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SECTION

INTRODUCTIZH

-~

The research on this project nas bpeen concerned wWwith devsliping
rechnizues for the study of liquii impact, assessing the behavior of
various infrared transrarent solids, analytic and experimental work on

hard coatings, and basic studies of liquid/solid impact.

7

4s discussed in detail in our previous interim repcres 11,2,3) we use
three different technigues for studies of hnigh velocity liguid/solid
impact. The first involves projecting specimens of up to 25.4 mm diameter
at stationary drops. The second fires a liquid jet at a stationary target.
The third uses two-dimensional configurations (discs, wedges of liquid)
which are impacted. The first approach is nearest to the practical

situation in liquid impact; the second has distinct advantages in its eas

1]

of operation, low construction cost and the velocity range which can he
covered. The final approach, using tne two-dimensional configuration,
allows processes occurring inside the impacted liquid to be followed by
high-speed photography, and is nearer situations which can be theoretically
analyzed.

In ?rder to assess impact damage quantitatively, we measure " residual
strengths" This involves impacting a specimen under known conditions and
then measuring the strength. The advantages of this approach are that you
have data on (i) the unimpacted specimen strength (ii) the threshold
velocity for damage and (iii) the strength reduction following impact. A
hydraulic apparatus, which stresses 2" (ca. 51 mm) diameter disc specimens,
was initially developed for this work. The technique has subsequently been
modified and improved. An apparatus for stressing dises of 1" (25.4 mm)
diameter is proving useful where the amount of specimen material is limited
or expensive.

Our earlier research has shown that it is possible to relate drop and
Jet impact in a useful manner, and to use the concept of an equivalent drop
size for jet impacts. OQur high-speed camera work (1) showed that our
apparatus produces jets which are coherent and with smooth, curved front
faces. Further since the high pressures of iiquid impact occur in the first
instant of impact, jet and drop impact can be made 'equivalent' to a
reasonable approximation. The convenience of the jet impact technique

compared with other approaches cannot be overemphasized. Our

-




Jet apparatus s fully caliorated so that 3 partizulir je2t size anzt valieity

23an %e chosen and the collision achiaveld +itnin

£

Section 2 reviews our recent lijui? :.mpact 2amage 3tudl2s, Tne

res23r2n has bheen concerned with 3 range o

2xpiaining the main fesatures exhinited by =he 2urves. The researzn on ziac
sulpnide has included a study of the effect of grain size on the hariness
and Ky, values of the material.

Section 3 describes a study of the effect of thin hard coatings on the
damage in brittle materials due to static and dynami:z lcading. The system
studied was hard carbon layers on germanium. For guasi-static ball
indentations, a significant increase In the locad for ring c<rack formation
was oObserved. The increase depends strongly on the ratio of coating
thizkness to ball racdius. The resul® are Iin good agreement «iin
theoretical predictions. Zxamination of the impact damage due to high
velocity liquid jet impact showed only a small increase in rain erosion
resistance.

Section 4 describes our recent basic work on liquid/s/solid impact.
Techniques have been developed for producing impact of a solid with
two-dimensional wedges of liquid. One attraction of the wedge geometry is
that it maintains a constant angle between the 1liquid and the solid
interfaces: this simplifies both the theoretical analysis and the
experimental interpretation while retaining the essential features of the
impact. Liquid wedge and drop geometries are produced by first casting a
water/gelatine sheet and then cutting out the required shape. The
impacting solid is a plate fired from a rectangular bore gas gun. The
liquid is viewed at high magnification using high speed- photography at
microsecond framing rates. The shocks in the liquid are made visible by use
of Schlieren photography. Section 4 gives details of the new experimental
techniques. The results give information on the shock structures produced,
the 'water hammer' and 'edge' pressures and the critical conditions for
jetting., A model for the early states of jet formation is presented., The
impact geometries discussed relate to a range of practical situations

including not only liquid impact erosion,but also explosive welding and the

production of shaped-charge jets.




SECTION 2
LIQUID IMPACT DAMAGE ASSESSMENT FOR A RANCE OF INFRA-RED MATERIALS

2.1 INTRODUCTION

10 this Secflon e rerlow THe Droaress ol Ul researcn oon
Jamase studies. Earlier work on tils contract was descrihed in
(Ll=3). A useful review of our studies up to 1979 can be found in

our paper at the 1979 Erosion Conference (),

Forward-facing aircraft components mayv suffer damage due to the
lmpact with rain drops. This damage mav take the form of paint
stripping, pitting of aerofoils,and failure of rivets (5). However,
rain erosion is a more serious problem for brittle components, such
as glass or plastic domes and covers and fiber reinforced plastic
or ceramic rademes, where multinle drop impacts mav result in
catastropinic failure. In the case of brittle materials, the impact
damage is primarilv due to the interaction of the Ravleigh surface
wave, which is generated during the impact, with pre-existing
surface defects such as flaws and scratches (6). Such an inter-
action may lead to crack growth and subsequent material removail
and strength reduction.

In the drop impact, process two regimes can be distinguished.
Firstly, an initial stage during which verv high pressures are |
generated due to the compressible behavior of the liquid (7).

These pressures for a rigid target are given by the equation P = :CV
where ; is the liquid densitv, C, the shock wave velocitv in the
liquid, and V the impact velocity. They are the so-called "water
hammer" pressures. It continues as long as the contact area

between the impacting drop and the solid expands supersomically

with respect to the waves in the liquid (see Section &4 of this
report and 6, 8-11). The duration of this stage depends on the
impact velocity and the radius of curvature of the drop but is
generally in the range of 0.1 - | ;s. In the second stage of the

impact, the shock waves generated bv the impact move up the free

surface of the drop, jetting begins, and the impact pressure drops
|
to lower values due to imcompressible flow. Incompressible flow I

Al -
pressures Pi are of the order | V™, TFor a 500 m s ! impact,

the incompressible flow pressure is only about 10% of the

el




pressure generated (u the compressible phase. Most of the impact

3 Jamage 1in brittle materials 1s associated with the initial high-

pressure regime. It is for this reason that liquid jets with a

smoothlv curved front protile can be used to simulate Jdrop impact

to a reasonable accuracy. i
A considerable amount ot research has been performed at

Cambridee vsee, Jfor exampie =3, 120 13 to nlace the fer technique

o oquantitative msisoand oo he ahle to orelate et o drop dimpace.

For reasons discussed in detall in the earlier references, the

radius of the region over which 4 drop produces water-hammer

. . . . . RV
pressure ts less than the drop radius and is given bv r. ol where

R is the drop radius and V and C are as defined earlier. On the

other hand, a jet (essentiallv a coherent cvlinder of liquid)

produces the high pressures over the full cvlinder head radius.

Thus for normal impact (i.e. at right angles to the target surface)

a smaller radius jet simulates a larger radius drop. TFigaure !

illustrates this point. Curves giving the "equivalent drop” sice

for different sized jets plotted as a function of impact velccitv are
"

reproduced in figure 2.

2.2 THE JET TECHNIQUE

The jet technique, in which jets are fired at a stationary
specimen, has great operational advantages over the more realistic
but very complicated experiment of orojecting a specimen at a
stationarv drop. The high velocity water jets used in the present
experiments were produced by a technique originallv developed
in the laboratory by Bowden and Brunton (14) and subsequently
modified and improved (3, 12, 13). 1In this technique, a lead slug
is fired with an 0.22" calibre air-rifle into the rear of a water-
filled stainless steel chamber. The forward motion of the sealing
neoprene disc extrudes the water at high velocity through the
orifice section at the front of the chamber. Figure 3 illustrates
the jet production apparatus. The most important part of the design
is the nozzle section of the chamber from which the jet emerges. The
jet velocity is approximately 5 times the projectile velocity, but
the most important requirement is to produce coherent jets with
a smooth, slightly curved front profile. The whole svstem is
calibrated, using high-speed photographv, so that it is only necessary
to choose a suitably dimensioned chamber and set a firing pressure

for a jet of chosen velocity ta be produced. High-speed photographs

of jets were illustrated in references (3, 12).




2.3 IMPACT DAMAGE IN BRITTLE MATERIALS

The impact damage in brittle materials consists of a central
undamaged zone surrounded bv an annular region with circumferential
cracks. The dimensions of the damaged area as well as the extent of
the cracking depend on the impact velocityv. This is illustrated
in figure 4 which shows jet impact damage con soda~lime glass
for three Lmpact veoleizies. For the highest impact velocioe
the central zone appears to be damaged due to subsurface cracking
at the rear surface. The cracks are due to the propagation of
defects in the surface because of their interaction with the tensile
stress component of the Ravleigh wave generated by the impact. The
central undamaged zone is due to the fact that at the initial stages
of the impact the contact area, in which all stresses are compressive,
expands at a higher velocity than the Ravleigh wave velocitv.

