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The interaction of a coated target and an impinging waterdrop
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Abstract

The work deals with the evolution of the stresses and the damage in targets with thin protective layers due to perpendicular high-velocity
waterdrop impacts. The analysis involves a modeling of the impact in the liquid and the solid, and exploration of possible damage mechanisms
in the coating and the substrate. We identify three state of stresses that can produce damage, radial tensile stresses that propagate on the surface
of the coating, subsurface shear stresses that develop at the coating-substrate interface, and bending stresses near the inner face of the coating.
The patterns of these stresses and the locations where they develop are in good agreement with experimental findings. The intensities and the
impulses of the stresses are related to the impact velocity by a power-law rule reminiscent of the one used in experimentally motivated damage
criteria. We find that the peak of the tensile stresses propagates on the surface of the coating at the speed of the Rayleigh wave in the substrate.

The possible role of the subsurface shear stresses in the evolution of damage in coated targets is also discussed.
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1. Introduction

During a high-velocity impact of a liquid-drop on a solid
target extremely high pressure develops at the interface
between the solid and the liquid. Consequently, for a short
instance, intensive stresses that frequently produce local sites
of damage develop in the target. Various parameters, such as
the duration of the pressure pulse, its magnitude, the mechan-
ical properties of the target and the integrity of its surface,
effect the evolution of the damage in the target. If the target
is coated with a hard protective layer to improve its resistance
to failure, the thickness and the mechanical properties of the
layer will influence the evolution of the damage as well. To
analyze the impact of a waterdrop on a coated target a model
that can account for the effect of these parameters needs to
be constructed. Such a model] will enable to investigate the
transient stress field that develops in the target and, together
with available experimental data, to detect the failure
mechanisms.

Comprehensive surveys that deal with the problem of lig-
uid-drop impacts onto solid targets, including references to
other related works, can be found in the manuscript by Ham-
mitt [1] and in the review article by Lesser [2]. Over the
years, various experimental techniques were developed to
explore this rapid phenomenon. A jet-gun apparatus for pro-

jecting liquid-jets at high velocity was developed by Bowden
and Brunton [3] who studied, with the aid of a high-speed
photography method, the impacts of the jet on various solid
targets. A description of another type of a rain erosion test
facility, the whirling-arm, is given in the article by Westmark
and Lawless [4], and a list of additional waterdrop impact
facilities can be found in Adler {5]. A series of experiments
was carried out by Bowden and Field [6], who established
the affect of the Rayleigh surface waves on the production of
the circumferential fractures around the impact site. Hack-
worth et al. [7] conducted sequences of single-drops and
rainfield experiments with different drop diameters and tar-
gets, and measured the damage and loss of transmission of
the targets. An estimate for the distribution of the pressure
peak across the impact site was determined by Smith and
Kinslow [8] from measurements of the pressure during an
impact of a liquid-jet on a slip-cast fused silica target. Meas-
urements of the magnitude and the duration the pressure dur-
ing the impact were also performed by Obara et al. [9] and
by Shi et al. [10], who were also able to identify a super
sonic shock wave originating from the Rayleigh surface
wave. Field et al. [11], Dear and Field [ 12], and Hand et al.
[13] performed a comprehensive sequence of experimental
investigations and, with the aid of photos that depict the onset
of the jetting stage and the evolution of the damage sites,
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examined the significance of the shape of the liquid striker
and the target properties. Summaries of experimental studies
of water-jet impacts on infrared transmitting composite and
coated windows can be found in articles by Van der Zwaag
and Field [14], Thomas et al. [15], and Seward et al.
[16,17].

Along with the experimental studies analytical investiga-
tions were carried out as well. The aim of these studies was
two fold, first to characterize the pressure field in the col-
lapsing drop, and second to determine the transient stress
field in the solid target and analyze the failure mechanisms.
A description of the three principal stages, the compressible
stage, the jetting stage and the cavitation stage, that occur
during the collapse of a liquid-drop may be found, for exam-
ple, in Section 5 of Field et al. [ 11]. Analyses that deal with
the pressure build up in the liquid-drop and account for the
compressibility of the liquid may be found in the works of
Engel [18] and Bowden and Field [6]. Bowden and Field
[6] concluded that the pressure at the liquid-solid interface
rises to the water-hammer pressure

P,=pcv (1)

where, p and c are, respectively, the density and the sound
velocity in water and v is the impact velocity. A refined model
that provides an accurate estimate for the pressure near the
expanding perimeter of the contact area was introduced by
Heymann [19]. Lesser [20] developed an even more com-
prehensive model that took into account the flexibility of the
solid target. All of these analytical models where primarily
concerned with the initial high-pressure compressible stage
of the impact. Based on experimental observations, ad-hock
estimates for the second, jetting stage were proposed by Adler
[21] and Field et al. [22].

Various numerical schemes that enabled to determine the
temporal and spatial distributions of the pressure and velocity
fields during the entire impact event were also constructed.
Hwang and Hammitt {23] applied the ComCAM numerical
code to study the impacts of cylindrical, spherical and conical
drops on rigid targets and obtained predictions for the evo-
lution of the pressure. Johnson [24], studied the impacts of
spherical and cylindrical drops by application of the explicit
finite element EPIC code where the governing equations are
integrated directly. A different numerical scheme was applied
by Rosenblatt et al. [25], who determined estimates for the
shape of the collapsing drop, the pressure at the liquid—solid
interface and its critical size.

