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1. INIRODUCTION

The blistering of boat hulls is a sexiocus problem which affects many fiber-
glass polysster boats. 1t can rangs from a surficial cosmatic problam to a deep-
seated structural condition which can thrsaten the sea-worthinsss of a boat.
It is costly to the boat ovmer and is a threst to the competitiveness of the
Anerican boat building industry. From this raport and other recent studies, a
thorough understanding of the causes of the probleam has been resched. If a boat
hull is susceptible to the probles, once blistering starts, certain correctivs
actions must be taken or the problea will worsen and become more deep-seated.
The second part of this report focuses on the repair and prevention of
blistering. As wsaterials change Sus to devslopment and regulations, new
experimentation nust contimuie o ensurs that blister resistance is maintained
in new boats.

This report discusses the research conducted st the University of Rhods Island
for the American Boat Builders and Repairers Asscciation under the direction of
Mr. Thomas Hale. The work was funded by the United States Ccast Guard and was
monitored by Mr. Donald Ellison of the Office of Boating Safety. The research
was conducted from September 1986 to August 1988,

2. The Causes and Nature of Rogt Hull Blisters

There are & number of types of blisters that can occur in FRP boats. These
include osmotic blisters, gas blisters, paint blisters and catalyst blisters.
In this resesrch, wve are concerned with osmotic blisters.

Three conditions are required for the formation of osmotic blisters--water,
water soluble material and & semi-permeable mesbrane. Eveé_x in well mixed and
well made composites, blisters may occur through the following sequence of
svents. All polymers can hold within their structure a certain number of water
molecules. Polyesters, the most common polymer matrix for fiber glass boats,
typically can hold 0.6 to 2 weight percent of water at saturation, i.e. the point
at wvhich all water sites are filled, If a piece of dry new polyester is placed



in water, the vater molecules will, by jumping from site te site (diffusiom),
anter the structurs. This wlil continue until all watsr sites are full and this
will take a considarable time. The materisl is nov astursted. The tims
necessary for saturation depends on tempsrature, the exact type and curing
scheduls of ths polyester and the type and amount of glass and £iller in the ~

. polymer. The section on water diffusion profiles in this report shows how and
vhen saturation is reached at sach point in & boat hull., The surfsce in contact

. with water saturates first.

As saturation is approsched, clusters of water moleculss 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

‘6&% the water clusters to change their shape from round droplets co 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 dissclve something from

p 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 hull.
Water soluble spacies are discussed in sections three and four of this report,

The harmless water cluster, vhich 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 meambrane, will try to reach the same concentratioen.
The cluster solution is more concentrated than the outside solution (sea water

. or lake watar), 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 gwelling or osmotic stress

on the surrounding polymer. This force will grow until it is great enough to
erack 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 begimning of a blister. The crack will
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ceass growing when the internal swelling or osmotic pressure 1is relieved.
However, the increassd amount of gsolution can now react with more polyser or
water soluble constituent in the watsr because of the increased surface ares
betveen tha polymsr and the solution. The reaction increases the concentration
of the solution, which in turn causes more vater to anter the disk crack. This
causes & nev pressure build-up in the disk crack ‘and eventually more cracking.

The pressure in the growing disk crack eventually casuses solution filled
cracks to open which are from 1/4® to 1" or 2™ in diameter. As these large
cracks open in ths hull they follow ths path of least resistance. Since thas

‘reinforcing fiberglazs in the hull lies parallel to the surface, the crack will

open bitwesr tha layers of fiberglazs and grow from the mucleating disk crack
outward, parallel to the gel coat surface. If the growing circular crack filled
vith pressurized solution is near the surface, ths overlying gel coat and resin
will bulge outward forming the typical surface blisters saen on boats. Sometimes
the pressure is great enough so that the overlying cap breaks open. If & boat
is removed from the water and a blister is punctured, a stream of acidic smelling
solution can squirt wmany feet,

As water saturation progresses deeper inte the hull, the above mechanism will
take place at deeper levels, VUhe: the cracks begin to open at a deep level,
particularly in heavily reinforced woven roving zones, the laminate is s0
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 damape.

On reflection, it becomes obvious that the blistering process can be stopped
at several juncturzs. 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 keeping the bilge side reasonably dry. In section nine, water diffusion
profiles are discussed and the {mportance of bilge side water pick-up is
euphasizrd., A second method for preventing blister formatfon {s to eliminate
or mirimize the water scluble components in the resin and on the glass. Much

has been made of the greater hydrolytic stability of isophthalic resins as




conparsd te orthophthalic resins, but the added water resistance of the resin
icself is msaningless if other watsr solubls compenents ars introduced during
production. The final method, which is lesst practical, would involve the
developaent of a polymer vhich would ba so strong that it could resist csmotic
cracking even in the preaence of cluster solutions.

If & hull blisters, it should be repaired btft;ro the damage becomes desp 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 vhich contains only the repair rscommendations is available from the
Agerican Boat Builders and Repairers Association, 715 Boylscon St., Boston, MA
021156.

3. ¥atex Solybles - Alr Inhibition Studies

Since vater soluble materials in the resin are necessary for blister formation
and since alir inhibitfen will create a water soluble component, several
sxperiments wers conducted to determine ways to rveduce this effect., An air
irhibition layer is a sticky tacky layer that forms on a gel coat surface, during
cure, vhen exposed to air. This layer is wvater soluble. It forms by the
reaction of oxygen with any free radical in the systea. It is usually caused
by the reaction with styrsne,

A set of semples was constructed and tested to help evaluate the effact 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 zir inhibition
layer.

Seven different procedures were tested. These wveres:

1. WVax paper vas placed over the gel coat, in the wet state, right after
draw down and removed just prior to laminating,




2. Various types of peel ply were placed over the gsl coat, In the wat stats,
aftsr drav dovn and removed just prior to laminating.

The types of pesl ply tested wvere:

a) Plastic

b) Coarse nylon cloth

¢) Fine nylon cloth

d) Coarse polysster cloth
3. The air inhibition layer was washed off with acetona and the gel coat
vas dried for ons hour before laminating,
4., The air inhibition layer was washed off with styrene snd the gel coat
was dried for onc hour.
5. The air inhibition layer vas sandsd off pricr to laminating.
6. The air inhibition layar was removed with a scraper prior to laminating
7. The air inhibition layer was mot ramoved.

*

All laminates were constructed by drswing down a 20 mil gel coat onto a 12%
X 12" waxed glass aocld. Orthophthalic Acid/Neopentyl glycol based gel coat was
used in the R.A RA, RB and RD seriss. Isophthalic aéid/mopcntyl glycol based
gel coat was used in series RC. Two to 2.5% MEKP was used for curing. The
sanples were divided into four or £ive sections and one of the procedures, listed
above, was pe'.;fomd on each section of the laminate. The glass reinforcement
and laninating resin wsrs then rolled on. Four layers of glass reinforcenent
were used; one layer of vell nat and three layers of woven roving. Orthophthalic
acid based laninating resins were used {n the R, RA, RB and RD series and
isophthalic acid based resin in series RC. Two percent MEKP was used {n all
cases. The samples vers alloved to cure approximately two weeks and until
constant Barcol hardness readings vere obtained for the front and backside of
the laminate. All samples were tested at 65°C by single sided exposure. The
sanples were checked periodically for blister initiation time and severity,
Results are given in Table 1.