This central undamaged zone and the ring of circumferential
cracks are shown more clearly in figures 5-8 which illustrate jet
impact damage on chemical deposited zinc sulphide. It can
be seen that within the annular region, the average crack size
tends to increase with radial distance from the center of the
impact while at the same time the density of the cracks decreases.
This variation is due to the changes in the amplitude and duration
of the Rayleigh wave with radial distance: initially the wave
amrlitude is very high but its duration is extremely short ( <0.! us).
Under these conditions a very small flaw size is gyfficient to cause
crack growth but the amount of growth is small because of the short
duration of the pulse. When the Rayleigh wave expands outwards its
amplitude decreases but its duration increases. A larger initial
defect size is now required for propagation but when this happens
a considerable amount of growth occurs. Therefore, the largest
and most serious flaw will almost zlways be found at the outer edge
of the damaged zone. At very large distances the stress pulse
amplitude has decreased so much that none of the defects surrounding
the impact site will grow.

Examination of the damage patterns has shown that in this material
there are two tvpes of defects: a high density of veryv small
defects which are responsible for the large number of small cracks,
and much rarer large defects which lead to very large final crack

sizes, such as the ones shown in figure 5. While the second tvpe

of defects are due to grinding, polishing,and handling damage, the




first tvpe of defects seem to be related to the grain size. For

the fine grained material shown here, the average initial size will
be small but their density high. Finallv we would like to draw
attention to the damage caused bv a jet impact at h00 m s-1 (figure
9d). In this specimen the amplitude of the reflected bulk wave

was sufiiciently high to cause cracking a3t fhe rear surtace. This
form orf damage, which s called soolling, {s onle imrsroans oor

unsupported thin specimens.

2.% RESIDUAL STRENGTH TESTING

Although optical examination of drop/jet impact damage is
very important, only qualitative information can be obtained.
Field et al (3, 12) have therefore used the post-impact strength
of brittle specimens as a quantitative measure of the impact damage.
They have developed a bursting technique, in which the specimen is
hvdraulically loaded to failure (15, 16). This technique, in which
a circular svmmetric stress field of almost constant strength is
generated over a large part of the specimen surface, ensures that
all the flaws extended by the impact are sampled at equal stress.
Only very low stresses are felt by the edges of the specimen so that
"edge" failures are almost entirely eliminated.

The results of the combined jet and post-impact strength
testing technique are shown in figure 10 for soda-lime glass.
The specimens (50 mm diameter, 3 mm thick) were subjected to a single
normal jet impact. The impact velocity has been varied between 125
and 700 m 5—1.

The residual strength curve obtained shows that a critical velocity
has to be reached before a reduction in the average fracture stress
is observed.

This threshold velocity is followed by a transition region
(150 - 300 m s-l) in which the average fracture stress decreases
rapidly with increasing impact velocity. At high impact velocities
- the average fracture stress is a much weaker function of the impact
velocity. It should be pointed out that for impact velocities
between 150 and 300 m s—l a large scatter in the results is obtained.
Some specimens have a very low fracture stress while others fail
at a fracture stress comparable to unimpacted specimens. The per-

centage of specimens with a low fracture stress increases with

impact velocity. At impact velocities ahove 400 m S-Iy all specimens




fail at a low fracture stress. To show this aspect more clearlvy
the average fracture stresses tor the two groups are plotted
separately in figure 11. The data can also be expressed In terms
of the probabilityv that the fracture strength of the specimens is
reduced by the impact. The probability curve for single impact

is shown in figure 12. [t should be stressed that the wariahili--
of The results in the trarsition rezion s 20U causes D
reproducibilicy in the impact but is Jdue to the inherent wvariation

of the surface flaw distribution between individual specimens. As
pointed out by Matthewson and Field (16) the fracture stress can also
be used to calculate the effective size of the flaw causing failure
of the specimen. In general, the equivalent flaw size, ¢, can be
calculated from the fracture stress, ~, and the critical stress

r

intensitv factor, K__, using

Ic

¢ = 1(kIc/7f) 2.1

where : 1s a dimensionless constant depending on the flaw and the
stress field geometry. In the present work, the crack geometrv is
taken as semi~-circular for this type of crack in a uniaxial bending
stress field a = 0.75. Inserting in the above equation the
appropriate values for the stress intensity factor (KIC= 0.75 MN m.B/2
and fracture stress (cf = 100 MPa), an average flaw size of about

42 um for unimpacted specimens is found. This value agrees quite

well with the inherent flaw dimensions of 34 um reported by Mecholski
at al (17). The slightly larger value obtained here probably arises
from slow crack growth during testing of the specimens in the

pressure tester (test duration tvpically 30 s). For the impacted
specimens we calculate flaw dimensions of 100 to 1500 um for

specimens impacted at 300 or 700 m s‘.1 respectively, which 1is in

good agreement with observations.

We have also examined the residual strength curve of soda-lime
glass as a function of the number of impacts. The results (figure 13)
show that for damaged specimens the average fracture stress as well
as the width of the transition region decreases with the number of
impacts. The threshold velocity for impact damage was unchanged
by the number of impacts. Although the increase in damage with the
number of impacts seems hardlv surprising, it should bhe menticned
that there is a large difference between static and dynamic

loading. In quasi-static loading with a rigid sphere, the dimensions

of the resulting cone crack are entirelv determined bv the material
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properties and the applied load. A re-application of the same load,

assuming no stress corrosion or frictional effects, does not extend
the crack bevond its initial size. However, in the dvnamic case
the extent of the crack growth is not only determined by the
magnitude of the stress pulse but also by its duration, which is in
the case of drop or jet impact often the limiting factor. Subsequent
impacts effectively cive farther time for crack arewth ol the it
continues to develop until KIC Is no longer exceeded at the crack cip.
So far it has been assumed that the damage is only due to the
interaction of the Ravleigh wave with pre-existing surface defects.
However, longitudunal waves reflected from the rear surface can
enhance the Rayleigh wave and increase the crack growth. The position
at which this occurs depends on the relative wave velocities and the
specimen thickness (6). It has been found that this process
makes a significant contribution to the impact damage of thin soda-
lime specimens at high impact velocities. Bv supporting the specimens
with an acoustically coupled thick glass block an increase of about
15 MPa in the fracture stress of specimens impacted at 600 m s-1 was
obtained (13). No statistically significant effects were found at
low impact velocities. It should be emphasized that soda-lime
glass has a low attenuation coefficient for stress waves and that
many materials will not be susceptible to these reinforcement effects
until correspondingly higher impact velocities.
Using this technique we have also examined other materials
such as silicon nitride &), zinc sulphide; Raytheon material
(figures 14, 15) sapphire and germanium., Figure 16 compares the
residual strength curves for hot-pressed silicon nitride (HPSN),
sapphire and zinc sulphide. A full discussion of the behavior
of ZnS can be found in reference (18). Clearly the sapphire has
the highest initial strength, though the threshold
velocity for the material tested is below that of HPSN. Both the
sapphire and HPSN retain some strength up to high velocities.
The dramatic fall in the sapphire curve is not surprising since it
has a low toughness and a verv high fracture velocity. The maximum
fracture velocity is two or three times greater than that of ZnS

and HPSN. Thus once a defect starte co extend it grows much further

in sapphire during the time of the loading pulse.




2.5 THEORY BEHIND THE RESIDUAL STRENGCTH CURVE

Of paramount importance for the damage is the magnitude ani

time dependence of the Rayleigh surface wave. Measurements by

Swain and Hagan (19) have shown that the Ravleigh wave can be

approximated, to a reasonable accuracy, by a triangular pulse. {
The absolute magnitude of the pulse could not be determined but

these workers have susSested that the amplituce Wwili De anereowizar. - .
proportional to the impact velocity, bv drawing an analogy with

quasi-static contact problems where the stress field scales linearlwy

with the applied pressure. Secondlv, one needs to know the

equation for the stress intensity factor of a non-stationary crack.

Of the various functions derived we have chosen the equation for
the stress intensity factor derived by Eshelby (20) which is
particularly applicable to the problem of propagating small flaws
and which is given by

! Lo .
Kig =me (=) (1 -~ V/CR) 8 A

-

where m is a geometrical constant, a the initial flaw size, V

the current crack velocity, C, the Ravleigh wave velocity and U

R
is given by the following series

3 c-a _ 15  c=a,” .
U = l*g—a-— 756 (—a—)*’ 2.3

where ¢ 1s the current crack size. Fvaluation of this series

shows that for ¢ < 20a,U can be accurately approximated (21) to
!

U = [ 1+ 282 )
("5 a |

The current crack velocity in the above equation can be derived

7
2.4

from the experimentally determined dependence of the crack velocity
on the dynamical stress-intensity factor (22).

2,2
1c /%4

where Vmax is the maximum crack velocity.

V= vmax(l - K ) 2.5

Finally, one needs to consider the probability density

function for the flaw dimensions. We have used a4 simplified function
derived by Jaytilaka and Trustrum (23) which is given by
n-1

f(c) = o
(n*ls.

C‘ﬂ e-CO/c 26

where <, is the size of the most probable flaw dimension. The

parameter n is related to the Weibull parameter.




