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ABSTRACT

Subsonic investigations of polymeric coatings, bulk polymers, nd

fiber reinforced polymeric composites are described for their erosion

behavior and the influence of materials variables on their erosion

response.

Polymeric coatings such as epoxies, polyesters, and amide-imides

are brittle relative to the impinging water droplets with rupture of the

film occurringvery rapidly. The most resistant coatings such as elasto-

meric polyurethanes typically show no surface erosion at all but fail

at isolated points associated with a breakdown of the composite (i.e.,

glass-epoxy) underneath the coating. Other elastomeric coatings such as

neoprene will gradually eiode on the surface by structural failure or

tearing within the film; erosion of the composite then follows. The

elastomeric coatings protect the surface by pulse attenuation of the

impact load and by protecting the composite from the radial outflow of

the impinging drop. The modulus of these coatings is related to their

performance in a rain environment since it governs the stress level

which is transmittcd to the substrate.

The void content and type of reinforcement are shown to significantly

influence the behavior of fiber reinforced composite structures in a

subsonic rain erosion environment whether uncoated or coated. The

effects of various fiber lay-up schemes with a particular fiber

reinforcement have been found to be minor compared to void content

effects.
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ABSTRACT (CONT'D)

The addition of reinforcement to thermoplastic resin matrices

increases the erosion rates of these materials by breakage of fibers

and resulting loss of material. In thermosetting resins. the addition

of reinforcement reduces the erosion rate of a bulk material by limiting

the chunking and breakout of large pieces.

0
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SECTION I

INTRODUCTION

Operation of aircraft in rainy environments has resulted in rain

erosion on various components of these systems. Rain erosion has been

a particular problem on radomes and other exterior plastic parts of

aircraft because these components are nonmetallic (to be compatible with

the radar), nade of fiber-reinforced constructions (prone to erosion

damage), and are typically located on the aircraft in positions which

are subject to rain exposure. These problems have been primarily sub-

sonic in nature because current aircraft do not operate supersonically,

if at all possible, in actual rain.

Erosion protection of dielectric composites such as glass-reinforced

plastics must be transparent for the purpose of radar transmission and

hence, nonmetallic coatings, particularly elastomerics, have been

used for this purpose. For stiactural composites such as graphite or

boron fiber-reinforced constructions the radar transmission constraint

does not apply; therefore, metallic coatings including the electroplated

nickel have been used to provide excellent protection for these areas.

In a continuing research effort to e':plore candidate coatings

materials and substrate construction, the Elastomers and Coatings

Branch, Nonmetallic Materials Division of the Air Force Materials

Laboratory has previously investigated a variety of advanced and

currently available materials in a rotating arm apparatus (Reference 1).

In these investigations an advanced rain erosion research apparatus has

been used and this report describes some of the results found to date.

1
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This report attempts to identify the important materials parameters

which control the erosicn behavior of polymeric coatings and composites

rather than providing just an evaluation or a relative ranking of the

various materials.

-V

22

1-



AFRM-TR-71-197

SECTION II

APPARATUS DESCRIPTION

Subsonic and low supersonic rain erosion investigations are conducted

by the Air Force Materials Laboratory on a rotating arm apparatus (See

Figure 1). This equipment includes an 8-foot diameter propeller blade

made of 4340 steel mounted horizontally and powered by a 400-horsepower

electric motor. It is capable of attaining variable speeds up to 900 mph

at the blade tip where the specimens are inserted. A detailed description

may be found in Reference 2.

The speed of the equipment is regulated by a thyristor power supply

from which rigid control is possible. A revolution counter is utilized

for monitoring velocity; vibration pickups are used for gauging specimen

balance and smoothness of operation. The rotating specimens are observed

using a closed circuit television camera and a stroboscopic unit syn-

chronized with the blade revolution. This system enables the observer

to note the exact moment of eoating failure which is penetration to the

substratn or the loss of adhesion.

Mounted above the blade is the water system used to simulate the

rain environment. The 8-foot diameter, I inch aluminum pipe ring is

equipped with 96 equally spaced hypodermic needles to yield a rainfall

simulation of 1 inch per hour. The hypodermic needles are No. 27 gauge

which produces rain droplets of 1.5 to 2.0 mm diameter as determined

photographically. The water system operated with low pressure in the

spray ring enables a stream of undistorted water drops to impinge on

the material specimens.

3
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The specimen configurations are airfoil specimens of aluminum or

various laminated materials with and without coatings (See Figure 2).

These conformal specimens are employed extensively because they are

easy to coat and their low drag and light weight allow the apparatus to

be operated efficiently.

This rotating arm apparatus represented the first operational super-

sonic capability in the United States when it became operational in

August 1968.

Various materials were evaluated under actual flight conditions in

rain utilizing an F-100 F aircraft. These tests verified that the rankings

and modes of failure obtained on the rotating arm are borne out in

actual flight experience (References 2 and 3).

