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FOREWORD

This report was prepared by the National Bureau of
Standards under USAF Contract No, AP(616)-58-32. The contract
was initiated under Projest No. 7340, "Rubber, Plastic and
Composite Materials", Task No. 73#00, "Structural Plastics”.
The project was administered under the direction of the
Materials Laboratory, Directorate of Laboratories, Wright
Air Development Center, with Mr, George P, Peterson acting
as project englneer,

The experimental work that 15 reported was accomplished
with the coopeiation of the Minnegota Mining and Manufacturing
Company, the Cornell Aeronautical Laboratory, the Gates
%ngineering Company, and the Goodyear Tire and Rubber

ompany.

This report covers the period of work from about October
1954 to June 1958,
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ABSTRACT

The mechanism by which neoprene coatings fail is of
interest because air traffic will be carried on for many
years to come 1ln the altitude range in which railn is
8ti1ll encountered and in the veloclty range for which
neoprene coatings are s sclutlon to the raime-erosion problem.
This report 1s an account of studles that have been made
to determine the mechanism by means of which neoprene
coatings eventually fall under high-speed raln impingement.
Results of tests involving antlozonant applications to
the neoprene coatings are encouraging enough to warrant
further experiments with such applicatilons,
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1. Introduction

Of the large number of hard-settlng plastiec coatings and
of reslllent rubber and synthetic rubber coatings that have
been tested for rain-erosion resistance, neoprene has been
found to be one of the most erosion-reslstant up to lmpingement
velocitlies of 500 mi/hr, Air traffic will be carried on
for many years to come 1n the altitude range in which rain
is still encountered and in the velocity range for which
neoprene 18 a solution to the raln-erosion problem, The
mechanlism by which neoprene eventually does fall under
waterdrop 1lmplngement is, therefore, of conslderable immedlate
interest,

Neoprene itself does not adhere strongly to glass reinforced
plastic lamlnates, It must be bonded to the lamindte by a
primer coating. The success of the nedprene topcoat l1ln
reslsting high-speed rain impact depends strongly on the
success of the topcoat-primer-laminate system, The rain-
erosion resistance not only of the neoprene topcoat but also
of the topcoat-primer-laminate system must, therefore, be
assessed in evaluating neoprene as a rain-erosion resistant
material,

Manusgcript released by the author June 1959 for publication as
a WADC Technlcal Report,
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‘2. Mecdels of a Waterdrop

Damage that is sustalned by a structural material on
collision with waterdrops at high speed i1s a direcc
consequence of the impact propertles of a waterdrop. Under
impact conditions a waterdrop behaves as though 1t were a
sphere of hard materlal; 1in high-speed colllsions with
the planar surfaces of sollds 1t acts like an indenter to
which a compressive load has been applied. Unlike a
sphere of hard materlal, however, a colliding waterdrop
retains 1ts ligquld property of flow. The radial flow of
an impinging waterdrop exerts a turning moment against
protrusions from the surface of the solid that are in its
path and a shear stress on the surface layers of the solid
around the central point of the collision. See Section
5.1,1. The Use of models to reproduce one or more of these
damaging attributes of a waterdrop in high-speed collisions
with solids is very informative. A model of a waterdrop
might simulate 1ts hard-sphere property or its property
of radial flow, or both.

2,1 Steel Srheres and Deforming Lead Pellets

Steel spheres and deforming lead pellets have heen used as
models of waterdrops in studles of the rain-erosion damage
that occurs on methyl methacrylate plastlc and 1100 aluminum,
On collision with these materials at relatively low velocity
a steel sphere does not flow, a lead pellet flows to about
twice its original dlameter, and waterdrops flow to many
timas thelr original dlameter. Comparison of the damage
marks made by steel spheres, deforming lead pellets, and
waterdrops on ¢ollision wilith methyl methacrylate plastlec and
wlith 1100 alumlnum has proved to be of value in understanding
the mechanism of fallure of these materials under high-speed

waterdrop impingement ,~y o 3 72

An attempt was made to use deforming lead pellets as
a model for waterdrops r=olliding agalnst neopreme-coated
panels, It was found, however, that the lead pellets provided
a tast that was ton severe for the neoprene coating that was

a .
Numbers 1n brackets refer to the literature references at the
2nd of this report.
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used (the coating was completely removed from the metal
substrate) and it was concluded that a softer waterdrop
model would have to be employed, It appeared that the soft
gelatin closures that are used for the coloring oll of
nleomargarine or even the somewhat rubbery gelatin closures
that are used as capsules for medicinal oils might prove

to be satlsfactory waterdrop models to fire against neoprene
coatings,

2.2 O01l-Filled Gelatin Capsules

The restraining gelatin closure constitutes an lmportant
point of difference between these possible two-phase models
and a homogeneous liquid drop that has no restralning skin
except surface tension to resist its flow, It was anticipated
that this objectionable difference would be less important
1n the very soft gelatin closures used to contain the
coloring oll for oleomargarine than in the more durable
rubbery gelatin capsules used for the medicinal oils.

After extensive correspondence with the Gelatin Products
Division of the Scherer Corporation, however, it was found
that soft gelatin closures that would be small enough to

enter the barrel of the Benjamin Pranklin air rifle that

wags to be used were not available, and that, due to production
difficultles, 1t was doubtful whether such a closure of

the required size could be manufactured,

It was decided to use gelatin capsules containing halibus
0ll that were found to be avallable on the local market and
that were sufficlently small to 'enter the gun barrel. The
undesirable characteristic of the more durable gelatin
capsule of 1inhibiting the normal radial flow of the oll
may be partly overcome by soaking the capsule in water
before firing 1t. '

The valldity of using oill-filled gelatin capsules of
this kind as a model for waterdrops was tested by firing them
against methyl methacrylate plates of different thickness.
The type of damage mark that forms on methyl methacrylate
as a result of implngement wlth steel spheres, deforming
lead pellets, and waterdrops 1s known 1l, 2 /. A high-speed
moving plcture was also taken of an oil-filled gelatin
capsule colliding with a methyl methacrylate plate.
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Damage marks that were made on 1/8-in. and on 1/4-in.
Lucite sheet are shown in Pigures 1 and 2, Two points of
similarlty between these damage marks and those that were
produced on methyl methacrylate by impingement of steel
spheras, deforming lead pellets, and waterdrops are that:

a; ‘the damage mark consists of a circle of crazing and

b the center spot of the collision, which 1s under
compression during the ccllision, l1s undamaged. These
similarities in the appearance of the damage marks lndilcate
that the mechanism by which the marks were produced is the
sme L]

There is no evidence of damage to the methyl methacrylate
plastic as a result of the radlal flow of the oil, In the
case of collisgions of deforming lead pellets and of waterdrops
pith methyl methacrylate plastic the radial flow of the
projectile caused a widening of the craze cracks and a
Breaking out of material along the craze cracks in the
direction of the flpw of the projectile /1, 2 7.

From the high-speed moving plcture of the collislon of
an oll-filled gelatin capsule with methyl methacrylate plastic
at a velocity of about 720 ft/sec it appears that the gelatin
capsule acts as an efficlent restraining case for the
contained oil., The gelatin capsule appears to burst durlng
the collision at one or more of its weakest points and the oil,
which must be under pressure, seems to be atomized or vaporized
through the resulting holes, Thls behavior is altogether
different from that of an impinging liquld drop.

Although the oil contained in the gelatin capsule does
not undergo the radial flow that a llquid drop would undergo
as a result of such a collision, the gelatin capsule does
appear to simulate the hard-sphere property of an impinging
1iquid drop withoubt cutting a soft rubbery coating entirely
off the metal surface to which 1t was applled. It can be
hoped that the stretch of the gelatin capsule as 1t flattens
against the surface of the solld may exert a shear stress
that will simulate the shear stress exerted by the radlal
flow of an impinglng drop of water.

3. Response of Several Different Neoprene Based Coatings
In order to determine (a) what properties of a neoprene

coating operate to establish 1ts resistance to hlgh-speed
waterdrop lmpingement and (b) what properties of a neoprene
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coatlng lead to its eventual fallure uncer high-gpeed
waterdrop impingement, the response of several different
neoprene coatings was studled. The coatings were:

MMM EC-539, MMM EC-530 modifled as to curing temperature and
curing time (Coatings-A, -B, and -C), Gates white neoprene
KV-9433, and the two neoprene coating systems that have met
MIL—G-7ﬁ39 requirements, Goodyear 23-56 and Gaco N-T79.

3.1 MMM EC-539 Neoprene

Three 1/8-in,-thick flat panels and three 1/16-1in,-
thick airfoil shaped Cornell Aeronautical Laboratory rain-
eroslon test specimens were sent to the Minnhesota Mlning
and Manufacturing Company to be coated with MMM EC-539
neoprene coating, The apecimens were given one dip coat
of EC-1022 general purpose adhesive as primer and two dip
coats of EC-539 neoprene based coating. The film thickness
was from 8 to 10 mils. The three flat panels were used for
tests by implngement of oll-filled gelatin capsules; the
three airfoll shaped specimens were sent to the Cornell
Aeronautical Laboratory for test by artificial rain
impingement.

3.1.1 Damage Marks Produced on MMM EC-539 Neoprene by
Impingement of 0l1l-Filled Gelatin Capsules

01l-filled gelatin capsules were fired at a flat panel
coated with MMM EC-539 neoprene, Each of the oil-filled
gelatin capsules that was fired was soaked in water for 2
min before it was ingerted in the gun barrel, The point
of the gun was malntalned at approximately 12 in, from
the target panel for each ghot, Views of the damage marks
that were made by the impinging oil-filled gelatin capsules
are shown in plictures 1, 2, and 3 of Figure 3,

At low magnification the damage mark that was produced
at an impingement velocity of 320 ft/sec appeared to consist
of a very dim, more or less clrcular trace, It 1s shown
at approximately X10 magnification in picture 1 of Flgure
3. When the magnification was Increased the trace was seen
to consist of raised edges of the coatlng along short
irregular wrinkles or cuts,
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The damage mark made by an oll-filled gelatin capsule
at an impingement velocity of about 720 ft/sec was similar
in general appearance to that made at an impingement
velocity of 320 ft/sec, However, the damage was more
severe; at low magnification the vircular trace appeared
not only to conslst of a removal of gloss but of distinct
wrinkles, When the magnification was increased the damage
appéared to be a coarse irregular wrinkling as though the
surface skin of the coating had been given a two-dimensional
stretch to the point af permanent set and then released,
In some areas the wrinkling was more regular and took on
the appearance of more or less parallel ridges. The edges
of some of these wrinkles were so sharp that it seemed possible
that they might be edges of coating that had curled or turned
up along an array of cuts in the coating, Plcture 2 of
Plgure 3 shows this damage mark at approximately X10
magnification,

The damage mark that resulted from the impact of an oil-
filled gelatin capsule at an impingement veloclty of about 900
ft/sec had the same general appearance as the damage marks
made at the lower impingement velocities. However, the
impression that the wrinkles are the rolled back edges of
cuts 1n the coating is even stronger, Picture 3 of Figure 3
shows thls damage mark av approximately X10 magnification,
When this damage mark was viewed with a stereomicroscope it
could be seen that it 18 not flat as 1t appears to be in the
pilcture. The undamaged center is not depreassed but the circle
of' wrinkles or cuts 13 depressed,

3.1,2 Damage Produced on MMM EC-539 Neoprene by Impingement
of Waterdrops

An airfoll shaped specimen of 1/16-in, aluminum alloy that
was coated with MMM EC-539 neoprene was tested on the Cornell
Aeronautical Laboratory rotating arm tester in l-in,/hr
artific%al rain for 1.5 min at a relative veloclity of 880
ft/sec (600'mi/hr), Inspection of this specimen showed that
it was marked with what appeared to be cilrcles of damage,
Some of these are shown in,pictures 4 and 5 of Figure 3,
Pletures at hlgher magnification, in which something of the
struoture of the damage can be geen, arce shown in Flgures
4, 5, and 6, The struoture of the damage of which the
circles are-made up strongly resembles the wrinkling or
cutting of which the circles produced by the impact of the
0ll-filled gelatin capsules were made up, The structure
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is similar to the abrasion pattern for rubber that has been
reported by Schallamach /4%, 5, 6 7/, See Section 4,1,

It is possible that these circles of abrasion may be
caused by the radial flow of individual waterdrops after the
neoprene surface has become weakened oy other waterdrop
blows that were not themselves able to cause vigible damage,
The circles are not caused by every waterdrop that impinges
against the gpecimen because, if this were the case, there
would be so many circles of abrasion after 1.5 min of test
at a velocity of 600 mi/hr in 1-in,/hr rain that they would
overlap, If these circles’ are caused by the radial flow of
water from single drops, the wrinkles or trenches of which
they are composed should be perpendicular to radil of the
flow, This may be true of the circle of abrasion in picture
1l:of Flgure 5, but in the circle of abrasion shown in pilcture
2.of Flgure 5 the trenches seem all to be oriented in the
same direction,

These circles of abrasion may have an entirely different
origin., They may be gimply ralsed circles in the coating
that were left when bubbleg in the coatling opened durlng
its cure. Any protrusion above the planar surface of the
coating would be more subject to abrasion by the flow of
water over the airfoll shaped specimen than the planar
surface itself, On this plcture of the arigin of these marks
it would be expected that the trenches for a given circle
should have about the same orlentation and that this same
orientation should be seen on other less symmetrical non-
circular protruding areas, Picture 1 of Figure 6 provides
some evidence for this explanation of the origin of these
elrcles of abrasion, The fact that areas exist that are not
circular but thdt are still marked with the more or less parallel
trenches 1s evidence 1in favor of this explanation,

3.2 Modified MMM EC-533 Neoprene Coatings

Flat plates and Cornell Aeronautical Laboratory raln-
eroslon test speclmens of aluminum alloy were sent to the
Mlnnesota Mining and Manufacturing Company to be coated with
three neoprenesof different properties, Theé neoprene films
were applied by dilp coating to a dry depth of 10 mils
before cure whilch produced a coating thickness of 8 to 10
mils after cure, The coatings that wére applied are designated
as Coating-A,Coating-B, and Coating-C, The difference 1in
the properties of these coatings was produced by varying the
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suring conditlons of MMM EC-539 neoprene plus EC-566 accelerator.
Coating-A was cured at 140°F for 72 hrs; Coating-B was cured
at 210°F for 8 hrs; Coating-C was cured at 275°F for 1 hr.

