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An experimental roofing installation is described in which polyurethane foam
(PU.) was spray-applied directly to metal Butlerib-type metal decks, the roof divided
into five approximately equal areas, and the PUF protected with five different elasto-
meric coating systems. Three of the coating systems were damaged by hailstones about
a year after installation; these systems were recoated within 3 years of the initial installa-
tion. The current coatings include two of the original coating systems - a plural
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INTRODUCTION

The Naval Civil Engineering Laboratory (NCEL) has studied the use
of spray-applied polyurethane foam (PUF) and protective coating systems
since 1973. This is the fourth report describing results of studies of
PUF roof systems at NCEL. The first of these described application of
the spray-applied polyurethane foam (PUF) and protective coating systems
to the roofs of the Naval Reserve Center (NRC), Clifton, N.J., (Ref 1).
The second report described initial results of small scale field and
laboratory tests directed toward developing performance criteria for
optimum PUF roof systems, (Ref 2). The third report presents results of
an investigation to determine the decay in the thermal conductivity of
PUF roofs with time, (Ref 3).

Experimental study described in this report was initiated for the
following reasons:

1. To evaluate the long-term weathering performance of spray-applied
polyurethane foam and coating systems on metal roofs.

2. To determine energy savings made possible by the application of
PUF to the roofs.

3. To determine the dynamics of heat transfer through the roofs.

4. To determine the long-term degradation in thermal character-
istics of the spray-applied PUP, if any.

BACKGROUND

In addition to describing application of spray-applied polyurethane
foam (PUF) and protective - -*ing systems to the roofs of the Naval
Reserve Center (NRC), Clifton, N.J., Reference 1 also showed:
(1) replacement of isolated small sections of foam and coatings as well
as an interim evaluation of the performance of the coating systems from
Fall 1973 to Fall 1975, (2) details of installation of thermocouples to
obtain a measure of the heat transfer through the roofs, (3) a summary
of savings in heating costs due to the application of the foam, and
(4) hail damage that occurred to the coating systems on the south building
during a storm in the summer of 1975.

As shown in Figures 1 and 2, NRC Clifton consists of two Butlerib
metal buildings, a "north" building, and a "south" building connected by
a "boiler house." The north building is 162 feet long and 40 feet wide;
the south building is 203 feet long and 40 feet wide. The two buildings
are connected at about the midpoint by the boiler house, a small concrete
block structure that contains the steam boiler and a connecting passage-
way. While both major buildings have attics, the attic in the north
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building extends only about one-third of its length. The boiler house
has a plywood roof deck over wood trusses, with wide selvage roll roof-
ing over the plywood. To improve appearance, an aluminum gravel stop,
authorized as a change order by the Resident Officer in Charge of
Construction, was installed along the fascia edge of the roofline.

FOAM AND COATING SYSTEMS

Figure 1 also shows the original layout of coating systems and
thermocouples. Roofs on the buildings were divided into five sections,
and five different coating systems were applied to these sections. The
same PUF product was used on all roofs to eliminate one variable.
Selected properties for the spray-applied PUF used on these roofs are
shown in Table 1.

The Appendix presents the trade names and sources of the materials
used in this study. Descriptions of the coating systems are given in
the following sections. Application data for all coating systems are
summarized in Table 2.

Original Systems

System 1. Catalyzed Silicone Rubber. System 1 consists of one
base-coat of a medium-gray, catalyzed silicone rubber and one top-coat
of a cement-gray, catalyzed silicone rubber. The recommended appli-
cation rate for both base coat and topcoat is I gal/lO0 sq ft to provide
i nominal wet film thickness of 16 mils and a nominal dry film thickness
of 10 mils. Minimum recommended dry film thickness of the total system
is 20 mils. Because of the short pot life of the catalyzed system,
application requires a special unit in which the two compounds are mixed
in the spray gun just prior to leaving the nozzle. Gray ceramic gran-
ules were broadcast at the rate of 50 lb/100 sq ft into the wet topcoat
on one-half of the area covered with System I. The granules are supposed
to provide a longer wearing, more durable surface. This coating system
is referred to as "breathing" or "vapor permeable" because it allows
passage of water vapor but not liquid water.

System 2. Moisture-Curing Silicone Rubber. System 2 consists of
two coats of a single component moisture-curing silicone rubber. The
recommended application rate for the light gray base coat and the white
topcoat, identical except for color, is I gal/lO0 sq ft to provide a wet
film thickness of 10 mils and a dry film thickness of 7.5 mils. Minimum
dry film thickness recommended for the total system is 15 mils. This

silicone coating system is also referred to as vapor permeable.

System 3. Catalyzed Butyl-Hypalon. System 3 consists of a
two-component black catalyzed butyl base coat and a two-component white
hypalon topcoat. The application rate recommended for the base coat of
butyl was 2 gal/l0O sq ft to provide a minimum wet film thickness of
20 mils and a minimum dry film thickness of 10 mils. Application of the
catalyzed butyl base coat required special equipment for mixing the two
components prior to leaving the spray gun. The two-component white

2



hypalon topcoat was batch-mixed (catalyst mixed with resin) prior to
spray application; the recommended application rate was 1.5 gal/lO0 sq ft
to provide a minimum wet film thickness of 8 to 9 mils and a minimum dry
film thickness of 5 mils. Minimum dry film thickness recommended for
the total system was 15 wils. This butyl-hypalon coating system was
"nonbreathing" or "vapor impermeable," because it inhibited passage of
both water vapor and liquid water. This product is no longer available.

System 4. Hypalon Mastic. This one-coat system consists of a
single-component, white hypalon mastic; the recommended application rate
is 6 gal/100 sq ft to provide a minimum wet film thickness of 90 mils
and a minimum dry film thickness of 30 mils. This hypalon coating
system is classed as vapor impermeable.

System 5. Catalyzed Butyl-Hypalon. System 5 consists of a
two-component, cationically polymerized, tan butyl base coat and a
one-component, white hypalon topcoat. The recommended application rate
of the butyl base coat is 2.5 gal/l00 sq ft to provide a minimum wet
film thickness of 39 mils and a minimum dry film thickness of 18-1/2 mils.
The two components of the butyl base coat are batch-mixed prior to
spraying. The application rate recommended for the white hypalon top
coat is I gal/l00 sq ft to provide a wet film thickness of 12 mils and a
dry film thickness of 4 mils. Minimum dry film thickness recommended
for the total system is 22-1/2 mils. This butyl-hypalon system is
classed as vapor impermeable.