5
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Figure 2. Airfoil Type Used On Mach 1.2 Rain Erosion Test
Apparatus, Wright-Patterson AFB, Ohio
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SECTION III

EROSION BEHAVIOR OF POLYMERIC COATINGS

A wide variety of polymeric coatings have been investigated at 500

and 600 mph. A summary of these investigations on the rotating arm is

shown in Table I and all of the data are listed in Appendix II. The

times to failure are those times in the simulated environment at

velocity required for penetration of the coating to the substrate or

the loss of adhesion. Times for failure of the elastomeric coatings

were approximately two thirds as long at 600 mph as those at 500 mph for

thicknesses up to 40 mils, regardless of elastomer type or whether it

was a sprayed coating or premolded, adhesively bonded boot. This

reduction in time to failure is the result of greater impact pressures

associated with the increased velocity damaging the coatings and the

increased frequency of impingement with dropldts since the simulated

rain environment remained the same. Which of the two effects is most

important at subsonic velocities is uncertain because the two effects

are coupled in the rotating arm. However, the frequency of impact is

probably more important since elastomeric materials are sensitive to

multiple impingement effects but their ability to recover or partially

recover between impacts gives them their superior erosion resistance

compared to other polymeric (rigid) coatings.

The penetration phenomena by which coatings fail in a subsonic rain

environment vary for different types of coatings. Epoxy, acrylic,

silicone or polyester coatings possess essentially no erosion resistance

and fail by brittle rupture of the coating (See Figure 3). Neoprene

coatings gradually wear away with a true erosion phenomenon on the

7
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surface or fail by a tearing of the film after adhesion loss with sub-

sequent penetration. Polyurethanes do not erode on the surface but

suffer point failures at weak spots in the substrate under the coating

or at defects in the coating itself (See Figure 4). This has been noted

for coated glass-epoxy laminates where under long exposure times (up

to 180 minutes), the failure is the result of eventual breakdown of the

laminate by repeated water droplet impacts. These conditions are

compounded on advanced composities - particularly graphite-fiber

reinforced - because of powdering of the substrate which occurs. A

comparison of the polyurethane and neoprene coatings on glass-epoxy

composite substrates is shown in Figure 5.

The behavior of elastomeric-coated composite structures has been

analyzed by Morris (Reference 4),. Common elastomeric coatings such as

polyurethane and neoprene have a shock impedance lying for all loads

between that of water and that of the substrate protected. Let a water

droplet impact such a presumed thin coating. Equations for the pressure

generated in the materials can be obtained from momentum and Hugoniot

relations and solved graphically for the normal stress ( f) and

particle velocity (uf) behind the compressive wave initially propagated

into the elastomer when the pressure pulse strikes the substrate.

Shocks will be transmitted into the substrate and reflected into the

coating.

9
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Since the normal stress ( f) and the normal particle velocity (uf)

must be the same on either side of the coating-substrate interface, the

equations of momentum discontinuity may be written as follows:

c Sf pS uf (for shock in the substrate)

where Ps and Cs are density and shock propagation speed in the substrate,

and

(O PC CC (Uf -u ) (for shock in the coating)

where o- and u. are the normal stress and the particle velocity

initially and PC and Cc are the density and shock propagation speed in

the coating. These equations may be sol.ied for f and uf.

The course of water droplet impact on a urethane-coated substrate

is shown in Figures 6(a) and (b). The initial stress pulse delivered

to the elastomer is low and propagates toward the coating-substrate

interface. When it strikes this interface, an intensified pulse is

reflected back from the surface and is also transmitted into the sub-

strate. The initial pulse is of the order of 33,700 psi for water

impact at 500 mph with approximately 61,000 psi transmitted into the

substrate. These values for loads are based upon the assumption that

(1) the coating is so thin that the uniaxial deformation wave established

on initial contact is not attenuated before striking the interface (2)

the build-up of applied load during impact of the droplet may be

ignored and (3) the finite strength of the elastomer may be ignored.

A similar analysis has been performed for a hard coating i. e.,

nickel, on a lower modulus substrate. The initial stress pulse in this

case is quite high because of the high modulus of the coating. This

12
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Water

Solid

Stress

Distance - *

a. Stress Distribution before the Stress Pulse Reaches the Solid Surface
(Arrows Indicate Propagation Direction)

Elastoiner

Water
Solid

Stress I

4 lDistance

b. Stress Distribution Shortly after the Stress Wave Impinges on
the Solid-Elastomer Interface

Figure 6. Water Impact on a Solid Coated with a Thin
Elastomeric Layer: Stress Distribution Along the Line
of Contact (Arbitrary Units)
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modulus is greater than that of the substrate which it is protecting.

