution of nicks, cracks, and small cavities.  Concurrently, 

the conical subsurface fractures were extended deeply Into the 

Interior of the specimen and a complex system of subsurface 

fractures evolved. Fracture proceeded via cleavage on {110} 

planes: the characteristic mechanism of bulk fracture. 

Exposure of CVD zinc sulfide to the rainfield at 695 fps 

produced significantly less damage than that observed on the 

CVD zinc selenide at twice the exposure time.  Surface damage 

consisted of incomplete arrays of fine circumferential cracks 

together with small isolated pits. Surface cracks were composed 

of very short segments with frequent discontinuities suggesting 

the critical fracture stress to be comparable to the impact 

tensile stresses.  The density and dimension of subsurface frac- 

tures were also smaller, consisting of conical segments which 

Interacted less effectively with transmitted illumination. 

Fracture in this system was also along {110} cleavage planesj 

however, in this system a fraction of the subsurface fractures 

originated at subsurface sites. 

Rainfield exposure of the hot-pressed zinc sulfide at 730 

fps produced a greater number of ring crack structures of larger 

dimension than found in the CVD zinc sulfide.  These could be 
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readily discerned by the unaided eye with transmitted light. 

The surface cracks were composed of a discontinuous series of 

fine pits suggesting grain ejection such that the grain loss 

was proportional to the subsurface fracture dimension. Associ- 

ated conical subsurface fractures penetrated deeply Into the 

Interior. A fraction of the smaller subsurface fractures also 

appeared to Initiate at subsurface sites. Surface cavities In 

this system were Initiated both within the circumferential crack 

arrays and at Isolated locations.  These cavities rapidly 

enlarged during subsequent ralnfleld exposure. The surrounding 

material was damaged as Incoming drops struck cavity 

wall protruberances and penetrated cavity wall cracks to 

Impose hydraulic loadings.  Further Impacts readily dislodged 

and removed this weakened material. Fracture propagation 

occurred by Intergranular separation. 

Arsenic trlsulflde glass was almost Instantly demolished 

upon ralnfleld exposure at 730 fps.  Snort duration exposures 

at 500 fps produced moderate surface damage but extensive sub- 

surface damage. This latter damage measurably degraded the 

optical transmittance and caused bulk fracture. Optical degra- 

dation was primarily associated with extensive subsurface 

fracture which developed upon subsequent drop Impacts at sites 

along the outer perimeter of the ring crack patterns.  Loss of 

structural strength resulted from the penetration of Isolated 

fractures over macroscopic distances Into the specimen Interior. 

Both well-defined ring crack structures and random arrays 

of disjointed cracks were distributed over the eroded surface. 

Residual polishing scratches were preferentially attacked, 

yielding large and damaging fractures upon Initial Impact. 

Fractures propagated by the concholdal mechanism characteristic 

of glasses and glassy polymers. Hydraulic loadings were parti- 

cularly effective In this glass due to the combination of low 

fracture stress, hardness, and elastic modulus which facilitated 

water penetration Into exposed cracks. 
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Damage Initiation In the polygranular and single crystal 
germanium system proceeded vija cleavage fracture along {111} 
surfaces and formation of compact crack arrays.    Fractures pre- 
ferentially propagated along the scratches when aligned tangen- 
tial to the transient tensile stresses;  In contrast cleavage 
fractures with this alignment preferentially Initiated along the 
length of scratches oriented at large angles to this direction. 
A maximum of two successive  Impacts were required to produce 
dlscernable damage.    Continued ralnfleld exposure rapidly 
covered the specimen with a pattern of cleavage fractures.     Pit 
formation was Initiated by subsequent lateral outflow Impacts 
against the cleaved surfaces.    Further exposure resulted In 
larger cavities produced by growth of the cleavage pits and also 
formation of Isolated concholdal fractures.    During the  final 
stage before measurable mass loss,  both mass loss and transmlt- 
tance degradation resulted primarily from the rapid growth of 
cavities to macroscopic dimensions. 