Repaired Systems

Early failure of Coating Systems 3, 4, and 5, due in part to ini-
tial poor quality (Systems 3 and 4) and in part to hail damage, neces-
sitated recoating of the south building and the boiler house in 1976.
Descriptions of the new coating systems are given below.

The only surface preparation of the south building and boiler house
roofs prior to recoating consisted of brooming and air blowing the roof
surfaces to remove any dirt, loose coating, or chalk. The following
coatings were then applied.

System 6. Moisture-Curing Silicone With Granules. This system is
the same as System 2 except white granules were applied to the wet top-
coat at the rate of 50 lb/100 sq ft. Application rates for the base
coat and topcoat were the same as for System 2.

System 7. Catalyzed Hydrocarbon-Modified Urethanes. System 7
consists of a black base coat of 100% solids hydrocarbon-modified ure-
thane and a topcoat of aluminum-filled hydrocarbon-modified urethane.
The recommended application rate of the base coat was 3 gal/100 sq ft to
provide a wet and dry film thickness of 40 mils, while the application
rate recommended for the topcoat was at 1 gal/100 sq ft to provide a wet
film thickness of 14 to 15 mils and a dry film thickness of 9 to 10 mils.
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System 8. Catalyzed Urethane With Granules. System 8 consists of
a urethane primer overcoated with a base coat of aluminum aromatic
urethane and a topcoat of white aliphatic urethane. White mineral
granules were applied to the wet topcoat. The recommended application
rate of the primer was 3/4 gal/lO0 sq ft to provide a wet film thickness
of 7 to 8 mils and a dry film thickness of 2 mils. The base coat appli-
cation rate recommended was of 2 gal/lO0 sq ft to provide a wet film
thickness of 30 mils and a dry film thickness of 15 to 16 mils. The
recommended application topcoat rate was 1/2 gal/100 sq ft to provide a
wet film thickness of 10 to 12 mils and a dry film thickness of 4 to 5
mils. White granules were applied at the rate of 50 lb/100 sq ft.

Current Status

Figure 3 shows the current layout of the coating systems.
The same moisture-curing silicone used in System 2 was used in the

first section over the failed System 3 (catalyzed butyl-hypalon) on the
south building. White roofing granules were applied to the white wet
topcoat. This system is designated as System 6.

In the middle section of the south building and over the boiler
house, System 7 (an aluminum-gray catalyzed urethane) was applied over
the failed System 4 (hypalon mastic). No granules were used in this
section.

System 8 (a white catalyzed urethane) was applied to the remaining
section over the failed System 5 (catalyzed butyl-hypalon). White
roofing granules were applied to the wet topcoat.

THERMOCOUPLE INSTRUMENTATION

Thermocouples of copper constantan wire were installed at various
locations to study temperature distribution in the roof systems and
inside the buildings and to determine the time-dependent insulation
efficiency of the PUF. The thermocouple locations and their original
numbers are shown in Figure 1.

Measurements of temperatures were made originally on a potentiometer
located in a room at attic level in the north building. Reserve Center
personnel read and recorded temperatures at about 0900 and 1400 daily
between roof installation in October 19Y3 and June of 1978, when an
automatic digital recorder was installed. Since the digital recorder
has only 20 channels, it became necessary to select the most pertinent
20 channels for automatic hourly recording.

Figure 3 and Table 3 show the current thermocouple numbers and
locations. Thermocouples referred to as "below the foam" in Table 3
were placed directly on the top surface of the steel roof deck before
the foam was applied. Those referred to as "above the foam" were placed
directly on the top surface of the foam; the coating was then applied
over the thermocouples. Those placed in attic spaces were suspended
about 4 feet from the underside of the roof. Thermocouples for mea-
suring the outside air temperature were suspended several feet above the
roof. Reference I represents a more detailed account of the original
thermocouple and roof installation and roof system performance.
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RESULTS AND DISCUSSION

Evaluation of Foam and Coating Systems

The condition and performance of the five different coated urethane
foam roofing systems was determined during on-site inspections by NCEL
and NAVFAC* Northern Division personnel. The inspections were conducted
semiannually for the first 2 years and annually thereafter. The inspec-
tions consisted of walking all areas of the roofs and noting and photo-
graphing any deterioration of coatings or foam. Photomacrographs of
selected areas were also taken during each inspection in order to have a
progressive record of any deterioration. Once Systems 3, 4, and 5 had
been damaged by hail and had been recoated, photomacrographs of specific
areas were discontinued because the defects being photographed were
covered and obscured by the new coating systems.

Ratings were assigned to each system during each inspection.
Ratings and the definitions are explained as follows:

E = Excellent; the system is in excellent condition with little or
no coating or foam deterioration.

VG = Very good, the system is performing very well and shows only

minor coating or foam deterioration.

G = Good; the system is performing satisfactorily, but coating or
foam deterioration is nearing a point of significance.

F = Fair; the system is showing moderate coating or foam deteriora-
tion.

P = Poor; the system has numerous areas showing moderate to severe
coating or foam deterioration.

Results of the inspections conducted to date (up to 7 years of
exposure) are presented in the following sections and are summarized in
Table 4. Deterioration of quality PUF roof systems is ordinarily first
noticeable in the coatings. Generally speaking, as long as the coating
performs well, the foam can be expected to perform well also. In areas
where the coating deteriorates or flakes off, the foam degrades from
exposure to the weather. Thus, the ratings tend to reflect the condi-
tion of the coating system on the roof. It should be emphasized that
even where the coatings have not performed well, either due to deterio-
ration from exposure to the weather or from mechanical damage caused by
such things as hailstorms, the experimental roof systems have not leaked
since the foam was applied. These metal roofs had severe leaking prior
to being foamed.

*Naval Facilities Engineering Command
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System 1. Catalyzed Silicone Rubber

This system was divided equally into two sections: one with gran-
ules and one without granules.

Catalyzed Silicone With Granules. This portion has performed very
well throughout the entire 7-year exposure period. For the first 3
years, the only deterioration noted was very light flaking of the coat-
ing from the foam, exposing the foam after 3 years of weathering. Some
minor bird pecking which exposed the foam was also noted (see Figure 4).
After 3 years, minor defects (1/4 to 1 inch in diameter) in the coating
due to either flaking or bird pecking were given a minimum maintenance
treatment by covering the exposed foam with silicone sealant and gran-
ules. This minimum maintenance, in essence, provided a coating with
granules having very few defects.

