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FOREWORD

This report was prepared by the National Bureau of
standards under USAY Contzact No, AF(616)-58-32, The contract
wes initiated under Projest No, ggho. "Ruhber, Plastic and
Composite Materiala", Task No. 73400, "Stpucturel Plastics”.
The project was administered under the dirsction of the
Materials Laboratory, Directorate of Laboratories, ¥right
Air Davelopment Center, with Mr. George P, Pateriasn aocting
as project engineer,

The experimental work that is reported was sccomplished
with the cooperation of the Minnesots Mining and Manufacturing
Company, the Cornell Aeronautical Laboratory, the Uates
%nsineering Company, and the Goodgear Tire and Kubber

ompany.

This report covers the pericd of work from about OJutober
1954 to June 19%5E.
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! ABSTRACT

The mechanism bY which neoprene coatings fail 4z of
inbterest because sir sraffic will be carried on for many
years to oomé in the altltude range 1n which rain is
st111 encountered and 1n the velocity range for which
neoprene coatings are & golution to bthe ralnwerosion problen,
This report 18 an account of studies that nave been made
o determine the mechanism by means of whi.ihi neoprene
coatings eventually fail under high-speed rain impingement.
Ragults of tests involving antlozonan® appllcations to
the neoprene coabings are encouraging enough to warrant
curtl..c experdments with suoh applications,

PUBLICATION REVIEW

This report has heen reviewed and 18 approved.

FOR THE COMMANDER:
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1, Introduction

Of the large number of hard-setiing plastic coatings anc
of resilient rubber and synthetic rubber coatings that have
been tested for rain-erosion resistance, neoprene has been
found to be one of the most erosion-rasidtanp up to lmpingement
velocitiies of 500 mi/hr, Air traffic will be carried on
for many years to come in the altitude range in which rain
is still encountered and in the veloclity range for which
neoprene is a solution to the rain-erosien piublem, The
mechanism by which neoprene eventually doeg fail under
waterdrop impingement is, therefore, of considerable immadiate
interest.

Neoprene itself does not adhere strongly to glass reinforced
plagtic laminates, It must be binded to the lamindte by a
primer coating., The success of the nedprene topcoat 1+
resisting high-speed rain impact depends strongly on the
success of the topcoat-primer-laminate system, The rain-
erosion resistance not only of trne neoprene topcoat but also
of the topcoat-primer-laminate system must, therefore, be
asseased in evaluating neoprene at a raln-erosion resistant
material.

Manusaript released by the author June 1959 for publication aw
a VARG Trrehnieal Report,

WADC T s Ve P OXD T -
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2. Mcdels of a Waterdrop ‘ }\

: \

Damage that 1s sustained by a structural material on
collision «#ith waterdrops at hlgh speed is a direcec
consequence of the impact properties of .a waterdrop. Under
impact conditions a waterdrop behaves as though 1t were a
sphere of hard material; in high-speed collisions with \
the planar surfaces of solids it acts like an indenter to
which a compressive load has been applied. Unlike a
srhere of hard material, however, a collidiné waterirop
retains its liquid property of flow. The radial flow of
an impinging waterdrop exerts a turning moment against
rrotrusions 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 Sectlon
5.1.1. The Use of models to reproduce one or more of these
darmaging attributes of a waterdrcp in high-spe2>d collisions
with solids 1s very informative. A model of a waierdrop
mich* simulate its hard-sphere property or its properiy
nf radial flow, or both,

2.1, Steel Sthezee—and Deforming Lead Pellets

Steel 3pheres and deforming lead pellets have been used as
mndels of ..ceprarups in studles of the raln-erosion damage .
that occurs on methyl methacrylate plastic and 1100 aluminum,
On collision with these materials at relet’voly low veloclity
a steel sphere does not flow, & lead pellet flows to about
twize its original diameter, and waterdrops flow to many
+im2s their original diameter, Comparison of the damage
—ar#s male by steel spheres, deforming lead pellets, and
‘Niterd»Ins on 2nllision with methyl methacrylate plastic and
with 1100 aluminum has proved to be of value in understanding
the mechanism of failure of these materials under high-speed
waterirap impinzement /71, 2. 3;z§

tn attoempt wis made 9 use deforming lead pellets as
a4 mrdel for waterdirors ~o1liding agalinst neopraenae-coated
ianeln, I wWas found, however, that the lead pellets provided
a4 0 a3t that wans Len severs fapr the neoprenc con’ tne Lthat was

e —— - S —————

1 . '
irters fr trackets refoe to the literature references at ihe:
N TRAT LR U T30 LA | '
e Lo .
P
P
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used (theygaating was completely removed from the metal
suhstrate) 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 oil of
oleomargarine or even the somewhat rubbe gelatin closures

. that are used as caprales for medicinal oils might prove

to be satisfactory raterdrop models %o fire against neoprene -
coatings. .

2.2 O01l1-Filled Qelatin Capsules

The restralning gelatin closure constitutes an important
point of difference between these possible two-phase models
and a homogeneous liquid drop that has no restraining skin
except surface tension to resist its flow, It was anticipated
that this objectionable difference would de less important
in the very soft gelatin closures used to suntain the
coloring o0il for oleomargarine than in the more durable
rubbery gelatin capsules used for the medlcinal olls,

After extensive correspondence with the Gelatin rroducts
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 Franklin air rifle that

was to be used were not avallable, and that, due to production
difficulties, 1t was doubtful whether such a closure of

the required size could be manufactured,

It was decided to use gelatir -ancules containing halidbub
0il that were found to be available on the local market and

- that were sufficiently small to enter the gun barrel., The

undesirable characteristic of the more durabtle gelatin
capsule of inhititing the normal radial flow of the oil
may be partly overcome by soaking the capsqle in water
before firing 1it.

The validity of using oil-filled gelatin capsules of
this kind as a model for waterdrops was tested by firing them
against methyl methecrylate plates of aifferent thickness,
The type of %‘amage mark that forms on methyl methacrylate
as a result of impingement with steel spheres, deforming
lead pellets, and waterdrops is known 2 /+ A high-spesad
moving picture was also taken of an oii- .1‘.ed ge'atin
capsul 2 colliding with a methyl methacryla‘e plate,

\

4ADCC TR 53-192 Pt XIIIX -3 -
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Damage marks tnat were made on 1/8-in, and on 1l/4-in,
Lueite sheet are shown in Flgures 1 and 2., Two points of
s milarity hetween these damage marks and those that were
rroduced on methyl methacrylate by impingement off steel
spheres, deforming lead pellets, and waterdrops are that:

wéu; the damage mark consists of a circle of craging and

b the center spot of the collision, which is under
compression during the collision, is undamaged, u§hese
3imilarities in the appearance of the damage marks indicate

that the mechanism by which the marks were produced is the
samc, ‘
\

There is no evidence of damage to the methyl methacrylate
plastic as a result of the radial flow of the oil. In the
case of collisions of deformirng lead pellets and of waterdrops
pilth methyl methacrylate plastic the radial flow of the
rrojectile caused a widening of the craze cracks and a
Preaking out of material along the craze cracks in the
direction of the flpw of the projectile /11, 2./.

\

From the high-speed moving picture of the collision of
an oll-filled gelatin capsule with methyl methacrylate plastic
at a velocity of about 720 ft/sec it appears that the gelatin
napsule acts as an efficient restraining case for the
rontalined oll. The gelatin capsule appears to burst durlng
the coll...on at one or more of its weakest points and the oll,
which must be under pressure, scems to be atomized or vaporized
through the resulting holes. This behavi.r is altogether
different from that of an impinging liquid drop.

Although the o0il contained in the gelatin capsule does
not undergo the radial-flow that a liquid drop would undergo
as a result of such a collision, the gelatin capsule does
arpear tn simulate the hard-sphere property of an impinging
liquid drop without cutting a soft rubbery ccating entirely
off the metal surface to wnich it was applied. It can be
hoped that the stretch of the gelatin capsule as it flattens
against the surface of the solid may exert a shear stress
that will simulate the shear stress exerted by the radial
flow of an impinging drop of water,

3. Response of Several Different Neoprene Based Coatings

In order to determine (a) what properties of a ncoprere
noating operate to establish its resistance to high-speed
waterdrop Jmpingement and (b) what properties of a neoprenc:

WADT TR %3-192 D% XIIT 4 - |
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coating lead to its eventual failure unaer high-speed
waterdrop impingement, the response of several different
neoprene coatings wes studied. The coatings| were:

M EC-539, MMM EC-539 modified as to curing| temperatu¢ and
curing time (Coatings-A, -B, and -C), OGates white neoprene
KV-9433, and the two neoprene coating systems that have met
HIL-C-7539 requirements, Goodyear 23-56 and Gaco N-T9.

3.1 MMM BEC-539 Neoprene \

Three 1/8-in..thick flat panels and three 1/16-in.-
thick airfoil shaped Cornell Aeronalivical Laboratory ggiu-
erosion test specimens were sent to the Minnesota Mining
and Manufacturing Company to be coated with MMM PC-530
neoprene coating., The specimens were given one dip coav

of BEC-1022 general purpose adhesive as primer and two 4ip
coats of BEC-539 neoprene baged coating. The £ilm thickness
as from 8 to 10 mils. The three flat panels were used for
tests by impingement of o0il-filled gelatin capsuies; the
three airfoil 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 0il-Filled Gelatin Capsules

0il-filled gelatin capsules were fired at a flat panel
coated with MMM EC-539 neoprene, Each of the oil-filled
gelatin capsules that was fireu was soaked in wat:ay for 2
min before it was inserted in the gun barrel. The point
of the gun was maintained at wpproximately 12 in, from
the target panel for each shot, Views of the damage marks
that were mad® by the impinging oil-filled gelatin capsules
are shown in pictures 1, 2, and 3 of Figure\B. -

At low magnification the damaga mark th;t was producad
at an impingement velocity of 320 ft/sec appeared to consist
of a very dim, more or less circular trace, I& is shown
at approximately X10 magnification in pioture 1 of Pigure
3. ¥hen the magnificatinon was increased the trace was see.
to consist of raised ef_ .4 of the coating along short
irregular wrinkles or cuts.

BEST AVAILABLE COPY
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The damage mark made by an oil-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 circular trace appeared
not only to consist of a removal of gloss but of distinct
wrinkles, VWhen the magnification was increased the damcge
appéared tO be a poarse irregular wrinkling as though the
surface skin-ufthe coating had been given a two-dimensional
stretch to the point ol permanent sat arnd then released.
In some areas the wrinkling was mose r r and took on
the appearance of more or less parallel ridges. The edges
of some of these wrinkles were so sharp that it seczod pccsidle
that they might de edges of coating that had curled or turned
up along an array of cuts in the coating. Ploture 2 of
Pigure 3 shows this damage mark at approximately X10
magnification.

T™ha damage mark that resulted from the impact of an oll-
filled gelatin capsule at an imningexzent veloocity of about 900
ft/sec had the same general appearance as the damage imarks
made at the lower impingement velocities. However, the
izpression that the wrinkles are the rolled back edges of
cuts in the coating is even stronger, Pleture 3 of Figure 3
show= this damage mark av approximstely X10 magnification,
When this damage mark was viewed with a sterecmicroscope it
could be seen that it 1s not flat as it appears to be in the
pilcture., The undamaged center is not depressed but tue circle
of wrinkles or cuts i» depressed,

3.1.2 Damage Produced on }0® EC-539 Neoprene by Impingement
of Vaterdrops

An airfoil 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.
artiric%al rain for 1.5 min at a relative velooity of 880
£t/sec (600 az/‘hz&. Inspection of this specimen showed that
41t was marked with what appeared to be circles of dsmage,
Scme of these are shovmn in.pictures 4 and 5 of Pigure 3.
Zictures at hizher magnification, in wh:oh “methirg of the
structure of the damage can be seen, ars s30wh in Figure:
§, 5, end 6, The structure of the dsmage of which ths
circles ars-zmade up strongly reseatiles the wrinkling ’&
cutting of which the cirocles produced by the impact o' .he
oil-filled gelatin capsules were made up, The structure
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is similar to the abdbrasion pattern for rubber that has been
reported by Schallamach /%, 5, 6 7, Sees Section 4.1,

‘ It 1s possible that these circles of abrasion may be
caused by the radial flow of “ndividual waterdrops after the
neoprens surface has become weakencd py other wateraxop

blows that were not themselves able to cause visible damage,
The circles are not caused dby every waterdrop that impinges
against the specimen because, if this were the case, there
would be so many ciroles of abrasion after 1,5 min of test

at a velocity of 600 mi/hr in 1l-in,/hr »2ia 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 tu radii of the
flow, This may be true of the circle of abrasion in picture
l:.0f Pigure 5, but in the circle of abrasion shown in picture
2.of Figure 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 simply raised circles in the coating
that were left when bubbles in the coating opened during
its cure, Any protrusion above the planar surface of the
coating would be more subject to abrasion by the fiow of
water over the airfoll shaped specimen the planar
su..ace itself, On this pioture of the n of these marks
1t would be expected that the trennhas for a given circle
should have about the same orient: ..ch and chat th_.s 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 gigin of these
circles of abrarion., The fact that areas exist that are not
circular but that are still marked with the more or %ess parallel
trenches is evidence in favor of this explanation, |,

3.2 Modified MMM BC-533 Neoprene Coatings -

Flat plates and Cornell Aeronautical Laboratory rain-
erosion tg;;ﬁggggimens of aluminum alloy were gent to the
Minnesota and Manufacturing Company to be coated with
three neoprenesof different properties, Th» nedprene films
were applied by dip coating to a dry dauih of 10 mils
before cure which produced a coating'thickness of 8 to 10
mils after cure, The coatingr that weére applicd are Aesignated
as Coating-A,Coating-B, and Coating-C. The differencc in
the properties of these coatings was produced dby varying the
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curink-conditions of MMM EC-539 neoprene plus EC-566 accelerator.
Coating-A was cured at 1430°F for 72 hrs; Coating-B was cured
at 210°P for 8 hrs; Coating-C was cured at 275°F for 1 hr,

The tensile streéength, per cent elongation, and shear sirength
of the coatings that reésiulted from use of these curing conditions
were determined by the Minnescta Mining and Harufacturing
Company. A pandulum-type tensile tester was used tc determine
the tensile strength and the percent elongation, Cne-inch lap
shear bonds were pulled in s pendvium machine to destermine the
shear strength, The lap shear bonds were prepares Ly sandwiching
the neoprene between aluminum sheets using EC-1022 as the metal primer
and curing under the specified conditions. The true shear strength
of the EC-539 neoprene film was not measured because failure always
sccurred elther at the primer-to-coating or at the primer-to-metal
bond, The tensile strength, percent elongation, and shear
strength (of the adhesion bdbond) data for a 10-mil film thickness
are given in Table 1.