Bv combining the above functions one can calculate, to a first
order approximation, the residual strength curve of brittle
materials. The procedure we used has been described in detall
elsewhere (13). Tt calculates the ameunt of crack growth
for each of the flaws present in a "specimen’ and compares the
nre— and nsost-impact rracture strencth,. The nrocedure has
Heen Nertormed Tor o larse aumber of specimens oand imogt
velocities.

The results of the calculations have been plotted in the form
of a residual strength curve in figure 17. A very good qualitative
agreement with the residual strength curve for sinele impact is
obtained. In particular the variation in the amount of scatter
in the fracture stress as a function of the impact velocity is
well-reproduced in the analysis. From the analvsis a failure
probability curve can be obtained which is also shown in figure
17 (broken line). Once again a good qualitative agr2ement with
the measured probability curve is obtained. The model has also
been used to calculate the effect of multiple impacts on the
resulting damage and the same conclusions as from the experimental
results can be made, namely an almost constant threshold velocity,
a reduction of the width of the transition region and a continuous
increase in the post-impact flaw size at high impact velocities.

The model can also be used to illustrate the effect of
abrasion on the residual strength curve. For this purpose a new
set of specimens with twice the densitv of flaws was generated.
Furthermore, the size of the most frequent defect was increased.
The impact parameters and material properties were the same as

used for figure 17. The residual strength curves for the "as

received" (open circles) and the "abraded" specimens (closed
circles) are plotted in figure 18. Due to the abrasion not only
the initial strength of the specimens is reduced but also the
threshold velocity and the post impact strength at high impact
velocities. The failure probabilicy curve (not shown) shows

a much smaller transition region for the "abraded" specimens. The l
above predictions are in very good agreement with experimental data ‘
f
|

for jet impact studies. Furthermore, Wiederhorn and Lawn (24)

noted similar effects for solid particle impacts on abraded and

unabraded glass specimens.




2.6 THRESHOLD VELOCITY FOR DIFFERENT JET AND DROP SIZES

The interaction between a stress pulse and a “law is complex,
depending on whether the pulse lenath is areater than, equal to or

less than the flaw. Based on measured threshold strenpgth values

for glasses for a variety of jet sizes (0.3 to l.n mm) we have

Zound that the criteria -7 = ORSTANY WOTRSE wWell Tor fhy
studied (12) where © is the ippiied stress and 1rs Juratloon,

T

1s simply linked to the "water hammer pressure' CV and - , for a1

cvlindrical jet, = d/2C. Thus for two different sized jets we obtain

However, if relatively high impact velocities are invelved
a more sophisticated expressicn is required. This is because the
shock velocitv C is a function of pressure. For the velocity
range of interest C = Co(l + JV/CO) where Co is the acoustic

velocity (25). The equation now becomes

t

VZ(Co + 2V2)‘
N X

Vl(co + _Vl).

to
[#]

However, this correction only becomes greater than a few 7 for
impact velocities greater than a few hundred metres per second.

In the case of drops, the pressures are again of the order
LV but the diameter of the contact circle, D, over which these
high pressures apply depends on both the drop diameter and the
impact velocity (6) i.e. D = dV/C.

The duration of this high pressure regime is given by

a3 2% 2.9
4 C
For two different sized drops, we have after use of the 52+ = constant
relation
1/3
v, _(d1\ \ 1o
VI ( d2 o

Note this expression is valid for both the acoustic approx-
imation and when allowance is made for the shock correction.

s
Essentially this is because, for a drop, o © does not depend on

5

C (it cancels). For a cvlindrical jet, o ¢ does depend on C.
Much of our residual strength data has been obtained with jets

from an 0.8 mm orifice. This can be converted to an equivalent

drop size using earlier results. We can then calculate threshold
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damage values for any required drop size by using equation 10.

Table 1 summarises threshold data for a range of materials.

Table 1 Threshold velocities / m s—1 ;

)
ZnS (Raytheon) 125 5 170
Soda-lime glass 150 5 205
Germanium 150 5 205
Sapphire 350 4.4 455

(Basal plane)

Hot-pressed 00 4 630

Silicon Nitride

2.7 ON THE GRAIN SIZE DEPENDENCE OF THE FRACTURE TOUCHNESS OF ZINC SULPHIDE

The dependences of the yield, flow and fracture stresses
on grain size have been examined for a large number of ceramics.
However, the number of studies on the effect of the grain size

on the fracture toughness K_ is relatively small (26-32). The

results obtained are often zgntradictory. In particular in the
case of alumina some experiments have shown an increase in KIc with
increasing grain size (26, 28) while in other experiments no

grain size dependence (32) or even a decrease with increasing

grain size (33) has been found. It has been shown by Simpson

(34) and Pratt (30) that the grain size dependence obtained

depends also on the type of test. In the present work we have
determined the fracture toughness of polycrystalline zinc sulphide
using the Vickers indentation technique developed by Lawn and
Fuller (35). In this technique the length of the crack, C,

formed by a load P is related to KIc by the equation !

K = xP :
e A
|
3/2 1 . -1 . .. )
where x = (7 tan ¥') ", ¥' = ¥ + tan u, u 1is the coefficient ‘

of friction and  the indenter semi~angle (680). While the fracture
touchness determined in this way may not be equal to the intrinsic

fracture toughness (30) this test should give a good indication of ,A
the toughness of the material during solid particle erosion

involving elastic-plastic contact. The specimens were produced

by a chemical vapour deposition process. The average diameter
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of the columnar grains ranged from 2 to 300 um. For each specimen

the scatter in the grain size was small. \
The results obtained are plotted in figure 19, The fizure
shows that in the range of 300 to B .m grain size Ko increases ‘
approximately linearly with the reciprocal root of the grain size. i
For zrains smaller than about 8 um K. Jdecreases agzaln.
The observed |invar Tull:iCﬂSni?rkvtwch SLoard o darees
with a model for the zrain size dependence of KIc assuming 1
non-thermally activated grain boundarv deformation process (36).
Also from the "crack nucleation through dislocation pile~up" model

it can be argued that K_ will be approximatelv proportional to

Ic
d-%, as has been pointed out by Kawatabe and Izumi (37). Earlier
experiments in the laboratory on the relationship between micro-
plasticity and Vickers indentation induced cracks in zinc sulphide
(38) have confirmed that plastic deformation preocesses plav a werv
important role in the initiation and propagation of these cracks.
The decrease in KIC for very small grain sizes is attributed to
the fact that grain boundary deformation is such that voids are
formed in a spherical zone under the contact area (38). Further,
towards the crack tip the deformation is less severe but might still
lead to a microscopic loss of coherence at the grain boundaries,
resulting in a decrease in the fracture toughness.
Micrographs of the indents made on different grain size material
are shown in figure 20. All of the indents correspond to a load
of 100 N. There is a clear change in the pattern of fracture
as the grain size varies. For the smallest grain size of 2.5 um,
(illustrated in figure 20a) the "classic" pattern for this loading
geometry is observed. Essentially the same pattern is followed
for the 6.5 and 8 ym grain size material. However, for the grain
sizes greater than 8 um, there are no recognisable "median cracks",
but instead multiple radial fractures. For these specimens, the
diameter of the fracture zone was taken for the value of 2c¢ in the ‘
expression for KIc'
Referring again to figure 19 we see that the points to the left

of the maximum correspond to the formation of an irregular zone of

radial fracture and those to the right to the svmmetrical median
crack growth., It could be argued that the KIc values given for

the large grain material are suspect since the crack svstem does

13




W—-—!—- m——

not correspond to the one analvsed. This is a valid point.
However, in our view the lowar "effective" KIC values with larger
grain sizes still illustrate an impertant trend, since thev are

a measure of the extent of fracture produced by a given load.
More 1s said about this when the hardness data has heen described
isce helow),

ot D THE RALN S IZE DEPDUDELCT F MICR-
PLASTICITY IN ZINC SULPHIDE

Hardness has long been recognised as an impertant property
of ceramics, in particular in applications involving friction, wear
and abrasion. The microplastic de.nrmation processes also plav
an important role in the nucleation of the various crack svstems
associated with elastic-plastic contact in these nominally brittle
materials (32, 38, 39-42). 1In this studyv, cross-sectional
examination of the deformation processes underneath Vickers
indentations was made by rroducing indentations across the
interface of two polished specimens held rigidly together in cold
mounting plastic (38). After indentation the specimens were prised
apart and the subsurface deformation was studied optically. The
axis of the columnar grains was perpendicular to the cross-sectional
plare. Hardness measurements were made with a Vickers micro~hardness

1 tester. Various indenter loads were used.

The changes in the subsurface deformation with varving

grain size are shown in figure 21. Figure 2la shows the deformation
for a 300 N indentation on 0.5 ym diameter zinc sulphide. Within
the deformed zone a large number of well-defined spiral flow lines
can be distinguished which follow the maximum shear stress
trajectories as predicted for an isotropic plastic material (43).