In addition to minor damage by pecking, birds had also reached the
foam by entering underneath the gravel stop in two areas. The birds had
removed the foam and built nests under the coating in about 1 sq ft of
each area; the coating was still intact. These areas were repaired by
cutting away the coating, smoothing the edge of the pecked foam, and
then protecting the smoothed edge with silicone coating. The configu-
ration of the aluminum gravel stop caused the foam to ridge-up above the
gravel stop edgeline, along the eave of the roofs, as the foam was
applied. Such an edge detail is difficult to protect properly, and
coating deterioration was observed all along the edge, exposing the foam
to deterioration. However, this was not considered serious in the
overall performance of the roof; after 3 years of exposure, the silicone
with granules was rated E.

With additional exposure, the silicone with granules continued to
perform very well and was rated VG to E at both the 4- and 5-year
inspection periods. There continued to be isolated small spots of
exposed foam (generally 1/4 to 1 inch in size) both by flaking of the
coating and by bird pecking. Although the bird pecking was a minor
problem, it does seem to be a persistent one, occurring only on the
silicones. It is interesting that the pecking appeared to be slightly
heavier on the silicone with granules than on the silicone without
granules. At other installations, granules have tended to inhibit bird
pecking.

This area was rated VG to E rather than E because of very light
cracking of the silicone along the ribs of the Butlerib roofing. It
appears that this type of problem occurs when the foam and coating are
sprayed in only one direction. Spray application of individual lifts of
the foam in alternate directions (i.e., crosshatching) and application
of the coating in a similar manner tend to eliminate this problem.

After 6 and 7 years of exposure, the performance of the catalyzed
silicone with granules was rated VG (see Figure 5). The slight lowering
of the rating resulted primarily from the bird pecking problem and, to a
lesser extent, from the light cracking of the silicone along the rib.
It is believed that with a minimum of annual maintenance, this system
will perform very well for at least 10 years before recoating is neces-
sary.
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Catalyzed Si licone Without Gra nu I es. This portion of System I has
also performed very well for the 7-year exposure period, although [lot
quite as well as the section with granules. This section experienced
the same types of coating deterioration observed on the portion with
granules; i.e., light flaking or spall ing of the coating, bird pecking,
flaking of coating from foam along the edge of the aluminum gravel stop
where the foam had ridged, and light cracking of the silicone along the
ribs. The bird pecking problem, which appeared to be the major cause of
coating removal and exposure of foam, was slightly more severe on the
portion with granules Lhan on this section without granules. However,
there appeared to he mort, flaking of the coating in) this section than in
the section with granules. Although the catalyzed silicone did show a
very small amount of additional deterioration each year, the system
performed very well and was rated very good from an age of 1-1/2 years
through 7 years. It is believed that with a minimum of annual mainte-
nance, this system also will perform well for another 2 to 3 years
(total of 10 years) before recoating is necessary.

System 2. Moisture-Curing Silicone Rubber

This section of the experimental roofs has not performed as well as
the section coated with catalyzed silicone, although the two systems
performed similarly for about the first 3 years. The difference in
long-term performance is attributed to two factors. First, the total
dry film thickness of System 1 (30 mils) is almost twice that of System 2
(17 mils). Because of this, the coating of System I has been better
abie to take abuse from foot traffic and from snowloads as they slide
otf the roof. Second, foot traffic on System 2 has been much heavier
than on System 1. An outside wall ladder and catwalk provide access to
the roots and exits onto the roof in the System 2 area (see Figure 6).
The station's TV antenna is mounted at the crest of the roof and on the
top of the catwalk. Anyone wanting to gain access to the roof to service
the antenna, to perform other rooftop maintenance, or to inspect the
roofing systems, must cross this silicone system. As a result, the
rather excessive foot traffic on this section has taken its toll in
damage to the coating system.

In some of the areas where foot traffic was heavy, th2, coated foam
has been compressed, damaging the cell structure. In these cases, the
damage frequently occurred on the foam covering the ribs of the roof
deck because it was at a slightly higher elevation than the foam between
the ribs. Where this occurred, the coating was sometimes loosened from
the foam and could be peeled from the foam in a few small areas (i.e.,
I to 3 sq in. in size, (see Figure 7).

Although the 2-year rating (Ref 1) obviously differed from the
3-year rating, this system was still performing well after 3 years of
exposure and was rated VG. Deterioration of the silicone coating consis-
ted principally of bird-pecking and flaking of the coating, exposing the
foam. Most of the damage was attributed to flaking of the coating.
After 3 years, bird pecking did not appear to be as frequent on System 2
as on System 1. However, removal of the foam from underneath the coating
by birds entering underneath the gravel stop was definitely more of a
problem in this section than in System I (see Figure 8). Birds had
removed the foam under the coating along the gravel stop in seven areas
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within System 2. Six of these were along the northerly edge and only
one along the southerly edge. All of these areas were easily repaired
as noted in the discussion covering System 1; i.e., the coating was
removed, the foam edge cut back to a smooth edge, and the smoothed foam
coated with 2 coats of System 2 coating (moisture-curing silicone rubber
coating). Water was not a problem to the foam because it drained onto
the metal roof deck underneath the gravel stop and thence to the ground.

Flaking of the coating occurred in very small isolated areas 3/8-in.
or less in diameter except for a few larger areas on the ribs where the
foam had been damaged, causing the coating to loosen. The majority of
flaking of the coating occurred along or on top of the ribs as shown in
Figure 9. System damage caused by bird pecking, found only in isolated
spots around the roof, generally ranged in size from 1/4 to I inch in
diameter.

In addition to the deterioration noted above, in one very small
area (3 to 4 sq in. in size), the foam was wet and exuded water when
compressed (see Figure 10). It was evident that only a minimum amount

of moisture was present in the foam since additional pressure did not
cause any further exudation of water.

Continued weathering of System 2 resulted in slow, progressive
deterioration of the coating by flaking and bird pecking, exposing the
foam in isolated small areas to the degrading effects of sunlight and
moisture. At the conclusion of both the 4- and 5-year exposure periods,
the performance of the coated foam was not quite as good as at the 3
year inspection period but was still better than the criteria estab-
lished for a rating of good. Thus, at both the 4- and 5-year inspec-
tion periods, System 2 was rated G to VG.