Sapphire and spinel effectively resisted rain exposure at 
730 fps; only slow removal of flowed material from polishing 
defects was observed.    Prolonged exposure at 845 fps opened 
polishing digs and gradually Introduced a distribution of fine 
pits and subsurface fractures with dimensions less than 2|im. 
Such damage negligibly Influenced the specimen properties so that 
these materials were far more resistant than the other materials 
evaluated In this program. 

Boroslllcate glass underwent the most rapid erosion of the 
oxide-based glasses at 730 fps.    Exposure to several sequential 
Impacts  (perhaps 4-5) produced partial ring crack structures and 
random crack arrays whose associated subsurface fractures pene- 
trated macroscopic distances into the Interior.    Fewer Impacts 
produced less densely distributed surface cracks of shallow 
depth which propagated along jogged and forked paths.    Etching 
revealed an additional dense distribution of Isolated,  minute 
flaws.    Continued ralnfleld exposures caused the surface crack 
arrays to quickly link-up:  first into interlocking two-dimensional 
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networks which covered the surface and then extended Into the 

Interior producing three-dimensional fracture networks. At 

this stage macroscopic cavity formation accelerated as drop 

Impacts dislodged undercut fragments and exposed the weakened 

Interior surfaces to direct Impacts. 

Soda lime glass generally required several sequential 

Impacts to produce detectable damage.  Initial damage consisted 

of isolated surface relief fractures and sealed microscopic 

cracks. Macroscopic fractures and ring fracture segments were 

not formed in this system. Continued exposure produced micro- 

scopic surface cracks which linearly propagated along jogged and 

forked paths. Jogs and forks provided preferential sites for 

surface relief fractures and angular-walled cavities. Concur- 

rently, existing surface relief fractures were enlarged by 

formation of adjacent surface relief fractures and subsurface 

fractures below the original structure.  Subsequent Impacts upon 

the enlarged surface cavities produced radial cracks which pro- 

pagated into the surrounding material.  Exposure of scratches 

preferentially initiated surface relief fractures at the scratch 

roots and also cavity formation at the acute angles formed by 

Intersecting scratches. Exposure of a specimen polished with 

hydrofluoric acid yielded only a limited retardation in damage 

formation.  The most effective source for damage initiation and 

propagation appeared to be a microscopically non-discernible 

network of minute, sealed flaws produced by prior impacts. 

After longer ralnfleld exposures an interlocking two- 

dimensional network of microscopic cracks with shallow depths 

covered the surface. This completed the incubation perloi for 

mass loss since further exposure developed a three-dimensional 

fracture network and microscopic fragments were dislodged from 

the surface. Although mass loss occurred by the same mechanism 

as for boroslllcate glass, exposure durations for soda lime 

glass for both the incubation period and for a selected mass 

loss were more than doubled since the fracture propagation dis- 

tances per impact and the dislodged fragment volumes were signi- 

ficantly smaller. 
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Thermally tempered soda lime glass exposed to the standard 

ralnfield established It to be more resistant than the conven- 

tional soda lime glass. The exposure durations required to 

attain a selected mass loss were more than doubled relative to 

conventional soda lime glass but the mechanistic sequence for 

forming an interlocking three-dimensional crack network for 

mass loss remained the same. The residual compressive stress 

both reduced the mean crack propagation length and resealed 
previously formed cracks. The resultant cracks were 

finely structured, containing a high density of Jogs and forks, 

but not contributing significantly to optical degradation. 

Structural integrity was also conserved over a significantly 

longer time period and bulk fracture required penetration through 

the zone of compression. Lateral outflow impact contributed 

proportionately more to the erosion process in the thermally 

tempered glass than in the borosilicate and the soda lime glasses. 