From this study it was found that placing a shest of wax paper on top of a
wet gel coat, once drawn down, prevents the alr inhibition layer froa forming.
The gel coat surface was hard and not sticky. Samples prepared using this
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procedurs performed bast. Generally, t& large biisters, as wsll &3 sons ssallsr
ones, formsd and the gol cost was only slightly discoloved.

Uss of the wax paper in the Eb series did rwt perfors as well as 4t did in
the R and RA sexies. However, it still performed better than sny of the othar
procedurss in that series. The reason for this is that the wax paper vas placed
ons hour after draw dowm of the gel coat. A si;nificant anocunt of alr frhibition
foraed within an hour.

Resoval of tha air inhibition laysr with acetons appearsd to ba the sscond
best procedure. Blisters tsnded to bs concentrated in regions. Thess rvegions
could have been areas vhere the air inhibition layer vas not complatsly removed
and/ox whara the acstons 4id not dry thoroughly. Again, only in the Rb zsries
d4id this procedurs not work as well. Ninetesn hours elapsed befors the air
inhibition layer was washed with acetone. All the sazples were discolored

slightly in small regions. It is assumed that the sir inhidition lsyer was not
rexoved from these zones.

There are two possidble reasons why the air $nhibition layer caused
discoloration of the gel cost. Cobait, from the pronocter, {s 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 lsach out of the laainate.

The third best procedure wi. vesmoval by scraping. This was an sxtremely
difficult task. The gel coat vas extremely uneven which made it hard to remove
satarial in between ridges. Gensrally, smsall but very nunerous blisters forumed.

A severs purple-blus discoloration appsared in streaks in the gel coat. It
sesned to follow the pattern of the ridges. Again, the air inhibition layer is
assumed responsible for tha discoloration. )

Second worst vas no treatment at all. Both large and small blisters formed
over the entire surface. All samples were seversly and unifornly discolorad.




Finally, sanding the sir inhibition layer produced the worst results, The
sntire surfasce was covered with small blisters. The laysr is very tacky and
therefore very difficult to sand. As a result, this saterial gets concentreted
in arsas and probably ishedded into the gel coat from the force of sanding. This
gives localized zonas of concentrated water soluble materisl that asct as
initiastion sites for ommotic blistering. Severe discoloration occurred in
streaks, agaln, becauss it was difficult to sand the layer between the ridges
of the gel coar.

Vashing the alr inhibition layer off with styrene d4{8 not improve blister
resistance. It performed 3lightly vorse than the sample with no treatment.

i Of all peel plies tested, plastic sheet gave the sscond best results. The
fioblen with plastic is that it pulls the gel cost avay form the mold. This
results in zones where there is no gel coat to areas of extrem:ly thick gel
coat. Blisters obviocusly occur first znd vorst in the thin areas. The bast
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 treatzent at all.

Except for plastic peel ply, all the cloth peel plies are perviocus 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 vas found on the removed cloths.

The following conclusiocns can be drawn forn this study:

1. WVax paper, placed over the wet gel coat, prevents air inhibitzion.
2. Some sort of pesl ply {s better than no treatment at all.
3. Removing the air inhibition layer with acetons gave mixed results.
4. Scraping the air inhibition layer off helps only slightly.
5. Removal of the alr inhibition layer by sanding gives the worst

results.




5. The air inhibition layer {s partially responsible for the purple-blue

¢sp

discoloration of the gel coat after exposurs to hot water.

7. The air inhibition laysr causes smaller and more numarocus blisters.

8. If the air inhibition layer {s not removad with cars, a significant amount
of good gel coat can be rumoved, Any reduction in the gel coat thickness -
will lagd to faster blister imitiation.

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

'- 10.24r inhibition can be eliminated by continuous lay-up.

4. Hater Sclubles Associsted with Class Reinforcepent

A s;riu of sanples vere made using an ISO-NPG vhite gel coat materisl and
an 1SO laninating resin with a silica thixotrope. The gel coat thickness vas
24 pils. No glass reinforcement was added to the sample. Two layers of rvesin
were added 18 hrs. arart. Each layer was sixty mils thick. The sauples were
R immerzed in 65°C water for one year. At the end of that period, the sample had

- bowed with the gel coat convex, but no blisters were found. When the same gel
Lo " ceat and laminatiag resin uss used to make laminates with veil mat and wovan

'_,. roving, blistsrs vere observed in every case in less than one month.

Microscopic exsmination of cross-sections showed no blistering. An X-layer

was locatsd between Che two laminate layers. The cause of thisz layer is

. discussed in detall in Section 3. A series of small disk cracks formed in the

. plascicized zone of the X-layer but did not spread into the birefringent zone
) of the X-layer. No disk crack: were located in other areas of the resin.

The absence of blisters must be attributed to the absence of glass xince
the sane rvesin and gel coat had been uzed in making glass reinforced composites
which did blister. Some glass binders sust introduce water solubles which baéin
the disk cracking and csmosis which lezds to blistering. These materials are
subject to totally different stress condirions than a sanple with ;inn. Thie
could play a role in blister initiation., Furthermore, the lack of glass, which
is an effective heat sink, may have allowsd the exothermic ha2ating of the xesin

10




in the glass fres samples to reach a higher cure temperature than a glass
containing composite. Further axperimentation msust be conducted on this
important finding.

One additional observation regarding the disk cracks at the X-layer is
{mportant. In the resin, sround the disk cracks, .the':a wvas a depletion of sillca
filler. The conc.ntration change seems to be rclaﬁec‘; to convective flow in the
resin layer. The observation proves that silica thixotxope has & strengthening
effact on the polyester resin.

It should be emphasized at this point that other glass fraze cozposites have
exhibited blisters becauss of somathing present in the resin itself. Ve 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
compercially available resins, the isophthalic resins, without additives or a
water soluble glass coating, are more resistant to blistering than orthophtalics
and are more resiscant than the vinyl ester tested.

Glass can cause blistering either because the glass fibers are water soluble
or a coating added to the glass is water soluble. Almost sll 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 problen.
This suggests that the coatings on glass can be a cause of blistering.

There are four reasons why & 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 voven into fabrics or mats. The addition of a coupling agent to forw a bond
between the glass fibers and the polyester laminating resin is critical to the
strength and performance of & composite. Finally, to stabilize a mat or woven
structure, a binder must be applied. If any of these components or their
carriers are wvater soluble and are allowed to remain «¢n the fiber during

lamination, they will contribute to or cause blistering.




The same resins--ORTHO, IS0, or vinyl can yield a blister-frse composite
vhen used with one glass fiber formulation and give & severely blistared
composits when used with another glass. Rockett,Rose Florio,Choioiere and
Trottier,"The Causes of Blistering in Boat Building Materials®, Final Report
subaitted to U.S. Coast Guard. Conversely, as discussed above, those same resins
vithout glass can show blistering if other water scluble components are pressnt.

One seat of samples was constructed to study t:._hu effects of glass binder and
coupling agent on blistering. The "clean® glass {no binder or coupling agent)
wvas donated by a coapany. A set of samples was constructed using clear 1SO/NPG
gel coat and IS0 laminating resin. Four plies of this glass were used. The
sanples were immersed in a 65 C disti{lled water bath.