When the pulse strikes the interface,, it is relieved and a low level

pulse is reflected back into the coating as well as being transmitted

into the substrate. The course of the water droplet impact for this

case is shown in Figures 7(a) and (b). The initial load delivered to

the higher modulus nickel approximates 60,400 psi while that transmitted

to the substrate is 34,800 psi.

A hard metal such as nickel or ceramic coating thus offers com-

prehensive protection by shielding the substrate from the impact load

and the radially flowing droplet (See Figure 8). If an adhesive layer

of low acoustic impedance is underneath the coating, the adhesive is

also protected.

The values here are based upon aluminum substrates but similar

values would apply to composites also and are verified by the experi-

mental results.

The above analysis describes the phenomena observed with urethane-

and nickel-coated composites of glass, graphite and boron-fiber

reinforcement. The urethane coatings transmit a large pressure pulse to

the substrates resulting in failure of the composite beneath the coating.

For a glass-reinforced, epoxy resin composite, the long exposures

under the repeated droplet impacts are transmitted through the urethanes

causing delamination of subsurface plies in the laminate. Because

graphite fibers are prone to powdering (due to low transverse strength),

they fail and form pockets of powdered fibers under the coating. In

14
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Water Coat Solid

Stress

Distance

a. Stress Distribution before Stress Reaches the Coating-Solid Interface
(Arrows Indicate Propagation Direction)

Hard
Water Coat Solid

Stress

b. Stress Distribution Shortly after the Stress Wave Impinges on the

Coating-Solid Interface

Figure 7. Water Impact on a Solid Coated with a Thin, Hard
Coating: Stress Distribution Along the Line of

#' Contact (Arbitrary Units)
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contrast, the boron fibers do not powder, and the urethane-coated boron

composites fail at a weak point in the structure or at a point where

the matrix resin is crushed by the repeated droplet blows.

Under the nickel coatings, the composites of glass, graphite and

boron exhibit no powdering or substantial substrate crushing in keeping

with the low pressure pulse transmitted to the substrate. A failure in

this case occurs at a void location in the composite or at a spot of

adhesion loss of the plating to the composite. This then results in a

"boring-in" at that point with a deep hole rather than a widening of

the hole or further penetration locations through the coating.

Typical erosion damage on uncoated and coated graphite- and boron-

epoxy composites is shown in Figures 9 through 12.

Effect of Coating Modulus and Other Properties

Recent experiments with a split Hopkinson pressure bar apparatus

at strain rates of 103 sec "I have been conducted on elastomeric and

rigid plastic materials to investigate their response to loading rates

comparable to those associated with rain droplet impact at subsonic

speeds (Reference 5). Although there is question as to the precise

applicability of this device, for simulating droplet impacts, these

investigations demonstrate that because typical coatings properties

measurements (elongation, tensile strength, modulus) are made at

loading rates which are orders of magnitudL less than that associated

with droplet impact, little correlation is obtatned between these

measurements, and rain erosion resistance. This lack of correlation

17
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Figure 9. Uncoated Composite Erosion, 500 MPH,

I Inch/Hour Rainfall
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Figure 11. Graphite-Epoxy Composite Erosion, 500 MPH,

1 Inch/Hour Rainfall
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Figure 12. Graphite-Epoxy composite Erosion, 500 MPH,
1 Inch/Hour Rainiall
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has been demonstrated even in the development of polyurethane coatings

which are the most erosion resistant elastomeric coatings currently

available (Reference 6).

Previous advancements in materials for erosion resistance have been

possible because use of the rotating arm which directly simulates the

rain droplet impingement at velocity in a multiple particle environment,

has enabled a realistic and nvaaningful evaluation of their erosion

behavior under appropriate dynamic conditions.

Several generalizations are possible concerning the requisite

physical properties of a rain erosion resistant coating. The modulus of

the coating should be low; that is, approximately 200 - 400 psi at 100%

elongation. These properties have been exhibited by both polyurethanes

and neoprenes (See Table II). The superiority of these coatings for

erosion protection is also due to their high elongation (700% or greater)

which imparts resiliency and ability to recover from the impact. It is

this combination of conventionally measured properties which is required

in a polymeric-based erosion protective coating.

Other properties such as shear strength, abrasion resistaince, and

tear resistance have little relation to the response of polymeric

coatings in a rain droplet environment (Reference 6).

Comparison of the times to failure in the erosion environment and

the physical properties of selected polymeric coatings are shown in

Table II.

22
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Effect of Coating Hardness

A brief investigation was conducted of the effect of coating hardness

in elastomeric coatings. This is not an isolated property since changing

hardness in an elastomer also changes modulus, elongation and tensile

strength. Three polyether-based, clear polyurethanes were examined and

their physical properties and erosion performance are summarized in

Table III. As may be seen no clear-cut correlation exists between the

hardness of an elastomeric coating and its subsonic rain erosion resis-

tance. The time-to-failure for the Shore A-90- and D-58-hardness

polyurethanes are comparable and quite low. Although the time to failure

for the D-70 hardness polyurethane is considerably higher, the blister-

ing and cracking mode'of fLilure for this material indicates that its

hardness is high enough to induce some brittleness relative to the

water droplet impact.