The tenslle stréngth, per cent elongation, and shear strength
of the coatings that resulted from use of these curing 'conditions
were determined by the Minnescta Minling and Manufacturing
Company. A pendulum-type tenslle tester was used to determine
the ténsile strength and the percent elongation. One-inch lap
shear bonds were pulled in a pendulum machine to determine the
shear strength., The lap shear bonds were prepared by sandwiching
the neoprene between aluminum sheets using EC-1022 as the metal primer
and curing under the speclfied conditions. The true shear strength
of the EC-539 neoprene film was not measured because faillure always
oeeurred elther at the primer-to-coating or at the primer-to-metal
hond, The tensile strength, percent elongation, and shear
strength (of the adhesion bond) data for a 10-mil film thickness
are given in Table 1,

Table 1.

Curing Schedule and Physical Propertles of Coating-A, Coating B,
and Coating-C

Curing Schedule Tenslile Shear Elongation
time temperature Strength Strengtht

hr °p psi psl per cent
Coating-A 72 140 2,700 250 170
Canting-B 8 210 4,000 500 137

Coating-C 1 275 4,80Q 500 g6

4 Bhear strength of the adhesive bond
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3.2,1 Damage Marks Produced on Modifled MMM EC-533 Neoprene
by Implngement of 0il-Fllled Gelatln Capsules

0il-fi1lled gelatin capsules were fired from a BenJamin
Fropklin dir rifle at flat plates coated with modified MMM EC-539
neoprene (Coating-A, Coating-B, and Coating-C), The plates
carrylng the neoprene coatings were dlamped against a backing
plate, The gun was held 12 in, from the neoprene coated plate
anl the gelatin capsules were fired at the plate at 90° incidence,
The gelatlin capsules were goaked in water for 2 min before the shots
were made, Shots were made at velocéltles of approximately 320,
720, and 900 ft/sec, Microscopic inspection of the spots that
were slmick by the gelatin capsules provided the following
information.

On Coating~A 1o marked damesge was observed as a result of
the shot made at & velocity of about 320 ft/sec, The shot made
st a velocity of approximately 720 ft/sec prdoduced a hardly
discernible semicircle of what appeared to be cuts or wrinkles
in the couting, The shot made at a velocity of about 900 ft/sec
produced a complete circle of what appeared to be cuts or
wrinkles in the coatlng, A view of thls damage mark is shown
in picture 1 of Flgure 7,

On Coating-B no damage was produced by the shots that were
made at the approximate velocities of 320 and 720 ft/sec,
The shot made at & veloclty of gbout 900 ft/sec produced arcs
of what appeared to be cuts or wrinkles in the coating., A
view of this damage mark 1s shown in plcture 2 of Figure 7.

On Coating-C no marked damage waeg produced by the shot made
a% a velneity of about 320 ft/sec or by the shot made at a
velocity of approximately 720 ft/sec, The shot made at a
velocity of about 900 ft/sec produced arcs of what appeared to
he cuts or wrinkles in the coating, This demage' was suprrounded
by a large blister of coating. A view of thls demage mark is
ahown at two magnifications in plotures 3 and 4 of Figure 7,

The section of Coating-A contalning the damage mark shown
in pioture 1 of Figure 7 was cut loose fhom the aluminum plate
and the olrcle of damage was inspected at high magnifiloation,
Tie clrole of damage was seen to oon#dist of reslsed rldges ,
or edges of rubber, The same type of damage (ralsed fleps of rubber)
resulte when a sharp pointed marklng pencll or a razor blade 18
deogged across the neoprene surface, Such kinds of damage are
ahown in Figure 8, This type of damage to rubber has been discussed
by Schallamach /4, 5, 6/ and has been charhcterized as rubber
wbrasion., Throughout the remainder of this report this type
of damage tu the surface of a neoprene coating will be referred
to as rubber abrasion. The way in which thie sbraslon 1g produced
is discussed in Section 4,1,
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The pictures of Flgure 7 show thatonly Coating-C failed
due to loss of adheslon, From Table 1 1t can be seen that
Coating-C had the lowest percenv elongation of the three
coatings. If a rubber coating has a high degree of rigldity
a shear stress exerted on 1its surface may be transmitted thirough
it to the adhesion bond and 1f the stress is suficlently great
the adhesion bond may fall., The area of coating that was given
a radlal stretch to the point of permanent set during the
colligion wlll then be raised from the surface to which it
had been bonded in the form of a coating bubble or coating
blister,

It will be seen in the following sections that damage marks
comparable to those shown In Flgure 7 are produced on these
coatings by very high-speed waterdrop implngement and that
the use of oil-fllled gelatin capsules as a model for waterdrops
in very high speed collisions is fully Jjustified.

3.2.2 Damage FProduced on Modifled MMM EC-539 Neoprene by
Impingement of Waterdrops

Nine alrfoll shaped raln-erosion specimens were coated
with MMM EC-539 neoprene by the Minnesota Mining and Manufacturing
Company. The curing schedule used for these speclmens was such
that three of the specimens were of Coating-A, three of the
specimens were of Coating~B, and three of the specimens were of
Coating-C. These specimens were tested on the Cornell Aercnautical
Laboratory rotating arm tester at a velocity of 600 mi/hr in l-in./
hr artificial rain, The three specimens of each coating were
tested for 25 sec, 1 min, and 2 min, regpectively, The visual
appearance of these speclmens after test was reported, The
specimens were returned to the National Bureau of Standards for
study.

Examinatlion of the speclmens of Coating-A, Coating-B,
and Coating-C that were tested for 25 sec, 1 min, and 2 min pro-
vided the informatilcn that the coatings on all of these speclmens
were characterlzed by lrregular patches of the small more or
less parallel shallow trenches of rubber abrasion., In many
cases these patches were cilrcular or consisted of arces of cirecle,
Picture 1 of Flgure 9 1s a view at high magnification that shows
the parallel~trench structure; this piéture was taken on a
specimen of Coating-C, It 1s difficult to take plctures at
high magnification on the rain-erosion test specimens because
of thelr curvature,
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The quantlity of these patches of abrasion Increased ln
amount as the test time for the coatings varled from 25 sec to 2 min,
‘There seemed to be as much or more of this rubber abrasion within
any glven perilod of test in the order of Coatlng-A least to
Coating-C most. In addition to belng beset with the rubber
abrasion, the specimen of Coating~B that was tested for 2 'min
had lost adhesion on the high-speed end with formatlon cf
bubbling; it had also torn open there,

The waterflow from intercepted drops follows curved
trajectories on the airfoll shaped specimens; the flow runs
off on both sides of the leading edge., The curved trajectoriles
were clearly marked by the more or less parallel. trench structure
of rubber abrasion on the specimens of Coating-A, Coating-B,
and Coating-C that were tested for 2 min, Picture 2 of Figure O
is a vlew of these curved trajectories on Coatling-C; the
leading edge of the specimen 1s on the dlagonal from upper left
to lower right in the picture. The circular nafture of many
of the patches of rubber abrasion can be seen in thls picture.

The evidence that has been presented appears to indicate
that the damage that increases wlth time on this particular
neoprene coating system for the test veloclty and raln density
that were used 1s the rubber abraslion which appears €0 be
progressing to a point at which it will cover ‘the entlire leading
edge of the specimen., The percent elongation of these coatings
18 in the order of Coating-A most to Coating-C least; the
development of rubber abrasion on the surface of the neoprene
appeared to be in the order of Coating-A least to Coating-C
most. From this evidence it would appear that a neoprene
coating having a high elongation property should he more raln-
erosion resistant than a neoprene coating having a low elongation
property. Coating.A had the lowest tensile strength of the three
coatings. Thils, however, does not mean that tenslle strength
is not an important property in a rain-erosion resistant coating.
A minimum tenslle strength is necessary and it is possible that
if Coating-A had had a higher tensile strength 1t would have
been more eroslon resistant,

3,2.3 Reslstance of Modified MMM EC-539 Neoprene to Very
High Speed Waterdrop Implngement

Specimens for use in waterdrop impingement tests at very
high veloclty were coated with MMM EC-539 neoprene by the Minnesota
Mining and Manufacturing Company. The curlng schedules that were
used produced Coating=-A, Coating B, and Coating-C on the surfaces
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to which the MMM EC-539 neoprene was applied., These specimens

were sent to Convalr where very high velocity impingement tests
were carried out,

The damage marks made by approximately 2-mm, waterdrops on
Coating-A at an implingement velocity of 1,540 ft/sec are shown
in picture 1 (s) of Figure 10. Dimensions of the damage mark
closest to the edge of the specimen are shown in sketches 1(a)
and 1(b) at the left of the picture, The damage mark consists
of a circular depression bounded by a circle of cutting.

See croas section in sketch 1(b), The circular depression

marks the reglon of maximum pressure exerted by the colliding
waterdrop. The bottom of the clrecular trough is roughly

half a radius from the stagnation point (center of the collision),
The diameter of the circle of cutting is approximately the same
as the dlameter of the waterdrop that produced the damage mark.

In general, the damage mark 1s similar to that produced by
impigement of an oil-filled gelatin capsule at a veloclty of
about 900 ft/sec. See plcture 1 of Figure T,

There are two possible ways in which the circle of cutting
may be produced. (a) Because the coating suffers severe com-
pression, a shallow disk-shaped cavity may form in 1t. If this
happens, strong tensile stresses will exist in the sharp knee
of coating at the periphery of the cavity. These tensile
stresses may be responsible for the clrcle of cutting. However,
the high percent elongation of Coating-~A makes this explanation
seem unllikely, It should be possible to bend this coating into
a very sharp knee without producing cuts., (b) A second
explanation is that the circle of cutting is produced by the
ghear stress exerted by the radial flow of water from the
drop durlng the collision, On thils explanation the circle of
cutting 1s severe rubber abrasion, Inspection of the structure
of the circle of cutting with a stereoscoplc microascope showed
that the structure of 1t 1s completely comparable with that of
rubber abrasion,

The damage mark produced at an implingement velocity of
2,480 ft/sec 1s shown in pleture 2(c) of Figure 10, This
damage mark consists of a central mound in the ¢oating surrounded
by a circular fold of coating., Dimensions of the damage mark .
are shown in sketches 2(a) and 2(b) at the left of the picture.
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It can be seen that the dlameter of the ecircular fold of coating
1ls mush larger than the diameter of the circle of cutting
(rubber abrasion) seen in picture 1(c). Inspection of this
damage mark with a stereoscoplc microscope revealed that the
circle of cutting exists at the base of the fold of coating

and 1s concealed by the overhang of the fold i1tself, Although
the radius of curvature of the fold is very small there are no
cuts in the coating along the top of the fold.

It would appear that the first stage in the formation
of this damage mark was the same as that shown in picture 1(c).
The shear stress exerted by the radial flow of water from the drop
was apparently great enough to break the primer bond and move
the coating out into a radial stretch that was severeenough to
induce permanent set, The fact that there are no cuts in the
acute bending of this fold of coating is evidence that the
cirele of cutting shown in pilcture l%c) is rubber abrasion
and 18 not the result of a tensile fallure at the perlphery
of a disk-shaped depression,

The damage mark that wae produced at an impingement
veloolty of 2,588 ft/sec 1s shown in pilcture 3(c¢) of Figure 10,
It oconsists of a circular spot of primer surrounded by a circular
area of bare metal, Beyond thils is a region over which the
coating has been stripped from the primer., Dimensions of the
damage mark are shown in sketches 3(a) and 3(b) to the left of
the picture., From a comparison of the dimensiong shown in
sketches 2(a), 2(b), and 3(b) it appears that the dlameter of the
circular spot of primer in plcture 3{c) corresponds to the
dlameter of the central ralsed mound in picture 2{c¢) and that
the outside diameter of the circle of bare metal in pleture 3(c)
corresponds to the diameter of the fold of coating in plcture
2(e), It would appedr that in the forma tion of this damage
mark the stages shown in pictures 1(c¢) and 2(c¢) are reenacted,

At this higher impingement velocity it appéars that the
turning moment exerted by the radial flow of water from the
eolllding drop 1s strong enough to bresk through the circle
of outting (rubber abraslon) at the base of the fold of
‘coabting and to rip the coating off the primer., The mechanism
by which this may be accomplighed 1s shown schematicaily in

Figure 3(a).

The behavior that i observed for Coating-A in this very high -
velotlty waterdrop. impingement ie in agreement with its property
of high elongation, It would appear that whereas the high
elongation property of Coating-A was desirable at an impingement
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valocity of 880 ft/sec (600 mi/hr) in that 1t seemed to retard
a gradual rubbeyr abrasion, the property is undesirable when
the impingement veloclty 1s lncreased by a factor of three.

Damage marks produced on Coatlng-B at four different
velocltles are shown in Figure 11 and damage marks produced on
Coating-C at two different velocltles are shown in Flgure 12,

The damage marks shown 1n plcture 1(c) of Figure 10, plcture 1l of
Figure 11 and picture 1 of Flgure 12 were all made at an
impingement veloclty of approximately 1,520 ft/sec, Each of
these damage marks consists of a clrcle of severe rubber abraslon,
Comparison of them indicates that there are minor differences 1n
the response of the three coatings at this veloclty, however,

Tn the case of the damage mark on Coating-A there 1s a clrcular
trench or depression within the clrcle of cutting or rubber
abrasion; in the case of Coating-B and of Coating-C thig circular
depression 1s essentlally absent, This observation would seen

o indicate that Coating-A 1s mare subject to being deformed
beyond 1ts ablility torecover than 18 Coating~B or Coating-C,

The circle of rubber abrasion in these damage marks 18 wider

for Coating-B and for Coating-C than for Coating-A, Thls may
indlcate a greater susceptlbllity toward abrasion in Coating-B
and Coating-C than in Coating-A’

The damage marks shown in plcture 2(¢) of figure 10 and
pleture 2 of figure 12 were made at almost the same implngement
velocity., These damage marks are qulte different in appearance
and are In agreement with the hilgh percent elongation property
of Coating-A and the low percent elongation property of Coatling-C.

