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The blistering of boat hulls is a serious problem which affects many fiber-

glass polyester boats. It can range from a surficial cosmetic problem to a deep-
seated structural condition which can threaten the sea-worthiness of a boat.
It is costly to the boat ouner and is a threat to the competitiveness of the

American boat building industry. From this report and other recent studies, a

thorough understanding of the causes of the problem has been reached. if a boat

hull is susceptible to the problem, once blistering starts, certain corrective

actions must be taken or the problem vwii worsen and become more deep-seated.

The second part of this report focuses on the repair and prevention of

blistering. As materials change due to development and regulations, now

experimentation must continue to ensure that blister resittance is maintained

in new boats.

This report discusses the researc conducted at the University of Rhoda Island

for the American Boat Builders ard Repairers Association under the direction of

Mr. Thomas Hale. The work was funded by the United States Coast Guard and was

monitored by Mr. Donald Ellison of the Office of Boating Safety. The research

was conducted from Septeober 1986 to August 1988.

2. The Causes and Nature ofl Boat Hull Blisters

There are a number of types of blisters that can occur in FRP boats. These

include osmotic blisters, gas blisters, paint blisters and catalyst blisters.

In this research, we are concerned with osmotic blisters.

Three conditions are required for the formation of osmotic blisters--water,

water soluble material and a sema-permeable meabrane. Even in well mixed and
well made composites, blisters may occur through the following sequence of

events. All polymers can hold within their structure a certain number of water

molecules. Polyesters, the most comnon polymer matrix for fiber glass boats,

typically can hold 0.6 to 2 weight percent of water at saturation, i.e. the point

at which all water sites are filled. If a piece of dry new polyester is placed
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in water, the vater molecules will, by jumping from site to site (diffusion),

enter the structure,. This will continue until all water sites are full and this

will take a considarable time. The material is nov saturated. The time

necessary for saturation dopen-ds on temperature, the exact type and curing

schedule of the polyester and the type and amount of glass and filler in the

polymer. The section on water diffusion profiles in this report shows bow and

when saturation is reached at each point in & boat hull. The suxface in contact

vith water saturates first.

As saturation is approached, clusters of water molecules form tiny water

droplets. Thare are micro-stresses within the polymer caused by polymerization

shrinkage (the process that converts the liquid resin to a solid polymer) and

by slight swelling of the polymer as the water sites fill. These stresses act

, ~ the water clusters to change their shape from round droplets to disk shaped

clusters (see section five). At this point, no damage of any kind has taken

place.

For blistering to occur, these water clusters must dissolve something from

the polymer chains or dissolve a water soluble component that is inside the

polymer that may have been incorporated during the manufacture of the boat bull.

Water soluble species are discussed in sections three and four of this report.

The harmless water cluster, which can only form at saturation, has now become

a solution.

One of the basic laws of chemical equilibrium requires that two solutions,

separated by a permeable membrane, will try to reach the same concentration.

The cluster solution is more concentrated than the outside solution (sea water

or lake water). To become equal in concentration, the internal droplet will draw

in water through the polymer from the outside water. This will cause the cluster

to grow into a droplet and as it does, it will exert a swelling or osmotic stress

on the surrounding polymer. This force will grow until it is great enough to

crack the polyester. Since the cluster was already in a disk shape the cracking

will take the form of a solution filled disk-shaped crack. These internal disk

cracks (or penny-shaped cracks) are the beginning of a blister. The crack will
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cease growing when the internal swelling or osmotic pressure is relieved.

However, the increased amount of solution can now react with more polymer or

water soluble constituent in the vatsr because of the increased surface area

between the polymer and the solution. The reaction increases the concentration

of the solution, which in turn causes more water to enter the disk crack. This

causes a new pressure build-up in the disk crack'and eventually a*re cracking.I€
The pressure in the growing disk crack eventually causes solution filled

cracks to open which are from 1/4* to V or 2' in diameter. As these large

"cracks open in the hull they follow the path of least resistance. Since the

*=reinforcing fiberglass in the hull lies parallel to the surface, the crack vill
, open bitwear the layers of fiberglass and grow from the nucleating disk crack

* outward, parallel to the gel coat surface. If the growing circular crack filled

I with pressuriz4e solution is near the surface. the overlying gel coat and resin
will bulge outward forming the typical surface blisters seen on boats. Sometimes

the pressure is great enough so that the overlying cap breaks open. If a boat

* •is removed from the water and a blister is punctured, a stream of acidic smelling
solution can squirt many feet.