A comprehensive analytical study regarding the response
of the target was conducted by Blowers [26], who obtained
expressions for the transient stress and displacement fields
that develop in the solid during the compressible stage of the
impact. By application of an analogous method Adler [21]
and Hackworth et al. [7] obtained estimates for the stresses
that develop in targets that are made of various transparent
materials. The WAVE-L numerical code was applied
together with analytical estimates for the temporal variations
of the stress intensity factor by Evans [27] and Evans et al.

[28] to determined estimates for the impact threshold veloc-
ity in terms of the target parameters. By application of the
PAFEC code, a quasistatic numerical modeling of the inden-
tation of coated targets by rigid spheres was conducted by
Van der Zwaag and Field [29], and the effects of the thick-
ness and the stiffness of the coatings were examined. Adler
[30] modeled the impact of a waterdrop on various solid
targets by application of the DYNA3D finite element code.
In a similar manner Adler and Mihora [31] modeled the
impact of a liquid-drop on a transparent window with 0.25
mm thick protective layer.

In this work we study the evolution of the stress and the
displacement fields in a coated target during a high-velocity
waterdrop impact. The objective is to identify states of
stresses that are capable of producing damage in the coating,
in the substrate and at the interface between them. A brief
summary of the analytical model that is utilized to describe
the liquid striker and the finite element model that is used to
simulate the solid target is given in Section 2. The results of
the simulations of four different impacts of a 2-mm waterdrop
on a diamond coated silicon target are described in Section
3. In Section 4, a comparison of the numerical results with
experimental and other available data is carried out together
with a detailed analysis that identifies the failure mechanisms
in the target and the protective layer. Concluding remarks are
given in Section 5.

2. Modeling the impact

In this section the model that is utilized to simulate the
impact is described in brief. A comprehensive discussion
regarding this topic can be found in deBotton [32]. The
model is based on the assumption that thanks to the large
contrast between the mechanical properties of the drop and
the target the pressure field at the liquid-solid interface resem-
bles the one that develops during an impact of a waterdrop
on a rigid target. This assumption enables the use of well-
established models that describe the pressure field at the lig-
uid-solid interface during an impact of a waterdrop on arigid
target. Consequently, for the solid target, the impact problem
can be reformulated as a problem involving a rapid loading
whose exact parameters are deduced from these models.

During the collapse of a liquid-drop three predominate
stages are distinguished (see, for example, Field et al. [11]
and Lesser [2]). The first stage is the compressible stage
during which the expanding circumferential boundary of the
liquid-solid interface moves faster than the speed of sound
in water. As a result, the liquid at the impacting edge of the
drop is trapped behind the compression wave that propagates
into the drop, and the pressure at the liquid—solid interface
rises, approximately, to the water hammer pressure. This
stage terminates when the velocity of the expanding perimeter
reduces below the speed of the compression wave. From
geometrical considerations, Bowden and Field [6] showed
that the radius of the Jiquid—solid interface at that instant is
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R;=-R (2)

and, accordingly, the duration of this stage is [22],

R.
=2

I= 2c 3
where R is the radius of the waterdrop. The second, jetting
stage begins at this time when the compression wave detaches
from the solid target and the compressed liquid flows rapidly
outwards. In practice, the jetting stage does not begin imme-
diately at this instant but a short time afterwards. The precise
time depends on the pattern of the flow near the boundary of
the liquid—solid interface and on the stiffness of the target
(see discussions in Adler [21] and Field etal, [22]). During
the jetting stage a release wave propagates from the circum-
ference towards the center of the impact site and the pressure
behind this wave drops to the stagnation pressure. The release
time (the time for the release wave to approach the center of
the impact site) is 27, [22] and hence, the total duration of
the high-pressure loading cycle is 37,. Finally, during the last
stage of the impact, the inward propagating release wave
causes cavitation in the liquid-drop.

Following the common notion that the first stage of the
impact is the primary source for the damage in the target ( see,
for example, Kallas {33] and Evans [27]), in this work the
contributions of the second and the third stages are neglected.
Thus, it is assumed that the interface between the drop and
the target has a circular shape whose edge is growing until
the jetting stage begins. At this time, while the area of the
liquid—solid interface continues to expand, the high-pressure
area shrinks at a rate which is approximately equal to the
water sonic speed. Additionally, it is assumed that throughout
this expanding and shrinking process the pressure of the
trapped liquid is uniform and equal to the water-hammer
pressure.

The model that is utilized here to describe the transient
pressure field in the waterdrop is based on the model of
Bowden and Field [6] (see also Refs. [13,22]), and it is
evident that it oversimplifies the precise loading sequence. In
particular, the nonlinear effect resulting from the fact that the
speed of the compression wave depends on the impact veloc-
ity is not being accounted for. Thus, during a one-dimensional
liquid-solid impact the velocity of the compression wave is

(¢+2v) [19] and, accordingly, the pressure at the liquid—

solid interface will rise to P,,(1+2v/¢) [17]. The situation is
evidently more complicated when dealing with the impact of
waterdrops, and various analytical and numerical estimates
for the pressure distribution may be found in the works of
Heymann [19], Hwang and Hammitt [ 23], Rosenblatt et al.
[25] and Lesser [20]. On the other hand, we note that for
subsonic impacts (v <350 m/s) the duration and the inten-
sity of the pressure puise, which are the main parameters
effecting the damage mechanisms, are similar to those that
result from the more comprehensive models of Heymann
[19], Hwang and Hammitt [23], Rosenblatt et al. [25] and

Lesser [20]. Moreover, a comparison of the evolution of the
average pressure over the impact site as determined by appli-
cation of this model with corresponding experimental results
of Smith and Kinslow [8], Obara et al. [9] and Shi et al.
[10], confirms that the estimates for the intensity and the
duration of the pressure pulse are reasonably accurate.