The ion-exchanged strengthened glass and the calcium alumi- 

nosilicate glass responded similarly to ralnfield exposures at 

730 fps for relatively short durations.  Investigations by other 

workers have established their resistance to macroscopic erosion 

to be comparable to or greater than that of the best thermally 

tempered glass.  In contrast to the other oxide-based glasses, 

drop impacts produced only isolated damage with little tendency 

for extension and link-up of surface cracks and for subsur- 

face fracture initiation. The most prominent early damage was 

surface relief fractures, however cracks, nicks, and compact 

crack arrays (discontinuous) were also observed. The rate of 

damage appeared to decrease with continued exposure suggesting 

that a number of sequential impacts were required to produce 

flaws of critical dimension at sites Initially devoid of such 

flaws. In contrast to the fine surface cracks formed in the 

thermally tempered glass, surface cracks in these glass systems 

were coarser and not as effectively sealed but instead propa- 

gated over very short distances without evidence of Jogs or forks. 
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Initial exposure of polysulfone to the standard ralnfleld 

produced some complete ring structures whose perimeters con- 

tained annuli of surface ripples together with a higher density 

of fragmentary ripple patterns. Continued rainfield exposure 

produced a uniformly rippled surface together with shallow micro- 

scopic craters. At this stage substantial optical degradation 

was observed indicating that the rippled structure efficiently 

scattered visible wavelengths. Further rainfield exposure 

resulted in cavity and crevice formation due to the concerted 

action of the imposed impact stresses and surface strain harden- 

ing. Residual scratches were preferentially eroded, localized 

cavities initiated along fine scratches, and coarser scratches 

enlarged into crevices. Initial mass loss resulted from hydraulic 

uplifting of small undercut fragments (analogous to the glass 

surface relief fractures). Further rainfield exposures prefer- 

entially enlarged the crevices, particularly the enlarged 

scratches, forming fracture surfaces extending deeply into the 

interior. Removal of larger fragments ranging up to macroscopic 

dimensions occurred between closely spaced cracks and crevices 

and at sites of crack intersections. 
■■■■;>■■■■■.:■ , ■       ■ 

Both uncoated and melamine-coated polycarbonate underwent 

similar rain erosion behavior at 730 fps.  The initial exposures 

produced small patches of shallow ripples and microscopic craters, 

indicating less ductility than polysulfone. The more brittle 

character resulted in a number of concurrent deformation modes 

with continued rainfield exposure: surface cracks in microscopic 

craters, shallow conchoidal fractures, linear crevice networks, 

and vertical conchoidal fractures. Preferential scratch frac- 

ture and enlargement were less important. Further exposure pro- 

duced crevice enlargement and scratch extension through the 

hydraulic penetration mechanism. Mass loss occurred by the same 

process described for polysulfone at approximately the same rate. 

The melamine coating inhibited the initial ductile deformation 

but exerted only a minor influence on subsequent fracture and 

crevice formation. 
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Exposure of nylon to the ralnfleld at 730 fps Initially 

produced arc-shaped regions of shallow damage composed of sur- 

face wrinkling, fine mlcrocracks, and Irregular cleavage.  These 

regions appeared to be responsible for early exposure transmis- 

sion losses.  However, very deep fractures of near normal 

orientation formed exclusively beneath residual scratches. Con- 

tinued ralnfleld exposure extended and enlarged these fractures 

to form a three-dimensional network of intersecting cracks and 

crevices.  Subsequent impacts produced mass loss as undercut sur- 

face fragments were uplifted by the Imposed hydraulic loadings 

applied to the Internal surfaces. 

/ 

Water drop Impacts on polymethylmethacrylate produced well- 

defined ring cracks with each impact.  The fracture annull were 

composed primarily of dense arrays of fine, short cracks together 

with a sparse distribution of deeper fractures initiated along 

residual scratches.  Pits formed on the exterior edges of a few 

of the circumferential crack segments during the initial Impact. 

Continued exposures produced complex arrays of Intersecting sur- 

face cracks at sites of fracture annull overlaps together with 

dramatic enlargement of scratch Initiated fractures.  Subsequent 

hydraulic penetration into these regions led first to rapid 

crevice growth together with fine fragment loss followed by 

formation of cavities and intersecting fracture networks. Ulti- 

mately, the original ring crack patterns were obscured as the 

surface was covered with crevices and growing cavities. An 

extensive network of subsurface fractures continued to be pro- 

duced within the expanding cavities. 