In addition to those instances noted, other forms of coating dete-
rioration became more prominent. This consisted of two types of crack-
ing of the coating, The first was damage caused by heavy foot traffic
where heel impressions caused the coating to crack. The second also
observed in System 1, was cracking along the rib as a result of alter-
nate lifts or coats of the foam and coating being applied in only one
direction rather than in alternate or crosshatched directions (see
Figure 11). Such a crosshatch application pattern would have prevented
th( coating from cracking along the ribs. It is interesting that where
c-acking of the coating had occurred as a result of heavy foot traffic
on the ribs, foam degradation underneath the crack was often minimal
even after 5 years of weathering.

After 6 and 7 years of exposure to the weather in Clifton, N.J.,
System 2 exhibited more pronounced deterioration and was rated G and F
to G, respectively, for those years. Types of deterioration were general-
ly the same as noted previously. In addition, in two small areas the
foam had delaminated (blistered) lift from lift. Approximately 75% of
the spalling of the coating occurred on the ribs. The northwesterly and
southwesterly portions of this system should receive more extensive
maintenance (e.g., removal and replacement of degraded coating and foam
where required). The remaining area of this system should be patched
and recoated and granules applied to the wet topcoat.

As noted earlier, this silicone tends to retain dirt and give the
roof a very dark gray appearance. A few spots were scrubbed with a GI
brush and trisodium phosphate detergent. These areas, including some
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spots over thermocouples, cleaned up very well, giving a surface nearly

as white as when originally applied.

Systems 3, 4, and 5

These systems were recoated due to hail da oe, and the recoated
systems renumbered as Systems 6, 7, and 8, respectively. The perfor-
mance of these latter systems are described below.

Svstem 6. Moisture-Curing Silicone With Granules

This silicone coating with granules had been applied over the hail
damaged and deteriorated catalyzed butyl-hypalon system (originally
System 3). The butyl-hypalon system had been badly cracked by the hail-
stones, and these cracks tended to be reflected through the silicone
coating; that is, the silicone coating did not bridge the cracks (see
Figure 12). However, because of the hydrophobic character of the sili-
cones, the cracks may not permit water migration into the foam; addi-
tional exposure will determine this factor. The silicone had just been
applied a few months prior to the 3 year inspection period and was rated
VG to E.

At the 4-year inspection period (approximately 15 months after
recoating), the hailstone cracks in the coating were still evilent,
although it now appears that the silicone did bridge some of the cracks
in the original butyl-hypalon coating. The coating has spalled from the
foam in about 20 to 25 spots. It appears that the spalling may be
attributed to hailstone damage. The surface cellular structure of the
foam appeared to have been damaged by the hailstones, and the stresses
that developed in the coating as it weathered exceeded the cohesive
strength of the damaged foam, and the coating and surface foam spalled
from the roof. Also bird pecking is slightly evident but this is not at
all se-ious, and at the 4-year inspection period this recoated system
was rated VG to E.

At the 5-year inspection period (approximately 27 months after
recoating), the hailstone cracking, spalling of the coating, and bird

pecking were more prevalent. Spalling of the coating was observed
principally on top of the ribs. In addition, a small area of foam
delamination about 3/4 sq ft in size and a few blisters were observed in
the silicone coating. These however, were not considered serious de-
fects, and the system was still rated as VG.

With continued exposure, deterioration of the system became more
severe. Evidence of hail damage (cracking of the coating) on top of the
ribs became more obvious, and slight deterioration of the foam (spongi-
ness) was noted. More bird pecks were found, particularly on the south-
erly roof surface. The area of foam delamination on the northerly roof
surface had grown to a size of 1- to 1-1/2 sq ft (see Figure 13), and a
second small foam blister approximately 4 inches in diameter was ob-
served on the southerly surface. As this small blister formed, both the
coating and the surfaces of the foam exhibited cracking. At the sixth
year inspection, (approximately 39 months after recoating) the system
was rated G.
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During the seventh year inspection period (approximately 4 years
after recoating), all of the forms of deterioration noted earlier had
increased in severity. The amount of foam delaminated had grown to
approximately 2 sq ft. The system was rated F to G and is in need of
more extensive maintenance.

Systen 7. Catalyzed Hydrocarbon-Modified Urethane

This coating system was applied over the hail-damaged arid severely
weathered hypalon mastic of System 4. This new system, consisting of a
thick, black base coat and an aluminum-filled topcoat, should have
exhibited a bright, reflective aluminum color. However, because of
either poor material properties or poor application (or both), the
surface exhibited a very blotchy appearance caused by "bleeding" of the
black base coat through the aluminum topcoat. In many cases, the top-
coat was too thin and had not flowed properly to completely hide the
black base coat, resulting in an orange-peel effect. In other areas the
topcoat was applied too heavily, causing it to run or sag.

Ii. the area where the boiler house roof joined the roof of the
south bi4.1ding, numerous blisters (approximately 15) formed, ranging in
size from % t*4 inches in diameter. Three of these blisters are shown
in Figure 14. The blisters occurred both between the old and new coat-
ings and between the very thin (1/8-inch thick) top and adjacent lifts
of foam, and in some cases were attributed to the presence of moisture.
Because of the toughness of the new coating system, the blisters caused
no problem.

| This coating system, probably because of its thickness, did bridgc
the hailstone cracking in the hypalon mastic coating but did not bridge
those areas on the southerly portion of this system where the old coat-
ing had spalled and the foam had degraded to a limited extent. In spite
of the application problems, this system was providing very good pro-
tection to the foam. After 3 years (approximately 3 months after recoat-
ing), this system was rated VG to E.

During the 4-year rating period (approximately 15 months after
recoating), this system still provided relatively good protection to the
PUF and was rated VG. In addition to the original appearance items
noted, a number of black pinholes appeared to be developing that pene-
trated through the entire coating system (see Figure 15). The topcoat
also developed a crazing or line checking which added to the blotchy
appearance of the surface as shown in Figure 16. In addition, an un-
usual type of blistering or ridging of the topcoat appeared on the
southerly portion of the roof, some of which resulted in light peeling
of the topcoat from the base coat (see Figure 17).