As water saturation progresses deeper into the hull, the above mechanism will

take place at deeper levels. h-e:i the cracks begin to open at a deep level.
particularly in heavily reinforced woven roving zones, the laminate is so

resistant to bulging that the solution pressure can only be relieved by forming

deep osmotic cracks that can lead to delamination of the hull. Section 6

discusses this type of damage.

On reflection, it becomes obvious that the blistering process can be stopped

at several junctures. Water cannot be kept out of the hull (except by metal

cladding), but the water level can be kept below saturation by good maintenance

and by keepinr the bilge side reasonably dry. In section nine, water diffusion

profiles ero discussed and the importance of bilge side water pick-up is

emphasized. A second method for preventing blister formation is to eliminate

or minimize the water soluble components in the resin and on the glass. Much

has been made of the greater hydrolytic stability of isophthalic resins as
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compared to orthophthalic resins, but the added water resistent. of the resin

itself is meaningless if ocher water soluble components are introduced during

production. The final method, which is least practital, would Involve the

developuent of a polymer which would be so strong that :It could resist osmotic

cracking even in the presence of cluster solutions.

If a hull blisters, it should be repaired before the damage becomes deep and

structural. The second part of this report describes experiments and makes

recommendations, for the repair of blistered boat hulls. A shorter version of

this report which contains only the repair recommendations is available from the

American Boat Builders and Repairers Association, 715 Boylston St., Boston, HA

02116.

3. Water Solubles - Air Inhibi•ton Studies

Since water soluble materials in the resin are necessary for blister formation

and since air inhibition will create a water soluble component, several

experiments were conducted to determine ways to reduce this effect. An air

inhibition layer is a sticky tacky layer chat forms on a gel coat surface, during

cure, when exposed to air. This layer is water soluble. It forms by the

reaction of oxygen with any free radical in the system. It is usually caused

by the reaction with styrene.

A set of samples was constructed and tested to help evaluate the effect the

air Inhibition layer has on blistering. The study focused on the method of

elimination of the layer as well as and method of removal of the air inhibition

layer.

Seven different procedures were tested. These were:

1. Wax paper was placed over the gel coat, in the vet state, right after

draw down and removed Just prior to laminating.
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2. Various types of pool ply were placed over the gl, coat, in the wet state,

after draw dovn and removed just prior to laminating.

The types of peel ply tested yere:

a) Plastic

b) Coarse nylon cloth

c) Fine nylon cloth

d) Coase polyester cloth

3. The air inhibition layer was washed off with ace tone and the gel coat

was dried for one hour before laminating.

4. The air Inhibition layer was washed off vith styrene and the gel coat

was dried for one hour.

5. The air inhibition layer vas sanded off prior to laminating.

6. The air inhibition layer vas removed with a scraper prior to laminating

7. The air inhibition layer was not removed.

All laminates vere constructed by draving down a 20 nil gel.cost onto a 12W

X 12' waxed glass mold. Orthophthalic Acid/Neopentyl glycol based gel coat was

used in the R, RA, RA and RD series. Isophthalic acid/keopentyl glycol based

gel coat was used in series RC. Two to 2.5% MEKP was used for curing. The

samples were divided into four or five sections and one of the procedures, listed

above, was performed on each section of the laminate. The glass reinforcement

and laminating resin were then rolled on. Four layers of glass reinforcement

were used; one layer of veil sat and three layers of woven roving. Orthophthalic

acid based laminatLig resins were used in the R. RA. RB and RD series and

isophthalic acid based resin in series RC. Two percent EKI? was used in all

cases. The samples were allowed to cure approximately two weeks and until

constant Barcol hardness readings were obtained for the front and backside of

the laminate. All samples were tested at 65"C by single sided exposure. The

samples were checked periodically for blister initiation time and severity.