The study of the evolution of the stresses in the solid target
is accomplished by application of a finite element model. For
the axisymmetric problem of a perpendicular impact only a
sector of a circular region around the impact site needs to be
modeled (see Fig. 1). A detailed discussion regarding the
geometry of the finite element model is outside the scope of
this work and can be found in deBotton [32]. However, we
note that to accurately model the evolution of the stresses,
the diameter and the thickness of the specimen (D and # in
Fig. 1, respectively) must be large enough so that the stress
waves will reflect from the remote boundaries only after the
termination of the high-pressure stage. We also note that two

distinct length scales emerge in this problem, the diameter of ’

the impacting drop, of order of a few millimeters, and the
thickness of the coating, of order of a few microns. The
stresses that are associated with Rayleigh surface wave and
have an important role in the failure process also appear at
the fine scale. The MSC/NASTRAN finite element code that
enables to execute dynamic and transient problems was util-
ized in the ‘direct transient response’ mode. In this mode
direct time integration of the equations of motion, in their
matrix form, is performed. Four impacts of 2-mm waterdrops
at various speeds on a silicon target with 30 pm protective
diamond layer were examined by application of the proposed
model. The mechanical properties of the two constituents are
summarized in Table 1. The results are summarized in Section
3 and the cylindrical coordinate system that is used to repre-
sent the results is shown in Fig. 1.

z
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Fig. 1. A circular specimen around the impact site.

Table 1
Physical properties for the two constituents that compose the target

Silicon Diamond
Young’s modulus (E) [GPa] 110 1150
Poisson’s ratio (v) 0.22 0.15
Density (p) [kg/m’] 2330 3510
Dilatational wave speed (c.) [m/s] 7340 18 600
Distortional wave speed (¢1) [m/s] 4400 11935
Rayleigh wave speed (cg) [m/s] 4015 10710
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3. Summary of the results

In this section the response of a coated target to impacts of
waterdrops is analyzed. Initially, the evolution of the dis-
placement and the stress fields in a diamond coated silicon
target due the impact of a 2-mm waterdrop at 350 m/s are
examined. States of stresses that may advance the production
of the damage in the target, the coating, and at the interface
between them are highlighted. The affect of the impact veloc-
ity is investigated afterwards by application of the proposed
model to simulate four impacts of 2-mm waterdrops at dif-
ferent velocities. The parameters that characterize the four
impacts are listed in Table 2, where T;, the time to the end of
the compressible high-pressure stage and Ry, the radius of the
liquid—solid interface at that time are given in Eqs. (3) and
(2), respectively.

We emphasize that the loading cycle does not end at 7} but
continues until the circumferential release wave approaches
the center of the impact site, and thus, the total duration of
the loading cycle is 37;. As mentioned before, the above
estimates for the impact pressure, its duration and the loading
area, are based on the assumption that the velocity of the
compression wave is equal to ¢. This assumption is valid only
for relatively low impact velocities and is definitely inappro-
priate for the 450 m/s impact. Moreover, at high impact
velocities it is reasonable to assume that the behavior of the
constituents composing the target will be inelastic, and a more
general constitutive law will be required (see, for example,
the fracture model of Evans et al. [28]). The reasons for the
inclusion of the higher impact velocity are to verify whether
or not the pattern of the stress distribution changes as the
impact velocity increases, and also to check the validity of
the various correlation that will be discussed later.

Plots of the axial deflections (u,, see Fig. 1) of the points
at the top surface of the target as functions of their distance
from the center of the impact site at various times after the
initiation of a 350 m/s impact are shown in Fig. 2. Here, and
in the rest of the figures, the distributions during the com-
pressible stage of the impact are plotted with continuous
heavy curves, the distributions during the jetting stage with
continuous light curves and the post-loading distributions
with dashed curves. The vertical line that is labeled R; shows
the location of the perimeter of the contact area between the
drop and the target at the end of the high-pressure stage. As
expected, the points at the liquid—solid interface moves down-
wards, and 0.13 s after the initiation of the impact the max-
imum deflection of the point at the center of the impact site
is 1.85 pm. Interestingly, the point at the center begins to
move back upwards before the end of the loading cycle.
(According to the applied model the loading cycle ends 0.24
s (= 3T;) after the initiation of the impact). We also note
the outward propagating circular brim that rises around the
impact site. In fact, in Section 4.1, we demonstrate that this
brim corresponds to the Rayleigh surface wave that propa-
gates away from the impact site.

Table 2
Characteristic parameters of the four 2-mm waterdrop impacts that were
studied

Impact Water-hammer R; T;

J J
velocity pressure (pm) (us)
(m/s) (MPa)
1 150 225 100 0.033
2 250 375 167 0.056
3 350 525 233 0.078
4 450 675 300 0.100
0.2
E
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Fig. 2. The variation of the axial deflection of the top surface of a 30-wm
diamond layer that covers a 1-mm silicon target during an impact of a 2-mm
waterdrop at 350 m/s as a function of the distance from the center of the
impact site at various times. The time is given in us.