Following approximately one year of immersion, no blisters were evident on
the sample. Only a fev tiny blisters had foruwed as a result of the glass
debonding from the resin dircctly beneath the gel coat. Thess samples wvere
cross-sectioned and exzmined undar a light microscops. A photomicrograph of &
cross-section is shown in figure 1. The greenish disccloration in the glass
fibers appears to be a light absorption effect. No disk cracks were found in

the sample. The only sign of vater damage vas severe debonding of the glaxs from
resin. '

The reason sample did not disk crack or blister may be attributed to the
abgence of binder or coupling sgent. 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 scluble material. Microscupic observations indicated
that there {s 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
vatar soluble.

To deternmine the material that could be leached from a glass surfaca, weighed
strands of glass roving were placed in purified water at 65°C for 18 wmonths.
The pH of the solution was followed and it dropped from 7 to 6.6. If the leachad




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




matarial had been polyvinyl acetats (PVA), a commonly used emulsion binder for
glass, the pH should approach 3. Tha fact that it stayed so high suggests that
sither 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 datermins the exact nature of the solution
Mass spectroscopy gas chromatography and atomic absorption testa were conducted.
Mass spectroscopy-gas chromatography results showsed six psaaks. Water gave the
strongest peak. The organics found, listed in dacreasing order of smount, were
phenol, acetone, acetophenone and in trace amounts, cumsns and 2-phsmol - 2-
propancl.

These constitusnts sust be coming from the glass binder, the coupling agent
or the rubbsr stopper that sealed the flask contairing the fmmerssd fibers.
Thess materials could nor have come from the decompesition of PVA in water.
Fhenyl groups, because of their size, are sxtremely unlikely to be found in glass
coupling agent compounds. The strong glycol odor can be attributed to phanel.

Atomic sbsorption gave the following results:

Ca?* - 135 ppn

K' - 394 ppm

Na* - 76 ppm

Al1’* . less than lppa
Si'* . 33,6 ppm

Ion leaching is common for some types of fiberglass. Leaching i{s caused by
hydrogen fons, in the water, exchanging with zetal fons in the interstitial sites
of the glass network. Sodium ion leaching is wmoat common. This lesads to the
corrosion or break down of the glass network. This will appear as a gel like
phass 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 montha, at 600X and 1000x, showed no evidence of such a layer.

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

concenctations. Littls breakdown of the glass netvork teock place. Because the
sodium jon concentration is so low, this must be an extremely low sodium glass.
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The most predominant lsachants are calcium and potassiua fons. If the glass is
assumed to contain a reasonable amount of calcium oxids (10 per cent), then for
the weight of glass fibers and water used, 1f all the calcium leached cut, the
solution would contain approxinmately 2400 ppa of calcium ions. The calcium fon
concentration found, of 135 ppm, 1s 5.6 % of the estimated total present. This -
is a substantial smount. Some corrosion of the glasz fibsrs should have been

seen.

Breakdown of polyester is known to happen both in an acidic and a basic
e environment. Basic attack is more severs than scid attack. Ons possible
' sequence of events leading to glass-associated blisters would involve absorption
of water at the glass-resin interface, followed by the formation of micro-cracks,
dus to swelling from water absorption. The water leaches metal ions hence
‘~"£":‘.rning a basic solution. This basic solution breaks down the adjacent polyestar
causing a solution concentration change. In addition, some of the organics found
are vater solubls and would be found concentrated around the glass fibers. Both
thete factors could cause osmotic pressure to build and blisters to result,

Additional work must be 'dom on the role of glass and other reinforcement
fibers in the blistering of polyester coumposites,
<. m;umwmmmmﬁnm

Inplanted strain gauges were used to determine swelling stresses produced
by vater 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 (I150/150). The third was constructed with an

isophthalic acid based gel coat and orthophthalic acid based laminating resin
(1S0/CRTHO) .



Gauges wers implanted at four different depths into the laminate; Gauge #1 -
in the gel coar, gauge #2 - batwean the gel coat und veil mat, gauge #3 - hetween
the veil mat and first layer of roving, gauge #4 - bastveen the £irst two layexs
of roving.

All sazples were placed in a 65°C water bath, for singla sided exposure.
Stxess dats was taken daily and sazples were checked pariodically for blister
initiation and severity. Resuits obtained are given in figures 2 and 3 and show
stress vs time vs depth data.

From the results it can be szeen that the stress level remains fairly constant
initially. After a period of time, depending on the dapth of the strain gauge,
stress or tension appaars to incresass until the reading goes off scale or begins
te fluctuats erratically.

The smoothly varying portion of the data reflects the fact that as water {s
being absorbed into the polymer it swells. Strain gauges measure slectrical
resistance, vhich 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 abzupt rise in stress begins., As the werer 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
a2 tine dulay. 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 mclecules condansing onto the strain gauge or the gauge
debonding from the polyester matrix. Also, after prolonged exposurs to water,
the polymer file, that encapsulates the strain gauge, begins to pessl apart.
Occasionally the polymer will be subject to greater than a five percent strain.
Once the gauge sees & five percent gtrain it becomes ugseless since this is che
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limic of the strain gauges used.

For thess ressons it 1z felt that the strain gauges are sost useful in
assessing the strasses produced ss a result of the diffusing water front. Once
the polymer nears saturation readings become unreliable.

" b v

No direct relationship was established bcwa'un the onset of blistering and
stress levals., Some of the data seens to suggest that blisters are initiated
once the stress level difference betveen tha gel coat and the veil zone bacomes
appreciable. Further work is still nesded in this area.
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Fo conclusions wers dravn on ths differences in the stress levels produced
anong the different composites tested. Preliminary results sssm to Indicate
that incrsased stress levsls occur soonsr in the ISO/ORTHO composite than in the
sasples msde of 1iks gel coat and laminating resin.

The data does reinforce cur belisf that stress plays a key role in blister
initiation. Figure thrss shows that on swelling, the gel coat has expanded by
40,000 nicro 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 beat wvould
alongate by 12 inches. Constraining forces prevent free expansions. Stresses,

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

- .
a

Thess stresses procsed the vater front. When the area saturates with water,
the clusters of water molecules align in disk shaped units perpendicular to tha
maximum stress direction. These wvater clusters condense to form disk cracks
vhich contain water. Extraction of watexr soluble mclecules from the surrounding
resin produce acidic solutions more concentrated than the outside water., This
begins osmosis which produces blisters.

€. long Term Damage by Water Absorption

In spite of the improved understanding of blistering developed in recent
years a basic question remained. Is blistering ard water absorption only &
cosmetic and surficial problem or does deep sested damage occur after prolonged
water exposure? The following experiments were conducted to cbtain inform:inn
on this i{mportant question.