Figure 21b illustrates the deformation in zinc sulphide with a

grain size of 2 uym. Although the flow lines are still discermnible,
they are less well-defined than in the previous figure. Detailed
examination of the subsurface deformation in these fine-grained
specimens (38) has shown that intergranular voids are formed

along the flow lines due to a grain boundary sliding process.

Although deformation within the grains themselves takes place, a

large part of the deformation is concentrated in the spiral flow

lines. For the coarser grain sizes, the possibility of deformation
along the grain boundaries is limited and the deformation occurs

mainly within the grains.
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[n this case no spiral f{low

AR

lines will he formed as is <hown

tn Sizure 2o and d.  In particular in fizure 214 cxrain size

1+ _m) 1t s clear that the

the grains. The amount of s

Jelformaiion 1S coneenIirigter wWiinin

lip in cach wrain depend

ration of the crwstal with respect oo zhe indent:tion stress JTied

crack svstems which form are
grained material well-define
seen 1n the cross-section vi
views (f{igure 20). For the

intergranular radial cracks

"1,

racture pach., Furthermore,

und the identarion.

d median cracks form.  These can he

ews figure 2la and b) and in the surface

larger grain sizes 3 m), the
showed a large scatter in length and

1z was observed that at low loads

the formation of lateral cracks 1n larce srained materials was

suppressed. It i3 proposed

Jde

1

STMed Zone 10 These mater

relax relativelv easilv upon unloading, leaving insufficient

stored energy o propazate lateral cracks into the surrounding macrix.

It should e nointed out that the absence of lateral crackineg could

reduce the rate oI material removal during solid particle erosion.

)
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presented in figures 22 and

@ to lnvescigate in future research.

17ferent zrain sized specimens is

Yy

23. Figure 22 is for an indenter load

of 10 N and figure 23 for an indenter load of 100 N, The

minimum in the first case is

This factor 3 difference is verv reasonable.

the minimum occurs when the
few grain diameters.
For the 10 kg load the

its diameter is *10 (i.e. Vv

3

at 20 um and in the sccond at e _no.

It appears that

size of the indent is tvpically a

indent area is 10 x bigger and so

3) times larger. The increasing

hardness towards smaller grain sizes is also reasonable since

grain boundaries cause dislo
mechanism which predicts H =
d is the grain diameter.

-1
of d © to test this relation

Figures 22 and 23 were plotted in terms

cation pile-ups. This is the Petch

-1
Ho+ a d - where a is constant and
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In figure 23 we show two dotted curves tc the lefr of the
minimum {(i.e. towards larger grain sizes), the experimental spreac
ir. this area is such that both could be arzued to be significant.

s

Note that in a d pLot this region Is rather c.ompact altiiough it

P
ry

covers a very wide range of grain size. The ZGch larger scatter

1S 200 surnrising sisce The indent size s “ow Less tan e grain
t 5 =

-.¥ HARD COATINGS

Uncil recently nearly all coating materials used to improve
the rain erosion resistance of brittle aircralt components were

ither metallic or elastomeric. However, there are ncw severai
practical applications (e.g. infrared transparent windows) where
traditional coating materials cannot be used because of unsuitable
electromagnetic prepevties. The range of materials with the
required optical properties is restricted to certain semicenductors,
s=ramics and amorpncous materials. Generally, chese substances
are brittle materials with a relatively high Young's modulus.

In order teo determine the feasibilitv of protecting brittle
substrates against drop impact with a thin coating of a (brittle)
material with a high Young's modulus, we have developed a static
finite element model in which an undeformable sphere is loaded onto a
coated halfspace. This simple approach to the verv complex
drop impact problem can be justified by the observed similaricies
between quasi-static ball indentation damage and liquid drop
impact damage.

In the analysis we have concentrated on the stresses responsible
for the failure of brittle materials namely the radial tensile stresses.

The model has been described in detail elsewhere (44) and we
will just summarize the most important results here. It has been
found that thin coatings of a rigid material can reduce the maximum
radial tensile stress generated in the substrate from which it
can be concluded that hard coatings can indeed be used to protect
brittle materials against elastic contact damage. The reduction of
the maximum tensile stress in the substrate (which occurs at the inter=-
face) is plotted in figure 24 as a function of the normalized coating
thickness for various coating materials. The figure shows that
a high Young's modulus of the coating material is particularly

important in obtaining a large reduction in the tensile stresses

and that 4@ very thin coating can be sufficient.
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The favourable effect of the coating on the substrate stresses Ls
however accompanied by a strong increase in the maximum tensile stress
which develops in the coating surface as is shown in figure 25.

This effect is due to the relatively large strains in the substrate
which tend tooverstretceh' the coating materia.

e manimum sivess looredses rapldly with

Sodling ThilaAness
for small coating thicknesses. At larger coating thicknesses
the maximum tensile stress reaches a4 maximum and then decreases agaln.

In conclusion, the analysis has shown that materials with a
high Young's modulus should be effective coating materials, provided
their mechanical properties are good enough to withstand the high
stresses in the coating itself. Although the range of Poisson's
ratios for hard matertials is rather small, materials with a relatively
high Poisson's ratio (about 0.3) should be chosen since both the
maximum substrate ard the maximum coating stress decrease with increasing
Poisson's ratio.

When considering the optimum coating thickness it should
be noted that the analysis indicates two regions of preferable
coating thicknesses, namely very thin (d/a <« 0.05) or relatively
thick coatings (d/a < 0.4). However, for these thick coatings the
problem of spontaneous coating debonding due to residual stresses is
a serious one.

For the thin coatings, a sizeable reduction in the substrate
stresses can be obtained without too large an increase in the coating
stresses. Ball indentation experiments on carbon coated germanium
have shown that a coating thickness of 1 or 3 um can increase the critical
load for ring crack formation by as much as 1007 and 2007 respectively

(for a detailed account see section 3 and reference 45).

2.10 DISCUSSION
(a) The Jet Technique

The pressures which cause liquid impact damage are those generated
during the very initial stages of impact when compressible behaviour
of the liquid occurs. For the impact velocities likely to arise in
most rain erosion situations, the ratio of incompressible to

compressible pressures is very small (v 1/33 at 100 m s-l, v 1,10 at

500 m s-L). This is the basic reason whv jet simulation of drop

. = e - e—e— - -




impact works reasonably well. [t is essential though to produce
jets which are coherent and which have a smooth, siightly curved,
front profile.
Figures Jo and 27 compare jet and drop data for InS. The drop datu

ts from Adler (46) the jet data from our own work {(+7). The drop data

.

is for a 2 mm dilameter drop. The Jet data is for ‘ets from a
Co3ommonoJTie wnlch o at <t ms_E Cohie mlddle O Lo range stud.led
simulate © % mm drops). In other words the diameter of the central
zone in the damage pattern (figure 2b) and the maximum crack depth
(figure 27) should be approximately 2 x greater for the jet compared
with the drop as is indeed found.

We have also used the technique of projecting a specimen at a
suspended drop. This has allowed us to test our drop/jet equivalence
curves (figure 2). There is no doubt that the jet technique has
encrmous advantages in case of experimentation and low construction cost
compared with methods using moving specimens. We are current.iy
developing a multiple jet impact device which we feel could have
great benefits for rain erosion testing.

We are presently studving the equivalence of jet and drop impact
for angled impacts. It should be emphasised that the curves of figure
2 are for normal impact and need some modification for angled impacts.

(b) Residual Strength Testing

We believe that the quantitative data which these curves give
is invaluable. An important new result is that multiple impact does
not affect the threshold velocity (figure 13). Thus, a meaningful estimate
of the threshold velocity under practical conditions can be obtained
from single impact experiments.

(¢) Zinc Sulphide

Grain size affects both the KIC (figure 20) and the hardness
(figures 22, 23) of ZnS. Another important factor appears to be the
hydrogen content of the specimen and we hope to report on that shortly.
There is clearly great scope for future developments with this
material to improve its erosion threshold.

The residual strength curve for the ZnS studied (Raytheon) material
is shown in figure 14. The mean strength in our hvdraulic test
was . 80 MPa though some specimens had strengths greater than 100 MPa.
As noted earlier specimen strength is often adversely affected by rather
large flaws produced during surface preparation. If strengths of ~ 100
MPa were the mean rather than the exception this would significantly

improve the threshold velocity for damage of this material.
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(d) Hard Coatings

Theoretical and experimental studies have shown that relatively
thin (few micron) lavers of strong, high modulus coatings can

significantly improve the threshold conditions for damage. This )

ls clearly an area well worth further study.




SECTION 3

INDESNTATION AND LIQUID IMPACT STUDIES ON COATED GERMANIUM

3.1 INTRODUCTION )

Germanium ls an Lmportant lens material for optical systems
working in Zae infrared part of the spectram since it combines
Zood cpticalr properties with g reasonable medhanleal strongta
(+8, =%). HRowever, as In other brittie materials, the contac:
with either sharp or blunt particles can lead to crack formaticn
and hence strength reduction. The twpe of damage depends on the
applied load and the radius of curvature of the indenting particle
(50). In the case of elastic-plastic contact, as occurs for sharp
particles, several crack systems (radial, median and lateral
cracks) can form at different stages of the loading cvele. In
the literature there exists some controversy about the precise
origin of these cracks. Evans et al (31-33) assume that the
nuclei for these cracks are pre~existent while Hagan et al.