The damage mark shown 1in plcture 3(c) of Figure 10 was made
at almost the same lmpingement velocity as those shown in plcture
4 of Figure 11, Although the damage mark made on Coating-A
appears to be the most severe the coating in the vicinity of
the crack on Coating-B is loosened from the primer and, probably,
had the impingement velocity beenallttle higher, 1t would have
been torn lonse to produce a damag. mark comparable to that on
Coating-A, However, this has not occurred at the veloclty at
which the damage mark was made and 1t may be concluded that
Coating-B3 1s more resistant to waterdrop impingement at a
veloslty of about 2,600 Ct/sec than 1s Coatling-A,

4.3 ates White Neoprewe and the Standard Neoprene Coatlngs
Four alrfoll specimens and two flat panels were coated at

the Gatep Engincering Company with ¢aco N-79 tan neoprene.and
with Gates KV-0433 white neoprenc, respeetively, The Gaco N-T9
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tan neoprene was applled ¢ver Gaco N-15 izocyanate primer,

The Gates KV-9433 white neoprene was appliled over KV-8600
tle-cement and KV-8582 primer. Slmllar specimens were coated
at the Cornell Aeronautical Laboratory with Goodyear 23-56
neoprene over Bostik 1007 primer, Physical properties of these
coating systems are glven in Table 2,

The alrfoil specimens coated with each of the three
nzoprene coating systems were tested for raln eroslon resistance
at the Cornell Aeronautlcal Laboratory. The flat panels were
used for tests of the resistance of these coatlng systems tq
Impingement by oil-filled gelatin capsules and by deforming
lead pellets,

Table 2

Physical Properties of Gates White Neoprene and the Standard
Neoprene Coatings

Coating System Physical Propertles
o e Tensile | Peel-pPull Elongation
Topecoat Primer Cement Strength Adheslon at Break
_____ __psl  1b/in.,width <

Gaco N-T9 Gaco NelH o--- 2,020 25=40 750
Gates White Gates Gates
KvV-9433 Kv-8582 KV-8600 3,026 42-48 863
(irodyear Bostik -
23-56 10N7
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3.3.1 Damage Marks Produced on Gates White Neoprene and the
Standard Neoprehe Coatings by Impingement of
01l-Fllled Gelatin Capsules and of Deforming
Lead Pellets '

The o0ll-fllled gelatin tapsules that were used for the shots
were scaked in water for 2 min, They were fired at the coated
panels from a Benjamin Franklin ailr rifle, The distance from
the muzzle of the gun to the target coating was 2 ft. The
caﬁsules were fired at velocltles of 320, 720, 870, and 900
ft/sec.

Inspection at low power with a stereoscopic microscopic
showed that very little damage was done to any of the coated
panels by impingement of the oll-filled gelatin capsule
at velocltles under 900 ft/sec. Evidence of loss of adheslon
could be geen in the whlte neoprene at an impingement velocity .
of 870 ft/sec and evldence of a circle of abrasion could be
seen 1n the Gaco N-T9 neoprene at thils impingement velocity,
Magnifled views of the marks produced on the three coatings
at an Iimpingement veloclty of 900 ft/sec are shown in Figure 13,

The Gaco N-T9 coatling appeared to be the least affected,
A clrcular dent 1n the coating was observed, The Goodyear 23-56
neoprene coating was abraded around the central polnt of impact
possibly due to the scraping of the capsule as 1t spread
radially on the surface during the collision, The Gates KV-G433
white neoprene coating failed in adhesion and bubbled or
lifted around the central polnt of the c¢olllsion; 1t appears
also to have suffered some abrasion,

Deforming lead pellets, which flow when they collide wlth
a s0l1ld surface at high veloclty, were also fired at the neoprene-
coated panels, The pellets were flred from the BenJamin Franklin
air rifle; the pellet velocltles were 490, 530, and 640 ft/sec,

Magnlified views of the damage marks produced on the three.
neoprene coatings at a pellet veloclty of 490 ft/sec are shown in
Figure 14, In each case a circular collar or bubble of coating
wag ralsed about the central point of the colllsion, The Gaco
N-T9 Neoprene coating appeared to suffer the least damage in
that the cut in the coatlng was a seml-circle rather than a complete
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nlrele, The clreular patceh of coating at the center of

the damage mark was cut completely free of the remainder of

tha coating in the case of the Goodyear 23-56 neoprene and in
the case of the Gates XV-9433 white nesprene, The white
neoprene appeared to suffer the most extensive damage; a section
of the coating was torn open. Through the open hole in the
white neoprene coating 1t appeared that the sdhesion failure

was between the neoprene and the underlylng coats (tie-

cement and primer),

Views at about 2X magniflcation of the damage marks that
ware produced on the three coatings at pellet velocities of 530
and 640 ft/sec are shown in Figure 15, The Gaco N-79 meoprene
appeared to suffer the least damage and the Gates KV-G433
white neoprene appeared to suffer the most extensive damage.

At a veloclty of 530 ft/sec the ralsed ccllar or bubble
cf coating in the Gaco N-T79 neoprene was of about the same
dlameter as that produced in 1t at a veloclty of 490 ft/sec but
the cut 1In the coating was a complete circle, The ralsed section
of enating in the Goodyear 23-56 neoprene was nearly twice as
large as that produced in Gaco N-79 neoprene at this velocity.
This may 1ndicate that the adhesion bonds between the metal and primer
and/or between the primer and topcoat of the Goodyear-23~56-Bostik-
1007 system  are weaker than those of the Gaco-N-T9-Gaco-N-15 system,
The adhesion fallure of the Goodyear coatlng system appeared to
t= batween the primer and the metal, The raised section of coating
in the Gates KV-9433 white neoprene was more than four times
ilarger than thatf which formed 1n Gaco N~f9 neoprene at this
velozdlty, Thers was no tearing of the whlte neoprene topeoat
at the periphery of the coating bubble but this 4did occur in the
asage of Goodyear 23-56 neoprene., This may indicate elther that
the adhesion bonds of the white neoprene system are wesker than
those of the Goodyear-23-"6-Bostik-1007 system and permit the
growth nf a large bubble without undue stress to the topcoat
or that the white necprene topceoat has higher strength properties
than the Grrdyear 23-56 neoprens toperat permitting the growth
ot a2 large bubble in spite of strong adhesion bonds.

At a veloeclty of 640 ft/sec there is no tearing of the Gaco
N-79 neoprene at the perliphery of the znating bubble but sush
tearing did oseur both in the Goodyear 23-56 neoprene and in  the
tates KV-9U33 white neoprene., There 1s scme abrasion of the
reoprene gurface around the circular cut 1in the coating in the
cage of the whifte neoprene and rather extensive abrasion in the
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case of the Goodyear 23-56 necprene, but no abrasion in the
case of the Gaco N-T79 neoprene,

Oll-filled gelatin capsules and deforming lead pellets when
they collide wlth a solld surface simulate the damaging properties
of a waterdrop when 1t collides with and flows on the surface
of a solid, The two damage tools that are actlive in a collidlng
waterdrop are the locallzed Impact pressure and the radial flow
of the substance of the drop wlth the concomlitant stresses that
are lntroduced by each, The damage produced on the three
neoprene coatlngs by Ilmpingement of o¢il-filled gelatin capsules
and of deforming lead pellets suggeits some trends that may be
looked for in the raln erosion response of these coatings. With
regard to adheglon 1t can be expected that the white neoprene
may fail extensively, the Goodyear 23-56 neoprene may fail
moderately, and the Gaco N-79 neoprene may show little, if any,
Tallure of thils kind., With regard to abraslon it can be expected
that the white neoprene may abrade slightly, the Goodyear 23~56
neoprene may abrade to a conslderable extent, and the Gaco N-79
neoprene may suffer little or no abraslon. With regard to
tearing fallure 1t can be expected that the whlte neoprene
may be somewhat susceptible, the Goodyear 23-56 may be the
most susceptlble of the three, and the Gaco N-79 may be the
least susceptlble of the three. The extend to which these
predictlons are fulflilled can be seen in the observatlions
recorded in the following section.

3.3.2 Damage Produced on Gates White Neoprene and the Standard
Neoprene Coatings by Implingement of Waterdrops

Raln-eroslon test of the alrfoll speclmens that were coated
wlth the three neoprene systems were made on the rotatlng arm
at the Cornell Aeronautical Laboratory. Test of the specimens
was to have been made at a velocity of 600 mi/hr in 1-in,/hr
rain for perlods of 10, 20, 40, and 60 min. Fallure of the
whlte neoprene coating was so rapld, however, that two of the
specimens that were coated with whlte neoprene were tested at
a velocilty of 500 mi/hr,

3.3.2.1 Gates KV-9433 White Neoprene

The speclmens that were coated with white neoprene were
numbered 2119 A and B and 2120 A and B, A picture of the four
eroded specimens is shown Iln Figure 16. Only one specimen
was tested at a veloclity, 1n a raln denslty, and for a time
interval comparable with that used for the other neoprene coating
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systems, Thlis was specimen 2119 A which was tested at a
velocity of 600 mi/hr in l-in/hr rain for 10 min, The coating
on thlis specimen falled drastlcally in adhesldn between

the primer and the metal specimen-base, The coating loosened
to form a large bubble that covered about three-fourths of

the leading edge. Inspection of the eroded coating on this
specimen with a stereoscopic microscope at a magnification of
X20 revealed an indlstinct chevron pattern in the neoprene

at the low-speed end of the specimen and some abrasion of the
coating surface on the leadling edge. There were also randomly
spaced gouges 1n the coating along the leading edge from about
the center of the specimen to the hlgh-speed end. The damage
done to thls specimen was obvious to the unaided eye whereas
the spedimerscoated with the Gaco N-79-Gaco-N-15 and with the
Goodyear-23-~56-Bostik-1007 systems that were tested under the
same condltlons appeared to be undamaged to this degree of
Inspection.

3.3.2.2 Goodyear 23-56 Neoprenhe over Bostik 1007 Primer

The specimens that were coated with the Goodyear|23-56
neoprene over Bostik 1007 primer were numbered 2123 A and B and
2124 A and B, A picture of the eroded specimens is shown in
Figure 17. Specimen 2123 A was tested for 10 min at a velocity
of 600 mi/hr in l-in,/hr rain. Inspection of this specimen with
a stereoscoplc microscope revealed a scattering of small round
holes 1n the coating down the leading edge. Evidence of the
formatlon of a chevron pattern in the neoprene was observed
at the low-speed end of the specimen., A crack 1n the coating
could be seen at about the center of the leading edge.

Speclmen 2123 B was tested for 20 min under the same conditions
of veloclty and rain rate, Milcroscoplc lnspection of thils specimen
also revealed a scattering of small round holes in the coating
down the leading edge. The chevron pattern in the neoprene at
the low-speed end of the specilmen was more distinct. There was
a coating bubble at abaat the center of the leading edge and
a humpy structure at the high-speed end indicating loss of -
adhesion. There was some abrasion or tearing away of the surface
layer especlally at the high-speed end, There were also some subtures
or cracks in the coating malnly at the high-speed end of the specimen,

Specimen 2124 A was tested for 40 min under the same conditions
-of veloclty and rain rate, Milcroscopic inspection of this specimen
agaln revealed a scattering of small round holes down the leadiling
edge. The chevron pattern in the neoprene at the low-speed end
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was dlstinct, There was strong bubbling or 1lifting of the
coating along the leading edge indicating loss of adhesion,
and there was abraslon by scuffing up of the purface layer
especially at the high-speed end, There were algo gome
sutures or cracks in the coating,

Specimen 2124 B was tested for 60 min under the same
conditions of velocity and rain rate, Inspection of thig
sSpecimen with the microscope revealed a strong chevron pattern
in the neoprene at the low-speed end of the specimen, The
coating on this specimen was torn open down most of the
leading edge, There was a strong abraslon of the surface
layers and a gralny structure at the high-speed end of the
specimen,

Some additional data are avallable for the progress of
erosion on Goodyear 23-56 neoprene, Six epoxy laminate
airfoll shaped gpecimens were coated with Bostik 1007
primer and with Goodyear 23~56 neoprene at the Cornell
Aeronautical Laboratory to be tested along with some
nylon specimens for the purpose of comparigon, The specimens
were numbered 2152B through 2157B, inclusive, The coabting
system was 12 mils thick, Rain erosion tests were conducted
at a velocity of 500 mi/hr in l-in./hr artificial rain for
time Intervals of g, 10, 30, 35, 40, and 100 min,

Microscopic inspection of speclmen 2152B that was
tested for 8 min showed the pregence of sutures or short
cracks or cuts at the high-speed end of the specimen,
There was also a background of patchy or spotty removal
of a thin surface layer of coating on this part of the
specimen, In the center of the specimen the surface gloss
wag 'removed from protrusions,

Inspection of specimen 2153B that was tested for 10 min
showed a strong general abragion of the surface at the
high-speed end; a thin surface layer of coating was removed,
There were a few broken out spots in the remaining dull
surface, In the central area of the leadling edge there were
only closely spaced areas in which a thin layer of coatlng
had been removed. This provides a clue as to how the total
removal of the surface layer at the high-speed end of
the specimen was accomplished, It appeared as though
material had been scraped,torn, or peeled from the surface
in many closely spaced spots. Close to the low-speed end
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of the specimen there were only lslands of etching in an
unetched surface, At the low-speed end of the specimen the
gurface was egsentially unetched and only lsolated patches
of etching existed, Tllting of the specimen to view

the area slightly off the leadlng edge showed that

there was poor mechanlcal coverage of the glass fabric
with the neoprene; cutting failure was evident 1in the

areas between the woven glass flibers,

Inspection of specimen 2154B that was tested for 30 min
showed that a complete purface layer had been uniformly
removed- from the high-speed end, Many amall cracits or
sutureg existed that could be a general deterioration
of the coating by attack of ozone of of hydroxyl lons,

At the center and at the low-speed end of this specimen the
gurface layer was simply removed,

Inspectlion of specimen 2155B that was tested for 35 min
showed that the surface layer had been completely removed
from the high-speed end of the specimen, Several very
deep holes and many of the sutures could be seen in this
part of the specimen. The etching away of the surface
layer extended completely to the low-speed end, In the
center of the leading edge the coating was rolling in
appearance indicating possible loss of adheglon and there were
occasional broken out spots. At the low-speed end of the
- specimen the coating also had a rolling appearance, There
were several plts that appeared to have been formed by
bubbles that opened 1in the coating:; these plts did not seem
to be nuclel for more severe erosion.