Tat e 1.

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

Curing Schedule Tensile (Shear  Elongation
time temperature Strength Strengtht

hr °F psl | psi per cent
T
Ccating-A 72 1490 2,700 \ 250 ‘ 170
:.,a%ing-B 8 210 4,000 500 \\ 137
n-2t2ng-C 1 2715 3,800 - 500 96
“rear strength of the adhesive bond 1
\
\
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3¢2,1 Dsmage Marks Prodused on Modified MMM EC-539 Neoprene
: by Impingement of OLil-Filled Gelatin Capsules

C11-filled gelatin ocapsules were fired from a Benjamin 5
FPrauklin dir rifle at flat plates coated with modified MMM EC-539
haoprene (Coating-A, Coating-B, ana Coating-C), The plates
carrying the neoprene ooatings were dlamped against a backing R
plate, The gun was held 12 in, from the neoprene coated plste
anl the gelatin capsules were fired at the plgbe at 90° incidence,

T

The gelatin capsules were soaked in water for\2 min before the 3viotse
were made, Shots were mads at velodities of approximately 320,

720, and 900 f£t/sec. Microscopic inspection of the spota that

ware struck by the gelatin capsules provided tpe following
information. \

0a Coating-A no marked damage was observed as a result of
1he ghot made at & velocity of ‘about 320 ft/sec, The Bhot made
st a velocity of approximately 720 ft/uvec produced a hardly
discernible semicircle of what appeared to be cuts cr wrinkles
in the couting. The shot made at & velocity o about 900 rt/sec
produced a complete circle of what appeared to be cuts or
wrinkles ir the coating, A view of this damage merk is 3hown

in picture 1 of Pigure 7. \

ua Coating-B no damage was produced by, the shota that were
mada at the approximate velooities of 320 and 720 ft/sec,
The shot made at 4 veloocity of about 000 ft/sec produced arcs
of what appeared to be cuts or wrinkles in the coating, A
view of this damage mark is shown in picture 2 of Pigure Te

0:: Coating-C no marked damage was produced by the shot made
:4 a velocity of about 320 ft/sec or by the shot made at a
veloaity of approximately 720 ft/sec, The shot made at a
reinnity of about 900 ft/sec produoe& arcs of what appeared to
“e cuts or wrinkles in the coating, This damage' was surrounded
hy a large blister of cbating. A view of this damage mark is
ohrwm 8t two magnifications in piotares 3 and 4 of Figure 7,
. e ———

~ e seotion of Coating-A containing the damage mark shown
1:: pleture 1 of Pigure 7 was cut loose from the aluminum plate
w4 tre ulrale of damage was inspooted st nig.. doation,
T..~ :irile of damage was seen to oconsist of raised r1dgés
.~ cAges of rubber, The same type of damage (raised flaps of sudbber)
results when a sharp pointed marking pencil or a rasor riade s =
dragee” scrass the neoprene surface, Such kinds of damuy. are
w1o4m in Pigure 8, This type of damage to rubber has bien disocussed
by Schellamach / 4, 5,tg7 and has been characterized as rubbér -
4w rasion. Throughout the remainder of tnis report this ¥*yoe
nf damage t«; the surfuce of a neoprene coating will de ceferred
t» as rubber abrasion., The way in which this abrasion 18 produced
18 discussed in Section 4,1, _ i
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The pictures of Figure 7 show thatonly Coating-C falled
dve to loss of adhesion, From Table 1 it can bde seen that
Coating~C had the lowest percen. elongation of the three
coatings. If a rubber coating has a high degree of rigidity
a shear stress exerted on its surface may be transmltted through.
it to the adhesion bond and if the stress. is suficliently great -
the adhesion bond may fail., The area of coating that was given g
a-radial stretch to the point of permanent set during the \
collision will then be raised from the surface to which it
gg? been dbonded in the form of a coating budbdble or coating

ister.

| ;

It will be seen in the following sections that damage marke
comparable ¢o those shown in PFlgure 7 are produced on tnese
coatings by very high-speed waterdropr impingement and that
the use of oil-filled gelatin capsules as a el for waterdrops
in very nigh speed collisions is fully Justified,

3.2.2 Damage Produced on Modified MMM RBC-539 Neoprer.s br
Impingement of WaterSrops

Nine airfoil shaped rain-erosion specimens were coated
with MMM EC-539 neoprene by the Minnesota Mining and uracturing
Company. The curing schedule used for these specimens was such
that three of the specimens were of Coating-A, three of the
specimer.. were of Coating-B, and three of the specimens were of
Coating-C. These specimens were tested on the Cornell Aeronautical
Laboratory rotating arm tester at a veluc.ty of 600 mi/hr iu l-ln./
hr artificial rain,- The three specimens of each coating were ‘
tested for 25 sec, 1 min, and 2 min, respectively. The visual
appearance of these specimens after test was reported, The ‘
gpecimens were returned to the National Bureau of Standards for

study.

Examination of the specimens of Coating-A, Coating-B,
ard Coating-C that were tested for 25 sec, 1 min, and 2 min pro-
vided the information that the coatings on all of these specimens
were characterized by irregular patches of the small more or
less parallel shallow trenches of rubber abrasion, In many :
cases these patches were circular or consisted of arcs of circle,:
Pincture 1 nf Pipgure 9 15 a view at high magnii.cs¢*‘on that shows .
*hz parallel-trench structure; this pictture wss taken on a
=recimen of Coating-C., It is difficult to take pictures at
high magnrification-on the rain-erosion test specimens beeaur.
nf their curvature, . ,

k\

\
BEST AVAILABLE copY

WADZ 11 53-192 Pt XIII. - 10 -






\

The quantity of these patches of abrasion increased in
anount as the test time for the coatings varled from 25 sec to 2 min,
‘There seemed to bé as much or more of this rubber abrasion within
any given period of test in the order of Couting-A least to S—
“Coating-C most, In addition to being 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 formation of
bubbling; it had also torn cpen there,

The waterflow from intercepted drops follows curved
trajectories on the airfoll shaped specimens; ti.e 1low runs
off on both sides of the leading edge, The curved trdjectories
were clearly marked by the more or les3 parallel trench structure
of rubber abrasion on the ppecimens of Coating-A, Coating-B,
and Coating-C that were tested for 2 min., Picture 2 of Figure 9
is a view of these curved trajectories on Coating-C; the
leading edge of the specimen 1s on the dlagonal from upper left
to lewer right-im the picture., The circuler nature of many
of the patches of rubber abrasion can be seen in this piature,

The evidencé that has been presented appehrs to indicate
that the damage that increases with time on this particular
neoprene coating system for the taest velocity and rain density
that were used 1s the rubbdber abrasion which appears to be
progressir~ ¢ 2 »oint at which it will cover ‘the entire leadins
edge of the specimen. ‘The percent elongation of thesé coatings
is in the order of Coating-A most to Coating-C least; the
developm~nt of rubber abrasion on the suriace of the neoprré
appearea to be in the order of Coating-A least to Coating-C
most. From this evidence it would appear that a neoprene
coating haviag a high elongation property should be more rain-
erosion resistant than & neoprene coating having a low elongation
property. Coating-A had the lowest tensile strength of the three
coatings. This, however, does not mean that tensile strength
is not an important property in a rain-erosion resistant coating.
A winimum tensile strength 1c necessary and it 1s possible that
if Coating-A had had a higher tensile strength it would have
teen more erosion resistant,

3.2.3 Resistznce of Modified MMM EC-539 Neoprene to Very
High Speed Waterdrop Impingeme: .

Specimens for use in waterdrop impingement tests at very
high velncity were coated with MMM EC-539 neoprene by Lii¢ Mir:eso'a
Mining and Manufacturing Company. The curing Bchedules that w-re
nsed preduced Coating-A, Coating B, and Coating-C on the surtfaces
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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 carrled out, ,

The damage marks made by approximately 2-mm, waterdrops on - -
Coating-A at an impingement velocity of 1,540 f£t/sec are shown
in picture 1 (o) of Pigure 10. Dimensions of the damage mark
closest to the edge of the specimen are shown in sketches 1l{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 coross section in sketch 1(b). The circuiar depression

marks the region of maximum pressure exerted by the colliding
waterdrop. The bottom of the circular trough is roughly

half a radius from the stagnation point (center of the collision),
The diameter of the circle of cutting is approximatel— the same
as the dlameter of the waterdrop that produced the damage mark,
In general, the damage mark is similar to that produced by
impigement of an oil-filled gelatin capsule at a velociiy of
about 900 ft/sec, See picture 1 of Figure 7, | '

" 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 it, If this
happens, strong tensile stresses will exist in the sharp knee
of cc2’ g 2%t the periphery of the cavity. These tensile
stresses may be responsible for the circle of od&ﬁins. However,
the nigh percent elongation of Coating~A makes ‘this explanation
seem unlikely. It should be possible vo bend this coating into
a very sharp knee without producing cuts. (b) A second!
explanation is thet the circle of cutting is produced by the
shear stress exerted by the radial flow of water from the .
drop during the collision., On this explanation the cirole of
cutting is severe rubber abrasion, Inspection of the structure
of the circle of cutting with a stereoscopic microscope showed
that the strusture of it is completely comparable with tnat of
rubber abrasion, \

The damage mark produned at an impingement velocity of
2,480 ft/sec 1s shown in picture 2(c) of Figure 10, This
damage mark consists of a cenfral mound in the coating surrounded
by a circular fold of coating. Dimensionz of *‘Y“e damage mark
are shown 1in sketches 2(a) and 2(b) at the left of the picture,
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It can be seen that the diameter of the ciroular&fold of coating
is muoh larger than the diameter of the cirocle of cutting
(rubber abrasion) seen in picture 1(o). Inspettion of this

- damage mark with a stereoscopic mioroscope revealed that)the
cirocle of cutting exists at the base of the fold of coat

and 1s conoealed by the overhang of the fold itself, Although
the radius of curvature of the fold is very small there are no
cuts in the coating along the top of the folid,

It would-appear that the first stage in the formation |
of thils damage mark was the same as that shoxn 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
induoce permanent set, The fact that there are no cuts in the
acute bending of this fold of coat is evidence that the
cirole of cutting shown in picture 1(o) is rubber abrasion
and is not the result of a tensile failure at the perirhery
of a disk-shaped depression,

The damage mark that was produced at an impingement
velooity of 2,588 ft/sec is shown in picture 3(c) of Figure 10.
It oonsists of a circular spot of primer surrounded by a cirocular
area of bare metal., Beyond this is a region over which the
coating has been—stripped from the primer, Dimensions of the
damdge mark are shown in sketches 3(a) and 3(b) to the left of
the picture. From a comparison of the dimengionp shown in
sketoches 2(a), 2(b), and 3(b) it &r:-are that !the dilameter of the
circular spot of primer in picture 3(c) corresponds to the
diameter of the central raised mound in picture 2(c¢) and that
the outside diameter of the circle of bare metal in pioture 3(o)
corresponds to the diameter of the fold of ocoating in picture
2(o). 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 {rom the
collliding drop 1s strong enough to break through the circle
of cutting (rubber abrasion) at the base of the fold of
coating and to rip the coating off the primer. The mechanism
by which this may be accomrlished is shown schematicaily in

Figure 3(a).

ihe behavior. that 18 observed for foating-A in this very high
velotity waterdrop.impingement 18 in agreement with its property
nf high elongation., It would appear that whereas the »igh |
elnngatinn property of Coating-A was desirable at an !‘~pingement
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velacity of 88e—fT7sncc (600 mi/hr) in that it seemed to retard
a pradual rubber atrasioun, the property is undesirable when
the impingement veloclity is increased by a fad@or of three,

. Danage marks producced on Coating-B at fod}\dirrerent
velocities are shown in Figure 11 and damage marks produced on
Coating-C at two different velocities are shown in Figure 12, o
The damage merks shown in pilcture 1(c) of Figure 10, plcture 1 of -
Pigure 11 and picture 1 of Pigure 12 were all made at an
impingement velocity of approximately 1,520 ft/sec. Each of
these damage marks consists of a circle of sever: rubber abrasion.
Comparison of them indicates that there are minor differences in
the rcsponse of the three coatings at this veloocity, however,

In the case of the damage mark on Coating-A there is a circular
trench or depression within the circle of cutting or rubber
abrasion; in the case of Coating-B and of Coating-C this circular
Anrracsion is esscntially absent., This observation would seen

+-~ 4ndicate that Coating-A is more subject to being deform:2
tcyond 1ts ability torecover than is Coating~B or Coating-C.

The airale of rubber abrasicn in these damase marks is wider

for .Coating-B and for Coating-C than for Coating-A., This may
indicate a greater susceptibility toward abrasion in Coating-B
and Cuating=C than In Coating-A ‘

I

The damage marks shown in picture 2(c) of figure 10 and
ristura . of tigure 12 were made at almosi the same impingement
velocity. These damage marks are quite different in appearance
and are in agreement with the high perc:... 2iopngation preoperty
of Coating-A and the low percent elongation property of Coating=-C.