Results are given In Table I.

From this study it was found that placing a sheet of wax paper on top of a

vet gel coat, once drawn down, prevents the air inhibition layer from torning.

The gel coat surface was hard and not sticky, Samples prepared using this
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procedure performed best. Cenerally, few large blisters, as well as some smaller

ones, formed and the Sol coat we. only slightly discolored.

Use of the wax paper in the b series itd not perform as well as it did in

the R and •A series. However, it still performed better than any of the other

procedures In that series. The reason for this is that the wax paper was placed

one hour after draw do%n of the gel coat. A significant amount of air inhibition

formed within an hour.

Removal of the air inhibition layer with acetone appeared to be the second

best procedure. blisters tended to be concentrated in regions. These regions

could have been areas where the air inhibition layer was not completely removed

and/or where the acetone did not dry thoroughly. A4ain, only in the lb series

did this procedure not work as well. Nineteen hours elapsed before the air

inhibition layer was vashed vith acetone. All the samples were discolored

slightly in small regions. It is assumed that the air inhibition layer was not

removed from these zones.

There are two possible reasons why the air Inhibition layer caused

discoloration of the gel coat. Cobalt, from the promoter, is believed to cause

the purple-blue color. It may be concentrated in the air inhibition layer or

the air inhibition layer provides a path for cobalt to leach out of the laminate.

The third best procedure v&.. removal by scraping. This was an extremely

difficult task. The gel coat was extremely uneven which made it hard to remove

material in between ridges. Generally, small but very numerous blisters tered.

A severe purple-blue discoloration appeared in streaks in the gel coat. It

seemed to follow the pattern of the ridges. Again, the air Inhibition layer is

assumed responsible for the discoloration.

Second worst was no treatment at all. Both large and small blisters forned

over the entire surface. All samplesavero severely and uniformly discolored.



Finally, sanding the air inhibition layer produced the wvorst results. The

entire surface was covered with small blisters. The layer is very tacky and
therefore very difficult to sand. As a result this material geSts concentrated

in areas and probably isbedded into the gel cost from the force of sanding. This

gives localized zones of concentrated water soluble material that act as
initiation sites for osmotic blistering. Severe discoloration occurred in

streaks, again, becaus. it was difficult to sand the layer between the :rdges

of the gel coat.

Washing the air inhibition layer off with styrene did not improve blister

resistance. It performed slightly worse than the sample with no treatment.

Of all peel plies tested, plastic sheet Save the second best results. The

"'Koblem with plastic is that it pulls the gel coat away form the mold. This

results in zones where there is no gel coat to areas of extrenfly thick gel

coat. Blisters obviously occur first and worst in the chin areas. The best

results were obtained with coarse nylon cloth peel ply, third with coarse

polyester cloth, fourth with fine nylon cloth and the worst blistering occurred

with no treatment at all.

Except for plastic peal ply, all the cloth peel plies are pervious to air.

Any air that reaches, the surface will form air inhibition material. It can only

be removed by the "peeling* action on removal. Very little, to hardly any,

material was found on the removed cloths.

The following conclusions can be drawn forr this study:

I. Wax paper, placed over the wet gel coat, prevents air inhibition.

2. Some sort of peel ply is better than no treatment at all.

3. Removing the air inhibition layer with acetone gave mixed results.

4. Scraping the air inhibition layer off helps only slightly.

5. Removal of the air inhibition layer by sanding gives the worst

results.
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6. The air inhibition layer is partially responsible for the purple-blue

discoloration of the Sol coat after exposure to hot water.

7. The air inhibition layer causes smaller and more niseroua blisters.

8. If the air inhibition layer is not removed with care, a significant amount

of good Sel coat can be removed. Any reduction in the gel coat thickness

will lead to faster blister initiation.

9. Reduction of air inhibition will not prevent deeper blisters.

MO.AUr Inhibition can be eliminated by continuous lay-up.