Inspection of specimen 2156B that was tested for 40 min
ghowed that the hlgh-speed end was strongly abraded and was
alligatored with sutures to a degree that might be referred
to as a rotting of the gurface layers by cracking. See
Figure 18, It appeared that the sutures eventually circumscribed
hunks of coating which then broke away, In the central part
of the leading edge the sutures were broad and shallow
and there were broken out spots, At the low-speed end of
the specimen there were shallow broken out spots with
evidence of small cracks or sutures, There were also
spherical pits that may have formed when bubblea opened
in the coating but again these 4dld not appear to have grown
into damage centers,
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Visual inspection of specimen 2157B that was tested for
100'min showed two areas in which the coating was torn away
down to the laminate, Microscopic inspection showed severe
loss of material between sutures at the highespeed end of
the specimen; deep cracks or sutures existed in the coating,
See Flgure 18, In the center of the Jeadlng edge there were
isolated areas containing sutures and isolated broken
out spots exlsted; there were several deep broken
out spots, At the low-speed end of the specimen there was
complete removal of the surface layer, general shallow
erosion, and evidence of formation of shallow sutures,

The erosion that was produced on Goodyear 23-56-Bostik
1007 neoprene coated specimens at a velocity of 500 mi/hr
i1s remarkably different from that produced at a velocity
of 600 mi/hr, At a velocity of 500 mi/hr the erosion
appears to conslst of a general mechanical abrasion accompanied
by a crack formation that could be due to attack of the
neoprene by ozone or by hydroxyl ion., See Section 4.2. At
a veloclty of 500 mi/hr the crack formation appears to be
the factor that contributes most toward eventual drastic
fallure of the coating. Blemishes such as bubbles that
may have opened in the coating during cure do not appear
to be nuclel for erosion attack, This is evidence that
holes in the surface of a neoprene coating do not
le.d to a serious failure of the coating unless or until
the coating as a whole over the area of rain impingement
has become rotted or degenerate, An inteplacing  network
of cracks appears to serve this purpose and to iead to
dragtic failure,

At a velocitg of 600 mi/hr the mode of failure 1s the
productlon of a chesvron pattern along the trajectories of
water flow from the impinging drops. There is a notable
cementltious deposit especielly on the ends of a specimen
that was tested at a veloclty of 600 mi/hr whereas this
deposit 1s negligible when the test is carried out at a
velocity of 500 mi/hr , Precipitation of calcium salts
appears to occur in the water of the intercepted drops when
s80lld speclmens are rotated through the artificial rain

of tap water at a velocity of 600 mi/hr. The hardness

in partsper million of calcium carbonate for the tap water
used 1s 22, This 1s a relatively low hardnese,
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The bollerescale equation isg

Ca(HCO,) , — Ca03 L + HLO +  CO, r

apd the equlliibrium reactlion is forced to the right by
loss of the gageous product, Jt 1s possible that the
loss of carbon dloxide may be caused in the open system
of a colliding waterdrop by the impact pressure or by

a tempepature rise in the water of the drop as a result
of the hlghespeed collilsion,

In an effqQrt to throw some light on the mechanism
that produced precipifation, experiments of a preliminary
nature were performed in which concentrated solutions of
calcium bicarbopate were irradiated with sound,

It was found that precipltation of calcium carbonate only
occurred 1f the solution was allowed to hecome warm during
the 1rradlation,

The fact that mineyal salts precipltate in the water of
the artificial rain drops as they collide with a rapidly
moving solid 1s lmportant in the problem of testing the
reslstance of materials to highespeed raln-erosglon demage,
It is especlally important in studlies of the mechanlsm by
which thlp type of damage occurs because the erosion damage
is partly caused by the flow of the impinging waterdrops,
The erosive action of the flow of water that is carryling
a precipitate s more destructive than that of the flow
of water alone; it is a serious pproblem in dredging pumps
and hydraullc tuybines, Eroslon due to flowing water that
is carrylng a preciplitate results from the colllision of
particles suspended 1n the water agalnst the solid surface
over which the flow occurs and by the dragglng of these partlcles
over the solld surfage under the actlon of hydrodynamic forces ,

Ilgaz /T/has studled the wearing of a plane surface by
a sand-~laden Jet of water, He found that the equation

um x 897 gy 0Ty 27

where U 18 the rate of wear, k is a proportionallty constant,
Cp 1s the concentratlon of the transported material, Vo 1ls the
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velocity of the mixture, and S is the cross section of the Jjet,
could be used to describe the results. A plcture of the wear
produeced on rubber by impingement of such a jet 1s similar

to the wear pattern produced on a neoprene coating during
test on the rotating arm apparatus in an artificial tap

water raln at a veloclty of 600 mi/hr, In the case

of the impinging sand-laden jet the wear grooves are

radlal lines from the stagnation point, that is, the wear
grooves are in the directlon of the water flow. In the

‘cage of the alirfoll-shaped raln~erosion specimens

coatea with neoprene, the wear grooves are chevron-shaped,
that 18, the wear grooves are also in the direction of the
water flow down and away from the leading edge of the

airfoil shape,

The effect of the flow of grit-laden water may be
more serious on oné material than on another; it is, furthermore,
not a genulne aspect of real railn Impingement. Consequently,
1t may cause divergence of test results from what is found
under service conditions, Every effort should be made to
remove. thls undesirable feature from the rotating-arm rain-
erosim test,

A further dlscussion of the effect of hardness in the
water used for the artificial rain i1s given in Seection 4,1,1.

3+3.2.3 Gaco N-T79 Neoprene over Gaco N-15 Primer

The specimens coated with Gaco N-T79 neoprene over Gaco
N-15 primer were numbered 2121 A and B and 2122 A and B,
A pleture of the eroded specimens 1s shown in Figure 19,
Speclmen 2121 A was tested for 10 min at a velocity of
600 mi/hr' in l-in/hr rain., Miciouscopic inspection of this
gpecimen showed that there wat a scabtering of small round
holes down the leading edge, There were also qulte
a few much smaller holes that may possibly have been produced
by the tearing loose of grains of coating because this
coating was very grainy in structure. There was no
evidence of a chevron pattern in this Gaco coating., At
high magnificatlon some evlidence of what might be the
inltiation of sutures could be seen,

Specimen 2121 B was tested for 20 min under the same
condltlons of veloclty and raln rate., Mlcroscopic inspection
of thls speclmen again revealed a scattering of small
round holes down the leading edge, The coatling was,
furthermore, peppered wlth the smaller holes that were noted
on apecimen 2121 A, There was an abrasion or tearing away
of surface layers especlally around the small holes of
both slzes. There was no evidence of a chevron pattern
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in the neoprene, At hilgh magniflcatlion there was evldence
of the initlatlon of sutures or cracks ln the coating,

Specimen 2122 A was tested for 40 min under the same
conditions of veloclty and rain rate, There was a general
abrasion of the surface of this specimen and many of the
very small holes that were notlced on specimens 2121 A and B,
There were qulte a few sutures or c¢racdks ln the coating.
There was a tearing out of pleces of coating from the
surface at the high<speed end, There was also a peellng
or tearing back of the coating from the extreme edge of
the high-gpeed end, A valid comparison between the
Goodyear 23-56 and Gaco N-T79 coatings cannot be made on
this point, however, because the Goodyear 23-56 coating had
been applied not only on the speclimen but also on the
shoulders where the clips fasten the specimen to the
propeller so that the edge of the coatling was protected
from the colliding waterdrops; in the case of the specimen
coated with Gaco N-T9 the shoulders had been left bare
of coating so that the water from the impinging drops had
access to the edge of the coatling, There was an indistinct
chevron-like pattern in the neoprene of this specimen;
1t exlsts at the high-speed end of the specimen whereas
the chevron pattern in the Goodyear 23-56 neoprene appeared
iIn the low-speed end of the speclmen,

Specimen 2122 B was tested for 60 min under the same
conditlions of velocity and rain rate, Microscoplc inspection
of this specimen revealed increased abraslon wear and
tearing out of pleces of coating material f'rom the
surface. The coating was alsoc peeled or torn back extensgively
from the extireme edge of the high-speed end where the Impinging
drops had access to the edge of the coating., There was
an lndistinet chevron-like pattern in the neoprene of
this specimen mainly at the high-speed end., There were
many sutures or cracks in the coating.

In general 1t can be sald that the white neoprene
falled prematurely due to loss of adhesion; the lntrinslc
resistance of the coating ltself was essentlally not
tested, Although the adheésion fallure of the Gopdyear 23-56
wae less drastic than that of the white neoprene, 1t showed
definite adhesion fallure, At the end of 40 min of test the
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Gaco=N-7T9-Gaco=-N-15 system showed more abrasion then the
Goodyear-23-56-Bostik-1007 system but the Goodyear coating
had lost adhesion so that 1t falled drastlcally at the
end of the 60-min test perlod whereas the Gaco coating
had not as yet failed drastically. Adhesion appeared to
be the weakness-leading~to-failure of the Goodyear
coatlng; graininess appeared to be the weakness-leading-
to-fallure of the Gates coating, Both coatings developed
sutures or cracks,

The small round holes that ‘were observed 1n both
the Goodyear 23-56 and the Gaco N-T9 coatings are
very likely due to alr bubbles, The bubbles may have
risen to the surface and burst during the cure of the
coatings or the bubbles may have risen close to the
surface durlng the cure and may have burst only when they
were struck by intercepted waterdrops.

The very small holes that were only characteristic
of the Gaco N-79 coating may be the result of the tearing
out of grains of this very grainy coating. The number
of these holes appeared to increase with the length of the
test time, The holes of both sizes appeared to provide
a foothold for abrasion fallure of the Gaco-N-79-Gacc-N-15
system., Materlal was torn out from around the holes,

In general the fallure of the three neoprene coatings
in raln erosion test was 1n agreement with the predictions
made for them on the basis of thelr reslstance to
implngement with oll-filled gelatin capsulesg and with
deforming lead pellets,
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4., Possible Modes of Fallure of the Neoprene Topcoat

The most probable mechanisms that may be responsible
for the fallure of the meoprene topccat are the rubber abrasion
that has been referred to extensively throughout this report,
chemlcal deterioration and mechanical fatigue, These
mechanisms are dlascussed in the following sections.

4,1 Rubber Abrasion

The process of abrasion ls not clearly understood,
There appear to be as many abrasion mechanisms as there
are ways of producling abrasion on surfaces, Experimental
work that has been done on the moving of one metal
surface over another wlthout lubrication indicates that
this process 1s not continuous but is characterized by
a "stick-slip" behavior, Bowden and Leben / 8 /state
that thelr experiments suggest that friction 18 due to
a welding to%ether of the metals at local polnts of contact,
THis 18 the "stack"-step, They regarded these junctlons
as being large compared with the dimensions of a molecule
and concluded that when they are broken the metel 1s
distorted to a considerable depth, The breaking of the Junctions
is the "slip"-step and 1s accompanied by a temperature flash.
Morgan, Muskat, and Reed {T? later concluded that meliing
1s not necessary to establish the "stick-slip” behavior and
ascribed the temperature flashes on the "slip"-step to
disslipation of energy.

The abrasion of rubber is also a "stick-slip" process.
Schallsmach / 4,5,6/ has found that the abrasion trace left
by 2 needle on a pure gum vulcanizate rubber is not contlhuous,
It consists of isolated pits or tears; the surface materlal
between the plts or tears is undamaged., In regard to
the abrasion caused by a needle, Schallamach postulated
that (a) the needle pricks a small hole in the rubber, and,
as the needle moves, & bulge of rubber is bullt up 1n front
of 1t; eventually, (b) the needle moves over this bulge
simultaneously pulling out a thong of rubber that breaks
either at 1ts root or at the needle tip. Step (a) 1s the
"stick"-step and step (b) is the "slip"-step, See Figure
20, The mechanism of needle abrasion postulated by
Schallamach depends on two factors, namely, the bulge
of rubber must adhere by friction to the tip of the needle
sgainst the pull'of the elastlc forces, and the tenslle
properties of the material must admit of large deformation
without fallure,
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Schallamach has found that an array of nearly parallel
ridges is often produced on rubber surfaces by abrasilon.
He refers to this array as the "abrasilon pattern". The
rldges of the abrasion pattern run at right angles to
the dlrectlon of abraslon and are agymmetrlc with respect
to this directlon, They are characterized by overhanging
crests that lean against the direction of abraslon.
According to Schallamach the ridges are all bent backwards
during the abrasion and material is "removed by abrasion"
from what in the relaxed state was the underside of the
rldges. Schallamach .remarks that the origin of the
abrasion pattern is not yet fully understood and states
that 1t "is most probably a consequence of the combination
of high elastlclty and high coefficient of friction which
is characteristic of rubber”,

In view of the observatlion that the clrcles of damage
produced on a 10-mil thickness of MMM EC-539 neoprene by
the Impingement of waterdrops may be the result of an
abrasion process, some elementary observations of the
abrasion of thils rubbery coatlng were made., An abrasion
simllar to that observed by Schallamach was found to
result when a sharp-pointed tungsten carbide marking
needle was drawn across the surface of the coating.

See pictures 1 and 2 of Figure 8, The damage 1s
discontinuous and conslsts of a succession of plts or

tears. The flap of rubber torm out of the surface in the
making of each of thesge tears rebovers 1n such a way that

1t points in the directlion from which the marking pencil

was moving., In plctures 1 and 2 of Figure 8 the marking
pencll was moving downward and i1t can be seen that the flaps
of rubber ripped up in making the indlvldual tears polnt
upwards,

The abraslion of this rubbery coating that results when
o razor edge 1s drawn across 1t was also obsgserved,
Irregularities along the razor edge produce a result that
is equlvalent to that whilch would be produced by a serles
of needle points moving along a line, See plcture 3 of
Figure 8, From time to time the cut in the rubber is
continuous over the space of several of the lrregular
protruslions on the razor edge, The flaps of rubber
that are ralsed from the surface agaliln point in the
direction from which the razor edge moved, that 1ls, toward
the left of the plecture.
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The needle ls able to grip the rubber and to force
the rubber up into a bhulge as 1t moves only because the
coefficlent of friction between the needle and the rubber
is high., If, indeed,high-speed rain erosion progresses
by a similar mechanism on neoprene the extent of erosion
damage on comparable sgpeclimens should be reduced on a
gspecimen for which the coefficlent of friction between the
radially flowing water from the drop and the rubber surface
is reduced, Roth, Drisgcoll, and Holt /10 7 have found
that graphite and caster oll reduce the coefficient of
friction between rubber and steel. They found that these
materlials also serve to prevent lncrease of the coefficient
of friectlion between rubber and steel with lncrease of speed
of the relative motlion of the rubber and steel surface,
In an effort to obtain evidence with regard to the
hypothesls that neoprene erodes by abrasion under
waterdrop implingement the effect of applying graphite,
0l1l, and detergents to neoprene coatings during rain
erosion test was explored.