The damage mark shown in picture 3(c) of Figure 10 was made
at almost the sane impingement velocity as thosf shown in plcture
L of Pigure 11, Although the damage mark made on Coating-A
sppears to be the most severe the coating in the vicinity of
the erack on Coating-B is loosened from the primexr and, probaviy,
had the impingement velocity beenalittle highier, it would have
teca torn loose to produce a damag. mark comparable to that on
roating-A, However, Lhis has not occurred at the velocity at
which the damage mark was made and 1t may be concluded that
fnating-3 is more resistant to waterdrop.impingement at a
s 1n:ity of absul 2,660 ft/cec than 1s Ceoatin -A.

- !
cet Imtan Whiite "seprene and the Standard Neorrene Coatings

F e nirfall speeinens and two flat pan&}s were cnater >t

e Gutet Buzinecering Companuy with daco N-T9 tnn neoprens ord
200 T nnn AY-Sh% s white noovrene, pospectively., The Gaco N-79
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The Gates KV-9433 white neoprene was applied qver KV-8600
tie-cement and KV-8532 primer. Similar specimens were coated
at the Cornell Aerorautical Laboratory with Goodyear 23-56
neoprene over Bostik 1007 primer, Physical pr?pertiea of these
~nating systems sre given in Table 2, \

The airfoil specimens coated with each of ‘the three
nroprene coating systems were tested for rain ercsion resistance
at the Cornell Aeronautical Leaboratory. The flat panels were
used for teats of the resistance of these coatinc cystems to
impingement by oil-fllled gelatin capsule3 and by deforming
1lead pellets, -

tan neoprene was applied ¢ver Gaco N=-15 1socz§:ate primer,

- i\
—— fTable 2

Physical Properties of Gates White Neoprene\pnd the Standare
Neoprene Coatings \

TTTT T T Toating System PhysIcal Properties
T T T T T T T ensile T Pesl-Pull  Elongation
Tapenat Priner Ccnent Strength Adhesion at Break
e Py __1b/an.width 2
Jaro N=T3 Gaco ll«l§ e-v- 2,000 2%=40 750
= el
Gates-White - Gates Gates , .
vyv.0423 Kv-8582 Kv-8600 3,026 %?-48 863
\
melgeny Bretik ———— \\\~
Rech ‘ 1777
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3.3.1 Damage Marks Produced on Gates White Neopreuc and the
Standard Neoprene Coatings by Impingement of
O1l-Filled Gelatin Capsules and of Deforming
Lead Pellets

The o1l-filled-gelatin tapsules that were used for the shots
vere soakéd in water for 2 min, They were fired at the coateld
panels from a Benjanin Franklin air rifle, The distance froc
the muzzle of the gun to the target coating was 2 ft. The
ca\;/\sules were fired at velocities of 320, 72C, 870, and 900
ft/sec. N

Inspection at low power with a stereoscopic microscopic
showel that very little damage was done to any of the vcoated
panels by impingement of the oil-filled gelatin capsule
#t velocities under 900 ft/sec. Evidence of loss of adhesion
a:nld te seen in the white neoprene at an impingement velocity
nf 870 ft/sec and evidence of a circle cf adrasion could ve
seen in the Gaco N-79 neoprene at this impingement voloaity.
Magnified views of the marks pryduced on the three coatings
at an impingement velocity of 900 ft/sec are shown in Pigure 13.

The Gaco N-79 coating appeared to be the least affected,
A circular dent in the coating was observed, The Goodyear 23-50
rnecprer - wating was adbreded around the central point of impact
possibly due to the scraping of the capsule as it spread
radially on the surface during the collision, The Gates KV-9433
white neoprene coating falled in adhesion and bubbled os
Tifted around the central point of the collision; it appears
also tn have suffered some abrasion,

Deforming lead pellets, which flow when they collide with

a s7211d surface at high velocity, were also f at e neoprere-
s>sated panels, The pellets were fired from the anin Franklin
air rifle; the pellet welocities were 190, 530, 630 rt/sec.

Magnified views of the damage marks produced on the three
nnprene coatings at a pellet velooity of 490 ft/sec are shown in
Pizurc 13, In each case a circular collar or bubble of coating
was raised about the central point of the collision, The daco
N-79 Nenpr-=ne cnating appeared to- suffer trz 1 -t darmage in

t+at the cut in the coating was a semi-circle rather & complate
YA TR ©2-192 Pt XIIX - 27 - S
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~ir:le. The cirzular patch of coating at the denter ~f
the damage mark was cut completely free of the remalnder of
tha coating in the case of the Goodyear 23-56 neoprene and in
the case nf the Gates KV-9433 white neoprene. e white
neonprene uppeared to suffer the most extensive damage; a section
cf the coating was torn open, Through the open hole in the
white neoprene coating it appcarcd that the edhésion fallure
was between the neoprene and the underlying coats (tie-
~ement and primer). | \

Yiews 2t about 2X magnification of the Jdamage marks 'that
ware ﬁroduced cn the three coatings at pellet veloclties of 530
and 640 ft/serc are shown in Figure 15. The Gaco N-TQ rreoprene
appeared t»> suffer the least damage and the Gates KV-9433
white neoprere appeared to suffer the most extensive damage., |

. !

At a velneity of 530 ft/sec the raised collar or bubble
cf ~cating in the Gaco N-79 neoprene was of ahout the same
Alameter as that produced in it at a velocaty of 490 tt/sec but
the cut in the coating was a complete circle. The ralsed cection
of cnating in the Goodyear 23-56 neoprcne was nearly twice as
large as that produced in Gaco N-T9 neoprene at this veloclty,
This may indicate that the adhesion bonds between the metal and prilmer
and/or between the primer and topecoat of the Goodyear-23-56-Bostik-
17 system are weaker than those of the Gaco-N-79-Gaco-N-15 system,
The adhes’ .. rfailure of the Goodyear coating system appeared to
te between the primer and the metal, The raised section of coating
in the Gates KV-9433 white neoprene was mc=e than four times :
ialyser than that which formed in Gaco N~-(9 neoprene at this
velrnzity, Thers was no tearing of the white neoprene topcoat
2% *he periphery-rf-the coating bubble but this did occur in the
~use of Goodyear 23-56 neoprene. This may indicate either that
tve adheginn bonds of the white neoprene syst are weaker than
tyinge Af the Goniyear-23«55-Bostik-1007 system and permit tha
rrowth ~f a large bubble withnut undue stress to the topcoat
n» that the white necpreng’ topc-at has higher strength praoperties
1man the %-~dyear 23-56 neoprena tapcrat permitting the ‘growth’
el i Jarg. bubble in spite »f strong adhesion bonds,

At z velneity of 640 rt/sec there 1s no tearing nf tre fdaco
nennrann at, the periphery of the cnating bibble but susth
t-.aring did cccur both in the Goodyear 23-F8 nenpi.uae and in  the
rates KV=94=3 white neoprene, There 18 sci.e abrasion of the
recrrere gurface around the circular cut in the coating in the
czpe of the white neoprene and rather extensive abrasion in .o

e
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case of the Goodyear 23-56 neoprene, but no abrasion in the
case of the Gaco N-T9 neoprene,

0i1l-11led gelatin capsules and deforming lead pellets when
they collide with a solid surface simulate the damaging properties
of a waterdrop when it collides with and flows on the surface =7
of a solid., The two damage tools that are active in a colliding
waterdrop are the localized impact pressure and the radial flow:
.of the substance of the drop with the concomitant stresses that =
are introduced by each, The damage produced on the three
neoprene coatings by impingement of oll-filled zelatin capsules
and of deforming lead pellets suggests some trends that may be
looked for in the rain srosion response of these coatings, With
regard to adhesion it can be expected that the white neoprene
may fail extensively, the Goodyear 23-50 nifprene may fail

moderately, and the Gaco N-79 neoprene may| show little, if any,
faillure of this kind., With regard to abrasion it can be expected
that the white neoprene may abrade slightly, the Goodyear 23=56
neoprene may abrade to a considerable extent, end the Gaco 3-T9
neoprene may sufler little or no abracion. \With regard o
tearing failure it can be expected that the white neoprene
may be somewhat susceptible, the Goodyear 23-56 may be the
most susceptible of the three, and th~ Gaco N-T79 may be the
least susceptible of the three, The extend to which these
predictions are fulfilled can be seen in the observations
recorded ‘- the following section. :
3.3.2 Damage Produced on Gates White Nenorene and the Standard
Neoprene Coatings by Impingement of Waterdropa
- \

e
Rain-erosion test of the airfoll specimens that were coated

with the three neoprene systems were made on the rotating arm

at the Cornell Aeronautical Laboratory. Test of the specimens

was to have been made at a velocity of 600 mi/hr in 1l-in,

rain for periods of 10, 20, 40, and 60 min, allure of ¢t e

white neoprene cnating was 80 rapid, however, that two of the

specimens that were coated with white neoprene were tested at

a velocity of 500 mi/hr.

3.3.2.1 OCates KV-9433 White Neoprene

The specimens that were coated with whitae n__urerie were
numbered 4119 A and B and 2120 A and B. A picture of the four
eroded specinens 1s shown in Figure 16, Only one specimen

was tested at a veiocity, In a rain density, and for a time B
interval comparable i4th that used for the other neoprene cr2.ing
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systems, This was specimen 2119 A which was tested at a\
velocity of 600 mi/hr in 1l-in/hr rain for 10 min, The coating
on this specimen failed drastically in adhesidn between

the primer and the metal specimen-base., The coating loosened
to form a large bubdle that covered adbout 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 indistinct chevron pattern in the neoprene

at the low=-speed end of the specimen and some\abrasion of the
coating surface on the leading edge. There were also randomly
spaced gouges in the c¢oating along the leading edss from about
the center of the specimen to the high-spesed end, The damage
done t2 this specimen was obvious to the unaided eye whereas
the spedimsrscoated with the Gaco N-79-Gaco-N-15 and with ihe
Goodyear-23-56-Bostik-1007 systems that were tested under the
same conditions appeared to be undamaged to this degree of
inspection.

3.3.2.2 Goodyear 23-56 Neoprene over Bcsulk 1007 Primer

The specimens that were coated with the Goodyear 23-56
neoprene .over BGBTik 1007 primer were numbered 2123 A and' B and
- 2128 A ;?d ng Aigictg§;3 :r thet:rgggdrepeigmens 1: ahow? 1?ty
Figure . ecimen was tes or min at a veloc
of 600 mi/hr in l-in./hr rain., Inspection of \this specimen with
a stereos~r~io microscope revealed a scattering of small round
holes in the coating down the leading edge, Evidence of the
formation of a chevron pattern in the neonrene was observed
at the low-speed e€nd of the specimen, A crack in the coating
could be seen at abcut the center or thé leading edge.

Specimen 2123 B was tested for 20 min under the same ~ond1t10nl_
of velocity and rain rate, Microscopic inspection of this specimen
also revealed a scattering of small round holes in the coating RN
down the leading edge. The chevron pattern 1n the neoprene at
the low-speed end of the srecimen vwas more distinct. There was
a 2nating bubble at abart 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 surfase o
layer especlally at the high-speed end, There were also some sutures
or cracks in the coating mainly at the high-speed end of the specimen;'

Specimen 2124 A was tested for 40 min under the same condition’
of velocity aad rain rate, Mioroscopic inspection of this specimen
again revealed a scattering of small round holes down the i-rsdirg:-
edge. The chevron pa‘tern in the neoprene at the low-gpeed end SR

i
i
i
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was distinct., There was strong bubbling or lifting of the
coating aleng the leading edge indicating losa of adhesion,
and there was abrasion by socuffing up of the surface layer
especially at the high-speed end, There were also some
sutures or oracks in the coating.

Specimen 2124 B was tested for 60 min under the same
conditiors of velocity and rain rate, Inspection of this
specimen with the aloroscope revealed a strong chevron pattern
in the neoprene at the low-speed end of the specimen, The
coating on this specimen was torm open down wost oL the
leading edge, There was a strong abrasicn of the surface
laya;; and a grainy structure at the high-spesd end of the
specimen,

Some additional data are available for the progress of
erosion on Goodyear 23-56 neoprene, Six epoxy laminate
airfoil shaped specimens were coated with Bostik 1007
primer and with CGoodyear 23-50 neoprens at the Cornell
Aeronautical Laboratory to be tested along with soms
nylon specimens for the purpose of ccmparison, The specimens
were numbered 2152B through 2157B, inolusive,| The coating
system was 12 mils thick, Rain erosion tests were sonductsd
at a velocity of 500 mi/hr in l-in,/hr artificial rain for
time intervals of g, 10, 30, 35, 40, and 100 m%n.

Microscopic inspection of specimen 2152B that was
tested for 8 min showed the presence 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
was-removed from protrusions, .

Inspection of specimen 2153B that was tested for 10 min
showed a strong zeneral ahrasion of the surface at the
nigh-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 arec of the leading edge there were
only closely spaced areas in which a thin layer of coating
had dbeen removed, This provides a clue as to how the total
removal of the surface layer at the highespeca e..’ 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 ¢o the low-speed end
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of the apecimen there were only islands of etch in an
unetched surface, At the low-speed end of the gpecimon the
aurface was essentially unetched and only isolated patches
of etching existed, Tilting of the specimen to view |
the area slightly off the leading edge showed that \
there was poor methanical coverage of the glass fabric
with the neoprene; cutting fallure was evident in the
areas between the woven glass fibers,

Inepection of specimen 2154B that was tested for 30 min
showed that a complete surface layer had been uniformly '
removed- from the high-speedi end, Many 5mall cracks or
sutures existed that could be a general deterioration
of the coating by attack of ozone of of hydroxyl ions,

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

Inspection of specimen 2155B that was tested for 35 min
showed that the surface layer had bsen completely removed
from the high-speed end of the specinen, Several very
deep holes and many of the sutures could be sesn in this
part of the specimen. The etching away of the surface
layer extended completely to the low-speed end, 1In the
center of the leading edge the coating was rolling in
appearance indicating possihle loss of adhesion and there were
occgsional brokemrout spots. At the low-speed end of the
spe: _ieii the coating also had a rolling appearance, There
were 3everal pits that appeared to have been formed by
bubbles that opened in the coating: these pita did not seem
to be nuclel for more severe erosion.