Continued exposure appeared to cause an increase in the number of
black pinholes. The pinholes range in size from quite small to about
1/8-in. in diameter. Two of these exuded a small amount of water when
the foam was compressed. The size of the blisters aLso continued to
increase. In one case, the blister was about 25 sq in. and was formed
between the hypalon mastic coating and the hydrocarbon-modified urethane
base coat. The appearance of the system as well as the performance con-
tinued to deteriorate. Crazing and ridging or blistering of the topcoat
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became more severe, and at the 5-year inspection period (approximately
27 months after recoating), the system performance was rated G.

Deterioration of the hydrocarbon-modified urethane coating/PUF
roofing system became progressively worse during the sixth and seventh
year exposure periods (approximately 3 and 4 years after recoating,
respectively). Additional moisture was observed in the foam, generally
exuding from the black pinholes when the adjacent foam was compressed.
A gradient of rings appeared around the black holes, suggesting that
each of the holes contained water at some time, even though some were
dry when inspected. The black pinholes may have been caused by the
presence of moisture on the existing deteriorated hypalon mastic coating
when the hydrocarbon-modified urethane coating was applied. There
appeared to be more and larger blisters, and the coating over some of
these was starting to crack (Figure 18). The surface crazing or check-
ing tended to become more pronounced. As a result, this system was
rated F to G after 6 years, and P to F after 7 years of weathering, and
was in need of extensive maintenance.

System 8. Catalyzed Urethane with Granules

This elastomeric urethane coating system was applied over the
existing System 5, a butyl-hypalon coating that had been damaged by a
hailstorm. While the coating had numerous breaks caused by the hail-
stones (see Figure 19), this butyl-hypalon coating was performing most
satisfactorily prior to the hailstorm; i.e., it was still protecting the
PUF from exposure.

The catalyzed urethane elastomer coating system did not bridge many
of the cracks in the butyl-hypalon system. This cracking, which was
obvious both before and after coating, was most severe on the northeaster-
ly side, with very little cracking noted on the southerly side. The
cracking, was the only form of deterioration observed with this system.
Although the cracking opened a path for sunlight and moisture, very
little degradation of the foam was observed. This system has continued
to perform very well during the third, fourth, and fifth year inspection
periods (approximately 3, 15, and 27 months after recoating). This
system was still providing superior protection to the foam and was rated
VG to E. With continued exposure, the cracks appeared to open slightly
but the foam showed little, if any, additional degradation (see Figure
20). The system continued to perform very well, and after 6 to 7 years
of weathering (approximately 3 and 4 years, respectively, after recoat-
ing), was rated VG.

Thermal Characteristics of Spray-Applied PUF

As stated earlier, one of the purposes of this experiment was to
determine the effect of time on the thermal conductivity (k) of
spray-applied foam. The manufacturer of the PUF stated that when freshly
sprayed-in-place, his product had a k value of 0.13 Btu/hr sq ft *F in.

After 5 years, samples were taken from each section of the roofs at
the Reserve Center. From these samples, specimens were prepared for
measurement of k in a Thermal Conductivity Analyzer, Model 88 (Anacon,
Inc.). Table 5 shows results of the tests as well as foam thickness and
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thermal resistance (R) calculated from the k values. Table 5 also
indicates the percent change in k-values in 5 years, based on the manu-
facturer's stated k-value of 0.13. Roof sections with coating Systems I
and 2 (north building) showed the most change in k. Significantly less
change occurred in the roof sections on the south building (Systems 6,
7, and 8). Additional data on the thermal conductivity of these samples
as well as weathered foam samples from other locations are given in
Reference 3.

The significant characteristics which provides PUF with excellent
thermal resistance is its formation of essentially closed cells con-
taining freon. It has been determined that the freon gradually migrates
from the cells and is replaced by air, causing a reduction in thermal
resistance with time. Manufacturers of PUF contend that the thermal
resistance eventually stabilizes, and no further losses ensue.

The original coating Systems 3, 4, and 5 on the south building (see
Figure 1) were all classed as impermeable to passage of water and water
vapor. Systems 3 and 5 were catalyzed butyl-hypalon, and System 4 was
hypalon mastic. System 3 was a poor quality coating system which dete-
riorated rapidly and was providing very poor protection to the foam when
it was recoated in 1976.

Most likely, the high resistance of the impermeable coatings to
passage of water vapor reduces or impedes passage of freon gas from the
PUF which results in less overall loss of thermal resistance from the
roof sections on the south building. Although the coating of System 3
was providing little protection when it was recoated, it had furnished a
fair degree of impermeability to the passage of freon gas for the first
3 years. This accounts, in Table 5, for the smaller rise in k-value in
the section of coating System 6 than in the sections of Systems I and 2.
When the south building was recoated, the existing coating systems were
not removed. The underlying hypalon of System 4 and the butyl-hypalon
of System 5 are therefore still providing some degree of resistance to
the loss of freon. The new coatings applied to the south building and
the coating systems on the north building are all permeable coatings.

Heat Transfer Characteristics

As stated before, temperature readings were automatically recorded
hourly on the hour. Figure 21 is a typical plot of hourly temperatures
for July 13, 1979 in the moisture-curing silicone section with granules
(System 6). The time-temperature envelope is determined by measuring
the area tinder each of the curves with respect to selected datum lines.
With the assumption that the temperatures a roof experiences result from
exposure to the sun, then the outside air temperature (solid squares in
Figure 21) is a measure of the intensity of the sun for a given day
influenced directly by clouds and windspeed. Accordingly then, the area
ABCDA in Figure 21 can be called a measure of the "solar heat response,"
since this area represents how much the temperature on top of the foam
(open circles) exceeds the outside temperature (solid squares) in the
day-time hours of highest solar intensity (i.e., between 0800 and 2000).
The solid triangles in Figure 21 are the temperatures just below the
foam. Assuming that 7S0F is a reasonable room temperature for summer
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and drawing a horizontal line at that temperature, then the area EFGHJE
represents a measure of the "cooling required" for the hotter portion of
that day.

Outside air temperatures over the entire day not only indicate
relative heat or sun intensity, but also reflect the effects of cloud
cover, windspeed, and radiation from the roof during early morning and
late evening hours. Measurement of the area under the outside tempera-
tures (solid squares) with respect to a datum temperature of 0F, then,
represents a measure of the overall temperature severity of that day.
The "outside temperature area" for the hotter portion of the day may be
obtained by measuring the area KLDMIK and adding it to the area from 400
to 0°F for 0800 to 2000. A summary of these relative energy factors
defined by the measured areas under the temperature curves (i.e., out-
side temperature area, solar heat response, and cooling required) to-
gether with the highest roof temperatures for selected days are given in
Table 6.