The response of boroslllcate glass to ralnfleld exposures 

(1.8 mm drop diameter) was determined as a function of impact 

velocity: 

300 fps - negligible damage 

400 fps - sparse distribution of small fractures and pits 

500 fps - uniform distribution of small fractures together 

with growth of three-dimensional fracture networks 

and cavities at some sites 
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600 fps - uniform distribution of three-dimensional frac- 

ture networks and cavities formed by small 

segments of ring crack structures 

730 fps - rapid growth of macroscopic three-dimensional 

fracture networks and cavities formed by large 

segments of ring crack structures 

This velocity sequence can be generalized to correspond to the 

drop impact damage behavior observed for the Inorganic materials 

and glasses considered here. At 500 fps arsenic trisulfide 

underwent formation of Incomplete and complete ring crack pat- 

terns during the initial Impact and each subsequent Impact 

extended subsurface fractures over macroscopic distances. At 

730 fps concurrent central subsurface damage and radial cracks 

would be anticipated.  The CVD zinc selenide, displaying the 

next lowest erosion resistance underwent formation of complete 

and Incomplete ring crack structures during the initial or the 

first two sequential Impacts at 730 fps. Hot-pressed zinc sul- 

fide and boroslllcate glass underwent -formation of ring crack 

segments spanning less than l80o during the initial impacts. 

Several sequential Impacts were required to complete the ring 

geometry and propagate subsurface fractures to macroscopic depths. 

The CVD zinc sulflde underwent a similar erosion morphology but 

the Impact event was less damaging, propagating fractures over 

shorter distances. 

Germanium resisted the formation of ring crack structures 

at 730 fps; Instead only microscopic cleavage and concholdal 

fractures were formed by the first two sequential impacts.  Soda 

lime glass and tempered soda lime glass initially underwent only 

microscopic surface relief fractures and a number of sequential 

impacts were required to initiate and propagate cracks along 

the surface and into the interior. Calcium aluminosicllate and 

ion-exchanged glasses effectively Isolated the early stage damage 

yielding only individual damage sites spanning less than lOOpm. 

Spinel and sapphire resisted early stage damage entirely at 

730 fps. 
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VII.  CONCLUSIONS 

The fractures in the Inorganic materials and glasses pro- 

duced by multiple water drop impacts were found to propagate by 

the same mechanisms as observed for quasistatic loadings.  The 

relative ranking of the erosion resistance of- the glasses was 

found to show a correlation with the fracture loads determined 

from spherical indenter evaluations. However the deformation and 

fracture of the organic polymers exposed to the rain environment 

could not be readily related to the available mechanical proper- 

ties. For all material classes the observed erosion modes and 

rates depended sensitively upon the drop diameters, impact 

velocity, material fabrication, and surface preparation. 

A correlation has been suggested in which the incubation 

time for mass loss was an exponential function of mlcrohardness.(52) 

It is surprising that a property which requires the extensive 

development of internal fractures should respond sensitively to 

microplasticity.  The erosion rates for the important materials, 

magnesium oxide, silicon, and spinel (our data) all deviate 

significantly from Hoff and Rieger's function(52) and these devia- 

tions would be anticipated if the erosion is assumed instead to 

be primarily a function of fracture strength and crystallographir 

response. Furthermore, the rate of optical degradation, the 

primary property of interest, was not simply proportional to 

this incubation period and weaker materials could undergo bulk 

fracture from Isolated crack propagation before the incubation 
period was completed. 

Engineering designs should be based upon the degradation 

rate of the property such as optical transmission or fracture 

propagation together with an appreciation of the material res- 

ponse to the drop Impact event.  For example, CVD zinc sulfide 

has a microhardness which is less than one-half that of germanium 

but underwent rain erosion at a significantly slower rate than ger- 

manium based on comparisons with hot-pressed zinc sulfide. However, 

reported fracture thresholds for bend bar failure of these 

materials are similar. Furthermore, initiation and propagation 
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of cavities on the germanium surface is more rapid than on the 

zinc sulfide surface.  Initial impacts on the germanium surface 

produce primarily cleavage fractures with uplifted edges whereas 

initial impacts on the CVD zinc sulfide produce primarily sealed 

surface cracks and conical sectors of subsurface fractures. 