Samples, vhich were immersed in water at €5°C for over a year vere cross-
sectioned and exarined under the light microscope and vith the scannirg elactron
sicroscope to determine the types of internal damage vhich could lead to strength
deteriocration vhich is reported in the following section. Four types of leng
tern danage were observed. These include “deep blisters”, polymer degradatien,
extensive disk cracking and debonding of glass from resin, Alwmost every sample

13
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shovad the typs of blisters which form just below the gel coat ir the veil act
zegion., Asx osmotic pressurs develops in this region ths gel cost begius to
deforn. This produces the surface bumps known as blisters. In 65 C water, these
form on orthophthalic or {sophthsalic type composites after 100 to 1000 hours.
The anount of time ix governsd by factors such as the thicknsss of ths gl cest,
the presence of sn air inhibition layer on the inner gel coat surface, ths typo
of glasy binder used, etc. Aftar a yesar of ‘mmersion, these nest surfacs
blisters are larger and more abundant. Some cf the blisters crack open to forn
& craze pattern on the gel coat surface. Single long blisters sometines devalop
along continucus glass atrands. '

In the composites sxpossed for long periods, dupe:"blis:em" «zs sncountared
below the vail layer and inside the woven roving zones to & daptiv of 1/4 inch
and more. Such deep seated "blisters” are showvn in figures fuur and five. The
first figure is 2 scanning electron microscope image. Second iz & thin-sscticen
light micrograph. This deep-seatsd damage, although caused by identical
wechanisms as those operative in nsar surface damage, do not appear as blisters
on the gel coat surface because the composite, at this depth, is reinforced with
glass and cannot bulge outward. Rather, the osmotic pressure forces the
composite to separate and an internal crack will spread parallel to the gel coat
surface. The term, "deep osmotis cracks® will be used to refer to this type of
damage. The ultimate Tesult of this type of dansge will be delamination of the
hull. Deep osmotic cracks are found, after a year st 65°C, in composites mads
vith both orthophthalic and isophthalic laminating resins.

~ In all cases, the deap osmotic cracks are located near or in fiberglass
strands in the voven roving, - The location of the cracks, at these positions,
may be due to one of the following four reasons:

1. A higher concentration ¢f water goluble material is associated with the
glass binder. The difficulty with accepting this explanation is that the
binder concentration should be the same cn all parts of the glass strands.
Note that in figure four an osmotic crack 4id not fora near the top most
strand in the composite vhich is subjected o water longer then the strend
vhere cracking did take place.
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Figure 3.

Transmission Light ilicrcgraph of an FRP Thin
Section. This section also shows veil mat
blisters and decp osnotic cracking in the
woven roving zonsa.
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2. The resin is wesker or mores briitie in the region vhere cracking occuras.
§light inhomogensitiss in catalyst concentration caused by poor alixing
could explain the position.

3, Within each layer there are inhomogeneitisa crused by the non-wetting of
the fiberglass strand by the lay-up reain. Figure four shows clearly that
such zones exist. Only in one case ¢id an osmotic ¢rack appear to be
associatad with gsuch a vold.

4. Finally, ead most probably, the crack location is controlled by swalling
stresses caused by the savere mismatzh in slestic soduli between the
unreinforced zones of the composite and the ione that iz reinforced with
§-4ss strands.

The second type of long term damage vwhich was observed after one year or
more, 1ls the degradation of the polymer near blisters. On bliséer walls, there
is evidence that the acidic blister fluid is degrading the polymer, A thin zone
of chalky ¢r punky material is formed around the blister. This zons sppsars to
be only a few microns thick.

A third type of long-term damage observad is extensive disk cracking
throughout the laminate. Examples of extensive disk cracking are "shown in’
figures six and seven. Figure six shows a micrograph of an isophthalic gel coat
#nd resin sample produced by a loczl boat manufacturer tested in our laboratory.
The sanple was exposed to water st 65°C for one year and 25°C for anocher year.
Figure seven shows a micrograph of a sample with a type of vinyl ester based gel
coat and orthophthalic laminating resin. This sample, as well, was produced by
8 boat manufacturer and was tested in the laboratory. It was exposed to water
at 65°C for about a year. Another observation shous disk cracking below veil
mat blisters. Under one of the near surface blisters, a zone of numercus stress
produced disk cracks was ocbserved. The zone radiated hemispherically from the
bottom of the biister. The cap of the blister had cracked allowing water

directly into the blister cavity. This has a major affect on the water uptake
of the resin beneath the blister
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Figuere 6.

Photomicrograph Showing Extensive Disk Craexing in an
ISO/ISO Laminate, Following Txrosure to watker at 65 C
for One Year and Anoiher Yeor at 25 C
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Vigure 7. Photemicrograph Showing Bxtensive Disk Cracking in a Composite
Censtructed with a Type of Vingd Bster Gel Ceat and Ortho
Laminating Restiy, Feilowing Fapesure @9 Water at 65 C tor
Approsimately 1 Year




Disk cracks form in a polymer vhen the polymer becomss saturated with vater,
At saturation, diffusing wvater molscules tend to cluster in spheres. If a stress
is present, these spherss become disk shaped (1). The clusters join together
to initiate disk cracks., Thess disk cracks, containing water, concentrate low
molecular weight species. This solution begins tha osmotic process vhich results
in blisters. Disk cracks can also bs formed by thermal stresses. Curing
stresses will glso produce disk cracks. If an inch of resin is placed in a
beaker, catalyzed and allowsd to cure, disk cracks will be seen to form after
an hour. (REF. : S.B. Lee and T.J. Rockett, Personal Communications, 1988).
The morphology of thosa dry disk cracks is identical to the morphology of those
disk cracks formed in boat hull materials by water saturation.

" Disk cracks rulieve swelling and curing stresses. Once these strezses are
reliseved, the crack growth ztops unless acted on by a new stress. Osmotic
prassure {5 ons such astress which opens disk cracks and causes blistering.
Osmotic pressure is the pressure difference caused by chemical concentration
differences between two solutions which are separated by semi-permeable
mezbranes. The gel coat and laxinate, between the disk crack and the solution
(sea water) outside the gel coat, act as & semi-permeable membrane. Water can
diffuse into the F.R.P., but the larger water soluble constituants, in the disk
crack solution, cannot diffuse out. Chemical equilibrium demands that the
chemical potential (u) of water in the disk crack becomes equal to that in the
external solution (ses water) so that the following relationship is fulfilled:

“uzo (disk crack) = ”}120 (sea water) {6.1)

To a first approximation, equation 6.1 is satisfied when the intermal
concentration of water within the disk crack equals that of the sea water, vhich
is approximately 3.2 weight percent salts or 96.8 wuight percent water,

If the inner solution contains this much vater or more, no osmotic pressure is
developed and no crack growth is observed. The disk crack solution takes up
water soluble constituents, 4f thay are present in the polywer, and concentrates
them, reducing the percent of water in the disk crack. Now there exists ¢
chemical driving force to draw water into the disk crack. Water will continue
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to anter ths disk crack until che inner osmotic pressure, x, equals tha confining
pressurs around the growing blister or until the internal water soluble
constituents ares diluted to 3.2 weight percant. The force of the osmotic
pressurs is given by the relationship:

{disk crack) - {sea vater) ‘
X - "1-&9 “E&O = RIX., (6.2)
v

v

shere V is the volume of the solution, T = temperature, R = the gas constant
and X = the total numbar of moles of all water solubles in the disk crack
solution. Osmotic pressures, calculated from equation (5.2), for blister
solutions of concentrations similar to those found {in blisters, are approximately
1,500 psi. Propylene glycol was assumed to be the sole water soluble constituent
for these calculation. This value is close to the values calculsted sariier.
This pressure is too low to fracture & polyester. The tensile strength range
of polyesters iz 6,000 to 20,000 psi. The osmotic pressurs developed, howsver,
is not too low to propagate a crack once it is opened.