Inspection of specimen 2156B that was tested for 40 min
showed that the high-speed end was strongly abraded and was
alligatored with sutures to a degree that might be referred
to as a rotting of the surface layers by cracking, See
Figure 18, It appeared that the sutures eventually circumscribed
hunks of coating which dhen broke away. In the centiral 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
splierical pits that may have formed when bubhbles opened
in the coating but again these did nct upre.. tc have grown
into Jamage centers, §
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. Visual inspeTtim 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 ishowed severe
- loss of material detween sutures at the hignespeed end of
" the specimen; deep oracks or sutures existed in the coating,
See Figure 18, In the center of the ading edge there were
i1solated areas containing sutures and isolated droken
out spots existed; there vere several deep droken
out spots, At the iouw-speed end of the specimen there was
complete removal of the surface layer, general shallow
ercsion, and evidence of formation of shallov cutwures,

The erosion that was produced on Goodyear 23-56-Bostik
1007 neoprene coated sgpecimens at a veloocity of 500
is remarkably different from that produced at a vslooity
of 600 mi/hr, At a velocity of 500 mi/hr the erosion
appears to consist of a ‘general mechanical abrasion accompanied
by a cracik formation that could de due to aittack of the
neoprene by ozone or by hydroxyl ion, See Section 4.2, At
a velocity of 500 mi/hr the crack formation appears to be
the factor that contributes most toward eventual drastic
fallure of the coating. Bleamishes such as budtles that
may have opened in the coating during cure do not appear
to be nuclei for erosion attack, This is evidence that
holes in the surface of a neoprene coating 4o not
le.d to . sericus failure of the coating unless or until
the coating as a whole over the area of rain impingement
has become rotted or degenerate., An in*..las - network
of cracks appears to serve this purpose and to \lead to
drastic falilure,

At a velocitz;:ioéoo mi/hr the mode of failure is the
production of a ¢ n pattern along the trajectories of
water flow from the impinging drops. There is a notable
cementitious deposit especially on the ends of a'speocimen
that was tested at a velocity of 600 mi/hr whereas this
deposit is negligible when the teat is ‘carried out at a '
velocity of 500 mi/hr . Preocipitation of calcium salts
appears to occur in the water of the intercepted drops when
80114 specimens are rotated through the artificial rain

of tap water at a velocity of 600 mi/hr, The hardress |
in partspermillion of calcium carbonates for Thie vap water \
used is 22. Tnis is a relatively low hardness,

\
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The boilerescale equation 1s U

I

c:a(uco3)2 : 7 caoo3 L + H 0 \-c- coa r

and the equilidrium reaction is forced to the hght by
loss of the gaseous product, It is possible that the
loss of carbon dioxide may be caused 1in the open system
of a colliding waterdrop by the impact pressure or by
a temperature rise in the water of the drop 28 a result,
of the highespeed collision, '

In an effort to throw some light on the mechanism
“hat produced precipitation, experiments of a preliminary
nature were performed in which concentrated solutions of |
calcium bicarbopate were irradiated with sound,
It was found that precipitation of calcium carbonate only
occurred if the solution was allowed to become warm during
the irradiation., \

The fact that minepral salts presipitate in the water of
the srtificial rain drops as they collide with a rapidly
moving solid is important in the problem of testing the
resistance of materials to highespeed rain-erosion damage,
It is es~~~ially important in studies of the mechanism by
which tnis type of damage occurs because the erosion damage
is partly caused by the flow of the impinging waterdrops,
Zhe erosive aotion of the flow of water that is carrying
a precipitates is more destructive than that of the flow
of water alone; %& 1%: a serious problem in dredging pumps
and. hydraulic bines, Erosion due to flowing water that
is carrying a precipitate results from the ocollision of -
particles suspended in the water againast the 80114 surface
over which the flow ocours and by the %e particles
over the s0lid surfagce under the action of ) ¢ forces ,

Ilgaz /T/has studied the wearing of a plane surface by
a sand-laden jet of water, He found that’the equation
ve k 897 ¢y 0Ty 27

where U is %he rate of wear, k is a proportionality conste.s,
Cp is <he concentratlon of the transported material, Vo i trn:
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veloclty of the mixture, and 8 1s the cross section of the Jet,
could be used to descridbe the results, A plcture of the wear .
produced on rubber by impingement of such a jet is similiar

to the wear pattern produced on a neoprene coating during o
test on the rotating armm apparatus in an artificlial tap =
water rain at _a-velocity of 600 mi/hr, In the case

of"~ the impinging sand-laden jet the wear grooves are

radial lines from the astagnation point, that is, the wear
grooves are in the direction of the water ow. In the

‘case of the airfoil-shaped rain-erosion specvimens

coatea with neoprene, the wear grooves are chevron-ghaped,

that 18, the wear grooves are also in the directlon 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 1is, furthermore,
not a genuine aspect of real rain impincement, Cons2quently,
it may cause divergence of test regults from what is round
under service conditions, Rvery effort should bec mrde to
remove. this undesirable feature from the rotating-arm rain-
erosimm test,

A further discussion nf the effect of hardness in the
water used for the artificial rain is given in Section &.1,1.

3.3.2.3 Gaco N-T9 Neoprene over Gaco N-15 Primer

The specimens coated with Gaco N-79 neoprene over (daco
N-15 primer were nmumbered 2121 A and B and 2122 A and B,
A picture of the eroded specimens is shown in PFigure 19,
cimen 2121 A was tested for 10 min at a velocity of
mi/hr in 1l- rain, Miciuscopic inspection of this
specimen showed t there waz a scattering of small round
holes down the leading edge, There were also quite
a few much smaller holes that may possihbly have been produced
by the tearing loose of grains of coating dbecause this
coating was very grainy in structure., Tnhere was no
evidence of a chevron pattern in this Qaco ting. At
high magnification some evidence of what 1t dbe the
Initiation of suturesz could he seen, ‘

Specimen 2121 B was tested for 20 min under the samo
conditiong of velocity and rain rate, Microscopic inapectjun
of this specimen again revealed a scattering of small
round holes down the leading edge, The coating was,
f.arthemore, ‘with the smaller holes that were noted
on specimen 2121 A. There was an abrasion or tearinsg away
of surface laysrs especially around the small holes of
both sizes, There was no evidence of a c@evron pattem
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" 4n the neoprene, At high magnification there was evidence
~of the :uu.t:lation of sutures or cracks in the coating, :

Specimen 2122 A was tested for 40 min under the sam& “ﬁ“i‘
conditions of velocity and rain rate, There was a general
abrasion of the surface of this epec!.men d many of the
very small holes that i1.ve noticel on speqimens 2121 A and B,

There wore quite a few qutures or cradks the coating.
" There was a tearing out of pieces of coat from the
surface at the high-spedd end, There was also a peeling
or tearing dack of the coating from tiic cxtreme edge of
the high-speed end, A valid comparison between the
Goodyear 23-56 and Gaco N-T9 coatings canndt be made -on
this point, however, because the Goodyear 23-56 coating iiad
been applied not only on the specimen but alsc on the
shoulders where the clips fasten the specimen to th
propeller so thav the edge of the coating was protected
from the colliding waterdrops; in the case ¢f the syecimen
coated with Gaco N-T9 the shoulders had besen left bare
of coating so that the water from the Impinging drops had
access t:o[&h,e,ma of the coeting., There was an indistinct
chevron-I1ike pattern in the neoprene of this specimen;
it exists at the high-speed end of the specimen whereas ‘
the chevron pattern in the Goodyear 23-50 neoprene appesied
in the low-speed end' of the specimen, N

Specimen 2122 B was tested for 60 min under the same ,
conditions of velocity and raiu iats. Microscopic inspuction
of this specimen revealed increased abrasion wear and ;
tearing out. of pieces of coating material from the
surface. The coating was also peeled or torn dback extensively -
from the extreme edge of the high-gpesd end where the mpinging
drops had access to the edge of the coating, There was L
an indistinct chevron-like pattern in the neoprene of :
this specimen mainly at the high-speed end, There were
numy sut\mwcka in the coating,

In general it can be said that the te neoprene
falled prematurely due to loss of adhesion; the intrinsic
resistance of the coating itself was esse tially not

tested, Although the adhésion failur: o® the Goodyear 23-50
wze less drastic than that of tiic whice neoprene, 1t showecd
definite adhesion failure, At the end of 50 min of teat %the
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uaoo-ﬂ-79-0aco-N-15 system showed more abrasion then the
Goodyear-23-56-Bostik-1007 syatem but the Qoodyear coating
had lost adhesion so that it falled drastically at the
end of the 60-min test period whereas the Gaco coating
had not as yet failed drastically. Adhesion appeared to
be the weakness~leading-to-failure of the Goodyear =
coating; graininess appeared to be tie weakness-leading-
to-failure of the Qates coating., Both ocoatings developed
sutures or cracks, o

The small round holes that ‘were obagerved in both
. the Goodyear—23=56 and the Gaco N-T9 coatings are
“very likely due to air bubdbles, The dbubbles may have
risen to the surface and burst during thé cure of tne
coatings or the bubbles may have risen close to the
surface during the cure and may have burst\only when they
were struck by intercepted waterdrops. o

The very small holes that wero anly characteristic
of the Gaco N-79 coating may be the result of the tcaring
out of grains of this very grairy 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 failure of the (Gaco=-N-79-Gaco~N-1l5
system, Material was torn out from arouné the holes,

In general the failure of the three neoprene coatings
in rain erosion test was in agreement with the prediotiona
made for them on the basis of their resistance to
impingement with oilefilled gelatin oapsules and with
detorming 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 failure of the nmeoprene topcoat are the rubber abrasina
that has been referred to extensively throughout this repurt, ™
chemioal deterioration and mechani fatigue, These G
mechanisms are discussed in the following sections,

4,1 Rubber Adbrasion

The process of abrasion is not clearly understood,
There appear to be as many abrasion mochanisms as there
are ways of producing abrasion on surfaces, Experimental
work that has been done on the moving of one metal
surface over another without lubriocation indicates that
this process is not continuous but is charadteriged by
a "stick-slip” behavior, Bowden and Leben /8 /state
that their experiments suggest that friotion 1s due to
a welding to;ether of the metels at lical points of coniaot,
This is the "stick"-step. They regarded these Jjunctinhs
as being large compared with the Jimensions of a molecule
and concluded that when they are broken the metal is .
distorted to a considerable dspth, The breaking of the junctiona
is the "slip"-atep and is acoomganaed by a temperature flash,
Morgaii, Maskat, ard Reed ('%‘7 ater oconcluded that melting
18 no: necessary to establish the "stiok-slip” behavior and
ascribed the temperature flashes on the "slip"-step to :
dissipation of energy. )

The abrasion of rubber 1s also a "stick-slip" process.
Schallamach /4,5,6/ has found that the abrasion trace left
by a needle on a pure gum vulcanizate rubber is not continuous,
It consists of i1solated pits or tears; the surface material
between the pits or tears is undamaged, In regard to
the abrasion caused by a needle, Schallamach postulated
that (a) the needle priocks a small hole in the rubber, and,
as the needle moves, a bulge of rubber is built up in front
of it; 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) is the
"stick"-astep and step (b) is the "slip"-step, See Pigure
20, The mechanism of needle abrasion roscul “ed by :
Schallamach depends on two factors, namely, tHe bulge
of rubber ggg&:%ghgre by friction to the tip of the needle
against the ‘of the elastic forces, and the tensile
properties of the material must admit of large deformai;a’n
wichout failure, , \\
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Schallamach has found that an array of nearly parallel
ridges 1s often produced on rubber surfaces-by abrasion,
He refers to this array as the "abrasion pattern"., The
ridges of the abrasion pattern run at right angles to ‘

the direg;%ggﬁgg,abraaion and are asymmetric with respect,
to this ection., They are characterized by overhanging
crests that lean against the directinn of abrasion.
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
ridges, Schallamach .remarks that the oriein of the
abrasion pattern is not yet fully understood and states
that it "is most probably a consequence of the combination
of high elasticity and high coefficient of friotion which
is characteristic of rubber",

In view of the observation that:the circles of damage
praduced on a 10-mil thickness of MMM EC-539 neoprens by
the impingement of waterdrops may be the result of an
abrasion process, some elementary otservations of the
sahrasion or‘fﬁii}rubbery coating were made, An abrasion
similar 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 nictures 1 and 2 of Figure 8. The d e is
discontinuous and consists of a succession of pits or :
tears, The flap of rubber torn out of the surface in the

of each of these tears re’.-—2rs in such a way that
it points in the direction from which the marking peiicil
was moving., In pictures 1 and 2 of Figure 8 the marking
pencil was moving dowmward and it can be seen that the flaps
of rubber ripped up in making the individual tears point
upwards,

The abrasion of this rubbery coating that results when
a razor edge is drawn across it was also observed, ‘
Irregularities along the razor edge produce a result that
is equivalent to that which would be produced by a series
of needle points moving along a line, See plcture 3 of
Pigure 8, From time to time the cut in the rubber is
eontinuous over the space of several of the irregular
protrusions on the razor edge, The iess . rubber
that zre= raised from the surface again goint in the
direction from which the razor edge moved, that is, toward
the left of the picture, L = -

|
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The needle is abdble to grip the rubder aﬁé\to force
the rubber up into a dulge as it moves only because the
coefficlent of friction between the needle and the rubber
is high. 1If, irideed,high-speed rain erosion progresses
by & similar mechanism on neoprene the extent of erosion
damage on comparable specimens should be reduced on a
specimen for which the coefficient of friction between the
radlally flowing water from the drop and' the rubber surface
is reduced, Roth, Driscoll, and Holt /10 7 have found
that graphite and caster oil reduce the coefficient of
friction between rubber and steel, They found that these
materials also serve to prevent increase of the coefficient
of friction between rudbber and steel with increase of speed
of the relative motion of the rubber and steel surface,
In an effort to obtain evidence with regard to the
hypothesis that neoprene erodes by abrasion under
waterdrop impingement the effect of applying graphite,
0ill, and detergents to neoprene coatings during rein
erosion test was explored,