Despite the high values for tensile strength, elongation and

modulus for these polyurethanes, their performance in the rain environ-

ment does not compare with the polyether-base, moisture-set, low

modulus polyurethanes of the type which has shown outstanding erosion

performance. (See Table III).

23
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SECTION IV

POLYMERIC COMPOSITES EROSION BEHAVIOR

The erosion of glass fiber-reinforced composites in the rotating

arm rain environment is usually uniform and consistent. Typically a

number of layers of cloth would be removed along with the impregnating

resin. Representative damage is shown in Figure 13 for uncoated

composites.

Effects of Reinforcement vs Homogeneity

The influence of reinforcement was investigated in two types of

resins. The low void glass-polyimide laminates had exhibited relatively

good resistance compared to other resin laminates and so it was also

decided to run cast (unreinforced) polyimide resins. Polyimide resins

are brittle by nature and fracture of these materials by the droplet

impact was expected. This was borne out in rotating arm tests where an

unreinforced polyimide airfoil 0.125 in. thick was completely eroded

through its entire thickness in i minutes at 500 mph, I inch/hour rain,

while a glass reinforced version was only penetrated to a depth of

0.040 in. in the same exposure.

In a brittle material, the beneficial effect of strengthening by

reinforcement results in improved subsonic erosion resistance, because

the presence of the fibers reduces chunking out and breakage into

small pieces by providing a discontinuous path for shock transmission

through the material. This behavior is observed for any thermosetting-

resin, homogeneous-versus-composite material.

24
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However, the addition of reinforcement to a thermoplastic material

which is inherently erosion resistant such as cast polyphenylene oxide

(PPO) or nylon resins results in increased erosion upon exposu're. Bulk

polyethylene or nylon exhibit a sufficiently plastic response to the

impinging droplet loads to deform on the surface with little weight

loss during the subsonic exposure times on these tests. However, if

reinforcement is added, the radially flowing, compressed portion of the

impinging drop interacts with the fiber reinforcement and breaks out

pieces of fiber and matrix. This data is tabulated in Appendix I and

plots of weight loss versus exposure time are shown in Figures 16 through

25.

The following observations were made:

a. At 500 MPH, the ranking of the unreinforced polymers in terms

of decreasing rain erosion resistance was polyethylene, acetal, and

nylon in that order. The rankings did not change at 600 MPH although

the performance of the three bulk polymers was closer.

b. There was no apparent difference in the bulk acetal with or

without U.V. Stabilizers.

c. The addition of chopped fiber reinforcement to the polyethylene

resulted in an order of magnitude increase in weight loss after tb'-

same exposure.

d. The addition of reinforcement to the nylon did not increase the

weight loss but appeared to reduce it slightly. However, within the

scatter of the data the effect of reinforcement with the nylon was

negligible.
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From the above experiments, the unreinforced polyethylene Alathon

7050, NC-10 gave the best performance. The utility of these materials

for protection of the front end of a radome such as by molding a

protective cap appears limited because of their thermal limitations,

the detrimental effect of reinforcement (which might be necessary

structurally) and their erosion performance which Tis only fair-to-good.

The morphology of the bulk resins appears to strongly influence

their erosion behavior. Although not specifically investigated there

is some indication that the degree of crystallinity or amorphousness

of the bulk polymer may control its erosion resistance. If appropriate

control over the degree of crystallinity can be established, it may be

possible to manufacture plastics which are highly resistant.

- -Effects of Matrix Resin

In addition to the influence of the reinforcement, the erosion

behavior of a glass-reinforced laminate depends to a large extent on the

type of resin which serves as the matrix for the composite. This was

particularly noted in the poor performance of the higher temperature

organic resin laminates such as polybenzimidazole, polyimide (high

voids), and silicone during supersonic rocket sled investigations on the

Holloman AFB track (Reference 7). The data and performance of these

composites is discussed extensively in Reference 7 and the following

comments are included for completeness of the discussion on polymeric

composite behavior.

These resins provide a high temperature (up to 600 F) capability

but result in a composite with high void content (15%) and low erosion
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resistance, which is a function of their brittle nature; this is in

contrast to the erosion resistance of low void epoxy, polyimide, and

polyester resin composites which although brittle do not fail as

catastrophically. The resulting composites of high temperature organic

matrix materials are relatively low in modulus of elasticity

(2.7 to 2.88 x 106 psi) and compressive strength (6 to 28 x 103 psi)

and the lack of these properties contributes to their severe erosion

in the subsonic environment. By contrast, the epoxy and polyphenylene

oxide resin-based plastic composites have moderate-to-high moduli and

compressive strengths coupled with low porosity and exhibit better

performance in the rain environment. (See Table IV for properties).