Consequently, the lateral outflow impact and subsequently the 

hydraulic penetration mechanisms effectively enlarge the surface 

openings and initiate pits along the cleavage traces (especially 

at the cleavage intersections) of germanium. The same mechanisms 

inefficiently interact in zinc sulfide for which most of the 

fracture propagation during subsequent exposure occurs within the 

substrate.  Since cavity wall erosion is particularly effective, 

both the density and dimension of cavities increase rapidly to 

produce the more rapid optical and structural degradation 

observed in germanium. A similar discrepancy is predicted for 

the rates of rain erosion of silicon and spinel which have com- 

parable microhardnesses. 

Calcium aluminosilicate and ion exchanged glasses, spinel, 

and sapphire all effectively resisted fracture propagation for 

the imposed water drop impacts.  The two glasses responded 

similarly to a moderate erosion exposure undergoing a distribu- 

tion of isolated surface relief fractures, surface cracks and 

nicks.  Prolonged exposure at 850 fps gradually Introduced a 

fine array of minute pits and subsurface facets in spinel and 

sapphire but these materials would resist mechanical and optical 

degradation for perhaps an order of magnitude longer than the 

other materials. 

The initial response of the plastics varied significantly 

ranging from the annuli of surface ripples produced in polysul- 

fone to the annuli of dense crazes produced in polymethylmeth- 

acrylate.  Low damage thresholds for both ductile and brittle 

deformation were deleterious since both plastics underwent total 

opacity for moderate exposure durations. Unlike the inorganic 

materials, crevice formation due to hydraulic stress enlarge- 

ment of fractures was more important than simple concholdal 
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fracture or direct cavity formation.  Exposure to the ralnfleld 

first Initiated fractures (the polysulfone underwent plastic 

deformations which then nucleated fractures) which were extended and 

enlarged to produce a coarse network of crevices.  All of the 

polymer materials were scratch sensitive, resulting In deeper. 

Isolated fractures at these sites. In the final stage, mass 

loss occurred as undercut fragments were dislodged. 

The following general picture of the rain erosion process 

emerges from the mechanism studies.  In materials of low and 

moderate strength, the Initial water drop Impacts under the 

standard conditions employed here (730 fps and 1.8 mm drop dia- 

meter) produced a circular damage pattern analogous to that 

predicted by the Hertzian model.  A central zone which resisted 

damage was surrounded by an annular zone of crack segments In 

brittle materials and surface ripples In polysulfone.  In brittle 

materials, the cracks apparently formed a surface step which 

faced toward the Impact center since preferential pit Initiation 

was produced on the exterior edge by tangential water flow 

during drop collapse. Circular patterns were formed for low 

fracture strength materials such as arsenic trlsulflde glass and 

polymethylmethacrylate plastic whereas Increasing fracture 

strengths for zinc selenlde and zinc sulfide were associated 

with reduced damage dimensions and Increased erosion resistance. 

Preferential fracture propagation at surface scratches depended 

inversely upon the fracture strength such that very large, 

deeply penetrating fractures formed in arsenic trlsulflde glass 

at scratch sites. For the oxide-based glasses, a similar associ- 

ation was obtained with microspherical indenter fracture thres- 

holds.  Germanium and soda lime glass did not undergo ring 

formation but conformed to the same erosion sequence in which 

fractures were initially Introduced by transient radial stresses 

and then lateral outflow impact against surface discontinuities. 

The latter mechanism was most important for materials whose 

crack openings left discontinuities such as cleavage in germanium. 

Subsequent impacts produced an interlocking network of surface 

fractures which propagated into the Interior.  Concurrently, 
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cavities  initiated and propagated as undercut  fragments were 
dislodged by subsequent impacts,   critical  flaw sites were directly 
impacted,   and  lateral outflow continued.     These processes pro- 
duced  fracture misregistration so that  the water penetrated  into 
the crack networks and cavity wall  structures producing large 
hydraulic  stresses which dominated  subsequent fracture propaga- 
tion.     Consequently,   the establishment  of a three-dimensional 
network completed the  incubation period  for mass loss   (extra- 
polated  from the constant  erosion  rate  stage)  so that subsequent 
impacts  dislodged  exposed  surface  fragments and further extended 
the drack network into the  interior.   However,   optical degradation 
depended  both on the crack network and upon the cavity content, 
while the  bulk strength depended upon the anomalous propagation 
of isolated  fractures so that neither property of Interest  could 
be  simply related to the  Incubation period.     Instead these pro- 
perties depended upon the  crack  initiation,   crack propagation 
length per  impact   (fracture  strength),  material substructure, 
surface preparation,  etc.   so that a simple lifetime estimate 
was not  reliable. 
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VIII.  RECOMMENDATIONS 