3,1.1 Effect of Hardness in the water Used for the Artificial
Rain and of the Use of a Wetting Agent in the
Water -

2icht airfoil specimens were rabricated&hnd coated with
neoprene at the Cornell Aeronautical Laboratory. The
specimen-bases were of 2024 aluminum alloy. ey were
lightly sanded and cleaned with a cl::Ith dampened in toluene,
One coat of Bostik 1007 primer and 1% coats of Goodyear
23-56 neoprene were brushed on the specimens; 15 min air
dry was allowed between coats, The dry film thicknessg was
approximately 16 mils. The coatings were cured at
temperature for 10 days., They were numbered 1693 A and B
through 1896 A and B, -

S;ecimens 1893 A and B were tested at a velocity of 500
mi/hr in l-in,/hr artificial rain, Ordinary hydrant water |
having a hardness of 22 pom 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 s this length
of time the high speed end of the leaainz =dge of each
specimen was strongly eroded; the low-speed end was eroded
to a lesser dagree, See picture 1 of Figure 21, Inspection
of these specimens showed very little, but some, evidsns.
of a comentitious deposit from tre water,
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* - -Microscopic inspection showed the presence of isolated,
surprising round, small holes especially on the low 4
speed end of specimen 1893 B, Deep circular holes that
were surrounded by a torn-out area wera obdg::ed. )
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 material that was about the size of the
mouth of the hole appeared to be lying on the bottom
surface of the hole, This observation mey indicate that
these holes are formed when the thin skin.of coating
over bubbles, which exist in the coating itself and
which are near the surface, is bdbroken in,

The process of erosion appeared to dbe the tearing
away of thin segments of coating material at the surface
of the coating., After a roughened surface 1s formed,
further erosion coéuld be expected to progress rapldly
because the impact pressure of additional drops that
Impinge is multiplied in depressions of the surface
roughness and the velocity of the radial flow, which
gnverns its ability to tear more of the coating away,
i1s increased, Cuts or tears which ocould be due to attack:
of the neoprene by ozone or by hydroxyl ion were also
evider* in the roughened surface of the coating on
specamen 1893 B, Qualitatively similar d e features
were observed on specimen 1893 A, 'ineroded areas on
‘the sides and away from the leading edge of\both speclinen
1893 A and 1893 B were grainy in appearance,

Specimens 1833 A and B were eroded at & velocity of
600 mi/hr in 1l-in,/hr artificial rain for 140 min, The
artificial rain was again of ordinary hydrant water having a
reported hardness of 22 ppm, The only difference in the
test conditions of apecimens 1894 A and B and specimens 1893
A and B was the velocity at which the specimen struck the
waterdrops of the artificlal rain and the test time,
Visual inspection of these specimens showed that although -
they were tested at a higher velocity and for a longer
perind or~§3?g,§han-spec1mens 1893 A and R, they were \
eroded tn a lesser degree, Microscopls cxum.. . ation
Iindicated that the erosion was also of a\$1frerent character,

The low-speed end of the leading edgg was charaasie:ized
by a chevron pat*tern nf erosion in the nenprene coatine. See
picture 1 nf Pigure 22, The pnint of the chevron faced the
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lowespeed end of the specimen, The eroded surface was
rippled but was sur . isingly smooth and almost free of the
erosion characterisviocs that were found on cimens 1893
A and B although 8 few round holes and to t areas
could oe seen, At the high-speed end of the leading edge
of the spscimen the chevron pattern was almost obliterated
by a generally beady texture of the ercded face,
See picture 2 of Figure 22, Cracks that 4 be due to
attack of the neoprene by ozons or by hydro ion could
be seen, A camentitious mineral deposit existed at both
ends of the specimen, The appearance of sperizca 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
1894 A and B but the water used for the artifioial rain
was passed _through a softener and was reported by the |
Cornell Aeronautical Laboratory to have a Lardness of lesc
than 2 ppm. These specimens eroded in a manner similar'to
that of specimens 16894 A and B, Cementitious deposits
were observed at both ends of these specimens showing
that the softened water used for the artifiocial rain
contained enough hardness to allow precipitation to oocour,
The chevron pattern at the lov-spesd end of the leading edge
was less Aistinct than on specimens 1894A and B but the
beady texture of the surface at the high speed end was
gbout the same, The Cornell Aeronautioal Labdboratory
reported that in the case of specimen: .304 A and B the :
chevron pattern was first detected after 25 min of test but
that in the case of specimens 1895A and B 1t appeared only
arter 50 min of test, This observation appears to
indicate that-the chevron pattern is related to the amount
of hardness in the water and hence to the amount of
cementitious precipitate that can come out of it, The
observation that the general teady taxture at the highespeed
end of the specimen after the same test time (140 min)
was about as distinct as on specimens 1898A and B seems
to indicate that it may be a result of the water flow
and/or of the texture of the neoprene coating momm than
of the amount of precipitate present in the water,

There were quite a few sutures or cracks in “he ocoating
on both apecimens,
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Specimens 1896 A and B were teuted under the same

-conditions as specimens 1895 A and B except that the total test

time was 130 min and that 1.0 g of Hyamine 1622 germiocidal -~
wetting agent was added to each 0.5 gai of water that was - :
uszd to make the artificial rain, The addition of the
wsiting ageflt reduced the surface tension of the softened
water from 75 4/cm to 35 d/cm. The Cornell Aeronautical
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 appesred on specimens
1895A and B was detected after 30 min or tect,

Microscopic inspection of these spoc:l.nen; showed the
presence of a cementitious deposit at both ends. The
erosion 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 dbeedy structure of the surface
at the higb—lpeed end, There were a fcr round holes and
torn-out spots, On specimen 1896 B a seotion of coating
was turned back so that the reverse side of it (the side
that had been bearing against the aluminum alloy specimen-
base) could be seen. The reverse fide of the coating had
a beady structure without having suffered erosion at all,
See picture 2 of Pigure 21, This observation appears to
indicate that thes beady strucsture of the surfade that formed.

- at wi¢ hagh-speed end of the spécimens during tert is

related to the coating itself as well as to the water
flow or to the preésence of a preci‘%ets in the water,
The presence of globules or beads in the coating oeLid
result from use of neoprene that was not efficiently

dispersed during compounding or it could te due to the
use of old material in which partial coagulation has

occurred, Addition of diluent to such material would

. not 4isperse the aggregatus, Inspection a torn

edge of the coating on spe 3imen 1896 B showed some evidence
of separation of layers of the oontﬁ.ns. :Both specimn 1896
A and specimen 1896 B contained many ’ or cracks

that could Be due t0 attark by ozone or by hydrom ion,

4,1.2 Bffect of Detergent Applied to the cbating

Pour airfoil specinens wers favbricateu Jf “OZA \aluminum
at tha Cornell Aeronautical Laboratory. They vers 008ted with
Bastik 1007 priner and with Goodyear 23-56 neoprene (brush
coat)., After air drying for one week, the specimens .>re

— i
i
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dried in a dessicator overnight and were then welghed on
a chemical balance, Two of the sgecimena (Cornell
Aeronautical Laboratory numbers 1300 A and 1401 A) were
brushed with a concentrated solution of alkyl aryl
sulforate and were air dried for at least one hour,
Each of theae specinens was tested with an untreated
control specimen (Cornell Aeronautisal Liboratory
nunbers 1 B and 1401 B) at a velocity of mi/hr in
l-in,/hr artificial rain, After each 10-min interval of the
first two hours of the test, the four specimens were dried
in a dessicator overnight and were then weishz2d\ before
another film of detergent solution was applied to the
treated specimens., This procedure was repeated at 20-min
intervals during the remainder of the test, The ¢ welgnt
losses of these specimens at the end of the 10-min

intervals of test during the rirst two hours of test

are plotted in Figure 23, \

Inspection of the eroded specimens at X 20 magnification
revealed that specimens 1400 A (treated with detergent) and
1300 B (conirol), which wers tested for a total of 260
nin, were in about the same state of erosion, There was
a falrly distinct chevron pattern at the low-gpeed end
of these specimens and small c¢oating bubbles and torn-out
spots at the high-speed end, Specimen 1401 A
(treatcu witn detergent) appeared to de slightly more
eroded than specimen 1401 B (control) These specimens
were tested for a total of 320 min, Ti..r2 wes a strong
chevron pattern at the low-speed end, a general beadiness
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 thase specimens, All four specimens
contained quite a few cracks or sutures that may be due to
attack of the nreoprene by ozone or by hydroxyl ion,

The miecroscopic inspectisn showed that there was
little if any difference in the appearance of the specimens
treated with the alkvl aryl sulfonate and the controls,
Pro? thlz 1T €an ve cunvaudeu cavi®Z ... ¢~ 2'kyl ar?
aultonate washed off too soon to be of any real benefit or
that 1t was of little cnneequence to the er. iier. damage
whether the surface of the coating was nydroph\<fc or

hydrophotin,
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From Figure 23 it can be seen that the weight loas
sustained by the specimens in equal intervals of time is not .
constant, During 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, This seems to indicate .
that tnere are preparation periods, in which little or .
no erosion loss occurs, followed by perinds in which loss
is accomplished, The preparation periods may be
characterized by the development of structures without loss
Of materilal, such as coating bubbles, which are later
torn open with loss of material., The develonment of
surface cuts, cracks, or tears without loss or naterial
may, similarly, be followed by a tearing away of small
places of the coating when the water from additional
impinging drops 1s driven into them, or by the falling
away of pieces of coating material from between
circumseribing cracks,

While the erosion leading to the chevron pattern in
the neoprene at the low-speed end of the speocimen app2ars
to %e a gradual wearing through of *he coat itselfl
by the flow of grit-laden water, it appears that erosion
due to the high-speed intercepting of waterdropa may be the
result of the gradual development of coating 'bubbles due
‘to loss of adhesion between the coating and the spe en~base
followed “wv loss of the coating material that formed'the
bubble, .the gradusal etching out of coating graaules or
of foraign 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 them, |

4,1.3 Effect of Graphite and 01l Aﬁﬁlied to the Surface
of the Specimen

Pour airfoil specimers were fabricated, coated with
necprene, and tested for rain erosion resistance at the
Cornell Aeronautical Laboratory, The npecimen-bases were of
2024-0 aluminum, They were cdated with oostik 1007
primer and with 10 mils of Goodyear 23-56 neoprene,

After a8 10-day air dry, the specimens, which we. numbdered
1390 A ani B and 1391 A and B, were tested for rain-erosion
resistance at a velocity of 600 mi in l-in,/hr artificial
rain. One specimén was rubbed with colloidal graphite
{Aquadag) ggg_anuth°r was rubbed with castor oil at 10-mn
interzala during the test; two of the specimens were tested as
rontrnls, that is, without a surface trent@ent.
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It was reported that when the whirling arm was stopped
after each 10-min interval of test, the films of graphite
and caster oll appeared to have been washed off the leading
edge, and_that visual examination of the coatings on
thess specimens at the end of 75 min of test showdd no
appreciable differsnce in the emount or *ype of erosion,
The time to erode through the coating was in each case 70
gian nv;.th the exception of specimen 1390 B for which it wax

Inspection of these specimens with a staxrsoscoplc miocroscope
produced the f~llowing observations, There were many small
round holes in the coating on specimen 1390 A, which had deen
rubbed with grapliite at 10-min intervals during the teut, :
Thése round holes were surrounded with a collar of the
coating matarial and appeared to have been air budbdbles in
the neoprene that were near the surface and that had dbsen
broken open by the waterdrop blows, There was a dim
chevron pattern-in the coating at the low-speed end uf the
spécimen and 8 beadiness at the high-speed end which was
of a finer texture than that obseived on Pecmen 1894 A,
There were also large coating-bubbles that' had been squashed
by the watexdrop blows, These bubbles involve the entire
thickness of the coating and form as 4 result of loss of adhesion
betwean the coating and the specimen~-base to which it was applied,
Ther: Jere also short cracks or sutures in the coating.

The coating on specimén 1390 P, ~hich was a control that
had no surface treatment, ie peppered over the antire ieading
edge with many round small holes (See Figure 24) that have
a raised collar of neoprene them, They may have
been caused by air bubbles in the coating that were droken =
open by the waterdrop impacts, Some amall bumps exist that
have no hole in them and 1t is possible that these are air
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 1t that is fine in texture in comparison with the
-beady structure of specimen 1894 A, Coating=bubbles
that involve the entire thickness of the doating also exist;
two of thesea have been torn open so that *he gurface of
the 2024-0 specimen-base can be seen, Fany Gruvks and sutures
also ceén be peen ‘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 épecimen was
less distinct than that on the other specimens used
i1 this study. A pebbied 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 it
was torn open to the 2024-0 aluminum specimen-base,

Thnere were also short cracks or sutures in the coating,
Observations made on specimen 1391 B were similar to :
those on specimen 1391 A.