The influence of matrix resin is not as significant if the void

content of the composite is reduced to 3% or less.

Effects of Void Content

The void content of a composite can significantly influence its

erosion behavior because the high void content composites possess

lower strength properties and hence will not withstand the erosive

environment even when coated. This is demonstrated in the erosion of a

high void polyimide-glass laminate versus a low void polyimide-glass.

The high void ( - 15%) construction was typical of polyimide laminates

until improvements in processing or chemical modification of the resin

enabled attainment of low void content ( < 2%) in these laminates.

The strong influence of void content was also demonstrated in glass-

epoxy substrates both unprotected and coated with neoprene and poly-

urethane coatings. Even with these coatings of demonstrated erosion
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resistance, a glass-epoxy composite substrate of 10% void content

resulted in failures of the coatings in 1/8 to 1/10 of the time compared

to a low void ( < 2%) glass-epoxy protected with identical coatings.

Furthermore, with the polyurethane coatings, the crushing of the high

void glass-epoxy underneath was great enough to cause cracking along

the surface of the polyurethane. This is not a typical mode of erosion

failure for polyurethanes which usually fail at an isolated point.

Table V shows the difference in erosion behavior between low void

and high void composites of E glass cloth-polyimide and 181S glass-epoxy

both uncoated and protected with elastomeric and metallic coatings.

Effects of Construction

An interesting comparison of the construction method of composites

and the orientation of fibrous reinforcement was also conducted.

Randomly-oriented, chopped glass fibers (20% by volume) such as are

used in molded plastic parts were investigated in a polyimide resin

matrix. When compared to conventional 2-D multi-ply E glass cloth layup

(69% by volume), the erosion rates for this construction were greater

than for the conventional laminate. See Table V for this data. For a

given glass fiber volume concentration, the two-dimensional laminate

construction would provide better reinforcement than the random chopped

glass fibers because it provides a more continuous network to reduce

the shock transmission (and hence, the breakage) through the composite.

The effects of random chopped fiber reinforcement vs. conventional

2-D reinforcement in a thermoplastic resin remain to be investigated.
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The emphasis to date has been on thermosetting polymeric composites

because they are used for aerospace structures due to their strength

properties.

The thermoplastic resins deform more than the thermosetting mate-

rials, and the glass or other reinforcement-resin matrix interfacial

bond is not as good with the thermoplastic polymers. Both of these

factors will affect the composite properties and influence its erosion

behavior.

Changing from a low void polyimide composite with E glass reinforce-

ment to one which had quartz fiber reinforcement showed no essential

difference inerosion behavior. In general, a minor change like that or

in lay-up technique, for example, 00, +450, or 900 in boron- or

graphite-epoxy composites had little effect on the erosion behavior

(Reference 8).

Another construction method investigated was the orientation of all

glass fibers perpendicular to the surface in a close packed configuration

with a high percentage of glass ( > 80%) compared to the epoxy matrix

resin. The resulting moduius in the direction of droplet impact was

quite high because the end-on fibers (in a percentage) impait a high

level of strength in a direction perpendicular to the surface (parallel

to fiber length). Severe breakage and edge effects were noted on the

higher angle portions of the airfoil specimens. This breakage was

associated with areas where segments of perpendicularly-oriented,
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glass-epoxy were fastened together to form the specimens. This points

out the criticality of integration into an actual shape of a possible

erosion resistant construction technique.

When specimens were fabricated which overcame the segmented diffi-

culty, severe erosion was noted in low impact angle ( < 200) areas

caused by the radial flow of the impinging drop acting as a bending

load on the f4ber ends. The leading edges were relatively undamaged.

See Figures 14 and 15 for this latter damage. The utilization of this

type of construction would be most appropriate as the tip cap on a

conventional lay-up or filament wound radome. However, in all cases it

will still likely require an erosion protective coating.
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SECTION V

DISCUSSION

The requisite properties for a polymeric rain erosion resistant

coating have been mentioned previously. It must be elastomeric in

nature with low modulus and high elongation required. The properties of

these coatings at high loading rates such as are experienced in droplet

impacts during actual flight encounter or rotating arm experiments

govern the response of these coatings and their erosion resistance. The

resiliency and ability to recover or reduce the stress pulse to the

substrate are the keys to elastomeric coatings protective ability.