All hourly temperatures for each day were plotted on graph paper,
and areas were measured with a compensating polar planimeter that reads
to four digits. One square inch measured 100. Each area was measured
three times to minimize errors and to obtain an average.

Solar Heat Response. Solar heat response for selected days during
the summer of 1978, 1979, and 1980 are listed in Table 6 (Columns 2
through 7). Column 22 shows the outside temperature area between 0800
and 2000 listed in order of severity of daytime temperatures: the higher
the outside temperature area, the hotter the day.

Figure 22 shows solar heat response for the System I sections. The
lines drawn are approximate least squares lines for the points shown.
They are drawn only to indicate trends and do nct imply that they are
representative of all possible points of solar heat response. The only
difference in the top surfaces of the two sections shown in Figure 22 is
that the left portion has granules and the right portion does not.
Points plotted in Figure 22 are listed in Columns 2 and 3 of Table 6.

Solar heat response for Systems 2 and 6 (both moisture-curing
silicone) are shown in Figure 23. The top surface of System 6 has
granules, and System 2 does not. Points plotted in Figure 23 are listed
in Columns 4 and 5 of Table 6. Figure 24 shows solar heat response for
Systems 7 and 8. Points plotted are listed in Columns 6 and 7 of Table 6.

Figure 25 shows all the least squares lines from Figures 22-24.
System 8, white catalyzed urethane with white granules, shows the lowest
values of solar heat response. This coating system maintained its
original white color longer than any of the other coatings. The highest
values were in System 2, moisture-curing silicone without granules.
Although this coating system was originally white, the silicone top
surface soon began to soil and within a few months it had become a dingy
gray. When the coatings were first sprayed, roof temperatures at the
top surface (above the foam) were about 200 to 30*F cooler in the white
silicone of System 2 than in the gray catalyzed silicone of System 1.
In a few months, however, the top surface temperatures were almost the
same in the two coatings, due to the darkening of the moisture-curing
silicone of System 2.
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The second lowest solar heat response in Figure 25 was in System 6
which is the same moisture-curing silicone used in System 2, the differ-
ence between the two systems being the white roofing granules applied in
System 6. Graying of the top surface of System 6 has been much less
severe than in System 2, partly because the white roofing granules dO
not discolor and par ly because the presence of the granules reduces the
exposed surface area of the silicone. Figure 25 indicates that all
three of the gray coating systems (1 with and without granules, and 7
without granules) show about the same values of solar heat response. It
should be emphasized that solar heat response is a direct measure of the
effect of the sun's heat upon the roof.

Coolin gReiired. Figure 26 shows cooling required on System I
sections. As before, the lines drawn are approximate least square lines
for plotted points, taken from Columns 8 and 9 of Table 6. Cooling
required on Systems 2 and 6 are presented in Figure 27; points plotted
are taken from Columns 10 and 11 of Table 6. Figure 28 shows cooling
required on Systems 7 and 8, taken from Columns 12 and 13 of Table 6.
Least-squares lines of cooling required for all sections are shown in
Figure 29. System 7, aluminum-gray catalyzed urethane without granules,
indicates the least cooling required of all sections and System 2 shows
the most, although variation among them is not very wide.

The relationships shown in Figure 29 reflect interplay between the
reaction of the roof system to the sun's heat, as measured by solar heat
response, and the insulating efficiency or thermal resistance (R) of the
foam in each roof section. The last column of Table 5 shows thermal
resistance (R) in each section: the higher the R-value, the greater the
insulating characteristics of the material. System 7 has the highest
R-value and the lowest cooling required in spite of a moderate solar
heat response. In Table 5, System 8 has the second highest R-value.
System 8 indicates the lowest solar heat response in Figure 25 but shows
a moderate value of cooling required in Figure 29. System 1, with and
without granules, shows the lowest R-values in Table 5 but shows moder-
ate values of both solar heat response in Figure 25 and cooling required
in Figure 29. System 2 (without granules) indicates a relatively low
R-value in Table 5, and shows the highest solar heat response and cool-
ing required. System 6 indicates a moderate R-value in Table 5 but
shows the second lowest solar heat response and a moderate cooling
required.

H jhest Roof Temperatures. Columns 14 through 19 of Table 6 list
highest daily roof temperatures in the various sections. On most days,
the highest temperature occurred in System 2 (moisture-curing silicone
without granules), Table 6, Column 17. As stated before, System 2,
although white when sprayed, soon became dirty gray. Of all the days
shown in Table 6, the highest temperature occurred in systems other than
System 2 (Column 17) on only 5 of the listed days. In lines 2, 15, and
16, the highest temperatures occurred in System I with granules (Column 14)
while in lines I1 and 14, it was in System 1 without granules (Column
15); both are gray coating systems. Except for I day, line 16, the
lowest temperature was in System 8, (Column 18), which retained the
brightness of its original white color after several years.
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Except for those that chalk, most roof coatings tend to accumulate
dirt as they age, some more than others. The silicone coatings used in

this study have an inherent property to accumulate dirt more rapidly and
to a greater extent than did the other generic types of coatings uti-
lized. The white topcoat of the moisture curing silicone without gran-
ules (System 2) became a dirty gray color within the first year after
spraying. As stated earlier, the highest roof temperatures usually
occurred in System 2. Figure 30 shows roof temperatures in Systems 2
and 8 for July 13, 1979, a typical day of rather high heat intensity.
Above-the-foam temperatures were highest in System 2 and lowest in
System 8; the other systems were between these extremes. Figure 21
shows roof temperatures in System 6 for the same day.

To illustrate and emphasize the effects of whiteness of coating
surface on roof temperatures, the dirty gray surface over the thermo-
couple in System 2 was washed with detergent to restore the white color,
and allowed to dry. Typical roof temperatures before and after wash-
ing are shown in Table 7, arranged in day groupings of approximately the
same heat intensity for reasonable comparison. On the hottest days a
difference in temperature of 50' to 60'F was not uncommon.