Although the limited test data prevented a fundamental 

understanding of the material response to the drop Impact event, 

some preliminary suggestions for Increasing subsonic and low 

supersonic erosion resistance can be derived from the work 

completed.  Obviously, more resistant materials can be selected. 

When cost considerations permit, oxides such as magnesium oxide, 

sapphire, and spinel at wavelengths less than 5j»m should be 

acceptable.  Other possible candidates for this wavelength 

range Include calcium fluoride, magnesium fluoride, silicon, 

and zinc sulflde. For shorter wavelengths the oxide-based 

glasses are particularly attractive since they are less expen- 

sive and more readily procured.  However, a surprising range 

of erosion resistance was observed.  Note that two glasses of 

primary interest, borosillcate compositions and fused silica, 

underwent rapid erosion. Calcium aluminosilicate glass and 

strengthened formulations were more resistant. 

The plastic data were not clearly defined due to the intrin- 

sic complexity of the mechanical response of these materials and 

the tendency to modify the basic polymer with additives. How- 

ever, nylon and polycarbonate underwent the slowest rate of 

optical degradation, resisting the catastrophic onset of 

opacity observed for polysulfone and polymethylmethacrylate (the 

former responding primarily as a ductile material and the latter 

responding primarily as a brittle material). Consequently, 

some Intermediate mechanical response would appear to be the 
optimal condition. 

It became clear even from the limited test data available 

that simple material fabrication and preparation procedures can 

substantially Improve their erosion resistance. A good surface 

polish which minimizes residual scratches will significantly 

impede the initiation of erosion damage in the lower strength 

materials. A good chemical polishing cycle which eliminated 

defects without chemically leaching the surface would 
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certainly be desirable. This is particularly important for the 

low strength materials when one or two sequential impacts can 

produce a critical flaw. A surface treatment which introduces 

a residual compressive stress appears to be very effective in 

reducing the erosion rate during all stages of erosion. The 

inexpensive and simple thermal tempering process is recommended 

for all applications which can tolerate the inherent dimensional 

requirements.  Similarly, a careful thermal anneal to minimize 

residual fabrication stresses can significantly reduce the ero- 

sion rate. Development of halide salts for optical elements 

have shown solid solution doping, fusion casting, and forging 

procedures can dramatically improve the fracture repj. stance for 

these materials.  These improvements are anticipated to also 

significantly improve the erosion resistance. Etching the sur- 

face to remove flaws and hot-pressing materials can improve 

material strength; however, the effect on erosion resistance and 

optical scattering can be deleterious unless carefully optimized 

and controlled. 

Materials of low fracture thresholds and materials which 

tend to deform leaving sudden discontinuities in surface profile, 

such as polymethylmethacrylate and germanium can be covered with 

thin layers to diminish the influence of lateral outflow. For 

example, a substantial reduction in the rate of cleavage forma- 

tion and in the areal fraction of erosion craters were observed 

for a germanium specimen covered with an antireflective coating 

1.5fim thick. An appreciable increase in the incubation period 

occurred for drop impacts at 695 fps.  This improvement resulted 

because the coating shielded the germanium surface from direct 

impact, externally sealed the openings of surface flaws 

(Griffith defects), and reduced the abruptness of cleavage dis- 

continuities at the surface.  Obviously, such a coating would 

be necessary for materials which have measurable water solu- 

bilities or undergo stress corrosion effects in the presence 

of water. 
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In the 8-12jim range, there Is no material currently avail- 

able which possesses both good rain erosion resistance and also 

good Infrared transmlttance.  For these materials, a compromise 

approach based upon layered structures may be the most effective 

means for achieving the desired levels of rain erosion resis- 

tance. 

"i     , i 
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