A stress applied to a material {s magnified at the tip of any crack pressent
in the material. Inglis found the relationship to be

an“—a.(li-z,// )'

&/p (6.3)

vhere o,,, is the stress at the crack tip, o, = the stress applied normal to the
disk crack, a = half the major axis of the crack and p = the radius of the crack
tip. The term under the square root is defined as the stress concentration
factor, K. Examination of disk cracks show that K can easily raach 20.
Therefore, 1f the applied csmotic stress is 1500 psi, then the stress at the disk
erack will be 31,500 pounds per squars inch which will cause the disk cracks to
grow,

The second type of stress vhich may cause disk cracks to grow are those
stresses produced during boat usge. If the hull pelymer has a strength of 10,000
psi and sailing stresces of 500 psi, this would be sufficient to cause disk crack

25
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grovth, Convergence of cracks can produce internal delamination.

Most disk cracks are found just beneath the gel coat. This is also the
location of most initial blisters. Howvever, after prolonged psriods of time,
as the water ingresses desper into the laminate, disk cracks are fornmed deeper
within. Also, water diffusion from ths back side of the laminate must be
considered. This does not affect blister initiation time for thoss found just
beneath the gel coat, but it may affect the onsat times of deep osmotic blisters.
An exauple of a sample containing desp osmotic blisters is shown in Figure 8.
Some samples show extensive disk cracking on the back sids of the laainate.

Diffusion of water through the backside of the laminate iz a realistic factor
for both the experimental set-ups used in this study and for boats. In the
experimental set-up eithsr both sides of the sample see water or only the front
side (single-sided exposure). On one sided exposure sxperiments, the backside
of the samples, in the tanks, ree 100 percent relative humidity or ciose to it.
The rate of diffusion of water into a polvmer is identical in 1‘1qui.d vater and
in 100 percent relative humidity. For boats this is a realistic factor as well.
The bilge of & boat, during use, always contains some water and the humidity is
probably close to 100 percent.

The fourth typa of long-term damage observed is the debonding of glass fibers
from the resin. Figures nine and ten show evidence that disk cracks, near glass '
fibers, lead to the debending of glass fibers from polyester resin. This is most
evident in the heavily reinforced zones of the composite.

If the disk crack Is near a bundle of glass fibers, it will grov towards
the fibers. Once & load is applied to a resin/glass fiber coaposite, the load
is transferred from the glass to the resin or vice-versa. The stress is
anplified by a factor inversely proportional to the radius of the glass liber.
Paz:icularly in closely spaced glass fibers, this forms a2 highly stressed zone
&t tha polymer/glass interface. The ztress at the {nterface {s further amplified
becauss of the severe mismatch of slastic moduli between the glass and the resin.

To further complicate matters, the region of polyester resin between the glass
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vigure 9. Photomicregraph of Disk Cracks Near Ghiss Fibers Leading to
Pebonding.

tigere 10, Photomicrograph of Disk Cracks
Debonding,

Near Glass Fibers Leading to




fibers is already stressed. Shrinkage on cure produces tensile stresses in the
vesin, at the interfacs, because the glass fiber is restraining the resin from
shrinking during cure.

The disk crack will grow in the direction which {s weaksst and/or most highly
stregsed, vhich in this case would be towards the 'glus/ruin interfacs. Since
the glass/resin interface is the weakest zone in the composite it will fail
first. This leads to debonding. The crack will propagate through the glass
bundle by debonding more glass fibers. - This sort of failure leads to strength
loss of the composite and to the formation of deep osmotic cracks.

Figure 11 shovs deep osmotic cracks extending from one glass bundle to
snother. Such a crack begins in one glass bundla and spreads because of osmotic
prassure through the resin, to the sdjacent glass bundle.

It must be kept in mind that the damage observed is accelerated by the 65°C
(150°F) temperature. If only the rate is affected by the temperature increase,
the same daxage would be produced in 60°F water after a continuous fmmersion of
32 years. Hovever, there are, in addition to temperature change, three things
that are different in boat use. Two of these factors make our test lass sevars
and one makes our test more severe. The normal flex stresses produced by boat
use exacerbate the damage. There are no fatigue stresses in our tests. The
second factor that makes our test less severe than boating conditions fs that
once our test samples are placed in the water bath the samples are post-cured
at 150°F. Normal boating materials are usually not subjected to any elevated
temperature post cure. Literature references show post-curing improves resin
properties. The factor that makes the 65°C {(150°F) tests more severe than
boating conditions is the saturation value of water in the tos’{in. While resins
at 60°F can take in less than 1 percent water at saturaticn (approximately 0.8
veight percent), they car take up about 1.3 percent water at 150°F. This maans
that the swelling stresses produced will be about 30 percent more severs.
Exzctly how thesa factors balance out is not known. It is almost certain that
the 32 year figure to produce similar damage {s too high.
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Fiovre 11 Photomicrograph of "Deep Osmctie Cracis™ Bridzing Between
Two Bundles of Glass Fibers,
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At any tate, the data clearly show that with continuous immersion and
saturation of hull material, these polyester vesin composites have a finite
1life. The only prevention to long term damage is to keep the water ocut of the
composite by using thicker gel coats, adding a barrier coat and replacing these
barrier coatings every ysar or two, and keeping the bilge side as dry as possible
to prevent inmer saturation.

The strengths of various glass reinforced composites were evaluated after
prolonged exposure to water. Vhen a sample was wade for blister evaluation, a
section was removed and held at room tempsrature while the remainder was exposed
to water. Test samples, cut to the following dimensions: 4" X 0.4" X 0.2" and
a 1.0" gauge length, were milled so that the center section of the specisens had
a cross-sectional area of .02-.04 square {nches. Such standard tensile zamples
vere made for both the dry and wet composites. Table 2 shows the strength data
obtained by breaking the samples with an Instron stress-strain unit.

The first set of samples, made with orthophthalic acid based laminating
resin, (#41) show a 50.1 percent reduction in strength zfter single sided
exposure to water at 65°C for 0.3 years and an additional year of totel immersion
exposure at 27°C. Data from Norwecod and Marchant suggest a decrease in one vear
strength, at 30°C, of about 25 percent for orthophthalic resins (2). Their data
suggests a 20 percent decrease after a year for isophthalic resin.

OCur =second set of data on orthophthalic gel-coated composites wich
orthophthalic resins show a 44 percent reduction in tensile strength even though
the exposure conditions were more severe. The tests on the isophthalic resin
with isophthalic gel ccat composite showed the following surprising results:
although the starting strengths were higher in the case ‘of che isophthalic
material than the ortho, the reduction in strength after a y'e:ar was 83 percent.
A second set of tests was made on series 95 which also had an isophthalic
laminating resin. This series showed a 73 percent reduction in stremgth after
1.1 years. There are many literature refevences that point to improved water
resistance of {sophthalic acid resin vis-a-vis orthophthalic acid resins. These
contradictory results could be caused by the fact that we did not post-cure the

sarples at elevated temperatures before testing. However, the samples are “post-
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Strength Data for F.R.P. Sarple Before and After Exposure to Water.