The distributions of the radial (&,,), tangential { og), axial
(o) and inplane shear (o) stresses 5 pum beneath the
impacted surface of the protective diamond layer as functions
of the distance from the center of the impact site at various
times are shown in Fig. 3a through d. The distributions of the
radial stresses at the diamond and silicon sides of the interface
are shown in Fig. 4. The analogous distributions of the tan-
gential stresses are shown in Fig. 5. The distributions of the
axial and the inplane shear stresses at the interface itself are
shown in Fig. 6. We recall that since the problem of the
perpendicular impact is axisymmetric, there is no deforma-
tion in the tangential direction and the out-of-plane shear
stress components o, and gy, vanish.

InFig. 3a, that shows the distributions of the radial stresses,
we observe that just beneath the high-pressure region the
stresses are compressive. The maximal magnitude of these
compressive stresses, which is 1800 MPa, is attained during
the jetting stage approximately 0.13 s after the initiation of
the impact. We also observe a remarkably high peak of radial
tensile stresses that develops in the protective layer. In con-
sideration of the crack growth mechanism, which is the pre-
dominant failure mechanism in brittle materials, it is
reasonable to assume that the contribution of these tensile
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Fig. 3. The distributions of the stresses 5 wm beneath the impacted surface of the diamond coating during an impact of a 2 mm waterdrop at 350 m/s as
functions of the distance from the center of the impact site at various times. The time is given in ws.

stresses to the production of the damage is more crucial than
that of the compressive stresses. We note that the peak rises
during the initial high-pressure stage, attains its maximum
value of 845 MPa approximately 0.045 jus after the initiation
of the impact, and slowly declines as it propagates outward.
In fact, the peak of the tensile stresses accompany the outward
propagating brim that was observed in Fig. 2. These findings
are in agreement with the results of Blowers [26] who found,
in his analytical study of the impact of waterdrops on homo-
geneous (uncoated) targets, that an intensive peak of radial
tensile stresses will develop around the impact site. Rosen-
blatt et al. [25], who analyzed the problem of waterdrop
impacts on homogeneous targets by application of a numer-
ical scheme and assumed pressure distribution at the liquid—
solid interface that is different from the one assumed here,
also found that a peak of radial tensile stresses will rise around
the impact site.

The distributions of the radial stresses on both sides of the
diamond-silicon interface are shown in Fig. 4a and b. In Fig.

4a we observe that inside the perimeter of the maximal load-
ing area (r<R;) the radial stresses in the diamond layer are
tensile, and attain their maximal value of 400 MPa during the
compressible stage. These tensile stresses near the coating—
substrate interface develop due to the bending of the protec-
tive layer. On the silicon side of the interface (Fig. 4b) the
stresses inside the perimeter of the maximal loading area are
compressive. The transition from tensile to compressive
stresses results because of the combination of high pressure
and the fact that the Poisson’s ratio of the silicon is larger
than that of the diamond. Outside the boundary of the maxi-
mal loading area tensile stresses develop both in the coating
and the substrate. The magnitude of the maximal tensile
stresses in the substrate is approximately 25 MPa, less than
one tenth of the corresponding magnitude of the stresses in
the protective diamond layer. We note, however, that this
reduction in the magnitude of the tensile stresses is smaller
than the corresponding reduction in the case of static inden-
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Fig. 4. The distributions of the radial stresses at the diamond side (a) and
silicon side (b) of the diamond-silicon interface during an impact of a
2-mm waterdrop at 350 m/s as functions of the distance from the center of
the impact site at various times. The time is given in us.

tation of coated targets. Thus, Van der Zwaag and Field [29],
found that when the ratio of the Young’s moduli of the coating
to that of the target is 10, the maximum radial tensile stress
in the substrate is less than 1% of the corresponding stress in
the target.

Fig. 3b shows the distributions of the tangential stresses in
the diamond layer at various times and we observe that these
are primarily compressive stresses. Relatively low tensile
stresses (approximately 170 MPa) develop at the center of
the impact site at the end of the loading cycle 0.23 us after
the initiation of the impact. These are due to the ‘springback’
of the diamond layer after the release of the load. The distri-
butions of the tangential stresses on both sides of the dia-
mond-silicon interface are shown in Fig. 5a and b. In the
vicinity of the interface the distributions of the tangential
stresses in the coating and the substrate are reminiscent of the
corresponding distributions observed for the radial stresses.
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Fig. 5. The distributions of the tangential stresses at the diamond side (a)
and silicon side (b) of the diamond-silicon interface during an impact of a
2-mm waterdrop at 350 m/s as functions of the distance from the center of
the impact site at various times. The time is given in us. )

Once again, we note that the stresses in the substrate, in
particular the tensile stresses, are considerably lower than the
stresses in the protective layer.

Fig. 3c shows the distributions of the axial stresses 5 um
beneath the impacted surface of the diamond layer, the
stresses are compressive. The circumference of the com-
pressed region agrees with the instantaneous perimeter of the
liquid-solid interface and it expands and shrinks during the
compressible and the jetting stages, respectively. The corre-
sponding stress distributions at the diamond-silicon interface
are shown in Fig. 6a. In contrast with the previous results for
the radial and the tangential stresses, here, there is only a
moderate decrease in the magnitude of the stresses and their
distributions resemble the corresponding distributions
beneath the impacted surface of the diamond layer.