Energy Savings

One of the purposes of this experimental roofing installation was
to determine the savings in fuel consumption furnished by the urethane
foam insulation. Table 5 shows thermal resistance values for the roofs.
Since only one or two rooms of the Reserve Center are air-conditioned
during hot weather, meaningful comparisons of fuel consumption before
and after application of the foam are limited to usages of natural gas

for heating in the colder seasons of the year. The requirement for
heating can be expressed in terms of the number of degrees that the
average daily temperature falls below 65'F; i.e., it is assumed that
heat is required whenever the temperature is less than 65'F. For exam-
ple, if on a given day the average temperature is 40*F, the degree day
calculation is 65 minus 40 or 25. Since the time period is I day, this
is commonly expressed as "25 degree-days." It is often convenient to
compare these figures on a monthly basis, so the sum of the degree-days
for each day of a given month is the "monthly degree-days." Because the
concern here is natural gas consumption for heating, the figures used
are called "heating monthly degree-days": the higher the number of
heating monthly degree-days, the more severe the weather.

Table 8 shows the heating monthly degree-days for 2 years before
and 8 years after installation of the foam. The average values shown on
the bottom line of Table 8 reveal that the weather was consistently more
severe in the 8 years after foaming than it was in the 2 years before
foaming.

Table 9 lists the natural gas consumption in cubic feet on a month-
ly basis, both prior to foam installation and after foam installation.
The October through Kay totals are averaged for the 2 years prior to
foaming (476,100 cu ft) and totalled for the years following foaming.
Table 9 also indicates the yearly reductions in gas usage compared to
the 2-year average monthly usage prior to foaming. For a period of
8 years following installation, the foam roofs have provided a yearly
average reduction of about 54% in heating gas consumption.

15



6.1

The average annual fuel usage was reduced from 36869 x 106 cu ft
prior to foam application to an average of 1.765 x 10 cu ft for the
eight years following foam application. This results in an annual
savings of 2.104 x 106 cu ft of natural gas saved per year. Each cubic
foot of natural gas at Clifton is estimated to contain 1 031 Btu of
energy. Thus the annua savings in energy is 2.104 x 10 cu ft x
1,031 Btu or 2.169 x 10 MBtu/yr.

The roof area at NRC Clifton totals gbout 16,600 sq ft. It is
estimated that the Navy has about 35 x 10 sq ft of metal roof decks,
including ribbed, corrugated and fluted units, at shore installations
that could be foamed to reduce heating energy losses. Based on the
energy savingi at NRC Clifton, tge Navy could realize an annual savinbs
of 2.169 x 10 MBtu/yr x 35 x 10 sq ft 16.66 x 10 sq ft or 4.556 10 x
MBtu/yr if all of the estimated 35 x 10 sq ft of metal decks were foamed.
At a cost of $9.07/MBtu for natural gas, this would provide a potential
annual savings to the Navy of about 41 million dollars.

Flammability and Fire Safety

Much comment has beep made about the flammability and fire safety
of polyurethane foam roofing systems and many horror stories have been
disseminated about potential fire problems with these materials. In
actual fact, very few problems with fire on PUF roofs have occurred as
long as proper fire-classified systems have been employed. NCEL has
always maintained that PUT roofs should meet the same fire requirements
as any other roofing system. That is, the PUF systems employed should
have the same Underwriters Laboratories (UL) or Factory Mutual (FM)
classifications as required for conventional roofing systems.

Guidance in this area is provided by the DOD Construction Criteria
Manual 4270.IM and NAVFAC Design Manual DM-8, Fire Protection Engineer-
ing. For combustible and metal roof decks the Construction Criteria
requires that "the entire roof construction assembly, including the
insulation, be Underwriters Laboratories listed as Fire Acceptable or
Factory Mutual approved for Class I roof deck construction." This is
not required if Lhe insulation is installed above poured-concrete or
poured-gypsum roof decks, nominal 2-inch-thick tongue-and-groove wood
plank roof decks, or (over) precast roof deck panels or planks which are
Factory Mutual Approved as noncumbustible roof deck construction. In
such cases, only UL 790 is required. NAVFAC DM-8 is more specific,
requiring that (1) all roof coverings be approved and listed by UI. under
UL 790, top-of-the-roof fire safety classification, and (2) all roof
deck assemblies, to be acceptable from an interior fire exposure stand-
point, be listed as Class I in the FM Approval Guide or as fire classi-
fied in the UL Building Materials Directory (Roof Deck Construction
Classification). Neither require a particdlar flamespread rating but a
Class II foam (flamespread of 75 or less) is recommended.

Currently there are numerous (well over 100) PUY systems classified
by UL under UL 790. Thus, a variety of PUF systems are readily avail-
able that are classified as fire safe under the same criteria that is
used for conventional roofing. In addition, NCEL has conducted exten-
sive fire testing of these PUY systems for use when applied directly to
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metal or steel decks. These tests have shown that PUF systems exposed
to fire are no more, and often less, of a problem than conventional
roofing.

The NCEL-sponsored fire tests at UL have resulted in Roof Deck
Construction classifications for PUF systems applied directly to
(1) Butlerib metal decks (Ref 4), Roof Deck Construction No. 136 and
(2) corrugated metal decks, Roof Deck Construction No. 181. Most recent
successful tests at UL will result in classifications for foam over
fluted metal decks. Roof Deck Construction No. 136 currently has some
30 different PUF roof systems listed as fire classified while Roof Deck
Construction No. 181 has approximately five different PUF systems listed
as fire classified.

Findinzs and Conclusions

The following findings and conclusions are presented on the basis
of 7 to 8 years of weathering of the five different PUF roofing systems
at NRC Clifton:

granules adhered in the topcoat can be expected to perform very well .,nd

provide very good protection to the sprayed PUF for up to 7 years with
only minor maintenance requirements. This system should perform well
for at least 10 years before recoating is necessary.

2. A comparison of the two silicone coatings (Systems 1 and 2)
shows the effects of different film thicknesses on performance. Other
experiments have shown that when applied at the same thickness, these
two systems generally are similar in performance. This suggests that
the silicone of System 2 would also perform very well for a similar
period of 7 to 10 years if applied over sprayed PUF to a dry film thick-
ness of 30 mils with mineral roofing granules adhered in the topcoat.
The difference in performance of Systems 6 and I is attributed to the
extremely poor condition of the original butyl-hypalon system (System 3)
over which System 6 was applied.

3. A two-component urethane with mineral roofing granules adhered
in the topcoat can he expected to perform very well for at least 5 years
with essentially no maintenance.