4,1.1 Effect of Hardness in the Water Used for the Artificilal
Raln and of the Use of a Wetting Agent in the
Water

Eight alrfoil specimens were fabricated and coated with
neoprene at the Cornell Aeronautical Laboratory. The
specimen-bages were of 2024 aluminum alloy. They were
lightly sanded and cleaned wlth a cloth dampened in toluene,
One coat of Bostik 1007 primer and 14 coats of Goodyear
23-56 neoprene were brushed on the specimens; 15 min air
dry was allowed between coats. The dry film thickness was
approximately 16 mils, The coatings were cured at room
temperature for 10 days. They were numbered 1893 A and B
through 1896 A and B,

Specimens 1893 A and B were tested at a veloclity of 500
mi/hr in l-in,/hr artificial rain, Ordinary hydrant water
having a hardness of 22 ppm was used to make the artificial
rain., The Cornell Aeronautical Laboratory reported that
the coating started to erode In 12 min, The test was
stopped at the end of 50 min., At the end of this length
of time the high speed end of the leading edge of each
specimen was strongly eroded; the low-speed end was eroded
to a lesser degree, See plcture 1 of Filgure 21, Inspection
of these specimens showed very little, but some, evidstice
of a cementltious deposit from the water,
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Microscople 1ngpection showed the presence of lsolated,
surprlsing round, small holes egpeclally on the low
speed end of speclimen 1893 B, Deep clrcular holes that
were surrounded by a torn-out area were observed,

This may be evidence that the coating was torn away
around holes of this kind by the radial flow of drops
after the holes themselves had formed, In the case of
at least one such round hole on specimen 1893 B, a thin
layer of coating materlal that was about the size of the
mouth of the hole appeared to be lylng on the bottom
surface of the hole, Thls observation may indlcate that
these holes are formed when the thiln skin .of coating
over bubbles, which exist 1ln the coatling 1tself and
whlch are near the surface, 1s broken in,

The process of erosion appeared to be the tearling
away of thin segments of coating materlial at the surface
of the coating. After a roughened surface 1is formed,
further eroslon could be expected to progress rapldly
because the Impact pressure of additional drops that
Impinge is multiplled 1n depressions of the surface
roughness and the veloclty of the radial flow, whlch
governsg lts abllity to tear more of the coatlng away,

18 1ncreased, Cuts or tears which could be due to attack
of the neoprene by ozone or by hydroxyl lon were slso
evident 1n the roughened surface of the coating on
specimen 1893 B, Qualitatively simllar damage features
were observed on specimen 1893 A, Uneroded aresas on

the sides and away from the leadling edge of hoth specimen
1893 A and 1893 B were gralny 1ln appearance,

Specimens 1894 A and B were eroded at a velocity of
600 mi/hr in l-in,/hr artificial rain for 140 min. The
artificlal rain was agaln of ordinary hydrant water having a
reported hardness of 22 ppm, The only difference in the
test conditlons of specimens 1894 A and B and specimens 1893
A and B was the veloclty at which the specimen struck the
waterdrops of the artiflclal rain and the test tlme,
Visual inspection of these specimens showed that although
they were tegted at a higher veloclty and for a longer
perlsd of time than specimens 1893 A and B, they were
eroded to a legper degreae, Microscopic examination
Indlcated that the eroslon was also of a different character,

The low-speed end of the leadlng edge was characterlized

by a chevron pattern of erosion in the neoprene coating. OSee
pleture 1 of Flgure 22, The point of the chevron faced the
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lowespeed end of the specimen, The eroded surface was
rippled but was surprisingly smooth and almost free of the
erosion characteristics that were found on specimens 1893
A and B although a few round holes and torn-out areas
could be seen, At the high-speed end of the leading edge
of the specimen the chevron pattern was almost obliterated
by a generally beady texture of the ercded surface,

See picture 2 of Figure 22, Cracks that could be due to
attack of the neoprene by ozone or by hydroxyl ion could
be seen, A cementitious mineral deposit existed at both
ends of the specimen, The appearance of specimen 189§

B was qualitatively similar,

Specimens 1895 A and B were tested under the same
conditions and for the same length of time as were specimens
1834 A and B but the water used for the artificial rain
was passed through a softener and was reported by the
Coyrnell Aeronautical Laboratory to have a hardneass of less
than 2 ppm. These specimens eroded in a manner similar to
that of specimens 1894 A and B, Cementitious deposits
were obseprved at both ends of these specimens showing
that the softened water used for the artificial rain
contained enough hardness to allow precipitation to occur,
The chevron pattern at the low-speed end of the leading edge
was less dlstinct than on specimens 1894A and B but the
beady texture of the surface at the high speed end was
about the same, The Cornell Aeronautical Laboratory
reported that in the case of specimens 1894 A and B the
chevron pattern was first detected after 25 nmin of test but
that 1n the case of specimens 1895A and B it appeared only
after 40 min of test., This observation appears to
indicate that the chevron pattern 1s related to the amount
of hardness in the water and hence tc the amount of
cementitious precipiltate that can come out of it, The
observation that the general Beady texture at the highw-speed
end of the specimen after the same test time (140 min)
was about as distinct as on specimens 1894A and B seems
to indlcate that 1t may be a result of the water flow
and/or of the texture of the neoprene coating mome than
of the amount of precipltate present in the water,

There were quite a few sutures or cracks in the coating
on both specimens,
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Specimens 1836 A and B were tested under the same
condltions as specimens 1895 A and B except that the total test
time was 130 min and that 1.0 g of Hyamine 1622 germicidal
-wetting agent was added to each 0,5 gal of water that was
used to make the artificial raln, The addition of the
wettlng agent reduced the gurface tenslon of the softened
water from 75 d/cm to 35 d/cm. The Cornell Aeronsutical
Laboratory reported that the Goodyear 23-56 neoprene coating
appeared to be softer on these two specimens and that a
chevron pattern similar to that which appeared on specimens
1895A and B was detected after 40 min of test.

Mlicroscopic inspectlon of these specimens showed the
presence of a cementltious deposit at both ends. The
eroglon was similar in appearance to that which formed on
specimens 1895 A and B, namely, a dim chevron pattern at
the low-speed end and a beady structure of the surface
at the high-speed end, There were a few round holes and
torn-out spots., On specimen 1896 B a section of coating
was turned back so that the reverse side of it (the side
that had been bearing against the aluminum alloy speoimen-
base) could be seen. The reverse side of the coating had
a beady structyre without having suffered eroslon at all,
See plcture 2 of Figure 21. This observation appears to
indicate that the beady structure of the surfade that formed
at the high-speed end of the specimens durlng test is
related to the coating itself as well as to the water
flow or tec the présence of a precipitate in the water,

The presence of globules or beads 1n the coeting colld
result from use of neoprene that was not efficiently
dispersed during compounding or 1t could be due to the

uge of o0ld materlal 1n which partisl coagulstlon has
occurred, Addltlon of dlluent to such material would

not disperse the aggregates. Inspectlon of a torn ,
edge of the coating on specimen 1896 B showed. some evidence
of separation of layers of the coating, Both specimen 1896
A and specimen 1896 B contained many sutures or cracks

that could be due %0 attack by ozone or by hydroxyl ion.,

4,1,2 Effect of Detergent Applied to the Coating
Four airfoll specimens were fabricated of 2024 alumimum
at the Cornell Aeronautlcal Laboratory. They were ooated with

Bostik 1007 primer and with Goodyear 23-56 neoprene (brush
coat), After alr drying for one week, the specimens were
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dried in a dessilcator overnlght and were then weighed on

a chemical balance, Two of the specimens (Cornell
Aeronautizal Laboratory numbers 1400 A and 1401 A) were
brushed wilith a concentrated solutlon of alkyl aryl
sulfonate and were alr dried for at least one hour,

Each of these apeclnens was tesgted wlth an untreated
control specimen (Cornell Aeronautical Laboratory

numbers 1400 B and 1401 B) at a velocity of 600 mi/hr in
l-in,/hr artificial raln, After each 10-min interval of the
first two hours of the test, the four specimens were drled
in a dessicator overnlght and were then welghed before
another f1llm of detergent solution was applied to the
treated speclimene, Thils procedure was repeated at 20-min
intervals during the remainder of the test, The welght
losses of these gpecimens at the end of the 10-min
intervals of test during the first two hours of test

are plotted in Figure 23,

Inspection of the ercded specimens at X 20 magniflcatlion
revealed that specimens 1400 A (treated with detergent) and
1400 B {control), which wers tested for a total of 260
min, were in about the same state of erosion. There was
a falrly dlstinct chevron pattern at the low-gpeed end
of these specimens and small coating bubbles and torn-out
spots at the high-speed end, Specimen 1401 A
(treated with detergent) appeared to be glightly more
eroded than specimen 1401 B (control), Thege specimens
were tested for a total of 320 min, There was a strong
chevron pattern at the low-speed end, a general beadlness
in the central part of the leading edge, coating bubbles
over most of the leading edge, and torn-out spots at the
high-speed end of these specimens, All four specimens
contalned quite a few cracks or sutures that may be due to
attack of the neoprene by ozone or by hydroxyl ion,

The microgcoplic inspectlon showed that there was
little if any difference in the appearance of the specimens
treated with the alkyl aryl sulfonate and the controls,
From this 1t can be concluded either that the alkyl aryl
sulfonate washed off too goon to be of any real beneflt or
that 1t was of little congequence to the eroslon damage
whether the surface of the coating was hydrophillc or
hydrophoblc,

WADC TR 53-192 Pt XIII “ 54 .



SNEWIOHAIS QIIVOD BNIHJOEN ¥N0d HOJ FAMAD HWII~SASHHA-SSOT-JHDIEM €2 ¥HNOId

0<ct

Is9l HONIMND INZDHUEISd HIIM JEIVEHI Hudr HOIHM 40 OMI

NIH ‘EHIL
08 09

Oh

0c

TOYINOD & TORL ---—
INBOURIET V TORL---—-
TOUINOD € OOHLl— —
INFOHALEQ ¥ OONT—

I

+®00*®

: 800*

c1o0*

gt10°

0z0*

WYHED “S807 IHDIEM

55

-192 Pt X111

WADC TR 53



From Plgure 23 it can be seen that the welght loss
sustained by the specimens in egual intervals of time is not
constant, Durling the first two hours of test, peak losses
occurred in the Intervals 10 to 20 min, 30 to 40 min, 70
to 80 min, and 100 to 110 min, Thils seems to indicate
that there are preparatlion perlods, In which little or
no eroslon loss occurs, followed by perlods in which loss
is accomplished, The preparation perlods may be
characterlized by the development of structures without loss
of materlal, such as coating bubbles, which are later
torn open with loss of material, The development of
surface cuts, cracks, or tears wilithout loss of material
may, similarly, be followed by a tearing away of small
pleces of the coatlng when the water from additional
implnging drops is drilven into them, or by the falling
away of pleces of coating material from between
circumscriblng cracks,

While the eroslon leading to the chevron pattern in
the neoprene at the low-speed end of the gpecimen appears
to be a gradual wearing through of the coating itself
by the flow of grit-laden water, 1t appears that erosion
due to the high-speed intercepting of waterdrops may be the
result of the gradual development of coatling bubbles due
‘to loss of adheslon between the coating and the specimen-base
followed by loss of the coating material that formed the
bubtble, .the gradual etchlng out of coating granules or
of forelgn particles in the coating followed by loss
of the granules or particles, and the gradual development of
surface cuts, cracks, or tears followed by the removal
of material around them, or between thenm,

4,1,3 Effect of Graphite and 01l Applied to the Surface
of the Specimen

Four airfoll specimens were fabricated, coated with
neoprene, and tested for raln eroslon resistance at the
Cornell Aeronautlcal Laboratory, The specimen-bases were of
2024-0 'aluminum, They were coated with Bostik 1007
primer and with 10 mils of Goodyear 23-56 neoprene,

After a 1lO0-day alr dry, the specimens, which were numbered
1380 A and B and 1391 A and B, were tested for rain-erosion
replastance at a velocity of 600 miéhr in 1-in,/hr artificlal
rain., One specimen was rubbed with colloidal graphite
(Aquadag) and another was rubbed with castor oil at 1C-min
intervals durlng the test; two of the Bpecimens were teasted as
controls, that 1s, without a surface treatment,
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It was reported that when the whirling arm was stopped
after each 1l0-min interval of test, the fllme of graphlte
and caster oll appeared to have been washed off the leading
edge, and that visual examination of the coatings on
these specimens at the end of 75 min of test showed no
apprecliable diff'erence in the amount or type of erosion,
The time to erode through the coatling was 1ln each cage 70
%én with the exceptlon of specimen 1390 B for which 1t was

min.,

Ingpectlion of these specimens with a stereoscoplc mlcroscope
produced the followlng observations, There were many small
round holes in the coating on specimen 1390 A, which had been
rubbed with graphite at 10-min intervals during the test,
Theése round holes were surrounded with a collar of the
coating material and appeared to have been alr bubbles in
the neoprene that were near the surface and that had been
broken open by the waterdrop blows, There was a dim
chevron pattern in the coating at the low-speed end of the
specimen and a beadiness at the high-speed end which was
of a finer texture than that observed on specimen 1894 A.
There were also large coating-bubbles that had been squashed
by the waterdrop blows, These bubbles Involve the entlre
thickness of the coating and form as a result of loss of adheslon
between the coating and the speclimen-hase to which 1t was applied.
There were also short cracks or sutures 1in the coating.

The coatling on specimén 1390 B, which was g control that
had no surface treatment, is peppered over the éntire leading
edge with many round small holes (See Figure 24) that have
8 ralsed collar of neoprene around them, They may have
been caused by air bubbles in the coating that were broken
open by the waterdrdp impacts, Some small bumps exist that
have no hole in them and 1t is posiible that these are alr
bubbles in the neoprene that are near the surface, There
is a dim chevron pattern in the coating at the low-speed
end of the specimen and a pebbled structure at the high-speed
end of it that is fine in texture in comparison with the
beady structure of specimen 1894 A, Coatingmbubbles
that involve the entire thicknecss of the toating also exlst;
two of these have been torn open so that the surface of
the 2024-0" 3pecimen—base can be seen, Many cracke and sutures
also can be seen 'in the coating.
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There was a dim chevron pattern in the neoprene at the
low-speed end of specimen 1391 A, which was rubbed with
castor oil. The chevron pattern on this specimen was
less distinct than that on the other specimens used
in this study. A pébbled structure of the surface, which
was of a finer texture than that on specimen 1894 A,
existed atthelow speed end of the specimen and extended
to the high-speed end., There were spots where the coating
appeared to have lost adhesion; at the high-speed end 1%
was torn open to the 2024-0 aluminum specimen-base, '
There were also short cracks or sutures in the coating,
Observations made on specimen 1391 B were simllar to
those on specimen 1391 A.