Fig. 3d shows the distributions of the inplane shear stresses
in the vicinity of the impacted surface. The corresponding
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various times. The time is given in us.

distributions at the diamond-silicon interface are shown in
Fig. 6b. We observe the rise of a peak of shear stresses that
follows the perimeter of the loaded area to values of 300 MPa
in the diamond layer and 200 MPa at the coating—substrate
interface. We note that the peak of the shear stresses does not
decay during the pressure release stage. This probably results
from the fact that in the present model it was assumed that
during the jetting stage the pressure behind the release wave
is zero. This assumption oversimplifies the actual state of the
pressure existing in the collapsing waterdrop, and it is rea-
sonable to assume that the release of the high-pressure is
gradual (see, for example, Hammitt [1], Rosenblatt et al.
[25] and Field et al. [22]). We also note that, in passing
from the diamond layer to the substrate, the reduction in the
magnitude of the shear stresses is not noticeable as the reduc-
tion observed for the radial and the tangential stresses.

It is evident that throughout the impact event the highest
stresses develop near the top boundary, primarily in the dia-

mond layer. A comprehensive discussion concerning the
associated failure mechanisms in the vicinity of this boundary
will be carried out in Section 4. However, it is worth nothing
that high stresses also develop inside the substrate far from
the impact site and the protective layer. Discussions that high-
light these remote locations and provide estimates for the
stresses and the damage that develop there may be found in
the works of Bowden and Field [6], Obara et al. [9] and
deBotton [34].

The response of a 1-mm silicon target with a 30-p.m pro-
tective diamond layer to impacts of 2-mm waterdrops at 150,
250 and 450 m/s was also examined (see Table 2). It was
found that the evolution of the stress and the displacement
fields were analogous to those determined for the 350 m/s
impact. Clearly, the magnitudes of the stresses and the dis-
placements due to these impacts are different, but the tenden-
cies are identical. Thus, in all the cases we considered, the
radial stresses beneath the high-pressure domain where com-
pressive and an outward propagating peak of radial tensile
stresses was observed. At the impacted surface of the coating
the tangential and the axial stresses where mainly compres-
sive and a peak of intensive inplane shear stresses that follows
the instantaneous circumference of the high-pressure region
was detected. At the diamond-silicon interface radial and
tangential tensile stresses develop in the coating due to its
bending.

4, Mechanisms of failure

The aim of this section is to characterize and analyze the
failure mechanisms in coated targets by linking the estimates
that were obtained for the stress field with corresponding data
that is available in the literature. In the process of analyzing
the evolution of the damage it is important to note that the
target is made up of two brittle constituents. In these materials
the predominant failure mechanism is crack growth, and
hence, it is more likely that damage will develop due to tensile
or shear loads and not because of compressive loads (see, for
example, Evansetal. [28]). In view of the findings in Section
3, the stresses that are most likely to produce damage in the
target are the radial tensile stresses that develop in the dia-
mond layer, the subsurface inplane shear stresses that develop
beneath the perimeter of the high-pressure domain, and the
bending stresses that develop near the coating—substrate inter-
face. Accordingly, in this section, we will focus on revealing
the relationships between known failure mechanisms in
impacted targets and these states of siresses.

4.1. The Rayleigh surface wave

Bowden and Field [6] demonstrated that the circumfer-
ential cracks around the impact site are produced by the Ray-
leigh surface wave. The confirmation of this conjecture was
based on the realization that in some cases a secondary ring
of damage, with radius that is larger than the radius of the
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primary ring, is produced. A comparison between the radius
of the secondary ring with the theoretical prediction for the
location where the body stress-waves that reflect from the
rear surface will reinforce the Rayleigh wave at the front
surface revealed remarkable agreement (Fig. 14 ibid.).

Motivated by this experimentally verified observation for
uncoated targets, we examine the rate of the propagation of
the peak of the radial tensile stresses that accompany the
outward expanding brim around the impact site. Fig. 7 shows
the distance of the peak of the radial tensile stresses from the
center of the impact site as a function of the time elapsed
from the initiation of the impact. We observe that the rate of
the propagation of the stress peak is constant. Further, the
slops of the curves for the numerical results agree with the
slop of the thick continuous (unmarked) curve that corre-
sponds to the theoretical speed of the Rayleigh wave in the
silicon substrate (4015 m/s). We can conclude that, in a
manner similar to the one observed for uncoated targets, the
stresses that are associated with the Rayleigh wave may pro-
duce circumferential ring of fractures in coated targets as well.
Oddly however, while these surface waves propagate on the
surface of the diamond coating, their velocity is equal to the
velocity of the Rayleigh wave in the substrate. This can have
a considerable effect on the development of secondary rings
of fractures in coated thin targets since the velocity of the
surface waves in the substrate is lower than that of the surface
wave in the coating material. Thus, in thin targets the dilata-
tional stress waves that reflect from the rear surface of the
target will reinforce the Rayleigh waves near the impact site,
whereas, if the surface waves would have propagate at the
speed of the Rayleigh wave in diamond (10710 m/s) the
slower body stress waves in the silicon substrate would have
never caught up with them.

4.2. The variation of the loading with the impact velocity

At the end of Section 3 we concluded that the spatial
distributions of the stresses during the four impacts are rem-
iniscent while the magnitudes of the stresses strongly depend
on the velocity of the collision. This observation suggests that
a firm correlation between the maximal stress that is attained
during the impacts and the impacts velocities can provide an
insight about the variation of the stress field with respect to
the impact velocity. In fact, Rosenblatt et al. [25] found that,
during a 222 and 341 m/s impacts of 2-mum waterdrops on a
zinc-selenide target the maximal radial tensile stresses at a
depth of 12.5 pum beneath the surface are proportional to the
square of the impact velocity. The analytical results of Hack-
worth et al. [7] (Table 5) for 222 and 341 m/s waterdrop
impacts on various homogeneous targets suggest that such
correlation can be used to obtain first order approximation to
the maximal radial tensile stresses beneath the surface. Cer-
tainly, it is of interest to verify if a similar correlation is also
adequate for the stresses that develop in coated targets.