4. A recoating thickness of 25 mils is not sufficient for a new
coating to bridge cracks and spalled areas of a hailstone-damaged PUF
roofing system.

5. The new coating Systems 6, 7, and 8 appeared to adhere well to
the weathered and damaged coatings of Systems 3, 4, and 5. The only
exception was some blistering in System 7 which was attzibuted to mois-
ture in the existing System 4 when System 7 was applied. These results
suggest that in some cases, brooming and air blowing of all loose dirt
and dust from the surface may be sufficient surface treatment for recoat-
ing.
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6. The thermal conductivity (k) of spray-applied PUF protected
with a permeable coating averaged 0.177, while k for those systems
having impermeable coatings averaged only 0.147. The k-values for indi-
vidual PUF roofs increased as much as 37% or as little as 8.5% in 5 years
for the permeable and impermeable coatings, respectively. This suggests
that in more severe climates, such as Clifton, N. J., impermeable coat-
ing systems may retard decay of the thermal conductivity of a foam roof
system more than permeable coating systems when applied at the same
thicknesses as those used in this experiment.

7. Spray-application of PUF to Butlerib steel roofs like those at
NRC Clifton can result in an average annual saving of 5g% in natural gas
consumption for heating. Based on an estimated 35 x 10 sq ft of Navy
metal roof decks that could ge foamed, this translates to a potential
annual savings of 4.556 x 10 MBTU in energy with a projected cost
savings of about 41 million dollars.

8. The solar heat response is principally a function of the sun's
intensity and the relative absorption of the roof surface.

9. The cooling required is a function of the roof top surface
temperature and the thermal resistance (R) of the foam.

10. Although it was more obvious on the white topcoat of System 2
than on the gray topcoat of System 1, both silicone coating systems
accumulated dirt rapidly after installation. System 2 showed the high-
est roof surface temperatures of any of the coating systems. When the
surface of System 2 over the thermocouples was scrubbed with trisodium
phosphate and water, the dirt accumulation was easily removed and the
white reflective topcoat was again evident. As a result of this clean-
ing, the top surface temperatures were reduced as much as 60°F. The
lowest roof surface temperature most often occurred in the white cata-
lyzed urethane with white mineral roofing granules adhered in the top-
coat (System 8).

RECOMMENDATIONS

It is recommended that:

1. For energy conservation in accordance with DOD construction
criteria, roofs of noninsulated Butlerib buildings which require heating
or cooling should be insulated with at least 2-1/2 inches of spray-applied
PUF protected with an appropriate coating system. The system utilized
should have UL Rocf Deck Construction classification under Roof Deck
Construction No. 136 or appropriate FM classification for fire within a
building as required in DOD construction criteria manual 4270.1M and
NAVFAC DM-8, Fire Protection Engineering.

2. To minimize solar absorption, the topcoat of the coating system
should be either a light color or contain white or light-colored roofing
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granules. White or light-colored roofing granules also tend to minimize
dirt accumulation, improve appearance, and provide a measure of mechani-
cal protection to the coating system.

3. Silicone coating Systems 1 and 2 should be applied at a minimum
dry film thickness of 30 mils with mineral roofing granules adhered in
the topcoat.

4. A catalyzed urethane coating system similar to System 8 should
be utilized when toughness is required in the coating system. Such a
catalyzed urethane should be applied to a minimum dry film thickness of
25 to 30 mils, either with or without mineral roofing granules.

5. Impermeable coating systems should be employed for protecting
PUF roofs in climatic regions similar to Clifton, N. J., in order to
retard the decay in the thermal conductivity of the PUF.

6. Areas of Systems 2, 6, and 7 should be maintained by removing
degraded foam and coating where necessary and refoaming or recoating as
required.

7. PUF roof systems should have a UL790 classification for top-of-roof
fires.
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Table 5. Thermal Factors for Each Roof Section

Coating Foam Thermal b Thermal c
(in.) Conductivity a Resistance

System Thickness (k) (H)

d 2 0.178 36.9 11.2

1 2-1/4 0.178 36.9 12.7

2 2-3/8 0.174 33.8 13.7

6d  2-1/2 0.158 21.5 15.9

7 2-3/4 0.143 10.0 19.2

8d 2-1/2 0.141 8.5 17.9

aThermal conductivity (k) = Btu/hr ft' °F in.
bFrom original k-value stated by manufacturer - 0.13.

CThermal resistance (R) = ft2 hr F/Btu.

dCoating system with granules.
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Table 7. Highest Roof Temperatures on System 2,

Before and After Washing

Outside Highest Roof
Temperature Temperature

(OF) (OF) Date

Before After
Highest Lowest Washing Washing

105 69 174 -- 7-04-80

105 65 -- 117 8-26-80

103 74 j59 -- 6-25-80
103 62 167 -- 6-23-80

102 67 170 -- 6-24-80

101 72 -- 118 9-02-80
101 72 -- 116 8-28-80

90 67 147 -- 6-26-80

88 54 -- 108 9-11-80
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Iirc4. Small isoarcd hild pccks through coating in foam arc vasiIl repaircd

,Aith a calking gun.
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Appendix

MANUFACTURERS AND TRADE NAMES OF MATERIALS USED IN EXPERIMENTAL ROOFS

Item Material Source

Urethane CPR-485 CPR Division, The Upjohn Company
Foam Components A & B 555 Alaska Avenue

Torrance, CA 90503

System 1. Silicone Weather Coatings Silicone Products Department
SCM 3308/501C General Electric Company
SCM 3304/3007C Waterford, NY 12188

Granusils SCM 3551

System 2. 3-5000 Construction Dow Corning Corporation
Coating Midland, MI 48640

System 3. PC 8105 U. S. Polymeric

PC8204 700 East Dyer Road
Santa Ana, CA 92707

System 4. Monolar Mastic Foster Division
No. 60-36 Amchem Products, Inc.

Ambler, PA 19002

System 5. Elastron United Coatings
Number 858 1130 E. Sprague

Elastomir Spokane, WA 99202
Hypalon #35

System 6. 3-5000 Construction Dow Corning Corporation
Coating Midland, MI 48640

Mineral Roofing
Granules

System 7. Roof-Flex 145 Carboline Corporation

Roof-Flex 155A St. Louis, MO

System 8. Irathane Irathane
WOO-8 Primer Hibbing, MN
300 Basecoat
394 Topcoat
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