There 1s very little difference inthe degree of erosion
that was produced on specimens 1390 A and B and on specimens
1391 A and B. This appears to indicate that the use of
graphite or oll has little, if any, effect in retarding or
in mitigating the erosish. The chevron pattern in the
neoprene at the low-gspead end of specimen 1391 A was less
pronounced than that on the low-speed end of the other
specimens used in this stuldy and this may indilcate that
oil on the surface of the specimen does afford some
protection agalnst the flow of the waterdrops after
they impinge.

An addltional test of the effect of application of
oil to the specimens was made using silicone oll, which it
was thought mlght be more tenacious than the castor oil that
was used, Four 2024-0 alunimm alloy alrfoil shaped test
Specimens were fabricated at the Cornell Aeronautical
Laboratory and were brush coated with Goodyear 23-56
neoprene using Bostik 1007 as the primer. The coating
thickness was approximately 11 mils. After air drying for
flve days the specimens were placed in a desiccator over-
nlght; they were then weighed.- Specimens 2378 A and
2378 B were brushed with a thin film of silicone oil
(viscosity 300 centistokss) prior to rain-eposion test
at a veloclty of 500 mi/hr in l-in,/hr rain, Spacimens
2379 A and 2379 B wers not coated with the silicone
01l. At the end of a 5-min test interval the speclmens
were stored in a desiccator overnight and were welghed
agaln, Specimens 2378 A and B were then brushed again with
sllicone oil and the cycle af peocedure was repeated, The
total test time accumulated on the spacimens was from 60 to TO
min, The welght losses that were sustalned by the specimens
are shown graphically in Figure 25,
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Microscople examinatlon of the specimens led to -
thez conclusion that the type and degree of damage that was
sugtained by the oll-treated spacinens and by the sontrol
spz2eimens was about the same. In general, it consisted
of a dim chevron pattern at the low-speed end of tha
spaeinen and of broken out spots at the low-speed end
which increased in density toward the high-speed end
until at the high-speed end there was a swath down
the center of the specimen from which z complete layar of
coatlng materlial had been removed, Thersz was avidzncs of
rracik Tormation in the coating at both ends of the
specimens.

4,2 Chemical Deterioration

Ozorie 1s the main factor in the deterioration of
elastomers during weathering 1347. It 1s responsible
for the regular cracking that forms perpendicular to the
axis of any localized stress in the rubber; it is
also responsible for the irregular cracking or crazing
which _was formerly attributed to light-activated oxidation
/12 /. The essentials required for the ozone deterioration
of a susceptible elastomer (all elastomers that contaln
double bonds are susceptible) are ozone and tension stress
/11, 13 7. Rubber and butadlene elastomers have a
critical stress or straln above and below which ozone
cracking 1s less severe; neoprene vulcanizates become more
susceptlble to ozone attack as stress and strailn are
increased /13 /., Neoprene vulcanizates must be subjected
to both stress and strain of an appreciable degree before
they will erack under the influence of ozone 13 /. The
stretch required for vulcanized natural rubber is™ 5 to 25
per cent; the gtretch required for vulcanized neoprene
1s about 50 per cent /15 /., However, when it 1s freely
exposed to alr and 1light chloroprene darkens and becomes
harder espeeclally on the surface /14 7., These changes are
accompanled by the liberation of hydrogen chloride 1&[;7.
It has been pointed out that the presence of a chlorine
atom at a double bond decreases the tendency of the double
bond to react wlth ozone and that in chloroprene the
chlorine atom is attached to a carbon atom having a
double bond /714 7,

The chearacterdstic cracking of stressed rubber that

fesults when it 1s exposed to ozone can also be produced by
exposing 1t to free radicals /16 /. Cracking by tertiary
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butoxy, phenyl, benzoyl, acetyl, and hydroxyl radicals

has been observed /16 _/, It 1s possible that the fallure
of neoprene coatings under high-speed rain Impingement 1l1s
in some measure a consequence of attack elther by ozone

or by the hydroxyl lons that are produced when waterdrops
are lntercepted by a solid surface at high speed.b When

a 2-mm waterdrop 1s intercepted at a velocity of _600 mi/hr
the kinetlc energy of the collision is 3.6 x 1072 kecals., The
heat required to ionlze a mole of water with the resulting
ions at infinite dilution (no ionic interactionﬂ)'is 13.4
kcals, A 2-mm drop of water ls about 2,3 x 10™™ moles.
Therefore, the heat ggquired for ionlzation of a 2-mm drop
of water 1s 3.1 x 10 ~ kecals with the lons at infinite
dilution., Because the klnetic energy of the colllslon

of the drop with the solid surface 1s 1/100 of the energy
required to lonize all of the water contalned In the drop,
ionization can:-be expected to occur.,

When a waterdrop is intercepted at high speed by a
rubber-coated solld surface, 1t first exerts a compresslve
load on the rubber coating. The waterdrop then flows out
radlally and the radial flow of water from the drop
imposes a radlal stretch on the rubber coating sround
the polint of impingement, It 1is posslible that ozohe addition
or hydroxyl lon addition to the double bonds of the rubber
may occur during a stretch-and-recover cycle and that
cracking or a filne surface crazing may result from the
stresses, stretches, and chemlcal additlons that may occur
during successlve waterdrop blows,

Natural rubber is more susceptlble to ozone attagk than
neoprene, Natural rubber in the form of vulecanlized sheet
stock has been tested for raln-eroslon resistance; 1t was
found to.be less rain-erosion reslatant than neoprene, It
was declded to Incorporate the antlozonant N, N' dl-tridecyl-
p-phenylenedlamine into natural rubber and to prepare sheets
of this material that could be bonded to raln-erosion test
gpecimens, Elght sheets of rubber were prepared that
contalned the antlozonant; four of these contalned hellozone
wax and four contalned no wax, Four sheets of Pubber were
prepared that contalned nelther antiozonent nor wax., There
rubber sheets were sent to the Cornell Aeronauilcal Laboratory

U The poselbllity that ozone cracking may be involved in the rain
erosion. fallure of neoprene coatings was suggested by Dr. L. A,
Wood and Mr, Frank Roth of NBS Rubber Sectlon. The thought that
water fragments may be involved was suggested by Mr, Max Tryon

of NBS Rubber Section,
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to be bonded to rain-erosion test specimens with adhesive
and tested, These rubber sheets were not tested; the
Cornell Aeronautical Laboratory reported that they had no
success 1n bonding the rubber sheet to rain-erosion
specimens with adhesive,

It was then decided to use an antiozonant on the standard
neoprene coatinges to determine whether or not the test life of
the very ozone-resistant neoprene would be incressed at all.

A sample of N,N' di-od¢tyl-p-phenylenediamine (U,0.P. No, 88)
antlozonant, which is applied externally, had been sent

to the Cornell Aeronautical Laboratory, It was requested

that rain-erosion specimens be coated with the standard neoprene
coatings and that they be tested for raln-erosion resistance
wilth and without external application of this antiozonant.

The results of the rain-erosion tests that were run ape given
in Table 3,

Only two specimens that were treated with antiozonant
were gsent to the National Bureau of Standards for study,
These were specimens 2387 A and 2387 B which had been treated
with a 50 per cent solution of the antiozonant in acetone,
The neoprene coatings on these specimens were applied over
2024-0  aluminum alloy specimen-bases, The coatings were
of Goodyear 23-56 neoprene over Bostik 1007 primer;
they were 10 to 12 mils thick, At the end of 5-min
intervals during rain-erosion test at a velocity of 500 mi/
hr, the specimens were dried with a cloth and the antiozonant
solution was brushed on them as a thin film, Specimen
2387 A was tested for 190 min and specimen 2387 B was tested
for 180 min before a hole eroded thréugh the ocoating.
Untreated controls lasted only 50 min before a hole eroded
through the coating.

Microscoplc inspection of specimens 2387 A and B
showed that there was a dim chevron pattern eroded in the
neoprene &t the low-speed end of the specimen; the
surface of the high-speed end had a pebbled appearance,
There were a few plts scattered down the length of the
leading edge, A turned back flap of ecating on specimen
2387 B made 1t possible to see that the underside of
the coating was uniform and without nodules such &g appear
on the underslde of the coating shown in ploture 2 of
Figure 21, The outstanding difference between theae
eroded antlozonant-treated neoprene coatings and other eroded
neoprene coatlngs was the absence of cracks or sutures, There
appeared to be no evidence of crack formation, The failure that
eventually occurred appeared to he the result of a loss of
adhesion, :
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The results presented in Table 3 indilcate that use of a
50 per cent solutlon of the antiozonant in acetone produced
more than a threefold increase in the test life of the
Goodyear 23-56-Bostlk 1007 neoprene system and that use
of 100 percent antlozonant produced very nearly a
fourfold increase in the test 1life of thls neoprene
system, The increase 1in the test life of the Gaco N-79-
Bostlk 1007 neoprene system was nearly but not quite as much,
It would be of interest to know the response of the Gaco
N-79«Gaco N-15 neoprene system, It can be seen in the
description of the coating failure that 1s given in Table 3
that whereas the control coatings and che coatings that
ware treated with 100 per cent acetone were pitted,the
failure of the coatings that were treated with antlozonant
was through eventual loss of adhesion that resulted in
coating bubbles that later tore open,

The Cornell Aeronautical Laboratory reported that the
neoprene coatings were softened by the antiozonant alone,
by acetone alone, and by the solutlon of antlozonant in
acetone, For the three reagents that were used to
treat the coatings, the greatest swelling and softening
resulted from the use of antlozonant-acetone solution
and the least swelling and softening resulted from the
use of 100 per cent antiozonant, Thelr data are presented
graphically in Figure 26.

Treatment of the neoprene with 100 percent acetone had
no effect on its rain-erosion test life. The acetone
evaporated very rapidly. Softness of the neoprene coating
that resulted from the use of 100 per cent acetone vanlshed
with the acetone. Therefore, whatever effect the softening
of the neoprene had on 1ts rain-eroslon test llfe must be
determined from the results obtained on treatment with the
acetone-antiozonant solution and treatment with 100 per cent
antiozonant, A comparligon of bar graph 3 wlth bar graph I
in Pigure 26 indicates that a 30 per cent softening of the
coating 1s assocliated with a 180-mln test 1life when acetone
plus antiozonant was used whereas a 7 per cent softening
is assoclated with a 220-min test life when antlozonant
only was used, From these data 1t cannot be concluded that
test 1ife was determined by the soffness of the coating.
Furthermore, Beal, Lapp, and Wahl / 17_/have concluded
that "in the neoprene rubbers tested, oge with the
greatest reailiency, lowest permanent set, and high
Durometer hardness, had the hest resistance to railn
erosion", Softness would therefore not appear to be
the correct explanation. It has been suggested that the
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Table 3
Test Results on Neoprene Coatlings Treated
with Acetone and wlth Antiozonant

C.A.L, Coatling System on- Lroslon
Spec, 2024~0 Aluminum Treat- Through
No, Alloy Airfolls ment Coating Remarks
2495 A GQoodyear 23-56 none 57 min Moderate Pitting on
neoprene over high-speed half;
Bostlik 1007 primer scattered holes through
(10-12 mils) coating,
2495 B " " 50 min "
2496 A oo acetone 55 min  Heavy pitting on entire
© leading edge; scattered
holes through coating,
2496 B N " 45 min "
2387 A " 50% anti- 190 min Coating softened and
ozonant l1ln swelled,
acetone
solution
2387 B " " 180 min o
2523 A n 100% 220 min Coating softened and
anti- swelled; scattered
ozonant bubbles formed on high-
© ppeed half of leading
edge in 120 min and tore
cpen in 220 min,
2520 A Gaco N-T9 none k5 min Heavy piltting on entire
neoprene over leading edge; scattered
Boastik 1007 holes through coating,
primer (10-
12 mlls
2520 B " n 45 min "
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Table 3 (continued)

C.,A.L, Goating SysTem on Erosion

Spec., 202%-0 Aluminum Treat- Through

No. Alloy Alrfolls ment Coating Remarks

2521 A Gaco N-79 acetone 40 min Heavy pitting on

neoprene over entire leading edge;
Bostilk 1007 scattered holes through
primer Slo- coating.

12 mils

2521 B “ “ 42 min "

2522 A " 50% anti- 105 min Coating softened and
ozonant 1n swelled; several
acetone solu- bubbles formed on
tion leading edge in

approx, 90 min and
tore open 15-25 min
later,

2522 B " "

L 115 min
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large increase in the Test 1life of the neoprene coatings
that was produced by the use of antiozonant may have

been dve simply to adding an additional fillm so that

there was more material to be worn away. This also

sannot be a correct explanatlon slnce repeated application
of tenacious films of sillcone »il had no effect 1In
retarding erosion damage to neoprene coatings. Some other
foctor must be involved and this factor may be that the
anbtlozonant prevents ¢hemlcal detérioration of the coatings
that would result from ozone or from hydroxyl-lon addition if
the antiozonant were not used.