There is 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 erosisn. The chz2vron pattern in U.e
neoprene at the low-speed end of aspecimen 1391 A was leas
pronounced than that on the l-w-speed end of the other
specimens used in this stuly and this may indicate that
0oll an the surface of the specimen does afford some
protection against the flow of the waterdrops after

they impinge, &D

An additional test of the efrect of \application of
01l to the specimens was made using silicone o0il, which it
was thought might be more tenazious than the caster nil that
was used, Four 2024-0 aluminum alloy aixfoil shaped test
specimens were fabricated at the Cornell eronauti\al
Laboratory and were brush coated with Gnodyear 23-50
neoprene using Bostik 1007 as the primer, \The coating
thi~kness was appraiximately 11 =nils, After air far
five days the specimens were placed in a desiccator over-
ulght; they were then welghed.: Specimens 2378 A and
2378 B were brushcd with a thin £1lm of silicone oil
(viscosity 300 cantistokes) prior to rain-erosion test
at a veloeity of 5727 ni/h> In l- ln./hr rain, Specimens
2379 A and 2379 B were not coated w th the silicone :
n1l., At the end of a 5-min test 1nterval the specimens
were stored in a desiccatnr overnight ancd vere weighed
again, Specimens 2378 A and B were then brushed again with
8lli~nne 211 and the cyzle af,pcocedure was repeated, The
total test time accumulated on the specimens was from 60 to 70
min, The weizht losses that were sustained by the 3 ,acimens
are shown graphically in PFigure 25,
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lceroscopic examination of the specimens led to -
the sonclusion thaet the type and dezree of damaze that was
M3%ained by the s1l-treated 5p:sinons anl by tha anbrol
3.s23112n3 was about the same, In general, it consisted
af a 4d1m chevron pattern at thz low-speed end of tha -
3p112!1en and of broken out spots at the low-speed end
which increased—tnmdensity toward the high-speed end
nntil at the high-speed end there was a swath down .
the center of the specimen from which a complets laysr of
:72%1a3 matarial had bean rendved, Ther:2 was 2vidance of
ozt $oriation In the 2rating at both =nic \\the
cpecimens., -

4,2 Chemical Deterioration

Ozorie 1s the main factor in the deterioration of
elastomers during weathering/ 11 /. 1t is responsible
for the regular cracking that forms perpendicular to *he
axis of any loncalized stress in the rubber; it is
aleo responsible for the irregular cracking or crazing
vwhiich was formerly attributed <o light-activated oxidation
[ 12°7. The essentials required for the ozone deterioration
of a susceptible elastomer (all elastomers that contain
double btonds are susceptibie) are ozone and tension stress
/17 13 /. Rubber and butadiene elastomers have a
ci.tical stress or strain above and below which ozone
cracking is less severe; neoprene vulcanizates become more
susCceptible to ozone attack as s:i..3c and strain are
increased /13 /. Neoprene vulcanizates must be subjected
to both stress and strain of an appreciable degree before
they will crack under the influence of orzone 3 /. The
stretch required for vulcanized natural rubber is 5 to 25
per cent; the stretch required for vulcanized neoprene
is about 50 per cent é 15 7. However,; when it is freely
expogsed to air and light oroprene darkens becomes
harder esrecially on the surface 4 7. These chaages are
accompanied by the liberation of hydrogen chloride ¥~7.
It has been pointed out that the presence of a chlorine
atom at a double bond decreases “he tendency of the doubdble
bond to react with ozone and that in chloroprene the
chlorine atom i3 altachad to a carhon L2om having a
douhle bond /14 7, : \

\

The characteriaii. cracking of stresced rubber that
~e3ults when 1t 1s expused to ozone can also be prod:-~ed dy
expnsing 1t te free radlcals /16 /. Cracsking by tertiary

-
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butoxy, phenyl, benzoyl, acetyl, and hydroxyl radicals

has been observed /16_7, It is possible that the failure

of neoprene coatings under high-speed rain impingement is

in some measure a consequance of attack eitner by ozone

or by the hydroxyl ions that are produced when waterdrops

are intercepted by a so0lid surface at high speed.l When

a 2-mm waterdrop i1s intercepted at a velocity of _600 mi/hr |
the kinetic energy of the collision 1s 3.6 x 10~ kcals, The
heat required to ionize a mole of water with the resulting
ions at infinite dilution (no ionic 1nteraotiona)‘1s 13.4
kcals. A 2-mm drop of water is about 2,3 x 1ID"% nioles.
Therefore, the heat ggquired for lonization of a 2-mm drop
of water 1s 3.1 x 10 ¥ kcals with the ilons at infinite
dilution. Because the kinetic energy of the collision

of the drop with the solid surface is 1/100 of the energy
required to ionize all of the water conteained in the drop,
ionization can: be. expected to occur,

When a waterdrop is intercepted at high speed by a
rubber-coated solid surface, it first excrts g compressive
load on the rubber coating. The watsrdrop than flows out
radially and the radial flow of water from thd\drop .
imposes a radial stretch on the rubber coating a.roundéu
the point ‘of impingement, It is possible that ozone addition
or hydro~1 3jon addition to the double bonds of the rubber
may occur during a stretch-and-recdover oycle and that
cracking or a fine surface corazing may result from the
stresses, stretches, and chemical add.ii.ns that may oscour
during successive waterdrop blows, !

e e— \

Natural rubber is more susceptible to ozone attack than
neoprene, Natural rubber in the form of vulcanized sheet
stock has been tested for rain-erosion resistance; it was
found to be less rain-erosion resistant than neoprene, It
was decided to incorporate the antiozonant N, N! di-tridecyl-
r-phenylenediamine into naturzl rubber and to prepare shcets
of this material that could be bonded to rain-erosion test
specimens, Right sheets of rubber were prepared that
contained the antiozonant; four of these contained heliozone
wax and four contained no wax, Four sheets cf fubber were
prepared that contained neither antlozonant or wax., These :
rubber sreets were sent to the Cornell Aeroniuvaual Ladboratory

U The poesiblility that ozone cracking may be involved in the rnin
erpsion failure~Uf TieOprene coatings was suggested by Dr, .. A,
Wood and Mr, Prank Roth of NBS Pubber 8ection, The thought thot
water fragrents may be involved was suggested by Mr, Kex u>yon
of N2S Rubber Section,
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to be bonded to rain-erosion test specimena with adhesive
amd tested, These rubber sheets were not tested; the '
Cornell Aeronautical Laboratory reported that they had no
success 1n bonding the rudbder sheet to rain-erosion |
specimena with-adhesive,

It was then decided to use an artiogonant on the standard
neoprens coatinge to determine whether dr not the test life of
the very ozone-resistant neoprenes would be increased at all
A sample of N,N!' di-odtyl-p-phenylenediamine (U,0.P, No. 885
antiogonant, which is applied externally. hac 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 rain-erosion resistance
with and without external application of this antioszonant,
fheT:ggulgs of the rain-erosion tests that were run are given

Only two specimens that were treated with antiozonant
were sent to-the-National Bureau of Standards for scudy,
*These were specimens 2387 A and 2387 B which had deen treated
with a 50 psr cent solution of the antiozonant in acetone,
The neoprene coatings on these specimens were agpliod over
2024-0 aluminum alloy spacimen-bases, Thé coatings were
of Gondyear 23-50 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 speocimens were dried with = sloth and the antiozonant
solution was bdrushed on them as a thin film, S8pecimen
2387 A was temted for 190 min and specimen 2387 B was tested
for 180 min before a hole eroded through the ocoating.
Untreated controls lasted only 50 min before a hole eroded
through the coating. ‘ '

Microscopic inspection of specimens 2387 A and B
showed that there was a 4im chevron pattern eroded in the
neoprene at the low-speed end of the specimen; the
surface of the high-spead end had a pebdbled eArance,
There were a few pits scattered down the length of the
leading edge, A turned back flap of ooat on specimen
‘2387 B made it possidle to s~e that the .ndarpide of
the coating was uniform and without noduwien such as appear
on the underside of the coating shown in pioture 2 of =
Pigure 21, The outstanding difference between these
ercded antiogorant-treated rneoprens coatings and dther aroded
neoprens ocoatings was the absence of oraokq or suturee, There
aypeared to be no evidence of orack formation, The failure that
eventually occurred appeared to be the result of a loss of
‘adhesion,
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The results presented in Table 3 indicate that use of a
50 per cent solution of the antiozonant in acetone produced
more than a threefold increase in the test life of the
Goodyear 23-56-Bostik 1007 neoprene system and that use
of 100 percent antiozonant produced very neatly a
fourfold increase in the test life of this neoprene
system, The increase in the test 1life of ihe Qaco N-79-
Bostik 1007 rieoprene system was nearly but not quite as much.
It would be of interest to know the response of the Gaco
N-79«0ac0 N-15 neoprene system, It can be seen in the
description of the coating failure that is givca in Table 3
that whereas the control coatings and che coatings tha
were treated with 100 per cent acetone were pitted,the \
failure of the coatings that were treated with antiozonant
was through eventual loss of adhesion that resulted in
coating budbbles that later tore open, -~ -

The Cornell Aéronautical Laboratory reported that the '
neoprene coatings were softened by the antiozonant alone,
by acetone alone, and by the solution of antiozonant in
acetone. For the three reagents that were used to
treat the coatings, the greatest swelling and softening
resulted from the use of antiozonant-acetone solution
and the least swelling and softening resulted from the
use of 10" ner cent antiozonant, Their data are presented
graphically in Pigure 26,

Treatment of the neoprene with 100 ..rceat 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 vanished
with the acetone. Therefore, whatever effect the softening
nf.the neoprem® had on its rain-erosicn test 1life must be
determined from the results obtained on treatment with the
acetone—antiozonant solution and treatment with 100 per cent
zntiozonant. A comparison of bar graph 3 with bdar graph 4
in Pigure 26 indicates that a 30 per cent softening of the
noating is assoclated with a 180-min test life when acetone
plus antiozonant was used whereas a 7 per cent softening
1s associated with a 220-min test life when antiozonant
only was used, From these data it cannot be o=~luded that
test 1ife was determined by the softness of iae coating.
Purthermore, Beal, Lapp, and Wahl / 17 _/have concluded
that "in the neoprene rubdbers tested, those with the
zreatest resiliency. lowest permarent set, and high
Durcmeter hardness, had the best resistance to rain:
erosi-n”,., Softness would therefore not appear to dbe
the cnrrect explanation., It hac been suggested that the
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Test Reasult

Table 3
8 on Neoprene Coatings Treated

with Acetone and with Antiozonant

—T.XT. wn ¥rosica - —
Spec, T 720240 A Treat- Through \
No, Alloy Airfoils ment Coating | Remarks —

N
2465 A Goodyear 23-56 none 5T min  Moderste Pitting on
neoprene over nigh-speed half;
Boatik 1007 priuer scattered holes through
(10-12 mils) coating,

2495 B " " 50 min "

2496 A . acetone 55 min Heavy pitting on entire
leading edge; pcattered
holes through ccating.

2496 B " " A5 min "

2387 A " 50% anti- 190 min Coating softened and
ogonant in swelled,
acetone
solution

2387 B " " 180 min "

2523 A " 100% 220 min Coating softencd and
anti. awelled; scattered
ozonant bubdbles formed on high-

1 speed half of leading
b edge in 120 min and tore
i open in 220 min.
2520 A Gaco N=-T9 none 45 min ‘eavy pitting on entire
’ neoprene over leading edge; scatteren

Bostik 1007 holes through coating.

primer slo- :

12 mils |

\
2520 A " " 45 min oo
. \ K‘
\
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Table 3 (continued)

C.A.L. Toating System on Eroslon
- Spec. 2028-0 Aluminum Treat- Through =
No. Alloy Airfoils ment Coating ‘ Remarks
2521 A Gaco N-79 acetone w%m% “Heaw pitting on
neoprene over entire leading edge;
Boatik 1007 scattered holes M"ousn
primer (10- coating.
12 mils
2521 B * v 42 min §
2522 A " 50% anti- 105 min Coating softened and
ozonant in swelled; gevem
acetone solu- bubbles formed on
tion ] lesding euge in
approx. 90 min and _
tore open 15=25 min
T . 1‘%01‘. '
2522 B n_ " 115 min " \
\
. IO e
¢\\\\
5T AVAILABLE COPY
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large increase in the test life of the neoprene coatings
that was produceld by the use of antiozonant may have

heen due simply to adding an additional film sc that

there was more material to be worn away. This alao

cannot te a correct explanation since repeated application
of tenacious films of silicon= 211 had nd> effect in '
retarding ercsion damage to neoprene coatings., Some other
factor must be involved and this factor may be that the
antliozonant prevents chemical detérioration of the ocoatings
that would result from ozone or from hydroxyl-ion addaiticn if
<he antiozonant were no% used, l ‘

With regard o the use of this antlozonant on radomes,
1¢ has been stated that it is questionable whether this
treatment would be desirable for neoprene coatings used on
radomes since the coating becomes very soft and sticky
and that this characteristic would undoubtecly have
considerable influence on dirt pickup, outdoor durability
and electromagnetic wave trensmission., As far as softneen
is concerned, it was brought out in the preceding
discussion that excessive softness is nc% a factor in
the enhanced rain-erosion resistance, 'The experiments
using this antiozonant have only utilized strengths ogn
£0 per cent antlozonant and 100 per cent antiozonant and
the solutions were applied only at 5-min intervals, Further
rain-eroeion test-life experiments should be carried
cut in wnich the per cent antlozonant or .the frequency
of application or btoth are reduced until the conditions ,
that will produce niinimum softness witil. Lptimum rain-erosion
test 1life are determined.