(38, 41, 54, 55) have stressed the possibility of crack nucleation
due to plastic deformation processes in nominally brittle materials.
For germanium the relation between plastic deformation and associated
cracking around sharp indents has been examined by Dannerjee and
Feltham (56) and Lankford and Davidson (57).

In purely elastic contact, as occurs in large diameter ball
indentation, a ring crack is formed around the contact area which
upon further loading propagates into a cone crack (see Lawn and
Wilshaw (58) for an extensive review). The inherent surface
defects in brittle materials form the nuclei for these cracks.

The driving force for the propagation of these defects is provided
by radial tensile stresses which exist in a shallow surface laver
outside the contact zone.

Recently, it has been shown theoretically (44) that the maximum
radial stress generated in the substrate by a spherical indentation
can be reduced with a thin rigid coating. Certain hard, anti-
reflection coatings are of interest with germanium since they allow
infrared transmission which soft, (for example, elastomeric), coatings
would not. In particular, for coating materials with a very high
Young's modulus a significant increase in the fracture load for

the substrate is predicted., The reduction in maximum tensile stress
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also depends strongly on the effective coating thickness, i.e.

the ratio of coating thickness and contact radius. Therefore, in
the present work we have examined the critical load for ring crack
formation in carbon coated germanium as a function of covatinyg
thickness and radius of curvature of the indenting particie.

Furthermore, we have examined the beneliclal effects

carbon coatings o the ameunt 00 cardge dbe Lol Vele. oL Tl
drop impacts. This form of dvnamically elastic lcucing can cause

significant damage to brittle forward-rfacing aircrart components.
3.2 EXPERIMENTAL

The effect of thin hard coatings on the rracture leocad for ball

indentations was examined for germanium specimens (25 mm diameter,

2 mm thick) provided with hard carbon coatings of 1 and 3 .m thickness.

Tungsten carbide balls (0.4 and 1.0 mm diameter) and hardened steel

balls (2.0 and 4.0 rm diameter) were used as indenters. The load

was applied with an Instron testing machine. The cross~head

speed during loading was 0.05 mm min-l. The maximum load was applied

for about 10 s. The occurence of ring crack formation was determined

by examining the surface with an optical microscope after unloading.
The liquid jet impact technique which was used to simulate

high velocity (> 100 m s-l) rain drop impact has been described

in section 2. The impact damage on both coated and uncoated

specimens was assessed using optical microscopy.

3.3 RESULTS

3.3a Ball indentations on coated ggrmanium

Examination of the contact damage at high loads on both coated
and uncoated germanium showed an approximately hexagonally shaped
"ring" crack. The ring cracks were usually visible on the coating
surface. However, in a very limited number of cases at low loads
only subsurface cracking could be detected, suggesting that for these
coated specimens crack propagation started in the substrate. In
the case of 0.4 mm ball indentations radial cracks as well
as cone cracks were formed. Also plastic deformation and occasionally
coating debonding was observed for this ball diameter. Therefore,
these results fall outside the scope of the present work which is

concerned with the effect of coatings for the case of purely elastic

contact.




Detecting the onset of cracking in an optically transparent

material is relarively easy since the contact area can be viewed
directlv. The procedure adopted bere was to determine the load,
at which 507 of the indents shcwed partial or complete ring
cracks. This load is plotted in Zigzure 28 as a function of the
indenter radius for both uncoated ind coated specimen-.  The resuits
ire Dased onoatout Juoiadents per data peint. I ocartioular Dor
the larger pall sizes complete shattering of the specimen occurred
frequently making an accurate measurement of the fracture load
impossible. The figure shows that a carbon coating can lead to a
significant increase in the fracture load. For the 1 .m coating
the increase is about 1007 and for the 3 .m coating at least 200%.

3.3b Liquid Jet Impact Damage

Figure 29 shows the damage due to single and multiple liquid
jet impact at 260 m s-1 for uncoated germanium. The damage is
tvpical of that for brittle materials and consists of a central
undamaged zone surrounded by an annular region with short circum-
ferential cracks. The damage is due to the interaction of the
Rayleigh surface wave generated by the impact and surface defects (5).
The influence of the {111} cleavage plane orientation on the fracture
pattern is well illustrated in this figure. The figure also shows
the increase in impact damage with increasing number of impacts.
For the first and second impact cleavage fracture is the most
important mode of erosion. During the third impact the lateral
outflow of water caused dislodgement of aiready existing raised
cleavage edges and gross material removal. Such a sequance of
erosion mechanisms has also been observed in multiple raindrop
impact experiments on polycrystalline and single crystal germanium
(59).

Figure 30 shows the impact damage for a 3 um coated specimen
also impacted at 260 m s—l. The light area in this figure is the
debonded region due to the outflow of water. For the first and
second impact the number of cracks formed is smaller than for the
uncoated specimen. At the third impact the increase in damage is

considerable particularly in the debonded areas where there is

a local loss of protection.




A more favourable influence of thin coatings on the get impact
damage was observed at lower impact velocities. Figures 3la and 31>
show the damage due to three successive impacts at 220 m s-l Ior an
uncoated and a 3 um coated specimen respectivelv. For the uncoated
specimen an almost complete ring of cracks was formed at each impact.
Hovever, for the coated specimen onlv a few isolatee cracks could be
Juelueiee Lo toe coating. N0 sUDsUrldce oracking wis cDserved
tfor these thin coatings subsurface cracking would have been easily
detectable). At this lower impact velocity no signs of incipient
coating.

At an impact velocity of 260 m s—l the 1 um thick coating
gave less reduction in the damage than the 3 .m coating. However,
no significant coating debonding occurred. For the lower impact
valocity no significant differences between the damage for 1 .m

and that for 3 .m coatings were observed.

3.4 DISCUSSION

3.4a Ball indentations on coated germanium

In this section we compare the measured increase in the fracture
load of coated specimens with the results of our recent theoretical
study on the eftfect of thin hard coatings on the Hertzian stress
field (44). In order to enable the comparison with the theory we
have replotted in figure 32 the data if figure 28 as the fracture
pressure versus the contact radius. The contact radius was calculated

using the well-known Hertzian equation
pi 2

3

a =

4

3 3 3 3.1

where a is the contact radius, F the applied load, R the ball radius and
Y Y and El, E2 the Poisson's ratio and Young's modulus of the
indenter and substrate respectively. We have taken E = 140 GPa and v
= 0.20 as the average values for the elastic constants for germanium.
It has been shown theoretically that for these thin coatings equation
(1) gives a good approximation of the true contact radius on coated
specimens. For the uncoated specimens the fracture pressure and
hence the fracture stress, decreases continuously with increasing
ball size and hence contact radius. This indenter size effect is

due to an increased probability of stressing a flaw of sufficient
size with larger sampled area.

The rapil decrease of the fracture pressure with contact radius

for the coated specimens is due to a combination of two effects: (i)




the usual decrease of the fracture pressure with contact radius as

observed for the uncoated specimens and (ii) the simultaneous decrease

of the effective coating thickness (ratio of laver thickness, Jd, to the

contact radius) which determines its protective influence. To
separate the two effects and to obtain a zcod indication o7 the
protecticn provided by the ceating, we Lave plotted in

Tau YAtic ol Toe ITACTUre Pressurc Dor Codled SPelimens, o, 4l

that Zor an indentation with the same ventact radius on an uncoated
specimen, P*, versus the normalised or effective coating thickness
d/a. This procedure was J[ollowed to correct for the increase in
contact area ( and hence the decrease in fracture pressure because
of flaw statistics reasons) at the increased loads for the coated

specimens. The error bars in this figure are related to the

(V3]

uncertainties in the fracture loads indicated in figure 28. Figure 3
shows an approximately linear increase of the nermalised fracture
pressure with effective coating thickness. The increase in
fracture pressure for the 0.4 mm ball indentations (where elastic-
plastic contact takes place) is considerably smaller than predicted
from the linear dependence observed for the larger ball sizes.

To compare the measured increase with theoretical predictions we
have to estimate the elastic properties of the carbon film since
no experimental values are vet available. It has often been found that
the Young's modulus of disordered systems is about 307 of that of
the crvstalline state (60). Taking diamond as the reference state
we expect a Young's modulus of about 800 GPa. On the other hand it
has been found experimentally that the Young's modulus of thin amorphous
films of germanium and silicon (which have the same structure as
diamond) is only 307 of the crystalline value (61). For the present
coating material this would give a Young's modulus of about 300 GPa.
In figure 33 we have plotted (dashed lines) the theoretically predicted
increase in the fracture pressure for three different coating moduli
(300, 500 and 800 GPa) while assuming that the critical pressure
is determined by substrate failure. The Poisson's ratio of the coating
was taken as 0.20. Ignoring the two data points for 0.4 mm balls,

where plastic deformation took place, a surprisingly good agreement

between theory and experiment is obtained.