With regard to the use of this antiozonant on radomes,
i+t has been stated that it is questlonable whether this
treatment would be desirable for neoprene coatlngs used on
radomes since the coating becomes very soft and stlcky
and that this characteristic would uyndoubtedly have
congiderable influence on dirt pickup, outdoor durability
and electromagnetlic wave trangmlssion. As far as softness
1s concerned, it was brought out In the preceding
discussion that excessive softness is not a factor in
the enhanced rain-erosion registance, The experiments
using this antiozonant have only utilized strengths of
50 per cent antlozonant and 100 per cent antlozonant and
Ihe solutions were applied only at 5-min intervals, Further
rain-erosion test-life experiments should be carrled
out in which the per cent antiozonant or the frequency
of application or both are reduced until the conditlons
that will produce minimum softness with optimum raln-erosion
test 1life are determined,

If a mechanlsm of ozone addition 1s involved 1n the
enhanced tegt 1ife of the coatings that were treated wlth
antiozonant, then outdoor weathering tests should ghow
increased weathering resistance of coatlngs that are treated
with antiozonant, Outdoor westhering experiments should
te carrled out in which the frequency of appllcation and/or
the percent anticzonant that ls applied are varled to
Adetermine the minimum of antiozcnant that should dbe used,

4,3 Mechanical Fatlgue

If rubber is sutjected to repeated stretch-and-release
cycles 1t will eventually crack and rupture, A gradual
deterioriation of the rubber accompsnies the repeated
streteh-and-release process, The dynamic fatigue llfe
may be defined as the number of stretch-and-reicase cycles
that a rubber will survive before rupture oceurs,
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Cadwell, Merrill, Sloman, and Yost /18 / have shown
that (A) the fatigue life under linear vibration is lowest
if complete recovery is accomplished between successive
stretches of a given magnitude; and (B} where the
vibration 1s between larger stretches than (A) but with
the absolute maghlitude of the stretch being the same as
in (A), the fatigue life 1s very much longer. If the
rubber is vibrated in shear, (A) ahd (B) are also true,
Specimens vibrated between zero and 50 per cent shear
had only 1/5 the fatigue 1ife of specimens that were
vibrated between 75 and 125 per cent shear although the
shear oscillation cycle for both was 50 per cent, They
alsgso found that (C) increase in the magnitude of the
oscillation stroke decreases the fatigue life, and (D)

a hard rubber stock has, in general, a lower fatlgue
life than a soft stock,

If a waterdrop impinges agalnst a rubber or agsinst
a rubber-coated surface the rubber ls deformed Into a
cup-shaped cavity by the compressive load and tenslle
and shear stresses are set up Iin 1t; the gurface layers
of the rubber In and around the cavlty are also stretched
by the tensile and shear stresses that are exerted by the
radial flow of the water of the drop., See Sectlon 5H,1l.1l.
When the compressive load is removed and the radisl flow of
water reaches maximum dlmensions and stops, the rubber
begins to retract to its original state, If the rubber
has a fast recovery 1t may reach its orlginal unstressad
state before another waterdrop lmplinges and the cycle is
repeated, If this is the cese, the rubber would be
operating under condition (4) with a minimum fatigue
life expectancy. If the ruober has a slow recovery rate
it may still be in a radially stretched state around
the point of one waterdrop blow at the time that another
waterdrop strikes the same spot., Under this condition
the rubber would be operating under condition (B)
with a longer fatigue 1ife expectancy.

In the light of these concepts the recovery propertles
of a rubher may have a bearing on its raln-erosion resistance,
These concepts can only bz applied to the fallure mechanism
of neoprene if it can be shown that the time for a
stretch-and-recover cycle is such and the rain density
and collision veloclty are such that two or more
consecutive collisions will occur on the same spot in

a time that is equal to or less than the time for a
stretch-and-recover cycle, The percent of the collisions
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that occur in various %time intervals can be calculated if
the average drop slze of the artificial rain that is

used for the tests is known. There is some evidence

that the drop diameter of the l-in,/hr artificial rain
that is used for the erosion tests at the Cornell
Aeronautical Laboratory may be as low as 0.75 mm.

If the drop diameter 1s taken to be 0.75 mm the volume
cf a spherical drop 1s 7.801 x 10" cu ft. A rain density
of 1 in./hr is then ecuilvalent to 2,967 of these drops per
sq £t per sec, If the terminal velocity of the rain is 21.56
ft/sec, then 137.4 of these drops exlst in a cubic foot
of space. A surface area of one square foot moving
at a velocity of 500 mi/hr (735 ft/sec) will sweep through
735 cu £t of alr each second or through 101,000 of these
drops each second., If it is assumed that the radial
flow of each drop that impinges affects a 1/4-in, sgquare ,
then on the surface area of one gquare foot that is moving
at 500 mi/hr there are 43,8 blows per 1/4-in. square
per second,

The probability that a waterdrop blow will occur
on a 1/4-in, square in a specified interval of time can
be calculated. Assume that (1) the probal i lity of one blow
in a time interval At 1is A At where A is the average
number of blows on the 1/4-in. square per unit time, (2)
the chance that a blow will occur in different time intervals
is independent, and (3) the probability that two or morec
blows will occur in the time interval At 1is at least an
order of magnitude lower than the probability of one blow,
From these assumptions it can be shown [19] that

The probability that no blow will occcur in a time t is

P(X = 0) = e At
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and the probablillty that one blbw wlll occur in the time
interval At 1s A At Dby assumption (1), Therefore,’
the probability that a blow will occur in the time

o AT

t + At is A At, or in the 1limit,

f(t)dt = e~ Atprat

The probability that a blow will occur in any time
interval n 1s the area A under the curve from
t =0 %t t =n,

11 n
A =f £(t)dt ==£1 e"Abaat = - o A"
o 0

For a drop dlameter of 0,75 mm, A was found in the preceding
calculation to be 43,8 blows per 1/4-in, square per second.
For time intervals n of 5 milligsec and 3 millisec,
the area under the curve is 0,20 and 0,12, respectively,
Hence 20 per cent of the waterdrop blows that occur each
second on each 1/4-in, square of the surface considered
may be separated by a time interval of 5 millisec or
less and 12 per cent of these blows may be separated

by a time interval of 3 millisec or less, These

times are of the order of magnitude to be expected for

a stretch-and-recover c¢ycle produced by & waterdrop blow,

In view ¢f the result obtalned, the concept that the
rate of recovery of a rubber may affect 1ts fatigue 1life
under high-speed rain impingement appears to be fessible,
To ascertain whether there is a direct correldation between
fatigue strength and raln erosion test llfe, the fatigue
strength and rain ercslon test life of neoprene coatings
of different properties should be determined, The
evidence that hes been reported /207 that ozone plays
& role in repeated flexing tests suggests that 1t may be
hard to differentliate hetween the ozone addition mechanism
and the fatigue mechanlism; indeed,the fatigue fallure may
be the result of ozone attack,

5. Mechaniam of Rain Erosion of Neoprene Coatings

A large number of experimental observations has been
pregented 1n the preceding sectlions, but more experimental
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data are needed for a complete understanding of the mechanism
of rain eroslion of neoprene coatings., In the remaining
sectlions an effort will be made to analyze and

interpret the data that do exist.

5.1 Waterdrop Impingement Stresses and the Response of
Structural Materials

The erosion damage that i1s done to struetural
materlals in high~speed collisions with waterdrops depends
both on the properties of a waterdrop in collisions of
very short duration and on the properties of the structural
mgterial ltself.

h.l.1l Stresses

At any given collision velocity the propertlesof the
waterdrop are always the same, In high-speed collisions
wlth a solid surface 1t acts as though it were a hard solid
sphere, but, unlike a sphere of hard golld material,
it undergoes an ultrarapid radial rlow about the central point
of Impingement, When a waterdrop collides with the planar
surface of a solid, or when the planar surface of a solid
runs into a statlonary waterdrop, the impact pressure that
results reaches a high value in a very short period of time,
This high pregsure drives the liquid that 1s close to the
solid surface radially outward around a central stagnation
point,

The radlally flowing liquid exerts a shear stress
on the surface of the solld over which 1t 1s running.
There 1s a shear stress between the separate layers of
the flowing liquld ltself and the situation should not
be different at the interface between the liquid and a
golid surface over which it is moving., The shear
stress 7 between layers of liquid in laminar flow is
given by the product of the viscosity M and the velocity
gradient through the moving sheet of liquid perpendicular
to its dlrection of flow. That 18, 7 = M (dv/Iz)
where v ig Che veéloclity of the moving sheet of liquid
and 2z 1s che direction through the thickness of the
liquid sheet., The layer of liguid molecules in direct
contact with the solid has zero velocity, but the
velocity gradient ig not zero and the shear stress 1s
appllied to the so0lid,
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When the liguid from a drop that 1s flowing radially
runs over a surface protrusion 1t exerts forces agalnst
the protrusion that are opposed by the restraint of
the bonding of thé protrusion to the underlylng layers
of materlal, Pressure, of Figure 27, 1is exerted
agdinst the protrusion by the flowling liquld., The pressure
that i1s exerted by the liquld tends to move the protruslon
along the planar surface of the solld and results in a shear
stress, T' of Figure 27, at the bhase of the protrusion,
The flow of the liquid results in the shear stress 7 that
was dlscussed above,

The presgure exerted by the liquid also results
in a turning moment that tends to bend the protruslion over,
The turning moment is the integrated cross product
of the compressive force exerted by the llquid and
the elevation of the protrusicn above the planar surface
of the solid at the point where ‘the force 1s applied, As
the protrusion bends, a tensile stress, J% of Flgure 27,
appears on the side of the protrtision agalnst which the
compressive force is applied and a compressive 'stiress,
0°  of Flgure 27, eppears on the opposlte side of the
pBotrusion. TIf the force exerted by the rapidly running
1iquid is sufficlently great or 1f the protrusion has a’
gufficient elevation above the planar surface, failure
may oceur, Whether the protrusion is simply bent over,
whether it 1s broken off, or whether part of the solld
material below the surface is torn out with 1t depends
on the gtrength of the material 'and on wiere fallure
occurs first. Likely polnts of fallure dre marked with
notches in Figure 27,

If & waterdrop impinges against a rubber-like material
the effsct of the compressive stress, 0, of Figure 28,
which is the direct result of the collisgon, is to
compress the solid material at the point of implngement,
The local compresslion results in a dimple or cup~ghaped cavity.
Tenslle stresses, Oy of Figure 28, appear in the sldes of

the dimple and especlally in the knze in the sollid material
at the rim of the dimple, If these tensile stresses

are sufficlently great tears may form in the surface layars
of the golld material, The materlal that formerly

occoupled the volume that now forms the hollow of the dimple
18 displaced, It 1s moved radlally outward and upwaxrd
around the dimple and this results in a shear stress, ™
of Filgure 28,

WADC TR 53-192 Pt XIII - 73 =



NOISNYIO¥d HOVJHIS V ¥HAQ SNNY JOHQHAIVM ¥ N¥HM ITASHY IVHI SHSSHMIS /2 WHADId

W N

INILVOD H38any

A

JOHOYILYM WOY 4 do
MO14 TVIaVY

7

WADC TR 53-192 Pt X111



HOVJIHNS QHILVOD=Huddny V
HIIM JOHTHEIVM V A0 NOISITIOD ®WHI WOHMd JINSHY IVHI SHSSHHIS 82 BHADIL

. sz

ONILYOD ¥388NY

d0HOHI Lvm
INIMOTTd A1TVIaVY

75

WADC TR 53-192 Pt X111



The radial flow of the liquid of the drop imposes
a radial terslile stress, Ty, of FPigure 28, and a shear

stress T, which was discussed above, In the case of very
thin rubbery coatlings it is possible that the shear stress T
may be transmitted through the coating to the primer bonds,
which hold the coating to the bage metal, and that it may
cause fallure of the primer-to-rubber or of the primer-
to-metal bond, See pictures 2{c) and 3{c¢) of Figure 10

and the discussion relating to these platures,

5.1.2 Response of Materials

The damaging properties of an impinging liquld drop
that have been considered in the preceding paragraphs are
similar for drops of all liguids but vary in Intensity depending
on the density of the liquid of the drop, on the relative
collision veloclity, and on the extent to which the solid
materlial yields under the bhlow, If the characteristic
properties of all structural materiasls were the same, the
appearance of damage marks produced by the impingement of drops
of a2 given liquid against all of them at some arbltrary
veloclty would also be the same; there would be only one
type of damage and only one mechanism by which the
damage iz produced, Because the characteristic properties
of structural materizalis are different, there are as many
different damage processes ag there are broad groupg
of material propertiss, A speciflicz question that was
posed at the time that the regesrch @ngram on the mechanlsm
of high-speed raln ercsilon was 1aitiated was whether g
soft rubbery material or a hard rigld material should be
sought as a solution to the problem, These two extreme
cases are considered in the following paragraphs.

A material that behaveg like rubber under the blow’
that resuits from collision with a liquid drop has the
advantage of being a pressure reducer for the blow,

When the impact pregsure that resvlis from collision wlth
a liguid drop is reduced, the velocity of the radlal flow
of the ligquid of the drop, which is driven by the impact
pressure, is alseo reduced, Becaune the radlal flow
veloclity 1s reduced, the ghesr gtregg that it exerts,which
goas qualltatively ags the radial {laow velocity, 1s
likewlise reduced, The materlisal is, however, depressed

at the point where the 1lquld drop struck and radial
tenslle stresses appear in the sides of the cup-shaped
depresslion and around, and especially aver, the rim of

it as 1t forms., The surface layers of the material are
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also stretched around the restricted area of contact
between the drop and the surface of the solid as a

result of the rapld flow of liquld from the drop.

A materlal of this kind need only have strength properties
sufficlent to withstand the mitigated stresses in order to
be able to remaln undamaged on colllding with a liquid drop.

Increase in the indentation hardness of =
rubber is commonly accompanied by a decrease in 1ts
elongation under a glven stress and, therefore, by a
decrease in 1ts abllity to mitigate the stregsses that
are imposed on 1t by high-speed colllslon with a waterdrop.
The indentation hardness associated with maximum
reslstance against waterdrop-implingement damage at an
arbltrary collision veloclity is that hardness above
which the gain 1n strength that accompanies further
hardening 1ls unable to offset the loss in ability to
mitlgate the stresses that are imposed by collision with
a waterdrop at the velocity in question, In terms
of the rupture energy per unit volume the optimum
indentation hardness is that hardness above which the
area under ‘The stress-strain curve begins to decrease.

All materials yleld to some extent under a
¢ollision blow, However, materials that do not
display a high elongation under a given stress as a
result of collislon with a liquid drop do not mitigate
to a notable degree the stresges that the colliding
érop exerts. To be erosion resistant, materialg of
this class must be able to withstand the unmitigated
stresses. Whether or not they can withstand the
unmitigated stresses depends on whether they can absorb
the energy of the collision blow before their yield
or fracture atrength is exceeded.