Fig. 8 shows the maximal radial tensile stresses that
develop 5 wm beneath the surface of the diamond coating
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Fig. 8. The dependence of the maximal stresses on the impact velocity. The
squares, the circles and the triangles correspond to the radial tensile stresses
5 wmbeneath the surface of a diamond coated silicon target, the radial tensile
stresses at the diamond-silicon interface, and the inplane shear stresses in
the coating, respectively. The corresponding curves are linear and quadratic
best curve fits.

(squares), the maximal radial tensile stresses that develop at
the diamond side of the diamond-silicon interface (circles),
and the maximal inplane shear stresses in the coating (tri-
angles) as functions of the impact velocity. The marks for
the maximal radial tensile stresses at the surface are aligned
along a straight line whose slope on a logarithmic scale is
1.61. This suggests that the radial stresses at the surface are
proportional to the impact velocity raised to the 1.61 power.
The plots in Fig. 9, that shows the distributions of the radial
stresses at the surface of the coating during 150 and 450 m/s
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impacts, demonstrate that indeed such a correlation can be
used to obtain first order estimates for the Rayleigh stresses
as functions of the impact velocity. It should be noted how-
ever that the correlation exponent possibly depends on the
elastic properties of the target.

We also observe in Fig. 8 that the maximal subsurface
shear stresses grows linearly with the impact velocity, and
thus, are proportional to the water-hammer pressure: The
marks for the radial tensile stresses that develop at the dia-
mond-silicon interface due to the bending are not aligned
along a straight line, however, at impact velocities above 170
m/s these stresses are lower than the tensile stresses at the
impacted surface. : "

We note that under rapid loading conditions, when the
duration of the impact is shorter than the characteristic
response time of the target, the damage mechanism is often
proportional to the impulse of the load and not merely to its
intensity. This observation suggests that the variation of the
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Fig. 10. The maximal impulse of the radial tensile stresses 5 s beneath the
surface of the diamond coating as a function of the impact velocity.

400 500

impulse of the radial tensile stresses in the diamond layer as
a function of the impact velocity should be examined. The
areal impulse of the radial tensile stress, namely,

I(rz)= f o (2 t)dt (5)

was determined 5 jum beneath the surface as a function of the
distance from the center of the impact site. The numerical
integration was performed in the time interval between ¢, and
f, such that during this time o,,.(rz) >0. The maximal
impulse of the radial tensile stresses as a function of the
impact velocity is shown in Fig. 10, and it is important to
note that the maximal impulse is not attained at the same
point where the maximal stress is attained. On a logarithmic
scale the marks are aligned along a straight line, implying
that the maximal areal impulse of the Rayleigh stresses is
proportional to the impact velocity raised to the 2.11 power.
On grounds of a sequence of experiments, Hand etal. [ 13]
concluded that for uncoated targets the failure criterion

o2T<K, 4

where o, is a stress pulse, 7 is the duration of the pulse and
K, is a material constant, applies reasonably well to waterdrop
impacts on brittle targets by letting o, be equal to the water-
hammer pressure P,,. From Eqs. (1)—(3) it follows that the
term on the left hand side of inequality (Eq. (4)) is propor-
tional to v>. We note that in comparison with the correlation
found for the maximum of the tensile stresses at the surface,
the one for their maximal impulse is in better agreement with
this experimentally verified failure criterion. Clearly, a finer
model for the evolution of the pressure in the waterdrop, one
that will incorporate the nonlinear growth of the pressure
with the impact velocity, will lead to a steeper dependence of
the stresses on the impact velocity and consequently to a
better agreement with the experimental criterion.
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Fig. 11. Inner and outer radii of the ring of fractures according to various
sources ( the numbers in brackets correspond to the numbers in the references
list), and the location of the points where the maximal radial tensile stresses
(squares ) and their impulse (circles) were attained 5 um beneath the surface
of the coating. The distances are normalized by the radius of jetting or its
equivalent.

4.3. The pattern of the damage

In brittle targets the pattern of the surface damage due to
waterdrop impacts is in the form of a ring of fractures around
the impact site. In ductile targets, where the primary failure
mechanism is plastic flow, the damage appears in the form
of a circular crater around the impact site. In spite of the fact
that the damage mechanisms are different in these two cases,
the spatial distributions of the damage sites are reminiscent.
This observation suggests that the same state of stresses ini-
tiates the damage in both types of materials and motivates a
comparison of the estimates for the stresses with correspond-
ing photographs of impacted targets.

Photographs that where taken during impacts of water-jets
on various targets and photographs of damaged sites after the
impact can be found in the literature. It should be noted that
usually these photographs correspond to impacts of water-
jets and not waterdrops. However, there is a close analogy
between the two cases, and for a given impact velocity, a
correlation between a water-jet diameter and a waterdrop
diameter that produce the same damage can be found (see,
for example, Hand et al. [13]). Thus, the pattern of the
damage produced by these two, geometrically different, strik-
ers is almost identical and we may regard the impact sites
produced by water-jets as if produced by waterdrops with
appropriate ‘equivalent’ diameter.