“
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3.4b Liquid jet impact experiments on coated germanium

The threshold damage velocity for 0.8 mm jets is 150 m s-1 (bl).
Optical examination of the surface damage due to liquid jet impact
has shown that there is some protection provided by the carbon
coating. Due to the limited number of specimens available we were
unable to determine quantitavely the increase in thresiicld velociz:
for impact dumdve as g function of coaring mlckness.  nowever, o
relatively small changes in damage patterns Jue rto these ceatings
suggest that only a modest increase in the threshold velocity is
obtained. Furthermore, the observations have shown a rapid loss of

protection at higher impact velocities due to coating debonding caused

bv the shearing action of the radial outflow. This phenonenon, which

has also been observed for drop impact experiments on coated zinc sulphide

(63), will be a major problem for real rain erosion conditions

where the number of impacts per unit area will be high. Finally,

it was noted that the thin coating seemed almost as effective as

the thick coating but less susceptible to debonding. TIwo points

are likely to be sifnificant here. The first is the practical

problem of depositing thick coatings without residual stresses

which make the coatings prone to debonding. The second is that liquid
jet impact is a particular severe form of loading combining high
normal and shear stresses. 1In particular, due to the outflow of
water the shear stresses generated at the interface will be very

much higher than under identical solid particle impact coenditions.

3.5 CONCLUSIONS

It has been shown that the critical load for spherical indentations

to form ring cracks in germanium can be significantly increased

(up to 2007 increase) by means of a thin carbon coating. The

increase in the fracture load depends strongly on the effective
coating thickness. The results are in good agreement with theoretical
predictions. In the case of liquid jet impact the reduction in

impact damage was more modest. Coating debonding due to lateral
outflow was a major limitation of the coating system in particular for
larger coating thicknesses. Although a coating may be of marginal
advantage during liquid jet impact it can still assist in maintaining
the pristine state of the surface so that the material performs

better when impact does take place. The coating also has an important
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role as an anti-reflection laver. The rather different behaviour

fl

of the coating in ball indentation and liquid jet impact experiments
has shown that care should be taken in making quantitative

predictions on coating performance under dynamic loading conditions

from quasi-static experiments.




SECTION 4

AN INVESTIGATION OF THE SHOCK STRUCTURES

AND THE CONDITIONS FOR JETTING DURING LIQUID IMPACT

4.1 INTRODUCTION

As s well Rnaown, o0 ColliSiln Cutieet LoLL oLl Tiaii Lo -
solid surface can generate high transient pressures and causc
significant damage, particularly if the impact velocity is high.
The high pressures have been attributed to compressible behaviour
in the liquid. The fact that numerous situations exist in which
such collisions occur has made the study of liquid impact crucial
for the further development of related technologies. However,
despite considerable activity in the subject there exists a large
number of unexplained and poorly understood phenomena associated
with liquid impact (ll). The reasons for this are connected
with the fact that the high pressures and much of the damage
formation takes place during a very short time period following
the initial contact, and as we will show, involve a complex
dependence on the geometry of the liquid and solid surfaces
in the contact area.

Considerakle progress has been made in overcoming these
obstacles by making extensive use of high speed photographic
techniques and rapid response crystal guages. One result of this
work is that when a curved liquid drop strikes a solid, the highest
pressures do not occur at the center of impact where the normals
to both the liquid and solid surfaces are parallel but on a
nearly circular boundary at a distance which depends on the drop
radius and the velocity of impact (11, 64, 65). Another result is
that after an interval comparable to the time it takes the drop
to spread out to the maximum pressure radius, a "jetting" motion
develops. In certain impact speed ranges this jet has been observed
to have a speed up to ten times the impact speed (66-69).

The study of these events has been considerably complicated

by the fact that for the drop sizes normally used in experiments,
which are typically up to a few millimetres in diameter, both the
"jetting" and high pressure thresholds are reached when the intercept
angle between drop edge and solid surface is, at most, a few degrees.
Thus it becomes difficult to interpret the photographic evidence,

and to observe the detailed behaviour of the liquid in the critical

zone.
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The main object of the present investigation was tuo overcome i

these experimental difficulties by the use of a technique designed
to 1solate the behaviocur of the liquid in the critical zone ;
and to prolong the duration of the critical period between the

attainment of maximum "edge" pressure and "jetting". The rationale

of our method 13 based on the mechanics of wave Sronts spreading

soroust the Jropoduring the inloial o collisicn perioc oloGILoL T Dl

5 compressed by the coliision, and the compression 1s sighdiled to

[

n

he unaffected portions of the drop by waves moving at sonic speeds
and even considerably exceeding the sound speed in the unuisturbed
liquid. One of these waves will be attached to the spreading
edge contact point and, as first observed by Hevmam (8), this
will be a shock which can be calculated bv the use of conservation
laws. Such a calculation shows that the edge pressures can
easily obtain values exceeding the normal impact pressure (5, 10, 7J).
Thus a crucial aspect of anv liquid impact involves this attached
shock. The present experiments are designed te study how the
impact parameters of collision velocity and surface geometry
influence this wave system. In particular we shall be concerned
with how such a shock system can become detached from the solid
surface, and how this detachment process leads to the formation of
"jetting".

Lesser (10, 70) has carried out significant extensions
of Hevmann's work which shows that the shock svstem at the edge of
a spreading spherical drop and the plane shock developed on
a two-dimensional wedge-shaped impact surface are in a certain
sense equivalent. This equivalence applies exactly in the
vicinity of the edge when the wedge angle equals the tangent
angle of t oncoming drop at the contact edge, and the impact
speed of the oncoming wedge equals the drop impact speed. It is
important to appreciate that during the crucial initial stage of
impact the information that a collision has taken place is
confined to the liquid region reached by th2 compression .
waves developed during the initial contact. '.is means that
the collision with a large drop can be effe..ivelv studied
by using a sector of liquid. As shown in Lescer (10) the pressure
field is higher in the interior of a cvlindrical cr two-dimensional
drop than a spherical drop, however, the edge behaviour is identical

in both the two and three dimensional cases. Thus it becomes
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reasonable to simplifv the experimental studv of the cellisicn bv
using two-dimensional, preformed liquid shapes which are struck
by a moving target. Techniques for impacting two-dimensional
wedges of liquid were first described at the 1979 Ercsion
Conference (70). The further developments of this method arec

cns -3 and -, -,

P

ziven in section 4.2 and new results in Sect
-2 ZNPERIMENTAL

The idea of using disc-shaped bubbles or dreops for cavitation

of liquid impact studies was first suggested by Bruntcn (71). The
;

technique was further developed in subsequent research (63, by,

71-76). 1In the case of drop impact a small quantity of liquid was

placed between two transparent plates separated bv a small distancez;
surface tension pulled the liquid into a curved profile. Tmpact

was achleved by projecting a third plate between the twc spaced piates.
High speed photography, using either a Bechman and whitzlev (mcdei

189) rotaring mirror camera or single-shot scnlieren photography,

was used to record the impact events on a micro-second time scale.

To obtain synchronization with the rotating mirror camera the

impact plate was accelerated with an explosive detonator: the
arrangements used achieved velocities of typically 100 m s_l. (68, 6%, 7).
The great advantage of this two-dimensional work was that it allowed
processes occurring inside an impacted drop to be observed in detail
without the refracticn problems inherent with spherical drops.

In their extension of this work Rochester and Brunton (73-76)
fired an instrumented bullet (simulated target) at a two-dimensiomal
drop and the impact pressure distribution was measured. The
results showed that, although the "water hammer'" pressure occurred
at the centre, there were off-axis pressures of even greater
magnitude and of roughly the size predicted by the theoretical work
of Heymann (8) and Lesser (l0).

A disadvantage of impact with a drop, both from the viewpoint
of analysis and experimental interpretation, is that there is a

constantly changing angle between the drop boundarv and the solid

(angle 2 in Figure 34). This is overcome bv using wedges of liquid

bY

which have a constant, prechosen 3

29




In the present experiments two-dimensicnal wedges and

other geometries were prepared by first mixing 127 by weight of
gelatine with water, allowing it fo set into a thin shect ond
then cutting into the required shape. Previous work in the

laboratory (77, 78) had used a similar approach to produce

large spherical dreps of ligquid of up te » =m diameter, .o ac
AW ool e I DUOTNe TS ol [ S A - .
oo thal O pure Waler onde Lmpdct Velduilies exdewvded o few

metres per second.

The water/gelatine sheets were made by casting into a 200
x 200 x 3 mm vertical mould to reduce evaporation. 3Both liguic
and mould were at 330 K. Each of the large mculd faces had been
lightly greased and covered with a thin plastic film. After slew
cooling, to reduce shrinkage, the mould was disassembled anc¢ the
sheets placed horizontallv. The lavers, with plastic sheets
jttached, could be kept for several Jdavs. After some practice it
was possible to cut out wedges with flat and smooth edges.