The question that was posed several years
ago as to whether the golution to the high-speed rain-
erosion problem should be sought among the soft rubbery
materlals or among the hard rigid materials can be
answered 1n the following way. The material may be
hard and rigid or it may be soft and rubbery and still
have a high degree of rein-erosion resgistance, If it
is hard and rigid it must have strength properties that
will enable 1t to withstand without fracture and
wlthout plastic flow the maximum ummitigated stresses
Imposed by colllision with a waterdrop in the velocity
range for which the materlal 1s being tested; these
stresses increase Iin magnitude as the lmpingement
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velocity is lncreased., If 1t is soft and rubbery it need
only have strength properties sufficlient to withstand the
mitigated stresses that are Imposed by collision wilth

a waterdrop, The veloclty ceiling for the rubbery
materials is the point at which they are no longer

able to withstand the mitigated stresses,

These remarks apply to the ablllity of a material to
withstand a single waterdrop blow, Under actual flight
conditions successlve blows on the same spot have a
certaln probability of being very closely spaced in
time, Therefore, under flight conditions a réin«-ercslon
resistant rubbery material must not only have strength
properties adequate %o withstand the mlitigeated stresses
but must also recover fast enough to be able to mitigate
the ptresses of an additional blow to the extent that
they do not exceed 1ts strength properties, To be a
practical raln-eroslon resistant material the rubber must,
furthermore, not loge 1ts ablility to mitigate the
stresses through deterloration of any kind durlng l1lis
expected service life,

5.2 Fallure of the Substrate~Primer-Coating Assembly

A corting may bz & slmple structure like a palnt that
bonds naturally to the substrate to which it 1s applied,
Coatings that do not bond naturally to the substrate
require a primer that does bond both to the substrate and
to the coating, Sometimes a tle-cemerit 1s necessary In
additlion to the primer,

The ungqualified use of the expression "rain-erosion
reaistance” may be confusing when 1t is applied to
coatings that require primers and tie~cements, The
rein-eroglon resistance of the coating itself 1s &
characteristic of the intrinsic properties of the material
of which the coating is composed, The ralne-eroslon
registance of the coating should not be confused with the
rain-crosion resibtance of the substrete~primer-goating
assembly, If & highly reslstant neoprene coating l1ls
assembled with a week primer and/or substrate meterial
the assembly wlll fall prematuresly, but this has nothing
to do with the inherent railn-erosion realstance of the
coatling, Conversely, the raln-eroslion reslstance of the
substrate~primer«coating assembly is lmproved when a
substrate and/or primer of greater strength 1s used,
but the rain-erogion reglstance of the coating is not
improved, Breaskdown of the term raln-erosion reslstanae
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into rain-erosion resistance of the coating and percentage
performance or rain-erosion resistance of the substrate-
primer-coating assembly is, therefore, desirable,

5.2.1 Loss of Adhesion Due to the Compressive Stress

It was brought out in Section 5.1.1 that if a
waterdrop impinges against a rubber-like material the
effect of the compressive stress O~ of Flgure 28, which
ig the direct result of the collisgon, is to compress the
solld material over the area of impingement of the drop
ltself. The wave of compression that moves through
the coating as a result of the collision eventually
reaches the primer., The compressional wave 1s partially
transmltted into the primer and partially reflected from it.
The reflected portion of the comoressional wave is a
tension wave that moves back t® the surface of the
rubber coating. The transmitted portion of the compressional
wave moves through the primer and eventually reaches the
substrate, Reflection and transmission occur again at
the interface between the primer and substrate,

If the primer cannot stand the compresstonto which it
is subjected as the transmitted portion of tne compressional
wave passes through 1t, it may fracture or pulverize, Simllarly,
if the substrate cannot stand the compression to which it is
subjected as the transmitted portion of the compresslional wave
passes through it, 1t may fracture or pulverize, If either
the primer or the substrate pulverize, the adhesion bond
between the coatlng and the substrate may be broken over
the area where pulverization occurs. The result of this
may be the formation of a dome or bubble of the coating
materlial, The eénd result, that 1s, the fact that the
coating rises in a dome over the area where the adhesion
bond 1s broken strongly suggests that permanent set may
be introduced into it. The ungupported dome of coating
material 1s rapidly broken open when it is struck by additional
impinging waterdrops. The coating material that made up the
unsupported dome is torn away., The edge of the torn-out area
1s then subject to being 1ifted by the radial flow of
addltional impinging drops; if this cccurs the coating may
be strippéd back further around the area where the orlginsal
adheslon fallure occurred,

It is noteworthy that this type of failure is egssentially
unrelated to the intrinsic rain-erosion resistance of the
neoprene coating itself, Adhesion failure may occur
under a very durable neoprene coating and lead to ite
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early fallure, With regard to this type of fallure 1t

has been found that use of epoxy glass fabric laminates
rather than of polyester glass fabric laminates increases
the test life of a given neoprene coating, Appllcatlion

of the neoprene coating to an epoxy laminate for test does
not improve the rain-erosion resistance of the neoprene
coating but it allows a larger percentage of the

intrinsic rain-erosion resistance of the coating to be
brought into use,

5.2.,2 Loss of Adhesion Due to Shear Stress

Picture 3(c) of Figure 10 provides evidence that
adhesion failure may occur without pulverizatlion of the
primer or substrate, In the damage mark that 1s
shown in this picture the primer over the central area
of the collision that was under compression has remained
intact (maximum compression occurs in a ring around
this area). Picture 2(¢) of Figure 10 provides evidence
that the rubber coating 1s given a drastic radlal stretch
as a result of the flow of water from the drop. TFrom
Pictures 2(¢) and 3(e¢) of Figure 10 1t appears that the
shear stress 7T of Figure 28 1s transmitted through the
coating and that 1t causea a shear fallure of the primer
itself and/or of the primer-to-rubber and primer-to-metal
adhegion bonds, It 1s possible that thls type of
faillure may also occur to a less drastlc extent at lower
velocities, It is noteworthy that use of a stronger
substrate material such as epoxy laminates rather
than polyester laminates would have no effect in
preventing this type of failure if the fallure occurs
in the primer or in the primer-to-rubber or primer-to-
substrate bonds; it would have an effect 1f shear
failure occurs in the surface layers of the substrate
itself, This kind of failure would also lead to the
formation of coating bubbles or domes with consequent
drastic failure of the coating assembly, that is, with
consequent low percentage performance of the coating
assembly.

5.3 Faillure of the Neoprene Coating
Some of the aspects of the fallure of neoprene coatings
are a result of, or are ehhanced by, the test conditions that

are uged in thelr evaluation; others are inherent in the
neoprene coatings themselves,
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5¢3.1 Fallure Induced by the Test Conditions

The gradual production of & chevron pattern of
grooves 1n the neoprene at the low-speed and of the
specimen seems to bhe due to the use of tap water for
the artificlal railn in the rotating arm test., Use of
water that was softened to a hardness of less than 2 ppm
retarded but did not prevent the appearance of thils water-
flow pattern in the neoprene., It appears that collision
with the tap water raln drops at velocitlies as high as
500 mi/hr results in precipitation of mineral salts in
the water. The condltlons is worsened when the collision
velocity 1s increased to 600 mi/hr., The drag of the
crystalline preclpltate over the surface of the
neoprene wears channels along the main trajectories
of the flow, Such zbrasive wear reduces the thickness
of the neoprene coating and may lead to the adhesion
failure that results in formation of a dome or bubble
of coating and to drastic fallure of the coating
assembly.

The scourlng action of the precilpitate-laden water
may also be responsible for the removal of the glossy
surface layer that originally exists on a neoprene
coating, After the surface glosgs 18 removed the
intercepted drops strike a dull roughened surface
that is more suseeptible to the eroslon attack,

Modes of fallure that can be traced to the abrasive
wear of precipltate-laden water are spurious as
far as high-apeed rain erosion per se is concerned,
They should not be considered in arriving at the railn-
erosion fallure mechanlism., They undoubtedly contribute
to the deviation of the rotating-arm test results from
the results that are found under service conditions.
The reliabillty of the rotating-arm test would be
improved if distilled water were used for the
artificial rain.

Crack formation in neoprene coatings 1s to a large
extent perpendicular to a line down the leading edge of
the specimen, that 13, perpendicular to the direction
of the strong centrifugal force that exists while the
specimen is being whirled on the propeller blade, Ozone
eracking does not occur unless the rubber 1ln question is
under stress in the presence of ozone; the cracks form
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perpendleular to the applled stress, In the case of
application of blaxial stress,alligatoring occurs.

It is possible that crack formauion perpendicular to

a line down the leading edge 1s fostered by the
centrifugal force that acts in the rotating arm test.

If this 1s the came, 1t 18 spurious asg far as true rain-
erosion fallure is concerned, The undesirable feature
of the gentrifugal force 1is 1inherent in the rotating
arm tes .

5.3.,2 PFallure of the Neoprene Coating as a Result of
Waterdrop Implingement

Three posslble mechanisms of failure of the neoprene
topecoat were discussed in Section 4. It remains to
evaluate these mechanisms in the light of the experimental
data that exist,

5¢3.2:1 Abrasion

Some abrasion certainly occurs initlally on the
surface of neoprene coatings that are tested on the
rotating arm. The surface gloss 1s removed and
eventually a chevron pattern forms that marks the
trajectories of the water flow off the airfoll shaped
specimens, It was pointed out in the preceding section
that both these effects may be due to the scraping of
the crystalline precipitate in the water, Even when
the water was softened to a hardness less than 2 ppm,
evidence of cementitious deposit could still be seen on
the specimens and the chevron pattern still made its
appearance, It 1a not known whether these evidaences of
abrasion would disappear if all sources of contamination
were removed from the test cell and if dlstilled water
were uped for the artificlal rain, However, treatment
of neoprene coatings with oll, graphite, and detergent
in an effort to cut down the coefficlent of friction
between the neoprene and the flowing water had no
effect on the test life of the specimens, Strong reduction
of the surface tension of the water that was used for the
artificlial rain algo was without effect, The abrasion
mechanism depends on the abllity of the flowing water to
grip the rubber; these treatments of the neoprene should
have affected thias abllity; since the test l1ife of the
specimens was unaffected by these treatments it would seem
that abrasion due to the flow of grit-free water is not
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the mechanism by which neoprene coatings fail or that
it 18 not an important mechanism if it makes a contribution
to the damage at all,

5.3.2.2 Ozone-type Cracking

Some supporting evidence seems to point to the conclusicn
that neoprene coatings fail under waterdrop impingement
beécause they suffer chemical deterioration elther by
addition of ozone or by addltlon of hydroxyl ions., Ozone
18 present in the air, and it was demonatrated from
theoretical considerations in Section 4,2 that formation
of hydroxyl ions can be expected in high-speed collislons
of solids with waterdrops. Both ozone and hydroxyl ions
are able to add acrose the double bonds of unsaturated
elastomers to produce ozone-type cracking 1f the elastomer
is under stress.

The neoprene coatings are stressed during rain-
eroglon test not only by the centrifugal force that is
applied as a result of the use of a rotating arm but also
by the impinging drops, Tensile and shear stresses exist
in the rubber when a dimple or cup-shaped cavity forms in
1t as 8 result of the local compression caused by a
wakerdrop collision, Tensile and shear stresses also
exigt in the rubber as a result of the radial stretch that
ig given to its surface layer by the flow of the impinging
drops., See Section 5.1,1 The conditions for ozone-type
crack formation are, therefore, present during hilgh-gpeed
waterdrop implngement against neoprene coatings.

Crack formation that strongly resembles ozone-type
eracking in blaxially stressed rubber (elligatorirg)
have been observed in eroded neoprene coatings. These
cracks were not observed in eroded neoprene coated apeclmens
that had been treated wilth antlozonant during rdin-eroslon
test. Use of an antiozonant appears, therefore, to prevent
the c¢racking.

Use of the antlozonant did soften the neoprene coatings,
but to ascribe the enhanced rain-erosion resistance of :
antiozonant-treated neoprene coatings to softening 1is
out of keeping with the test observation 17 /that hilgh
rain-erosion resistance is assoclated with high Durometer
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hardnesgs. The antiozonant 1s applied to the coatings
externally but to ascribe the enhanced raln-erosion
reslstance of the antlozonant-treated neoprene coatings
to addition of an extra layer that must be worn through
18 out of keeping with the test result that application
of tenacious oll films had no effect on the rain-erogion
test life of neoprene coatings,

The rain-erosion of neoprene coatings 1s a two-step
process conslating of periods of preparation in which little
loss of material occurs followed by periods of erosion or
loss of material, This 1s clearly shown in the graphs of
Figure 23 and 25, The gradual development of a network of
ozone-type cracks wlth eventual breaking away of material
between circumscribing cracks is such a two~s3tep process.

A questlion that may be raised is why the rain-erosion
fallure of neoprene coatings 1is more drastic at a test
veloclty of 500 mi/hr than at a test velocity of 600 mi/hr
if the fallure mechanism 1s a chemical deterioration,

With regard to the addition of ozone, the concentration
of ozone naturally present in the alr would be the same
regardless of the test veloclty, However, a strong
possibllity exlsts that fewer waterdrops actually impinge
on the leading edge of the rotating arm at a test velecity
of 600 mi/hr than at a test veloeity of 500 mi/hr, If
this is the case, the rubber sustains fewer local

stresses at the higher velocity and it requires both ozone
and stress to produce ozone cracking, With regard to

the addition of hydroxyl ion, the formation of hydroxyl
ion 1s fostered at a test velocity of 500 mi/hr because
the acid carbonate ion In the water withdraws hydrogen

ion from the equilibrium to form poorly lonized

carbonic acld,

+ _
2 Heo — 2 H + 2 CH
+
Ca(HCO3) p T 2HCO, - +  ecatt
HpCO3
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When the test velocity is incressed to 600 mi/hr caglecium

carbonate precipitates to a more marked degree, The acid

carbonate lon is withdrawn from the equilibrium to form

calclum carbonate precipitate and the formation of hydroxyl

tﬁn 18 no longer favored, In terms of this explanation
exre

+ -
H20 - H + OH
ca(H003), —=  ca00,} + oo } 4+

18 less hydroxyl ilon present to attack the rubber at a test
veloelty of 600 mi/hr than at a test velocity of 500 mi/hr.

The experimental evidence that has accumulated is by
no means exhaustive but the evidence that has been cited
supports the mechanism of deterioration by addition of
ozone or of hydroxyl ion as being a means by which
neoprene coatings may fail under high-speed rain impingement.

5¢3:243 Effect of Rate of Recovery on Fatigue Life

Rate of recovery may have some effeet on the test 1ife
of neoprene coatings but no experimental data exlet at
present to prove or disprove it, To determine whether
or not rate of recovery contributes to 'the test 1ife of
neoprene coatings specimens should be coated with neoprenes
having different recovery rates. These specimens should
all be treated with antlozonant to prevent ozZone-type
eracking from playing a role, The test 1ife of the
specimens should then be compared, These data are not now
available atd this poiht for the present will have to
reinalin unanswered,
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