"4. Jter Sojubles Associated with Class Reinforcement

A seriss of stamples were made using an ISO-NPG vhite gel coat material and

an ISO laminating resin with a silica thixotrope. The gel coat thickress was

24 oil*. No glass reinforcement was added to the sample. Two layers of resin

were added 18 hrs. avert. Each layer was sixty mils thick. The sawples were

Immersed in 651C water for one year. At the end of that period, the sample had

bowed with the gel coat ronvex, but no blisters were found. When the sane gel

coat and laminatinag resin vas used to make laminates with veil mat and woven

roving, blisters were observed ir every case in less than one month.

Microscopic examination of cross-sections shoved no blistering. An X-layer

was located between the two laminate layers. The cause of this layer is

discussed in detail in Sectior, 3. & series of small disk cracks formed in the

plasticized zone of the X-layer but did not spread into the birefringent zone

of the X-layer. No disk crackc were located in other areas of the resin.

The absence of blisters must be attributed to the absen•ce of glass since

the same resin and gel coat had been used in msking glass reinforced composites

which did blister, Some glass binders must introduce water solubles which begin

the disk cracking and osmosis which leads to blistering. These materials are

subject to totally different stress conditions than a sample with glass. This

could play a role in blister initiation. Furthermore, the lack of glass, which

is an effective heat sink, way have allowed the exothermic heating of the roesin
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in the glass free samples to reach a higher cure temperature than a glass

containing composite. Further axperinentation must be conducted on this

important finding.

One additional observation regardinS the disk cracks at the Z-layer is

important. In the resin, around the disk cracks, the-. was a depletion of silica

filler. The conc-ntration change seems to be related to convective flow in the

resin layer. The observation proves that silica thixotrope has a strengthenin5

effect on the polyester resin.

It should be emphasized at this point that other glass free composites have
exhibited blisters because of something present in the resin itself. We have

reported blistering vhen sorbitol is added to the resin. Pritchard has reported

on the role of excess glycol in the resin in promoting blisters. Of the

commercially available resins, the isophthalLc resins, without additives or a

water soluble glass coating, are more resistant to blistering than orthophtalics

and are more resistant than the vinyl ester tested.

Class can cause blistering either because tho glass fibers are water soluble

or a coating added to the glass is water soluble. Almost all glass used in the

United States is E-glass or some other corrosion resistant glass. The

experiments conducted on glass fibers suggest the glass itself is not a problem.

This suggests that the coatings on glass can be a cause of blistering.

There are four reasons why a coating is applied to glass fibers, A sizing

is sprayed onto glass fibers as they are formed to protect the surface. Added

to this size or applied later, a lubricant may be added to protect fibers as they

are woven into fabrics or mats. The addition of a coupling agent to form a bond

between the glass fibers and the polyester laminating resin is critical to the

strength and performance of a composite. Finally, to stabilize a mat or wovan

structure, a binder must be applied. If any of these components or their

carriers are water soluble and are allowed to remain un the fiber during

lamination, they will contribute to or cause blistering.



The *sae resins--ORTHO, ISO. or vinyl can yield a blister-fr.e composite

when used vith one glass fiber formulation and give a severely blistered

composite wben used with another glass. Rockett,tose lorio. ChoCloere and

Trottier. The Causes of Blistering in boat Building NaterLala'. Final Report

submitted to U.S. Coast Guard. Conversely, as discussed above, those samm rosins

without glass can show blistering if other water soluble components are present.

One set of samples was constructed to study the effects of glass binder and

coupling agent on blistering. The lcleane glass (no binder or coupling agent)

was donated by a company. A set of samples was constructed using clear ISO/NPG

gel coat and ISO laminating resin. Four plies of this glass were used. The

samples were immersed in a 65 C distilled water bath.

Following approximately one year of immersion, no blisters were evident on

the sample. Only a few tiny blisters had formed as a result of the glass

debonding from the resin diroectly beneath the gel coat. These samples were

cross-sectioned and examined under a light microscope. A photomicrograph of a

cross-section is shown in figure 1. The greenish discoloration in the glass

fibers appears to be a light absorption effect. No disk cracks wore found in

the sample. The only sign of water damage was severe debonding of the glass from

resin.