In early experiments, the chosen liquid/gelatine layer was
placed between two thick, spaced glass blocks and mcunted vertically
in a frame. The impacting solid was a steel plate which was
inserted between the glass plates to within 5 mm of the liquid
wedge and with its rear surface projecting out from the blocks. The
steel plate could be moved at velocities up to ca. 100 m s-l by
impacting with a plastic cylinder fired with velocities up to abour
500 m s_l from a 25 mm diameter bore gas gun. The steel plate
triggered an Imacon framing image converter camera by inter-
secting a laser beam just before impact. A schematic diagram of the
apparatus is shown in Figure 35. Schlieren optics were used to
make the stress waves visible.

The basic problem with low impact velocities of less than
100ms-l i1s that the angle 3 for supersonic behaviour has to be
less than ca. 3°. Producing controlled impacts with such small
angles is difficult, and there are also problems in taking
measurements from such sequences. Ideally velocities of a few
hundred metres per second would be better since this would

increase the angle 3. A second experimental arrangement was

therefore tried with a two-dimensional rectangular-bore gas gun




used to project the strixer divevtiv between the zlass plates. ;
This arrangement elimindted the need ror separate strikers and
projecctiles as used in the first experiment. Having a rectangular
bore gun barrel and incorporating the sabot and striker into
one projectile gave sufficient control to be able to shoot the
striker accurately between the class plates and make 1t possibic
eRleve el it les oo s UG ‘_ Dlla lnmoredsed ool
ora rizid o target, te ca. o degsrees. Uhe sehilleren optics werce

improved by replacing the lenses of the former svstem with mirrers
“+.3 RESULTS

+.3a Wedge Impact
Figure 36 gives the impact geometry for a target strixing

a wedge of liquid. 1If U, is the impact velocity, U the contact
i @
edge velocity and C the sound speed (n the liquid, then we can
relate the Mach numbers M.=U. C and M = C by the equatlon
IS e e
Mi=He:dn . Twe situations can be distianguisied, 4 supersonis
contact peoint Me\I (Figure Joa) and a subsonic contact point Ne :

(Figure 36b). The cricical angle 7. below which the contact point

C
. . . R .9
Is supersonic is when Me=1. For Mi=0.1, ‘e equals ca. h . *

A

* Please note that the theory in this report, including that given
later for jetting, is linearized so that higher oraer terms in “i
are neglected. This means that C is taken as the acoustic wave
speed. 1f a shock correction had been included it would have
decreased £C At Mi=0.l the decrease is ca. 1°. Also neglected
is the small amount of target movement during the high pressure
impact phase. This gives a very small correction to SC' which

can be neglected here. However, as emphasized in Reference 32,

its inclusion in the full theory of liquid impact is essential
since it removes the stress singularity when the wave envelope

is about to pass ahead of the contact point.
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Figure 36 illustrates schematically the diflerent ;
predicted for the two situations. In case 1a), the shock should
be attached to the contact point with the shock envelope elongated
in the x-direction and with no jetting in the wedge. In case (b)

the primary shock shoeuld be part of a circ's, with the shock

ahtead of the contacr point and a Jet forr
Fizures 37, = Lo Coire . Uoa s
-1 .
of 130 a s tiees Moo= ULl and with wesge angles oro 2, o~ uane LJ

respectively. They confirm all the predictions of the above mode!l.
In Figure 37, with a : value less than v stronyg shock enveiope de-
velops which expands much faster in the x~direction tham vertical.v.
No jet can be detected in the air wedge though a4 high speed jet,
labelled J, of velocity ca. 2000 m s-1 forms when the sheck envelope
reflects at the right hand edge. Jet formation at the right hand
edge is expected and is discussed in detail In the next secticn.

Note that the reflected shock wave, S, now a wave o Tensicn, causes
cavitation in the liquid evident as the dark region labelied T.

Fig. 37. Impact with a wedge with . ca.3 and Mi = 0.1. There is

a supersonic contact point and no jetting in the wedge. A jet,
labelled J, forms only when the shock reaches the left-hand boundary.
The jet velocity is ca. 2000 m s_l. Careful inspection of trame 5
shows an associated air shock. The dark region lavelled T is due to
cavitation.

Figure 38 is for 3 =6 = 0.5° and is very close to the
critical angle. Again, jet formation only occurs when the shock
reaches the far boundary. A stronger shock would be predicted
since 3 is closer to SC (Reference 70) and support for this is
that the velocity of the jet, labelled J, is ca. 2500 m s--l which
is higher than that in Figure 37.

In Figure 39, 8 is greater than3 The primary wave is

c
now part of a circle, it moves ahead of the contact point and a
jet can be detected in the air wedge from frame 4 onwards. The

jet velocity in this case was ca. 1000 m s_l.
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4.3b Compliant Targets

Several authors have noted that jetting appears to start from
under drops at values of : greater than that predicted by theory.
For example, Camus (69) recorded angles between 10 and 20° with an
average of 11° in the velocity range 30 te 100 m s.—l for impacts of

1 M0 oslider with a twe=dimensional drop,

coedd T anZle 07 cd. L Jor impadIs At ouom o3 ITOT Ctase aladivs
on PMMA with their wheel and jet apparatus.
Various ideas have been advanced to explain this. An early
suggestion by Hancod and Brunton (79) that viscosity delays the
onset of jetting is not convincing considering the velocities and
pressures involved. Recently Lesser (10) has suggested that the
compliance of the target has a major effect on increasing SC, and

experimental support for this is given below. Another factor likely

to arrfect experimental observations is aerodynamic distortion of

the contact surface of the drop to a greater effective radius. Finall:x

if the flow angle is deduced indirectly from damage studies the
result will be an overestimate. The reasons for this are that

when the jet first forms it may be too thin to have damage potential
and further it needs to act on a perturbed surface. As Blowers (31)
has shown, the Rayleigh surface wave which gives the main component
of the surface displacements takes some time to reach a peak after
the supersonic contact phase ceases.

We have begun to test Lesser's suggestion by firing compliant
targets of molybdenum filled nylon. Figure 30 is an example with a
value of 7.5° and an impact velocity of 180 m s--1 (Mi = 0.12). The
contact edge clearly moves supersonically and there is no jetting
inside the air wedge. We have also recorded a sequence for a
compliant target at Mi = 0.12 and 3= 15° in which there was jetting.

The value of the critical angle 3 . for a rigid target impacted at

C
Mi = 0.12 is 6.8°. All we can say at present is that the experimental

c lies in the range 7.5 to 15°. There seems, therefore,

to be some support for the Lesser suggestion, but whether or not

value for 8

it is the main factor will need more experimental data. Further

work is in progress.
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S5 JET VELOCITY

4.4a Theoretical

farlier theoretical calculations rfor the impact of two-demensional
slugs of liquid were given in (70, 30)., Here we extend this work to the

gseometry depicted in Figure +l. Impact first occurs at D and twe wedne

moles, o and -, are Involted, hoeohoor owhion o can De ccaries, Howener,
N
The gnule Jbs Repr below the oritical ansle se that the contact ~olint
K
moves supersonically along OA.  The angle ¢ can take values from the

critical angle up to 90%, of particular interest is the velocity of
the jet afrer the target reaches point A.

Figure 42 illustrates schematically the situation when the target
surface has passed point B. It shows the position of the shock envelope,
the corner waves from the points O and A, the motion of the side wall
at the left and the onset of jetting in the wedge.

The region labelled 1 in Figure 42 is redrawn in Figure 10,
together with the image region 1' The perturbed pressures on AB and
BT are zero while over CT it is Pg- The pressure inside the enclosed
region has been solved using conformal mapping techniques. As pointed
out earlier it is important to note that the theory, as developed here,
is a linear one, which applies onlv for small Mach numbers. It neglects
shock effects and assumes C is the acoustic wave sneed.

The aim is to calculate pressure and density variations in the
regions behind the wavefronts from which jet velocities can be determined.
In these regions, it is considered that the pressure and density are
perturbed from their ambient values at atmosnheric pressure. Insertion
of the perturbed pressure, P and densitv, o 1into the equations of motion
vields the 'acoustic' form of the equations governing the variations

in the perturbed quantities.