A reinforced .olymeric composite musr be protected from the rain

environment by a protective coating for prolonged subsonic erosion

protection. However, the erosion resistance of the overall coated

composite can be enhanced if the following design rules are considered

in the substrate.

a. The composite should include reinforcement if the resin is

thermosetting.

b. Thermoplastic resins should incorporate as little reinforcement

as is consistent with strength levels obtainable for structural con-

siderations.

c. The void content of the composite must be minimized.

d. Glass cloth or fiber reinforcement produces more erosion resis-

tant composites than do boron or graphite fibers.
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e. The use of fibers oriented perpendicularly to the surface being

impacted by droplets provides a substrate with more inherent resistance

than conventional lay-ups.

In any erosion design or materials development, the overall system

(i. e. coating and substrate) must be considered throughout. The initial

designs for radomes or other exterior structural applications must

incorporate an erosion protective coating. The development of protective

materials must likewise utilize a substrate of the appropriate con-

struction for materials screening and final verification testing. Only

in this way can confidence in the erosion resistance of a material or

subsystem be generated.
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SECTION VI

CONCLUS IONS

1. Elastomeric coatings provide greater subsonic rain erosion protection

than other brittle polymeric coatings because their stress-strain

characteristics and Hugoniot response to the loading associated with

droplet impact weaken the stress pulse and protect the substrate.

2. Metallic or hard ceramic coatings provide protection because their

high modulus transmits only a very low stress pulse to the substrate.

3. All reinforced plastic materials require rain erosion protection

even at subsonic velocities.

4. The addition of reinforcement whether conventional glass cloth

lay-up or chopped fibers to a thermoplastic resin reduces its erosion

resistance.

5. The fracture aad brittle chunking behavior of a thermosetting

polymer in the rain environment are considerably improved by the

addition of reinforcement.

6. The void content and reinforcement type and orientation of organic

matrix composites significantly influence their subsonic rain erosion

behavior whether the composites are uncoated or coated for erosion

protection.
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SECTION VII

FUTURE WORK

1. The rotating arm apparatus will continue to be used for assessment

of the erosion resistance of candidate coatings, bulk plastics and

substrate constructions.

2. The detailed mechanisms of erosion behavior of ductile

(1100 Aluminum), brittle (polymethylmethacrylate), and composite

(glass-epoxy laminate) materials will be investigated at velocities up

through Mach 1.2.

3. Effects of droplet size on the erosion behavior of bulk and com-

posite materials and coatings will be examined.

4. The effect of polymer morphology will be investigated to determine

the desirable degree of crystallinity or amorphousness to render a

plastic more resistant to rain erosion.
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APPENDIX I

WEIGHT LOSS DATA FOR BULK POLYMERS
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TABLE I

-BULK PLASTICS EROSION WEIGHT LOSS DATA

Specimen Velocity Init. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt.
No. Material MPH Wgt. 5.0 min Loss 10.0 min Loss 15.0 mir Loss 20.0 mi,

3076 XPI Injection Molded 500 18.1302 17.8797 0.2505 17.587 0.5432 17.2198 09104 159
_ MC154 Polvimide Damaed
(bulk)

3o77 XPI Iniection Molded 500 18.2023 18.0559 0.1464 17.8554 0.3469 17.6489 0.5534 17.4055
_Mc 54 PolyiMide

____ bulk)____ ________(hulk)Damaged.

307R XPI Tnjection Molded 600 18.1255 17.7525 0.3730 17.5046 0.6209 17.1630 0.2625 16.7497
MC154 Polyimida

_____ hulk)__________________

Z07Q YDT Tnjecnton Molded 600& 18.0962 17.803. 0.2932__ 17.6518 0,4444 17.0749 1.0213
5Mi 54 Poly'mid

(bulk)

3080 XPI Injection Molded 500 18.8105 18.6965 0.1140 18.5600 0.2505 18,4471 0Dj.4 g. 11Qj
MC154 Polvimide
(20%vol. chopped
fibers)

3081 XPI Injection Molded Soo 10.7463 1.5980 0.1482 18.4708 0.2755 18.3547 0.3916 18.2192
MC154 Polyimide _ _ _ _
(20% Vol. chopped
fihprs) 

_

30i2 n XPT TnjPec1-jon Molded 600 IR.7918.5653 n.1966 I.4065 0.3554 18.1826 0.5793 179350
MCi 54 Poly mde
(201 vol chopped
fihprq)

i3083 XPI Iniection Molded 600 18.6690 18.4175 0.2515 18.2287 0.4403 17,9686 . 4 17.5897
MC154 Polvimide
(20% vol. chopped
fibers) ____

Damaed
3223 7yit-l I ';I. NC-]0 500 11.7773 1172 .0244 11.6244 Q,1529 11.5895 0.1878

IlnrninfnrcePd 612

- Damaned_
3224 Zvtel 151, NC-10 500 12.1971 12.1722 0. 021L_ 12.1654 0.0317 12.1405 0.0566 12.0-39

Unreinforce. 612

Nvlon
__ _ama__d _ Damaged

_225 Zytel 151. NC-10 600 117463 1.Z170 00.93 .].6180 0.1283 10.9898 0.7565
Unrenforced 612
Nylon