The damage to two slip-cast fused silica specimens due to
impacts of 2.4 mm (0.094 in) water-jets at 640 m/s is shown
in Fig. 6 of Smith and Kinslow [8]. Fig. 5 of the same
reference shows the cross sections of the craters that were
formed due to the impacts, the diameters of the inner and
outer boundaries of the circular craters are, respectively, 3.2

and 7.0 mm, Waterdrops impacts on PMMA and zinc-selen-
ide targets were examined by Hackworth etal. [7]. The radial
distances of the circumferential fractures from the center of
the impact site were summarized in Fig. 2 of that article. For
2-mm waterdrop impacts on zinc-selenide targets the inner
and the outer radii of the ring of fractures were respectively
0.175 and 0.49 mm for the 222 m/s impact and 0.215 and
0.635 mm for the 341 m/s impact. Fig. 3 in the work of Van
der Zwaag and Field [ 14] includes photographs of impacted
sites on 3-pm carbon coated germanium targets after colli-
sions with 0.8 mm water-jet at 260 m/s. In Fig. 3a ibid., the
diameter of the inner ring of the circumferential cracks around
the impact site is 1.40 mm and the outer diameter is 3.2 mm.
The damage to the surface of a 1-wm nanophase diamond
coating on a zinc-sulfide substrate due to an impact of a 0.8
mm water-jet at 290 m/s is shown in Fig. 5 of Seward et al.
[16]. The inner and the outer diameters of the circumferential
fractures are 1.08 and 1.8 mm, respectively. In the same
article the damage to composite zinc-sulfide target with 20%
diamond particle due to water-jets impacts at 200 and 350
m/s is also shown. The inner diameters of the damaged rings
are 1.1 and 0.9 mm for the 200 and the 350 m/s impacts,
respectively, and the corresponding outer diameters are 1.41
and 1.67 mm. Sequences of photographs that were taken
during the impact of a 3 mm water-jet at 590 m/s on a PMMA
target are shown in the work of Obara et al. [9]. The first
frame in Fig. 5 of that work was taken 0.6 ws after the injti-
ation of the impact. The opening of cracks on the surface of
the PMMA specimen can be observed and the diameter of
the forming ring of cracks is approximately 3.8 mm. The
damage to a PMMA specimen due to five impacts of a 2-mm
water-jet at 329 m/s is depicted in Fig. 6 of Shi et al. [10].
The diameter of the inner circumference of the ring of cracks
is, approximately, 2.8 mm and the corresponding outer
boundary is 5.0 mm. Finally, we also examine Fig. 5a from
the work of Seward et al. [17] that shows the damage to the
surface of a germanium target with 16.2 pum boron phosphide
coating after 200 impacts of a 0.8 mm water-jet at 260 m/s.
The inner and outer diameters of the ring of circumferential
fractures are, respectively, 1.15 and 2.2 mm.

The inner and outer radii of the circumferential damage,
normalized by R;, the radius of the liquid—solid interface at
the instant when the jetting stage begins, are shown in Fig.
11. For the water-jet impacts an equivalent radius was deter-
mined by application of the correlation proposed by Hand et
al. [13]. This equivalent radius is usually a few percentages
larger than the radius of the water-jet itself. The radii where
the maximal radial tensile stresses (squares) and their
impulses (circles) were attained according to the numerical
model are also shown in the figure. Atimpact velocities lower
than 300 m/s the curves for the maximal stresses and
impulses are close, and both agree with the inner radii of the
circumferential damage. At higher impact velocities, the peak
of the tensile stresses is attained inside the maximal high-
pressure domain. At these velocities the point where the max-
imal impulse is attained is at a distance which is larger than
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Fig. 12. The distributions of the inplane shear stresses normalized by the
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and 450 m/s impacts. The time is given in us.

R; and closer to the point where the circumferential cracks
originate.

4.4. The inplane shear stresses and their role

The distributions of the inplane shear stresses at various
instants during the 150 and 450 m/s collisions as functions
of the distance from the center of the impact site, normalized
by the maximal radius of the high-pressure area, are shown
in Fig. 12. The stresses are normalized by the water-hammer
pressure. We observe that the intensity and the pattern of the
normalized shear stresses are almost identical during the two
impacts, implying that the inplane shear stresses are propor-
tional to the pressure at the liquid-solid interface. Analogous
plots for the evolution of the inplane shear stresses during the
250 and 350 m/s impacts where found to be comparable with
the plots in Fig. 12.

inplanc shear stress / P

Fig. 13. The distribution of the inplane shear stress as a function of the
distance from the origin due to the application of a uniform pressure load in
the interval ( —% <x<Ry] on an infinite halfspace. The shear stress is nor-
malized by the applied pressure and the distance from the origin is normal-
ized by the distance of the point where the load terminates, The dotted,
continuous and dashed curves correspond, respectively, to the distributions
of the inplane shear siress 5, 15 and 30 wm beneath the surface.

The fact that the inplane shear stresses are proportional to
the applied load motivates a comparison of the time depend-
ent results with corresponding static, or possibly, quasistatic
estimates. The reason being that within the static formulation
(with linear elastic materials) the induced stress field is
exactly proportional to the applied load. To make this com-
parison simple and authentic the following observation is
useful. Thus, we note that stress-waves in diamond are
approximately 10 times faster than the stress-waves in water.
This suggests that during the termination of the high-pressure
stage, when the velocity of the boundary of the high-pressure
domain (see Fig. 1) is lowest and equal to the sound velocity
in water, the state of the stresses few tenths micrometers
around the edge of the high-pressure region resembles the
state of the stresses in an infinite half space subjected to
uniform pressure on part of its boundary. An illustration of
the relevant quasistatic idealization is shown in Fig. 13,
where, the distance from the origin to the point where the
load terminates (R; =167 um) was chosen to match the max-
imal radius of the high-pressure domain during an impact of
a 2-mm waterdrop at 250 m/s.