{g_ _ C2720 = 0 4.1
3 2
t
and
2 2 2
i I 4.2
e

~ . - d
where P and ~ are normalised bv the water-hammer pressure, P = LOC\

and the umbient density, . , cesnectively.
Q
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Figure +3 shows the region marked 1 in Fizure “. The diaeram

shows the corner wave from the transition point A where the contact

angle changes from = to . This matheratical mede! considers the i
> o
pressure and density variations in rezicn | derfined by the corner wave, !
the free surface AB and the ri:id tarzet surface AC. It 15 che movoment
|
f 0 othle surface AR which nroduces the et Tior ol
The flrst step Ls oo deferminge tag mress.re ioorecion
gives the boundary condition alone the corner waverront., This {s ziven v
M
P=P = e
>
Al
M-
e

where Me is the Mach number of the supersonic contact edge along AC

and is given by

M= M, /tans (10, 1, To)
e 1 [e]

The wave equation (l) for the density mav then be solv~d bv a nrocess

of substitution. The first stage of substitution is of the form

r = r/aot which removes the explicit time dependence to give a differential
equation in r and 9. r and 2 are polar co-ordinates with the transition

point A as origin. By a further substitution of:

/0 |
r= 1~/ -7 (Tschaplvgin
= transformation)
this differential equation reduces to Laplace's equation:-
-2 J(f,8) =0
(&,3)
and
2 0
7 =
kD) pLE, 9)

where p and J are the normalised nressure and density, resmectively in
the new co-ordinate frame (r,% ). p and 5 mav now be calculated using
complex variable techniques (see Appendix A) and the results can bhe
transformed back into the physically meaninegful space (r,~ ) to vield the
pressure and density fields. From the pressure gradient normal to AC, the

velocity of the liquid surface as it is forced from its vriginal profile

to start a jet, can be caluclated.




Selected results are shown in Figure 44. In the cases illustrated
Mi was 0.1 corresponding to an impact velocity of 150 m s_l. At this
velocity the critical angle is 3.710. The x-component of the velocities,
Vx’ are given non~dimensionally in terms of C. R is alse nen-dimensional
with the values 0 and 1 corresponding to the points A and 8 on the
we fse o surface vsee Fluoure 220, Fach firure contaias three suroes 0or
different values nf:o. The followine zeteral frend emerses: tor g ciron
the jet velecity increases as :o approaches the critical anvle. The
increase is particularly pronounced as SN is approached (note the
changes as 50 varies from 5.3 to 5.5 to 5.7°).

It is important to appreciate that the initial movement of the
free surface reached by the shock is at right angles to AB. One
consequence of this 1is that for angles of 3, other than 900, the moving
liquid approaches the target surface at an angle and rebounds from it.
This is certainly consistent with experimental observations which show
the jet lifting up from the target surface. For small values of
the interaction between rebounding and incident ligquid will be comnlex
and the jet will quickly break up into a sprav.

The results of Figure 44 for the x-component of the velocity
do not give the jet velocity directly. This has to be obtained by
integration. The surface begins to move when the shock wave reaches
it (point B, and R value equal to 1.0). It will move with increased
velocity as the target surface approaches and its R value decreases
to 0. The area under the velocity/R <curve is the mean velocity which

equals the jet velocity, V Tables 1-3 summarize the predicted jet

70
velocities for a range of configurations.
TABLE 4.

1
Data for ¢ = 45° and % varied for M, o= 0.1, where ‘% =5.71".

2/° 2 /° Mean V_/C Mean V. =V./m s-'
o X X j

45 1 0.056 80

45 3 0.086 130

45 5 0.182 27

45 5.3 0.236 350

45 5.5 0.326 490

45 5.7 1.44 2160
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TABLE 4.2
Data for ‘= 90° and N varied for Vi = 2.1, where EC =5.71°
Q QO -1
/ 2 Mean V_/C Mean U = V.m $
Q hod ]
-1 i n.012 T30
ED)] 3 D.207 310
50 5.3 0.268 N0
90 5.5 N0.371 360
90 5.7 1.64 2460

TABLE 4.3

Data for various Ewich.% kept constant for Ni = 0.1, where = =
[

% P Mean V_/C Mean V= U./m; s |
) X X i
10 5.7 0.396 590
20 5.7 0.758 1140
30 5.7 1.07 1610
40 5.7 1.34 2010
50 5.7 1.53 2300
60 5.7 1.66 2490
70 5.7 1.72 2580
80 5.7 1.71 2570
90 5.7 1.64 2460

4.4b Experimental

Figure 45 gives an example of a double wedge with I = 45°

and :

just sub-critical. A jet starts to form in frame 2. Its velocity,

-

averaged between frames 2 and 8, is 600 = 100 m s-l. This agrees

reasonably with the theoretical predictions (Table 1). It is
difficult to be more precise since the jet velocity depends
so critically on the value of E% in the range 5.3° to 5.7°.

We are also able to compare the results from Figures 37 and
38 with the theoretical predictions. Here the wedge angles were
sub-critical and a jet only formed when the shock interacted
with the right-hand boundary (i.e. 2 = 90%). In Figure 37 ¢

was ca. 3° and a jet velocity of ca. 2000 m s-‘1 was observed.

o]




In Figure 38, was 6 = 0.5 and a jet velocity of ca. 2500 m s_1

o
was recorded. Comparison with the data of Table 2 shows that the
second of these results is in excellent agreement. However, the
. . b . .

jet velocity recorded for the 3 wedges is far hiwcher than

predicted. The explanation 7or this is that as the ri-he-hand

~enndars 1s o apnroached the weldse ancle increases. 1, v cmarnle,
1t is curved up o ca 3 this would sharnen fhe shcck and zive
the higher jet velocity. It c¢mrhasises how critical the oressures

and get velocities are to small chanpes in ceontact angle.

+.5 CONCLUSTION

The two dimensional wedge impact confiouration first described
at the last ELSI Conference (1) has been significantly improved.
Impact velocities up to 250 m 5“1 are now attainable for both
metal and plastic sliders (targets). It has been possible to
, photograph a variety of impact configurations and te compare the
predicted shock structures and jet velocities.
It has been shown that it is possible to treat analytically

the problem of jet flow from under a double wedge, where the first

angle is sub-critical. 1In cases where it has been possible to
compare theoretical prediction with experiment the agreement has
been good. Further work is planned.

The results emphasise how critical the detailed shape of the
liquid/solid interface is in the region of contact. If the contact

angle is less thar.Bc then high pressures are associated wi:h the

contact point, but there is no jetting. If 3 is greater than .
then the pressures are less, the wave passes ahead of the contact
point and jet flow commences.

The present work has clarified the conditions under which
jetting occurs and also predicts the likely jet velocities. As
also pointed out in reference 82, the initial movement of the liquid
surface is aé right angles to the liquid surface. Thus, in cases !
where Bis < 900, the liquid has a component towards the target .
surface.

The geometries discussed in this paper have relevance to y
liquid impact, explosives welding and jet production from a

shaped-charge.
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APPENDIX

|
After trans{.rmation to the (r,® ) plane, the problem |
reduces to a boundary value one on the upper half of the unit
circle for p(r, 3). As ?zp(i,s) = 0, this is most easily solwed

Soeocomplex variable technigues. The rewion (1) and

conditions are shewn in Tiloure =300 The boundary condizd
AC is./p.21 = 0 and this mayv be dealt with bv the method of inmaves
so that now pressures are known on all boundaries. The reflected
sector is also shown in Figure 43.

Regions 1 and 1' are then mapped into the upper half of the

plane by transformation.

A unique solution satisfving the appropriate boundary conditioen is:

i 1 .
P = Real Part - P =in z + . -

i S T : . .

. z "

Me
where P = ‘:—7——;T?
/(Je -
2 «/n {Ao T \i \>_

D - - N
' 217 o) oo
u = cot <7 P :
e | oTv- 8 .
/ 3 1
ani = M -1
t nAo ( e )
M = M,/tanB
e 1 (o]

where % is the first contact angle for which the contact edge is
supersonic. Transforming back into the ¥, 3 place leads to
formulae for P and 3from which the pressures p and . can be derived

as described earlier.
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5. Micrographs obtained with a 0.8 mm jet impact at 175 m s-]. (a) optical trans-

mission micrograph of the impact damage. (The flaw leading to failure in the pressure
tester is arrowed). (b) Micrograph with oblique reflective illumination;
magnification as in (a). (c¢) and (d) enlargements of the areas marked in (a) and (b)
respectively; magnification for (d) as in (¢). (e) and (f) the specimen after fail-

ure in the pressure (ester.
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29. Impact damage on uncoated germanium due to a 0.8 mm jet. Impact velocity

260m s~!. (a) damage after first impact, (b) damage after second impact, (c¢) damage
after third impact. The letter A marks a common feature in cach figure to aid in
the comparison.
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31. Damage due to three consecutive impacts at
" -1 . .
220 m s on (a) uncoated germanium, (b) 3 um

coated gernanium,
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32. Variation of pressure at which ring crack formed as a function of contact radius
for both uncoated and coated germanium (same data as in Figure
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of the normalised coating thickness (see text).
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Fig. 41. Impact with a double-angled

wedge with BO< B~ and variable in
the range 6_"to 800.
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42 Situation when the tarpget surface has passed point

A and Jetting has commenced,  The positiens of
the slock envelope and the corner waves from

O and A e choun.

T

P=0

43, Repion 1 from Fipure 42 is redrawn topether with
its dwage region 1V, The pressures on the

various boundarics are iadicated.
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L. The =-conponont of the Tow velocity plotted

non=Jdinension.lly in tierme of positicn alouy
the Tine Ab (Figure 42) Tor varicus doulble-cdee

conljoaration.. R = 0 corresponds to polint A,

and R = 1 to point B. o Note the dras otic iacrcose
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