32.2. .,re1 151. NC-in 600 12.2300 12.1997 0,0303 12.1902 0.0398 12.1492 0.0808 I.0875
_____ nreinfrn-.d 9~19 ____ ____ ___ _____________

Nylon
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TABLE I

BULK PLASTICS EROSION WEIGHT LOSS DATA

Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt.
in Loss 10.0 min Loss 15.0 mir Loss 20.0 min Loss 25.0 min Loss 30.0 mir Loss

Lo' 0.2505 17.570 0.5432 17.2198L 0.9104 16.5 997
Damaged

I9 0.1464 17.8554 0.3469 17.6489 0.5534 17.4055 0.7168 17.3951 0.8072 17.3643 0.8380

Damaged
5 0.3730 17.5046 0.6209 17.1630 0. 9625 I.7497 0.4133

5-T-. i lDamaed e~

0 ]0,2932 17.6518 0,4444 .17.0749 1.0213

5|0.1140 18.5600 0.2505 J.4471 0,3634 iU.31Ug NSli IQ.4.15 19 -1(7 17 n60- 8485

0,1483 184708 0.2755 18.3547 0.3916 18.2192 0.5271 18.1835 0.5628 17.868! n..Q2

A.I1966 18.4065 0.3554 1 0.5793 !17.9350 0.8269 17.5991 1-19g 17.-AQA 1 17?1

0.2515 18,2287 0.4403 17,9696 0.7004 17.a97 1oza.0

Z._ ]Damagped

0.0244 1 11.6244 0.1529 11.5895 0.1878

'Damaepd

- _ 0,0249 12.1654 0,0317 12.1405 0,0566 12.0391 0-.8 _

namage Damaged
-- 0.029j j.An - M 10.9898 0.7565

0,0303 2.1902 0,0398 12. 1492 0.0808 L2.0875 0.425 lI.4_40
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TABLE I (CONT' D)

BULK PLASTICS EROSION WEIGHT LOSS DATA

Specimen Velocity Init. Wwgt. Wgt. . Wgt. Wgt. Wc
No. Material MPH Wgt. 5.0 min Loss 10.0 minI Loss 15.0 min Loss 20.1

3227 Zytel 7710-33 500 14.6188 14.5987 0.0201 14.5940 0.0248 14.5896 0.0292 14.51
33% Glass 612 Nylon _

3228 Zytl 7710-33 5
33% Glass 612 Nylon ',00 15.0412 15.0205 0.0207 15.0155 0.0257 _15,011" 0.0301

3229 - Zvtel 7710-33 600 14.6776 14.6527 0.0249 14.6473 *0.0303 14.630 5 0.0471 14.6:
-33% Glass 612 Nylon

3230 Zvtel 7710-33 600 14.9808 14.9553 0.0255 14.9475 0.0333 14.9310 0.0498 L
33% Glass 612 Nylon

1231 Alathon 7050. NC-10 500 10.$327 1.33U 0.0004 10n. 531 ;..no12 10.5 aL 0.0027 1.i
Unrej nfnrn _ _

_ Polvhv1eno

3232 Alathon 7050, NC-10 500 10.6540 10.6546 0.0006 10.6530 0.0010 .523 .0027 1.
Unreinforced
Polyethylene

3233 Alathon 7050. NC-10 600 110.4350 10.43Q2 0.0041 -10,4279 0,0071 10.4228 0.0122 10.5:
Unrei,Iforced ___

-Polyethylene

.3234 Alathon 7050. NC-1O 600 l0.71a8 l.7152 0.00o3g n10.7j0L ln.00 . 0. 0.0133
_ Unreinforce d

Pol ythylen

1215 Alathon G-O350 Soo 12.7417 112.7091 10.0-L24 12.92R 0.0780 12.6276 0.1 1
In% Gln_

-Polvthmlen-

3236 Alathon G-0350 500 13,2270 13,1977 0,0293 13.1400 0.0870 13.0nR 0..1467 12.9
-at Glass
Polvethvlene

3237 Alathon G-0350 600 13,2Q32 _13. 32 0.0000 11.150 0.0524 13.057.5 0.1457 12.8!
30% G1ass

--Polyethylene
Damaged---

3238 Alathon G-0350 00 12.7397 12.7390 0,0007 12.7064 0.0333 _12.286 01111
30% Glas

__ -Polyethylene

3239 Delrin 500 500 1U.628 15,6195 ig.085n 1 15 0 3 15.6125 0.0155 15.6
-Unreinforced Acetal

3240 Delrin 500 50On ].SIR-5J 1-5..5102 Q.0083. 15-.5O.q5 .0 0-OI 15.5035 0. 01 0 r l
Unreinforced Anpet-al _
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TABLE I (CONT' D)