If a mechanism of ozone addition is 1n$o1ved in the
enhznced tegt life of the coatings that were treated with
antioznnant, then outdoor weathering tests ehould show
increased weathering resistance of coatings that are treated
with antiozonant, Outdoor weathering experiments should
te carried out in which the frejuency of agplication and/or
e percent anticzonant that ls applied are varied to
1etermire the minimum of antloz-aant that should be used,

L,2 #echanical Fatigue

IT ritber 1s sutjected to repeated sirei h-mnd-release
cycles it ill-eyentually crack and rupture, A gradual
davErisrintion of the rubter ancompanies the repested
strelch-snd-release process, The dynamie tqzzgue lifs
ry te dsfined as the number of riretch-and4re.eane cyclie:
*tnt o ratter will eurvive defore ruplure oc 3,
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Cadwell, Merrill, Sloman, and Yost / 187/ have shown
that (A)ﬂggg/ggﬁigue life under linear vibration is lowest
if complete recovery is accomplished between successive
stretches of a given magnitude; and (B) where the
_ vibration is between larger stretches than (A) dut with

the absolute magnitude of the stretch being the same as
in (A), the fatigue life is very mush longer., If the
rubber is vidbrated in shear, (:§ and (B) are also true,
Specimens vibrated between zero and 50 per cent shear
had only 1/5 the fatigue life of specimens that were
vidbrated between 75 and 125 per cent sherr» zithough the
shear oscillation cycle for dboth was 50 per cent, They
also 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 fatigue
life than a soft stock,

.....If a waterdrop impinges against & rubber or agairst
a rubber-coated surface the rubber is deformed into o
cup~shaped cavity by the compreassive load and tensile
and shear stresses are set up in it; the ‘surface layers
of the rubber in and around the cavity are also stretched
by the tensile and shear stresses that are exerted by the
radial flow of the water of the drop. See Section 5.l.1.
Whe~ the compressive load is removed and the radial flow of
water reaches maximum dimensions and stops, the rubbdber
begins to retract to its original state. If the rubber
has a fast recovery it may reach 2“2 c¢riginal unstressed
atate before ancther waterdrop impinges and the cyole is
repeated, If this is the ceose, the ruddber would de
operating under condition (A) with a minimum fatigue
1ife 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 life expectancy.

In the light of these concepts the recovery properties
of a rubher may have a bearing on its rain-erosion resistance,
These concepts can only be applied to “he failure mechanism
of neoprene if it can be ghowa thai L= L..e for a
stra*ch-and-recover cyzle is s:ch and the rain denslty
and collision velocity are such that two pr more
consecutive collisions will oczur on the Eame spot .~
a %time that ia equal t9 or laean then the time for »

stretch-and-recover cycle, The percent of the collisions

, \
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that occur 1ir various time intervals can be calculated if
the average drop size of the artificial rain that 1is

used for the tests 12 known. There 1s some evidence

that th2 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 9.75 mm.

If the drop dliameter 1s taken to be[0.75 mm the volume
c¢f a spherical drop is 7.801 x 1072 cu ft, A rain density
of 1 in,/hr ie then enuivalent to 2,967 of these drops per
sq 't per sec. If the terminal velocity of the rain is 21.6
r+/sec, then 137.4 of these drops exist in a cublc foot
of space, A surface area of one square foot moving :
at a veloclty of 500 mi/hr (735 ft/sec) will sweep through-
735 cu ft of alr each second or through 101,000 of these

rops each second. If it is assumed that the radial

flow of each drop thzt impinzes affects a 1/4-in. square ,
then on the surface area of one square foot that 1s 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 probz..1lity of one blow
in a %4 . imterval At 1s A At where A is the average
number of blows on the 1/4-in, squcre per-unit time, (12
the chance that a biot will occur in different time intervals
13 independent, and (3) the probabllity that two or more
blows will occur in the time interval At 1{s at least an
order of magnitude lower than the probabllity of one blow,
From these assumptions it can be shown [19] that
assumptio

P(X =x) =e At (Ae)X / x!\\ x = 0,1,2...

ne probability that no biow will occur 1n a time t 1is

P(X = 0) = et
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and the probability that one blow will occur in the time
interval At 18 AAt by assumption (1), Therefore,
the probability that a blow will occur in the time

t + At 18 e At A At, or in the limit,

r(t)at = e~Ataat
The probability that a blow will occur in any time

interval n Iis the area A under the cw've from
t-otot-n) i

n

A = rn £(t)dt ={‘ e"Atrat = - e~ At
o : | 0

| ; o
Por a drop diameter of 0,75 mm. A was found in the preceding
calculation to be 43,8 blows per 1/3-in, square per second,
Por time intervals n of 5 millisec and 3 millises,
the area under the curve is 0,20 and 0,12, respectively,
Hence 20 per cent of the waterdrop blows that occur each
s»- .2 ~n each 1/4-in, square of the surface considered
may be separated by a time interval of P millisec or
less and 12 per cent of these blows may be separated
by a time interval of 3 millimseo or less, These
times are of the order of magnitude to dbe expected for
a stretch-and-recover cycle produced by a watordtop blow,

\
In view of the result obtained, the concept that the

rate of recovery of a rubber may affect i1ts fatigue life

under high-speed rain impingement appears to be feasible,

To ascertain whether there is a direct correlation between

fatigue strength and rain erosion test life, the fatigue

strength and rain erosion test life of neoprene coatings

of different properties should dbe detgrnined. The

evidence that has been reported / 207\that ozone plays

a role in repeated flexing tests suggests that it may bde

hard to differentiate between the ozor~ a'*‘tion mechanism

and the fatigue mechanism; indeed,the ratigue failure may

be the result of ogzone attack,

5, Mashanism >f Rain BErosion of Neoprene Costings

A large r'mber nf exparimental obaservations has been
pregened in the preceding se~tions, but more experimentai.

N
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data are needed for a complete understanding of the mechanism
©of..rain eronfon of neoprene coatings. In the remaining ~
sections an effort will de made to analyzﬁ\anq .
‘interpret the data that do exist. \

5.1 Waterdrop Impingement Stresses and the \esponsé of
Structural Materials h
|

The erosion damage that is done to structural
materials in high-speed collisions with waterdrors depends
both on the properties of a waterdrop in collisions of
very short duration and on the properties of the structural
material itself,

5.1.1 Stresses

At any given collision velocity the prepertiesof the
waterdrop are always the same, In high-speed collisions
with a s0lid surface it acts as though it were a heri aclid
sphere, but, unlike a sphere of hard solid material,
it undergoes an ultrarapid radial flow about the central point
:0f dmpingement, When a waterdrop collides with the planar
surface of & solid, or when the planar surface of a solid
runs inte a stationary waterdrop, the impact pressure that
results reaches a high value in a very short period of time,
This high pressure drives the liquid that is close to the
soiig surface radially outward around ?9 central stagnation
point. . »

| ‘\
. The radially flowing liquid exerts a ggear gtress
on the surface of th: 30lid ove>» which it is running.
There 1s a shear stress between the separate layers of

the flowing liquid itself and the situation; should not

be different at the interface between the 1§qu1d and a
32144 surface over which it is moving. The'\shear

stress T between layers of liquid in laminar flow 1is
given by the product of the viscosity M and the veélocity
gradient through the moving sheet of liquid perpendicular
to i1ts direction of flow, That i8, 7 = v/ 9oz)

where v 18 che velocity of the moving sheét nf lijquid

and 2z 1is che direction through the -thickaices ._ the
1iquid shezt, The layer of 1liquid molecules in direct
contact with the 80lid has zero velocity, but the }
velocity gradient is not gero and the shear stress is
applied Lo the solid, \

\
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When the liquid from a drop that is flowing radially
runs over a surface protrusion it exerts forces against
the protrusion that are opposed by the restraint of
the dbonding of the protrusion to the underlying layers
.of material, Pressure, g’R of Figure 27, is exerted
.agginat the protrusion by the flowing liquid., The preasure =
that i1s exerted by the liquid tends to move\ the protrusion
along the planar surface of the solid and results in a shear
stress, T' of Figure 27, at the base of the protrusion,
The flow of the liquid results in the ahaar\ stress 7- that
was discussed above,

The pressure exerted by the liquid also result
in a turning moment that tends to dbend the protrusion over,
The turning moment {8 the integrated cross product
of the compressive force exerted by the liquid and
the elevation of the protrusion above the planar surface
of the solid at the point where the force is appliel, As
the protrusion bends, a tensile stress, 0} of Pigure 27,
appears on the side of the protrusion against which the
cqmpreuive force is applied and a compressive stress,
0, of Figure 27, appears on the opposité side of the
pPotrusion, TIf the force exesrted by the rapidly running
licuid is sufficiently great or if the protrusion has a
gu’tlciant elevation adbove the planar surface, failure
may occur, Whether the protrusion is simply dbent over,
whether it is droken off, or whether part of the solid
material below the surface is torr. out with it depends
on the strength of the material and on where faillure
occurs first. Likely points of failure are marxed with
notches in Pigure 27,

If a waterdrop impinges against a rudbdber-like material - -
the effect compressive stress, 0, of Pigure 28, :
*which 18 the direct result of the collisgon. is to o
compress the solid material at the pointv?r impingement, )
The local compression results in a dimple or cup-shaped cavity,
Tenaile stresses, 0y of Figure 28, appear\in the sides of -
the dimpie and especlally in the knee in the nolid matarial
at the rim of the dimple., If these tensile stresses |
are sufficiently great tears may form 2n *° 1 surface laysrs

cf the 50114 wmaterial, The matsrlal that lommerly
ocoupied the volume that now forms the Lidllow of the dimpls
18 dimrplaced, It 1s moved radiaslly ocutward and upwe-!
around the dinple and this regults in a shear stress, 7'
of Pigure 28,
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( N
The radiel I'low of tre liquid of the|drop imposes
& radial tersile stress, 0, <f Figure 28, \and a shear

stress T, which was ciscussed above, I the case of very
thin rubbery coatings it is possible that the shear stress 7T~
may be transmitted through the coating to bhe primer bonds, ‘
which hoid the coating to the base meual, d that it may
cause failure of the primer-to-rubber or the primer-
to~-metal bond, See pictures 2(c) and 3(c) of F e 10

and the discuasion relating to these pictiures, \

5.1.2 Response of Materials -

The damaging properties of an Impinging liquid drecp
that have been considered in the preceding paragraphs are :
similar for—drops of all liquids but vary in intensity depending
on the density of the liquid of the drap, on the relative
collision velocity, and on tha extent ggbwhich the solid
material yields under the blow, If the characteristic
propercies of all strictural materials were the saue, the :
appearance of damage marks produced by the impingement of drops
of a given liquid against all o’ them at some arbitrary .
velocity would also be the same; there would be only one
type of damage and only one mechanism by which the
damage is produced. Because the characceristic properties
of si..chuial materizls are differer . there are as many
different damage processes as there are broad groups
of material properties, A specific auegtion that was
posed at the time that the reseaxrch umwmgram on the mecnanism
of high-speed raln erosion was iniliated was whether a
soft rubberyMaterial or A haid rigid material should be
sought as a solutioa to the problem, These two extreme
cases are considered in the following p raphs.

A material that beraves like rubber\\hder the blow’
that resuits fronm c-llision with a ilquid drop has tha |
advantage of being a pressure reducer ' for the blow,

When the impact pressure that resulss from collision with
a liquid drop 1s reduced, the veloclty of the radial flow
of the liquid of the drop, which 18 driven by the impaect
pressure, 1s also reduced, DBecause the radial flow
velocity 1s reduced, the shear stresgs ths% 1 xerts,which
goes qQualitatively as the radlal flnug velozity, is
likewise reduced, The materi2l is, however, depressed

at the point where the Xiquild drop siruck and radial
tensila gtresses oppear in the sides of the cup-shaped
depression and around, ani espesially aver, the rim of

it as 1t foms. The surface layera of the material are
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also stretched around the restrioted area of contact L
__betweerrthe drop and the surface of the solid as V
result of the rapid flow of liquid f the drop. ‘ B

A material of this kind need only have strength properii-~s.-
sufficient to withstand the mitigated\stresses in orxrder to:
 with a liquid drop

Increase in the indentatlon hardness of a
rubber is cormonly accompanied by a decrease in its
elongation under a given stress and, therefore, dy a
decrease in its ability to mitigate the stresses that :
are imposed on it by high-speed collision with a waterdrop.
The indentation hardness associated with maximum
resistance against walerdrop-impingement damage at an
arbitrary collision velocity is that hardness above
which the gain in strength that accompanies further
hardening is unable to offset the loss in abllity to
mitigate the atresses that are imposed by collision with
a waterdrop at the velocity in gquestion, In terms
of the rupture energy per unit volume the optimum
indentation hardness is that hardiess above which the
area under ‘the stress-strain curve begins to decrease,

be able to remain undamaged on colll

Lk

All materials yleld to some extent under a
collision blow, Howepep, materials that do not -
display a high elongation under a given stress as a
1 .8ult of collision with a liquid drop do not mitigate
to a notable degree the stresses that e colliding
drop exerts, To be erosion resisvant, materials of
this class must be able to withstand the ummitigated
stresses., Whether or not they can withstand the
ummitigated stresses depends on whether they can absord
the energy of the coliision blow berore\their yield
or fracture strength 1ls exceeded, \é

ral years

The question that was posed sev
ago as to whether the goiution to the high-speed rain-
erosion problem should be sought among the soft %ubbery
materials or among the hard rigid materials can be
answered in the following way. The material may be -
hard and rigid or it may be soft and rubbery and still
have a high degree of rain-erosion res.s*-nce, If 1t
is hard and-rigid 1t must have strengtn properties that
will enable it to withstand without {raature and
without plastic flow the maximum ummitigated stress-3
impoged by collision with a waterdrop'in the veloci:y
range for which the material is being tested; these
stresses increase in magnitude as the impingement
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veloecity 18 “ncreased, If it is soft and rubbery it need
only have strength properties sufficient to withstand the
mitigated stresses % are imposed by collision with

a waterdrop, The velocity ceiling for the rubbdbery
‘materials is the point at whioch they are no longer

_able to withstand the mitigated stresses,

These remarks apply to the ability of a material to
withstand 2 single waterdrop blow, Under agtual flight
conditions successive blows on the same spot have a
certain prodability of being very closel; apaced in
time, Therefore, vnder flight conditions a ré&inwerosion
resistant rubbery material must not only have st th
properties adequate to withstand the mitigated stresases
but must also reoover fast enough to be able to mitigate
the stresses of an additional blow to the extent that
they do not exceed its strength properties, To de a
practioal rain-erosion resistant matarial the rubber niat,
furthermore, not-lose its abllity to mitigate tha |
stresses through deterioration ‘of any kind during its
sxpected service life, \