The reason sample did not disk crack or blister may be attributed to the

absence of binder or coupling agent. No corrosion of the glass fibers was

evident. Previous work, conducted on several panels. constructed with chopper

gun roving, shoved severe blistering. This suggests that chopper gun roving have

been a sources of water soluble material. fticroscpic observations indicated

that there is a substantial amount of binder hold~ng the fibers together.

Burnout tests on various glass fibers show they can contain as much as 6.5 %

binder. It is believed that the binder may be FVA (polyvinyl acetate) which is

water soluble.

To determine the material that could be leached from a glass surface, weighed

strands of glass roving were placed in purified water at 650C for 18 months.

The p1 of the solution was followed and it dropped from 7 to 6.6. If the leached

12



Figure 1. Photomicrograph of Composite with ISOINPG Gel Coat and Iso
Laminating Resin and Reinforced with "clean" Glass,
Following Exposure to 65 C Water for One Year.



material had been polyvinyl acetate (PVA), a commonly used emulsion binder fox

glass, the pH should approach 3. The fact that it stayed so high suggests that

either no PVA was used or as it leached off the glass, some basic component from

the glass also went into the water, thus off-setting the acid effect. The

solution has a strong glycol odor. To deterains the exact nature of the solution

mass spectroscopy gas chromatography and atomic absorption tests were conducted.

Kass spectroscopy-gas chromatography results shoved six peaks. Water gave the

strongsest peak. The organics found, listed in decreasing order of amount, Vera

phenol, acetone, acetophenone and in trace amounts, cumnea and 2-phenol - 2-

propanol.

These constituents must be coming from the glass binder,, the coupling agent

or the rubber stopper that sealed the flask containing the Immersed fibers.

These materials could not have come from the decomposition of YVA in water.

Phenyl groups, because of their size, are extremely unlikely to be found in glass

coupling agent compounds. The strong glycol odor can be attributed to phenol.

Atomic absorption gave the following results:

Ca - 135 ppm
Ke - 394 ppm
Na÷ - 76 ppm
A1 3# - less than lppa
SLi÷ - 33.6 ppm

Ion leaching is common for some types of fiberglass. Leaching is caused by

hydrogen ions, in the water, exchanging with metal ions in the interstitial sites

of the glass network. Sodium ion leoching is most common. This leads to the

corrosion or break down of the glass network. This will appear as a gel like

phase on the glass surface. The layer is anywhere form 10-100 angstroms thick

and would be below the range of visible microscopy. Examinations of these fibers

after 6 and 18 months, at 600X and 1000x, shoved no evidence of such a layer.

The atomic absorption results show that the leachants are in relatively low

concentrations. Littla breakdovr, of the glass network took place. Because the

sodium ion concentration is so low, this must be an extremely low sodium glass.
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The most predouinant leaclants are calcium and potassium ions. If the glass is

assumed to contain a reasonable amount of calcium oxide (10 per cent), then for

the weight of glass fibers and water used, if all the calcium leached out, the

solution would contain approximately 2400 pps of calcium ions. The calcium ton

concentration found, of 135 ppm, is 5.6 9 of the estimated total present. This

is a substantial amount. Some corrosion of the glass fibers should have been

seen.

Breakdown of polyester is known to happen both in an acidic and a basic

environment. Basic attack is more severe than acid attack. One possible

sequence of events leading to glass-associated blisters would involve absorption

of water at the glass-resin interface, followed by the formation of zicro-cracks,

due to swelling from water absorption. The water leaches metal ions hence
C.f, iring a basic solution. This basic solution breaks down the adjacent polyester

causing a solution concentration change. In addition, some of the organic* found

are water soluble and vo-41d be found concentrated around the glass fibers. both

these factors could cause osmotic pressure to build and blisters to result.

Additional work must be done on the role of glass and other reinforcement

fibers in the blistering of polyester composites.

+. Swelling Stresses produced by Diffusion

Implanted strain gauges were used to determine swelling stresses produced

by water diffusion.