BULK PLASTICS EROSION WEIGHT LOSS DATA

it. Wgt. Wgt. Wgt. Wgt. Wgl. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt.
igt. 5.0 min Loss 10.0 min Loss ]5.0 min Loss 20.0 mir Loss 25.0 min Loss 30.0 min Loss

=188 114.5987 0.0201 14.5940 0.0248 14.5896 0.0292 14.5875 0.0313 14.5822 0.0366 14.5687

-412 15.0205 0.0207 15.0155 0.0257 15.0111 0.0301 15.0094 0.0318 15.0040 C.0372 14.9897 0.0515

--776 14.6527 0.0249 14.6473 Q.Q303 14.6305 0.0471 14.6207 0.0569 14.6155 0.0621 14.5975 0.0801

80814,.9553 -.0255 14,9475 0,0333 14.9310 .. 498 14.9206 0.0602 14.9134 0.0665 14.8927 0.0881

- . 331 0.0004 In.D5315 0.0012 10.53 0 0 0.0027 i0.528 0,0039 10.526 0.007 10.5248 0.0079

540 10.6546 0.0006 10.6530 0.0010 0.ifl6523 0.2 30.6510 0 10,6485 QL.55 10.6468 0.0072

5 .10.409 0.0041 10.4279 0.0071 I0,4228 0.0122 10.5152 0.0208 10.4038 o00312 10.3951 0.0399

10,7152 0j06 0. i .. 10,7055 _ 1 0.6965 0.0223 10.6833 0.0355 10.6748 0.0440

1.2.7O9 3.. O.2L ].2..ff n. ZT 12.6276 0.1141 12.5787 0.163Q 12.48Q62 0.2555

Damaged
013.1977 Q.0293 _13.1400 0,0870 -l Q 08jl Q.1467 12.95lL 02313 12.8987

_ __ _ __-_ Damaqed
-- 11.202 000. O 13J 0 0,054 1.0575 0.1457 12.8927 0.3283 12.8158 0.3874

9712.7390 0,0007 12.7064 0,0331 12.6286 0.1111

5.6195 MASS 1 5.6"50 0.0D 0 15,6125 0.0155 15.6151 0.0129 15.6114 0.0166

Iq-. o .OaR ir,--nr n-q o 15.5035 0.0150 15.5052 0.0133 15.5020 0.0165

PRECEDING PAGE BLANK
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TABLE I (CONT' D)

BULK PLASTICS EROSION WEIGHT LOSS DATA

specimen Velocity init. Wgt. Wgt. Wgt. Wgt. Wgt. Wgt.

No. Material MPH Wgt. 5.0 min Loss 10.0 min Loss 15.0 min Loss

3241 Delrmn 500, NC-i0 60 6 - 5.7659173 0.0128 15.7492 0.0167 15.7455 0.0204
Unreinfozced Acetal ________

3242 -Delrin 500, NC-10 0 _15.3381 15.3263 0.0118 15.3234 0.0147 15.3200 0.0181
unrpinfor_,ed Acetal -

3243 Delrin 507, GY616 500 15.6299 15.6207 0.0092 15.573 0.012 15.6147 0.0152
Unreinforced U.V. _ _ _

Stabilized Acetal _

3244 Delrin 507, GY616 500 15.6072 15.5983 0.008 15.5940 0.0132 15.5915 0.0157
Unreinforced U.V. l
Stabilized Acetal

3245 Delrin 507, GY616 600 15.8256 15.812210.0134 15.8095 0.0161 15.8055 0.0201

_ Unreinforced U.V. _StabilIizedi Aeetal iaap ap~

3246 Delrin 507, GY616 600 15.4001 15.3878 0.0123 15,2897 0.1104 15,2617 0,1384_
Unreinforced U.V.

_____Stabilized Acetal _
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TABLE I (CONT'D)

BULK PLASTICS EROSION WEIGHT LOSS DATA

Wgt. Wgt. Wgt. Wgtgt . t. Wgt. Wgt. IWgt. Wgt. Wgt. Wgt Wgt.
5.0 minLoss 25.0 min Loss 30.0 mi Loss

15,7931 '0.0128 15.7492' 0.0167 15.7455 0.0204 15.7403 0.0256

i1z 3263 0.0118 15.3234 0.0147 15.3200 0.0181 15.3088 Q.U23 Xi5.2230 Q-1151

]-.6207 0.0092 5.6173 0.0126 15.6147 0.0152 15.6122 0.017-

15.5983 0.0089 15.5940 0.0132 15.5915 0.0157 15.5895 n-n177

15.8122 0.0134 15.8095 0.0161 15.8055 0.0201 15.8025 0.0231

_ DaDam-amage
15.3878 _.0123 15.2897 0.1104 i5.2617 0 0.1384

_ _ II- _

$ i - .. .. .
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