Table 2

&

Sample Strengtl
sMsser Tvoe Exposure Corditicrns st {psiy
41-3-1 ortho/ertho p.g. 1.3 Acbient tensile 31,37
sl-3-2 ortro/ortho p.g 1.3 Azbient tensile 29,31
41-ii-3 ortho/ortho p.g 1.3 Azbient tensile 25,63
i1-3-1 ortho/ortho p.g. 1.3 .3 yrs.063°cl/1 yr.225°c? tensile 15,70
‘ $1-3~2 ortho/ocrtho p.g. 1.3 .3 yrs.065°C/1 yr.025°c? tensile 14,32
+1-3-3 orthe/ortno p.g. 1.3 .3 yrs.€65°clfl ¥r.323°C tensile 13,22
{rercent reducticn in strength = 50.1%)
53-3-1 crthe/ertho p.g. 1.3 Ambhient tensile 37,36
. 63-H-2 crtho/ertho p.g. 1.3 Ambisntc - tensile 47,32
' 63-H-3 criho/ertho p.g. 1.3 s=hient \ tensile 44,09
. 63-T=1 crihc/ertho p.g. 1.3 .33 yrs.253°Cl/1 yr.355°¢? tensile 24,18
_83-F=-2 crisco/ortno p.g. 1.3 .33 ¥rs.d833CC/1 yr.@65=c2 tensile 20,42
§z-T-3 crihc/ertho v.g. 1.3 .33 Vrs.265°Cls1 7r.1s5°C? tansile 27,37
%
. (pereent reducticn in strength = 13%)
T
; £3-a-1 isc/iso 1 1 yr.@65°ci tansile 3
23-2-2 iso/iso 1 1 7r.385°CS tsnsile 7,8+
$3-%-3 isc/iso 1 1 u:.@éS‘C; tensile 11,8¢
¢3-3-1 iso/iso 1 1 yr.283°C” tensile 6,7¢
%8-0-1 isc/iso 1 2=pbient tensile -
e3-D-2 iso/iso 1 Arbienz tensile 36,5¢
. ¢3-D-3 isc/iso 1 IZrzbhient “gnsile 32,3
£-D-3 iso/iso 1 ATbient t2nsile 49,9
i (percent rediuczisn in stranath = 33%)
$3-G-1 crtho/iso 1 1.1 yr.ge3:¢c? 11,4
. §3-G~-2 crine/iso i 1.} yr.@83eCce 17,35
: 93-G-3 ortro/iso 1 1.1 yr.363:C¢ 17,+
‘ §5-D-1 ortho/iso 1 Arbient 54,3
§3-D-2 ortho/isc i ATbpient (sarple damage
; $3~-D-3 c¢rtho/iso 1 Ambient 62,5

. (cercent razducsticn in stremgth = 73%)

N

« Indicates sirgle sided inr-ersion

- Irdicates dcuble sided irmersion




cured® in the vater bath at 65°C during testing. More data is required to
explain the discrepanciss batween this dats and previous raports.

Figure 12 shows four typical stress-strain curves of composites before and
after prolonged exposurs to hot water. Each of these are for a sample with &
cross-sectional area of 0.022 square fnches. While the reduction in ultimsts
tensile strength {s much higher for f{so than has’been reported previously, the
toughness deteriozation iz even greater., The values given in this report are
close approximations. To get sxact values, true atress-strain curves wmust bs
obtained. The data presented here is engineering stress-strain. Never-the-
less, the area under the stress-strain curve i{s a measure of the toughness of

the sample. Toughness of a material is extremely important because it determines
how resistant the mactarial iz to failure by crack propagation under peak loads,
Two materials can have the same ultinate tensile strength (U.T.S.) and radically
different toughnesses. Toughness is more important to design and boat 1ife than
is ultimate tensile strength provided the latter wvalue is asbove an acceptable
limit. The toughness of the orthophthalic material dropped 78 .percent but the
isophthalic material dropped in one case 96 percent and in the other case 93
percent. This value for isophthalic resin is also unexpected in light of ths
fact that they are more resistant to water breakdown than are orthophthalies.

While strength and toughness changes considerably during vater exposure,
the moduli of elasticity for both isophthalic and orthophthalic materials did
not drop appreciably. Values for iso resins averaged 5.2 X 10% (dry) and 5.5 X
10° wet). Values for ortho resins are 5.2 X 10° (wet) and 4.9 X 10° (dry).
These values are {n pounds per square inch.

One additional observation worth noting regards the type of fracture
observed., While most fractures showed some tuaring out of fibers from cthe resin
matrix, the 98 series of iso resins showed a very sharp break after wvater
izmersion. The propagating crack goes directly through the glass fiber with
l{ttle pull out. The inability of the material to deflect the crack accounts
for the low toughness of the material. The glass must have lost strength during

watér exposure ot the glass polywer interfacial strength increassd and prevented
fidber pull-our,
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Vhile the unanswered questions ragarding toughness deterioration depand
sdditional experimentation, it is clear that {f boats become saturated throughout
their thickness, deep-seated damage will occur limiting the life of the hull.

Experiments were conducted to obtain an understanding of the effect of the

gel coat on the leaching of water soluble materials from laminates. Two sets
of semples were tested. Both have an orthophthalic acid based back-up resin
reinforced with woven roving. One has an orthophthalic acid based gel ceoat
(ortho/orthe) and the other set has an isophthalic acid based gel coat
(iso/ortho). All samples were immersed in water at 65°C. Twc samples of each
set vere totally immersed and two were subject to sirgle sided immexsion.
Samples were weighed and checked for blister initiation periodically. Data is
presented in figures 13 and 14,

There was no substantial difference in blister initiation time, for {dentical
samples, between the single sided and totally immersed samples. These results
are consistent with preliminary observations made in a previous study. This is
an important finding since it reaffirms the value of blister {nitiaction data
taken on totally jimmersed samples. Indeed, there was little diffesrence in
blister initiation time between the two sets of samples. The first of the four
i30/ortho samples blistered in four days and the others blistered in eleven days.
The ovtho/ortho samples blistered in three to nine days,

The totally immersed iso/ortho samples show a continuous weight loss after
100 hours of immersion. All of the weight gain is due to water pick up. The
wveight losses are due to thyee mechanisms: outgassing of small molecules,
especially unpolymerized styrene (Ref: Lee & Rockert), leaching of small
molecules and solubility of exposed polymer,

After approexismately 2300 hours, the rate of weight loss increases abruptly.

This {s due tc the rupturing of some blisters. However, in the case of the
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ortho/ortho totally iminersed samples, this weight loss was not seen. This is
consistent with data obtained in a previous study in which ortho/ortho zanmples
did not start to lose weight until aftar 2700 hours.

There are two reasons why weight loss is delayed in these samples. First,
the amount of exposed polymer, on the back of the more glass rich surface of the
ortho/ortho sample, {s much less than the resin rich back of the iso/ortho
samples., Because of this smaller area of polymer exposed to the water, slower
leaching, slower outgassing and less dissolution takes place. All of these
mechanisns are still operative but at a slower rate., Further, the ortho/ortho
sample picks up more water than the iso/ortho sample. As in all of the samples,
the weight gain off-sets the weight loss,

Both single sided and imrersed iso/ortho and ortho/ortho samples were still
galning veight at the end of the experiment. This clearly shous that the gel
coat material retards the rate of leaching of water soluble materials, and
outgassing and is far less susceptible to solubility than the air cured resin.
The ortho/ortho samples pick up more water than the iso/ortho samples but at a
somevhat slower rate. There are three rezsons for this. First, water is more
soluble in orthophthalic acid based resins than it is isophthalic acid based
resins. Secondly, the resin has a lower tensile strength and therefore more disk
cracks can form. Thirdly, ortho is more flexible than {so which means that
growing blisters do not crack open as quickly.