Fig. 13 shows the distributions of the inplane shear stress
as functions of the distance from the origin at different depths
(5, 15 and 30 pwm) due to a constant (in time and space)
pressure load that is applied to the surface of an infinite
halfspace from a given point to negative infinity (see, for
example, Section 4 of Timoshenko and Goodier [35]). The
shear stresses are normalized by the applied pressure and the
distances are normalized by the distance from the origin to
the point where the load terminates. We observe that a peak
of shear stresses emerges just beneath the point where the
load terminates. The magnitude of the peak is constant
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(P/ar) but, the important observation is that the width of the
peak approaches zero near the top boundary. We also note
that Van der Zwaag and Field [29], in their investigation of
the static indentation of coated targets, also found that a peak
of inplane shear stresses will rise at the coating—substrate
interface immediately around the contact zone.

A comparison of the quasistatic results with the corre-
sponding results of the full dynamic analysis (Fig. 12),
reveals that both analyses predict the existence of an intensive
peak of inplane shear stresses just beneath the point where
the load terminates. The magnitudes of the loads are of similar
order (approximately 0.55 of the applied load in the dynamic
configuration and 0.32 of the applied load in the quasistatic
configuration). The width of the peak in the dynamic analysis
is also comparable with the width of the peak in the static
analysis.

We note that since the width of the peak of the shear stresses
approaches zero near the top boundary, when this peak travels
outward together with the edge of the high-pressure region,
the time interval during which a point near the surface is
exposed to the high shear stresses is shorter than the incuba-
tion time required for cracks opening. In fact, at the top
boundary the shear stress must be equal to zero in order to
match the boundary conditions.

If we pursue the analogy between the static and the
dynamic configurations a little further, we note that according
to the static analysis the time period during which points away
from the surface are exposed to high shear stresses is longer
than the corresponding time to which points near the surface
are exposed to these loads. This means that failures due to
the shear stresses will probably initiate beneath the surface,
where the impulse of the shear loads is stronger. In homo-
geneous materials, however, the density of the surface flaws
is usually larger than the density of the flaws inside the body.
Accordingly, it is expected that in homogeneous targets, the
failure mechanism that is associated with the radial tensile
stresses at the impacted surface will be the favorable failure
mechanism. Nevertheless, itis known that subsurface failures
do appear under certain circumstances (see, for example,
Westmark and Lawless [4]).

The situation is different with coated targets. In these tar-
gets the shear stresses couple with the preexisting thermal
residual tensile stresses, that develop in the substrate during
the cool down stage of the manufacturing process, to accel-
erate subsurface failures. Additionally, various imperfec-
tions, such as local separation of the coating, may preexist at
the interface between the substrate and the protective layer.
Roughly, we can approximate these imperfections as small
penny shaped cracks that are aligned with the surface of the
interface. The stress intensity factor for such cracks inside
the solid is almost identical to the corresponding stress inten-
sity factor for semi-circular surface cracks (see, for example,
Tada et al. [36] for the former, and Raju and Newman [37]
for the latter). This suggests that, in coated targets, the sub-
surface mechanism that is associated with the shear loads
may produce damage at impact velocities that are lower than

the failure mechanism that is associated with the radial
stresses. The reason being that the shear stresses develop in
the substrate and at the interface, whereas, the radial stresses
develop in the much tougher protective layer. The damage
anticipated from such a subsurface failure mechanism is
debonding or striping of the protective layer from the sub-
strate (see, for example, Fig. 3 of Van der Zwaag and Field
[14] and Section 3.2 of Seward et al. [16]).

5. Concluding remarks

Amodel for analyzing high-velocity impacts of waterdrops
on targets with protective coatings was constructed. The char-
acterization of the pressure field in the waterdrop was based
on an analytical formulation, and the analysis of the evolution
of the stresses in the target was accomplished with a finite
element model. This combined model enabled to simulate
various drops parameters in a straightforward manner. Appli-
cation of the model to the study of four waterdrop impacts
on a diamond coated silicon target indicated that while the
magnitudes of the stresses that develop during the various
impacts are different, the spatial and temporal distributions
of the stress flelds are essentially the same.

Three primary state of stresses that may produce damage
were identified, the radial tensile stresses that propagate out-
wards on the surface of the coating, the shear siresses that
develop beneath the instantaneous circumference of the high-
pressure domain, and the radial and tangential tensile stresses
that develop in the coating due to its bending. It was found
that the peak of the radial tensile stresses that propagate on
the surface of the coating travels at a speed which is equiva-
lent to the speed of the Rayleigh wave in the substrate. Cor-
relations that enable to estimate the magnitude of the radial
tensile stresses and their impulse in terms of the impact veloc-
ity were proposed. Comparison with various experimental
photographs that depict impacted sites demonstrated that fair
agreement exists between the pattern of the damage and the
state of the radial tensile stresses that was determined by the
model. Damage patterns that are related to the inplane shear
stresses were analyzed as well. An analogy between the
dynamic analysis and corresponding quasistatic analysis
implied that, in coated targets, it is likely that the shear stresses
will produce subsurface damage such as debonding and strip-
ing of the coating.
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