: \
5,2 PFailure of the Substrate-Primer-Coating Assembly

* soating may be a simple structure like a paint that
bonds naturally to the substrate to which it i3 applied,
Coatings that do not bond naturally to the subastrate
require a primer that does bond boiu tu the substrate and
to the coating., Sowetimes a tie-cement is necessary iIn
addition to the primer,

The unquelified use of the expression "rain-erosion
resistance” may be oonfusing when it is applied to
coatings re primers and tie-cements, The
‘raincerosion resistance of the coating itself is a
characteristic of the intrinsic properties of the material
of which the goating is ¢ sed, The rain-erosion
resigtance of the coating siould not be aonfused with the
rain-erosion resistance of the substrate-primerecoating
assembly, If a highly resistant noopa;nc ocoating 1s
asseambled with a weak primer or subs.oabs material
the ansembly will fail prematurely, but this has nothing
to do with the inherent rain-erosion rssistance of the
coating. Conversely, the rain-erosion resistance of the
substrate-primem==-coating assembly is improved when a
substrate and/or primer of greater strength is used,
bt the raine-erosion resistance of the coating is not
improved, Breakdown of the term raln-arosion resistanac
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into rain-erosion resistance of the coating and percentage
performance or rain-erosion resistance of the substrate-
primer-coating assembly 1s, therefore, desirable,

5.2.1 Loss of Adhesion Due to the Compressive Stress

It was dbrought out in Section 5.1.1 that ifa -
waterdrop impinges against a rubber-like material the T
effect of the camprossive stress (0, of Figure 28, which '
is-the direct result of the coniagon, is to compress the
so0lid material over the area of impingemcnt of the drop
itself. The wave of compression that moves through
the coating as a rssult of the cdoliision eventually
reaches the primer. The compressional wave 1is partizlly
transmitted into the primer and partially reflected from it.
The reflected portion of the comouressional wave is a
tension wave thaAt moves back t0 the surface of the
rubber coating. The transmitted portion of the compressional
wave moves through the primer and evantually reaches tne
substrate, Reflection and transmission occur again at
the interface between the primer and subdbstrate,

If the primer camnot stand the compresatmto which it
is subjected a3 the transmitted portion of the compressional ,
wave passes through it, it may fracture or pulverige, Similiarly,
if ++ > mhatrate cannot stand the comprassion to which it is
subjected as the transmitted portion of the compressional wave
passes through it, it may fracture or pulverise, If either
the primer or the substrate pulverige, the adhesion dund
between the coating and the substrate may be broken over
the area where pulverization occurs. The result of this
may be the formation of a dome or dubdble of the coating
material, The énd result, that is, the facst that the '
coating riseg in a dome over the area where the adhesion
bond is broken strongly suggests that permanent set may
be introduced intec it, The unsupported dome of coating
material is rapidly droken open when it is struck by additional
impinging waterdrops., The coating material \that made up the
unsupported dome i3 torn away. The edge of the torn-out area
is then subject to being lifted by the radial flow of
additional impinging drops; if this oocurs the coating may
be strippéd back further around the arez l}..\e the original
adhesion faillure occurred, ‘ .

It 13 nodeworthy that this type of failure ia s&;.:.auﬂly
unelatad %o tho intrinsic rain-erosion resistance of c.e
reoprene coating itself,. Adhesion fallure may occur
tader a very duradble neoprene coating and lead to its

—_— )
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early faillure, With regard to this type of failure it

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. Application

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 e
intrinsic rain-erosion resistance of bhe ‘coating to be B
brought into use, . ,

5.2.”7 Loss of Adhesior Tue to Shear stré-.

- Plcture 3(c¢) of Pigure 10 provides evidjhce that
adhesion failure may occur without pulverization of the
primer or substrate, In the damage mark that is
shown in this picture the primer over the central area
of the collision that was under compression has remainead
intact (maximum compression ococurs in a ring und
this area). Picture 2(c) of Figure 10 providen evidence
that the rubber coating is given a drastic radial stretch
as a result of the flow of water from the drop. Prom
Pictures 2(c) and 3(o) of Pigure 10 it appears that the
shear stress 7T of Pigure 268 is transmitted through the
coating and that it causes a shear failure of the primer
itself =~A/or of the primer-to-rubber and primer-to-metal
adhesion dbonds, It is possidble that this type of
failure may also ocour to a less drastic extent at lower
velocities, It is noteworthy that usc of a stronger
substrate material such as epoxy laminates iather
than polyester laminates would have no effeot in
preventing this type of failure if the failure ooocurs
in the primer or in the primer-io-rubdber or primer-to-
substrate dbonds; At would have an effect if shear
failure occurs in the surface layers of the substrate
itself, This kind of failure would also lead to the
formation of coating bubdbles or domes with consequent
drastic failure of the coating assemdbly, that is, with
conaegtlzent low percentage performance of the coating
assombly,

5.3..Faillure-of "the Neoprene Coating

Some of the aspects of the failure c? “goprene coatings
are a result of, or are ehhanced by, the test sonditions *+hat
are used in their evaluation; others are 1nherent in the
neoprene coatings themselves,

BESTAVA!L .
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5.3.1 Failure Induced by the Teat\gonditiona

The gradual production of a chevron pattern of
i : grooves in the neoprene at the low-speed end of the -
1 specimen seems to be due to the use of tap water for i,
‘1 the artificial rain in the rotating arm test, Use of -
| water that was softened to a haridness of less than 2 ppm
§ retarded but did not prevent the appearance of this watere
| flow pattern in the neoprene, It appears that collision .
with the tep water rain drops at velocities as high as
500 mi/hr resulta in precipitation +¢ mineral salts in .
) the water, The conditions is worsened when the collision.
| velocity 1s increased to 600 mi/hr. The drag of the ‘
! . crystalitrine precipitate over the surface of the
‘ 7 "7 neoprene wears channels along the main trajectories
of the flow, Such ebrasive wear \uces the thickness
of the neoprene coating and may lead\ to the adhesion
failure that results in formation of a dome or b®:“bdle
of coating and to drastic fallure of the coating
assembly, |

The scouring action of the precipitate-laden water
may also be responsible for the removal of the glossy
surface layer that orlginally exists on a neoprene
~oating., Al'ter the surface gloss is removed the
intercepted drops strike a dull roughened surfice
that 1s more suseeptible to the erosion attack,

Modes of fallure that can be traced to the abrasive
wear of precipitate-laden water are spurious as
far as high-speed rain erosion per se is oconcarned,
They should not be considered in arriving at the rain-
. erosion failure mechanism. They undoubtedly contribute
. ‘to the deviation of the rotating-am test results from
the results that are found under sservice conditions.
The reliability of the rotating-aru test would bLe
improved if distilled water were used for the
artificial rain, I .

Crack formation in neoprene coatings is to a large
extent perpendicular to a line dowr tha leading edge of
the specimen, that is, perpendiculas the direction
of the astrong centrifugal foroe that gxists while the
specimen is being whirled on the propeller dlade. Ozcne
eracking does not occur unless the ruyPer in quee=itcn 1s
under stress in the presence of ogone; the cracks form

\‘ l
\

\
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perpendicular to the applied stress. In the case of
application of biaxial stress,glligatoring ocours,

It 18 pcesidle that' orack formavion perpendiocular to

a line down the leading edge is fostered by the
contrifugal force that acts in the rotating am teat.

If this is the case, it is spurious as far as true rain-
erosion fallure is oconocerned, The undesirable feature
of tg: :cntritugal force is inherent in the rotating
amm test,

5.3:.2 PFallure of the Neoprene Coating as a Hezult of
Watepdrop Impingement

Three possidble mechanisms of failure of the neoprene
topooat were discussed in Section 4, It remains to
evaluate thuse mechanisms in the light of the| experimental
data that exist,

Se3e 2.1 Abrasion

Some abrasion certainly occurs initially on the
surface of neoprene coatings that are tested the
rotating arm, The surface gloss 1s removed and \
eventually a chevron pattern forms that marks the \
trajectories of the water flow off the airfoil shaped |,
speciméns, It was pointed out in the zgzcodins section
that both thess effects may dbe due to socraping of
the orystalline precipitate in the wai:l, Iven when
the water was softened to a hardness less thaa 2 ppm,
evidence of cementitious deposit could still dbe seen on
the specimens and the chevron pattern still made its

ce, It is not known whether these evidences of

on would disappear if all sources of contamination
were removed from the test cell and if distilled water
were used for the artifiocial rain, However, treatment
of neoprene coatings with oil, graphite, arnd detergent
in an effort to cut down the coefficlent of friction
Between the neoprene and the flowing watér had no
effect on the test life of the specimens, 8trong reduction
of the surface tension of the water that was used for the
artificisl rain also was without effect, T3 atrasion
mechanisn depends on the adility of the {ioving water o
grip the ribder; these treatments of the ne should
have affected ihis nbilitg; since the test 1ifs of the
specimens was ted these treatments it would asex
that -adrasion due to the flow of grit-free water is not

\
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the mechanism by which neoprene coatings fail or that ' “f
it is not an important mechanism if it makes a contridbution

to the damage at all, \
5¢3.2.2 Osone-type Cracking

Rt

Ao ar

Some supporting evidence seems io gbint to the conclusion
that neoprene coatings fail under waterdrop impingement
because they suffer chemical deterioration either by
addition of osone or by addition of hydroxyl ions, Ozone
is present in the air, and it was demonst.ated from
theoretical considerations in Section 4,2 that formation
of hydroxyl ions can be expected in high-speed collisions
of solids with waterdrops, Both ozone and hydroxyl ions
are able to add across the double bonds of unsaturated B
elastomers to produce ozone-type cracking if the elastomer
is under stress. o

* --. .. The Tieoprene coatings are stressed during rain-
erosion test not only the centrifugal force that is
applied as a result of the use of a rotating armm bdbut also
by the impinging drops. Tensile and shear stresses exist
in the rubber when a dimple or cup-shaped ‘cavity forms in
it as a result of the local oompression caused by a ‘
wate~irou collision, Tensile and shear stresses also ‘
exist in the rubber as a result of the radial stretch that .
is given to its surface layer by the flow of the impinging
drops, See Section 5.,1.1 The cuiations for ogone-type
crack formation are, therefore, present during high-speed
wvaterdrop impingement against neoprene coatings.

Crack formation that strongly resembles ogone-type
cracking in blaxially stressed rubdbber (alligatorirg)
have been observed in eroded neoprene coatings. These
cracks were not observed in eroded neoprene coated specimens
that had been treated with antiozonant during rain-erosion
test, Use of an antiozonant appears, therefore, to prevent
the cracking. | ’

Use of the antiozonant d*'d soften the nesoprene ccatings,
but to ascridbe the enhanced rain-erosic:. renisgtance of
antiozonant-treated neoprene coatings to sortening is
out of keeping with the test observaticn / 17_/that high
rain-erosion resistance is associated with high Duroveter

- i
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hardness, The antlozonant is applied to the coatings
externally but to ascribe the enhanced rain-erosion
resistance of the antiogzonant-treated neoprene coatings

to addition of an extra layer that muast be worn through

is out of keeping with the test result that applicatiou

of tenaclous oil films had no effect on the rain-eroaion ,
test life of neoprene coatirgs, . P

The rain-erosion of neoprene coatings is a twu=-step
process consisting of periods of preparation in which little
loss of material occurs followed b~ period: i erosion or
loss of material, This is clearly asnown in the graphs of
Pigure 23 and 25, The gradual development of a network of
ozone-type cracks with eventual breaking away of material
bétween circumscribing cracks 1s such a two-step process,

A question that may be raised is why the rain-erosion .
fallure of neoprene coatings is more drastic at a test
velocity of 500 mi than at a test velocity of 600 mi/hr
if the failure mechanism is a chemlcal deterioration,

With regard to the addition of ozone, the concentration

of ozone naturally present in the air would be the same
regardless of the test veloclity., However, a\strong
possibility exists that fewer waterdrops actually impinge
on the “eading edge of the rotating arm at a test velocity
of 600 mi than at a test velocity of 500 mi/hr. If
this is the case, the rubber sustains fewer lpcal

stresses at the higher veloocity and .. 13quires both czone
and stress to produce ozone oracking, With regard t

the addition of hydroxyl ion, the formation of hydro

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 1on1zed

carbonic acid,

" + \
2H0 —— 2H + 2 o
- \
+ \
cﬁ\(}wo:‘])2 ——> 2 Hee, - ¢ Catt
HaC04
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Watn the test velocity 1s increased to 600 mi/hr calcium

- carbonate precipitates to a more marked degree, The acid

carbonate ion is withdrawn from the equilidbrium to form
calocium ~ardonate precipitate and the formation of hydrox,l -
tgn is o longer favored, In terms of this explanation

are )

S b
HO —— *\ OR
Ca(HCO5), — > caco3L + 002[ + H0

is less hydroxyl ion present to atteok the rubber at a test
velocity of 600 mi/hr than at a test velocity of 500 mi/hr.

The experimental evidence that has acoumulate” i3 by
no means exhaustive but the eviaence that has deen ocited
supports the mechanism of deterioratisn dby addition of
ozone or of hydroxyl ion as baing a means by whioh

.neoprene costings may fall under high-speed rain impingemant.

5.3.2.3 Bffect of Rate of Recovery on Fatigue Life

Rata of recovery may have some effect on the test life
of neoprene coatings dut no experimental data exist at
present to prove or disprove it. 7o Jdetermine whether
or not rate of recovery ocontridutez to ‘the test 1life of
neoprene coatings specimenhs should dbe coated with neoprenes
having different recovery rates, Thease specimens should
all be treated with antiozonant to prevent osone-type
oracking from playing a role, The test life of the
specimenn ghould then de compared, Theses data are not now
available and this polht for the presend will have to
remain unanswered,
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