Figure 15 shows the back surface of a fully immersed sample and one exposed
to water on the gel coat side only. The surface not exposed to water i{s in
excellent shape. The surfaces expcsed to water show a s;vere crazing pattern
due to the shrinkage produced by leaching and growth of disk cracks to the
surface. It is obvious that gel coats protect the resin from this type of
damage. However, and here-in lies the dilemma of the gel coat. The gel coat
prevents the loss of small molecules from the resin. These molecules get trapped
underneath the gel coat this allows them to create osmosis which causes
blistering.
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Figure 15, Photomicrograph of the Resin Rich Backside of a Composite that
Has a.) Not Been Exposed to Water b.) Been Exposed to 65 C
Water .




PR o

Figure 15 alsc shows the importance of keeping the bilge as dry as possible.
This point has slready been emphasized. The physical damage to the resin which
weakens {t, speeding up saturation of the hull and the increased osmotic cracking
{s shown drzmacically is these photographs. Also, the data lesvs no doubt that
the pigmented gel coat does act as an effective barrier in keeping water out of
the fiberglass laoinate.

8. Ihe X-laver, a Diffusiopal Interphase,

When an FRP structure is made up of layers, under certain circumstances, an
unexpected layer ‘forms between the different layers of the polyester structure.
The new and unexpected layer iz referred to as the H-layer because originally
the reason for its existence was unknown. It is seen in boat hulls, in glass
filled laboratory specimens and in non-reinforced polyester strucctures built up
in layers.

The X-layer is about 0.1 mm (4 wils) thick. It is strongly birefringent
vhen viewed under the microscope with polarized light (crossed nicols). Tne
index of refraction of the layer is higher than the polyester above and below
it thus proving that it has a different chemical composition than the surrounding
polyester. Figure 16 shows two photomicrographs of the X-layer, one taken in
white light and cne with crossed-nicols. The birefringent interphase iz always
located at the bottom of the previously cured layer. The data below show that
the layer {s caused by diffusion of styrene monomer from the added wet layer inte
the cured polyester substrate.

Specimens were made using several different polyester resins,vith and with-
out glass reinforcement. The firsc layer, approximately 2 mm thick was cast onto
a waxed glass surface. Additional layers wers cast on top of the first layer
afver different times and under d{fferent conditions. When cured, the samples
vere crossed sectioned using a diamond saw and polished to a thin section
thickness of about 10 mils (.010")., These sections, perpendicular to the
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Figure 16, Photomicrograph of X-layer under
Light.

a.) White Light b.) Polarized



interfaces, wers studied under the polarizing microscope. The x-laysr thickness
and dagree of birefringence vers measured. The following results vare obtained:

1'

Vhen a single layer is cast no x-layer forms.

Vhen a second layer is added to the first, before the first layer is
completely cured, no x-layer forms. '

Vhen a sscond layer is curad on a fully cured first layer the x-layer
interphase forms at the top of the first layer.

The x-layar is not related to air inhibition in the first layer. The
first layer was covered with wax paper and allowed to curs before the
wax paper was ramoved. The second layer was then cast and an x
-layer,identical to the one formed in the matching experiment without
the wax paper,formed.

A 1/4" thick by 1" x 1" polyester sanmple waz cast and cured. Sectioning
showad no x-layer. This piece was immersed in the identical resin liquid
and the outer resin was then cured. Sectioning showed an x-layer at the
top, bottom and sides of the immersed place.

The top of layer I,adjacent to the x-layer interphase,shows a reduction
of strain birefringence compared to the rest of the pre-cured layer. This
suggests that styrene diffusion into the first layer has plasticized the
zone gdjacent to the x-layer. The thickness of the relaxed layer is closs
te the thickness of the x-layer.

Thers is,in most cases,some banding in the x-layer.

The thickness of the x-layer is independent of the first or second layer
thicknesses, -

Rezins with & variety of styrene contents show essentislly the same x-
layer thickness.

All of the above observations can be explained by & diffusion of styrene
monomer from the uncured added resin into the cured polyester. Styrene diffusion
into polyesters is known to occur (3). As long as the added resin is uncured,
styrene molecules are free to diffuss into the intarsticial spaces of the pre-
cured polyester first layer. As curing of the nev resin proceeds, the monomer,
styrene, will be converted to cross-linking units and diffusion will stop. The
bottom of layer II will be depleted in styrene while the top layer I will be
strained by the svelling produced by absorbed styrene. Diffusion into the solld
polyester will be rate controlling (4). The sharp line betw2en the styrene
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saturated pert of resin I and the remaining part of the resin indicate that
diffusion is non-fickian in this case and a composition change at a well defined
front exists. This front shows a sharp index of refraction changs. Figure 17 is
s sketch shoving the x-layer. Dashed lines indicate the percent of styrens
present at different points at different times. The exact styrons contents are
not known but the sastimates chould be close. As .suggested by the figure, after
curing takes place, there is s possibility for back diffusion to occur.

The thickness of the x-layer depends on several factors. When the resin
cures,the monomer {s converted to polymer and there i{s no more free styrene to
diffuse. The thickness of the x-layer is then set. Therefore anything that
spesds up or slows down curing will affect the x-layer thickness. The higher
the temperature,the faszter the cure and the thirmer the x-layer. More curing
agent speeds up the set time and decreases the x-laver thickness. The degree of
eross-linking of the pre-cured layer controls the rate of styrene diffusion into
the precured layer and hence acts differently &s a sink for styrene.

The banding observed in the interphase is due to several factorz. dore than
one species can move from the liquid into the pre-cured material. In addition
to styrene, catalyst molecules can alsoc diffuse. Furthermore, back diffusion of
styrene, after complete cure,can lead to substructures Iin the x-layer which
appear as bands under microscopic examination. The full details of the
diffusional interactions will be understood after more experimentation has been
done. Further work needs to be done in this area.

The x-layer constitutes a property discontinuity in the material associated
with the compositional and strain discontinuity. The sharp and strong
birefringence is due to strain in the x-layer. This strain {s caused by swelling
of the previously cured polyester. The styrens depleted zone in the second layer
alsc will be strained but to a lesser extent. The zone in front of the x-layer
will be in tension.

The mechanical properties will also change in the x-layer. Figure 18 clearly
shows a disk crack vhich initiated in the pre-cured layer. As it grew toward
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) Figure 17, STYRENE CONCENTRATION PROFILES
Y IN THE REGION OF THE X-L.AYER.
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Figure 18. Photomicrograph Showing Disk Cracks which Initiated in the
Pre-cured Layer and Were Deflected Along the X-layer, in a
Glass Free, ISO-NPG/ISO Composite.




the x-layer it was deflected along the surface. This vas observed (n & giass free
coaposite sosksd in vater at 65°C for many hours. The structure was fres of
cracks sxcapt in the tensile laysr. None of these cracks spread through ths x-
layer.

An X-layer in a hull structure, could influence the location of blisters and
could even prosots hull delamination. The sharpness of the x;lcyor dspends on
how long & period of time elapses between fabricating different layers of the
composits. The longer the slapsed tima, the sharper the discontinuity bscosss.

Because of the ease vith which the X-layer can be located and observed,
microscoplc examinations of hull ctou-ucti&m can tell the c¢bserver at vhat
points the hull construction was interrupted and generally how long a tims
slapsed betwesn lay-up events. Continuous lay-ups are obvicusly the best
practice. That way, no unexpected property changs can ocecur in the laninatse.