Strain gauges were implanted in three different composites. The first was

constructed with both an orthophthalic acid based laminating resin and gel coat

(ORTHO/ORTHO). The second was constructed with both an isophthalic acid based

gel coat and laminating resin (ISO/ISO). The third was constructed with an

isophthalic acid based gel coat and orthophthalic acid based laminating resin

(ISO/ORTHO).

14



Gauges were implanted at four different depths into the laminate; Gauge #1 -

In the gel coat, gauge #2 - between the Sel coat and veil mat, gauge #3 - between

the veil mat and first layer of roving, gauge 04 - between the first two layers

of roving.

All samples were placed in a 65*C water bath. for single sided exposure.

Stress data wa taken daily and samples were checked periodically for blister

Initiation and severity. Results obtained are given in figures 2 and 3 and show

stress vs time v depth data.

From the results it can be seen that the stress level remains fairly constant

initially. After a period of time, depending an the depth of the strain gauge,

stress or tension appears to Increase until the reading goes off scale or begins

to fluctuate erratically.

The smoothly varying portion of the data reflects the fact that as water is

being absorbed into the polymer it swells. Strain gauges measure electrical

resistance, which is proportional to the amount of stretching or compressing of

the gauge. By implanting gauges at various depths into the laminate. the depth

of penetration of the diffusing water front can be determined by assessing the

time at which an abrupt rise in stress begins. As the water front approaches

the gauge, the gauge goes into tension, The data clearly shows that gauge #1

expands first and the other gauges, farther back, follow a similar trend with

a tine delay. Gauge #4, farthest back, sees little or no effect from water for

the time of experimentation.

After a certain point the data will usually begin to fluctuate erratically.

At this point it is believed that the data is no longer reflective of the true

stresses inside the laminate. It is believed that these fluctuations can be

attributed to water molecules condensing onto the strain gauge or the gauge

debonding from the polyester matrix. Also, after prolonged exposure to water,

the polymer film, that encapsulates the strain gauge, begins to peel apart.

Occasionally the polymer will be subject to graater than a five percent strain.

Once the gauge sees a five percent strain it becomes useless since this is the
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limit of the strain gauges used.

For these reasons It is felt that the strain gauges are most useful In
assssinS the stresses produced as a result of the diffusing water front. Once
the pol*yer mars saturation readings becose unreliable.

No direct relationship vas esteblisheG between the onset of blistering and
stress levels. Some of the data seems to suggest that blisters are initiated

I once the stress level difference between the gel coat and the veil zone becomes

t appreciable. Further work is still needed in this area.

1
I

I

I

A

11



No conclusions were drawn on the differences in the stress levels prodmzed

among the different composites tested. Preliminary results soee to Indicate

that increased stress levels occur sooner in the ISO/ORTHO composite tha In the

samples asde of like gel coat and laminating resin.

The data does reinforce our belief that stress plays & key role in blister

initiation. Figure three shows that on swelling, the gel coat has expanded by

40,000 micro inches per inch or four percent. That means that if a gel coat was

free to expand, below the water line. the gel coat on a 25 foot boat would

elongate by 12 inches. Constraining forces prevent free expansions. Stresses,

-therefore, build-up, especially near the water line.

These stresses proceed the water front. When the area saturates with water,

the clusters of water molecules align in disk shaped uwlts perpendicular to the

maximum stress direction. These water clusters condense to form disk cracks

which contain water. Extraction of water soluble molecules from the surrounding

resin produce acidic solutions more concentrated than the outside water. This

begins osmosis which producei blisters.

6. Lon; Term Damage by Water Absor2ntion

In spite of the improved understanding of blistering developed in recent

years a basic question remained. Is blistering and water absorption only a

cosmetic and surficial problem or does deep seated damage occur after prolonged

water exposure? The following experiments were conducted to obtain information

on this important question.

Samples, which were immersed in water at 65'C for over a year vere cross-

sectioned and examined under the light microscope and vith the scanning electron

microscope to determine the types of internal damage which could lead to strength

deterioration which is reported in the following section. Four types of long

term damage were observed. These include "deep blisters", poly-er degradation,

extensive disk cracking and debonding of glass from resin. Almost every sample
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