In one hull that showed delamination, the split occurred at an X-layer. 1£
disk cracks formed on the gel coat side and vere deflected at the X-laysr, a
eracking delasination could result. Also, the norazal bending stresses and
flexing stresses, which are applied to & hull by wave action, can be concentratad
at an X-layer discontinuity wvhich could also contribute to hull delamination.
At this time, the data {3 not available to dacide whern an X-layer becomss a
serious defect. Further studies need to be conducted on this phenonena.

The practice of curing a gel coat and then applying back-up resin can also
produce an X-layer in the gel cost. Because gel coats are more flexible than
laminating resin, the gel coat x-layer may not be a problem. The practice of
continuing lay-up before the gel coat is completely cured is highly recommended,
Some manufacturers wet & cured gel coat or laminate layer with styrens beafore

continuing the lay-up process. This can veaken the structure more than is
desirable, especially if too much styrene is used. It is virtually ispossible
to knov the proper amount of styrene to use. Therefore, this practice should
bs discouraged and as continuous & lay-up schedule as possidble should te used.
Obviously more data is nesded in this area.




9. Hlistex Initlation Time Distribution

The following study points out one of the probleas in doing blister studles,
Apparently {dentical samples do not blister at the same time and therefore s
range of times must be given to describe blistering.

One very large panel (approximately 5' X 5’) was constructed by a local boat
asnufacturer to be used for coating and repair technique cv.almtions. The panel
is constructed of orthophthalic acid based laninating resin and gel coat. Three
types of glass reinforcement were used in laminating: A skin coat, vary lighcly
reinforced with chopped glass; vell region, lightly reinforced with a veil mat;
and a heavily reinforced zone comprised of two layers of woven roving. The
laninate was constructed and cured at ambient shop conditions. The pansl was
saved up into more than 200, 4" X 4" samples.

A total of 72 samples were immersed at 65°C in a distilled water bath and
allowed to blister. The saxples were blistersd so that they could be used latsr
to help evaluate various coatings and blister repair techniques. Of the 72
sasples, 45 were followed closely for blister initiastion times.

A histogran of the distribution of blister {nitiation times of the 45 sanmples
is shown in Figure 19. Assuming a normal distribution of the data, & mean of
970.7 hours (40.4 days), a median of 888.0 hours (37 days) and a variance of
235.6 hours (9.8 days) were calculated. For any normally distributed popuiatier,
99.74 parcent of data will lie within three standard deviations of the mean.
This means that 99.748 of all samples will blister between 264 and 1677 hours.

The discrepancy between the msan and mediar. and Figure 19 clearly showv that
the data is slightly skeved to the right, However, the biistur initiation times
gre close to a normal distribution,
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Both the skewness and broadness of the distribution can be axplained mostly
by variations in gel coat thicknessz and by the depth of the blisters’ position.

The thickness of the gel coat was targeted between 20 and 25 mils. The gel

coat was applied to a mold by an experienced operater using & spray gun. " The
thickness was spot checked using a mil gauge. Forty-five samples, to be used
to test the performance of coatiags over a gel coat, wers measured for gel coat
thicknesses. Five readings were taken for a samples and averaged. The
distribution of the gel coat thicknesses is shown in Figure 20. The mean is 24.9
mils, medisn §s 25.6 mils and the variance is 4.98 mils.
The broadness of the data clearly suggests the technique of spraying the gel
coat, itself, assuming the thickness from experience and randomly spot checking
the thickness does not yield a uniform thickness. Another factor is that the
gel roat was sprayed onto a flat mold. Depending on the height of the operator,
arm length and nozzle size, areas closer to the operator will be thicker than
those farthest away from the cperator. The spray becomes more disperse as it
travels farther. This causss the thickneas to be thinner farther away. The
thickness data is skoewed to the left. The most likely reason there are fever
sanples with gel coat thickness greater than the median of 25.6 mils is that
zones of overlap are st a minimum with an experienced operator, but are still
unavoidable. Mcld fiatness and mold levelness could also play a role.

Gelcoat thickness 13 related to blister initigtion =ime. The thicker the
gelcoat, ths longer it takes water to diffuse into the underlying laminate to
initiate a blister. Figure 21 shows the relationship b. <een blister initiation
tinme and gel coat thicknass for this set of samples.

Peint 1 gzives the blister initiation time for a blister formed just below the
surface of a thin gel coat. Point 3 is the inftiavion tize for a blister that
formed 2-3 mn helow a thick gel coat. The second point {s the mean blister
initiation time und mean gel coat thickness of all the samples. Using linear
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interpretation the following relationship is found:

Be -1556.58 + 102.5 x T (¢.1)

Vhexrs B is the blister Initiation time and T is the gel coat thickness

In the past it has been shown that if the gelcoat thickness is doubled, it
takes roughly twice as long to initiste a blister. The line usually intersects
the y-axis (blister initiation time) at a gel coat thickness close to zere.

The interpretstion of this relationship can be given as follows:

It is true that blister initiation is a function of the distance water must
travel through the gel coat to rsach the laminste. However, for the above
hypothesis to be true, that doubling the thickness roughly doubles blister
initiation time, the blister must be positioned just beneath the gel cocat. This
i{s usually vhere most blisters are found., However, for this set of sazples, most
of the blisters occurred between the veil and voven roving regions, approximately
2-3 o balow the gel coat surface. The possible reasons for susceptibility to
blistering and disk cracking in this zone is as follows:

1. The chopper glass reinforced zone is not susceptible to blistering. The
chopped glass used is corrosion resistant and free of water soluble
binder. The resin {s slizinated as & source of blistering because the
same resin was used at esach stage of the lay-up process.

2. An x-layer is present between the chop and veil reinforced zones. The
x-layer, as discussed in Section 8, has different properties than the
surrounding resin and is under stress. A discontinuity in properties and
stressas prasent potential sites for disk crack or any other type of
crack formation.

3. An X-layar i{s &n indicator of a2 dliscentinupus lay-up., Alr inhibition
layers, a source of water soluble materials, form with discontinuous lay-

ups. Water soluble material i{s necessary for disk crack and blister
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formation.

4., Tha veil glass and woven roving reinforced zones are subject to disk
cracking and/or blistering because of tus glass ussd or more probably
bscause of the binders on the glass.

Because the laminate is susceptible to blistering at this distance bensath
the surface, it nmeans that the water had to diffuse in much more than the gel
coat thickness before blisters could initiate. Although ths thickness of the
gel coat does matter, its effect would not be so apparent as i{f the blisters had
forzed just bensath the gel coat. Add to this the fact that thers is alsc some
variation in the chop layer thickness, the blister initiation time distributien
is not as surprising.

The added distance the water must travel would be raflected as a shift of the
points to the right in Figure 21. This line also reflects problems in reporting
blister initiation times, For the blisters that form deeper in the laminate,
it is very difficult for these blisters to bulge outward. The blisters will tend
to grow more parallel to the surface. For this reason the blisters cannot be
seen on the gel coat surface until sufficient oswotic pressure has generated for
it to grow outward, When these blisters are first noted they are usually very
large. This means that the blister was hidden beneath the surface for some time
before it was noted and therefore some of the blister initiation times reported
are actually greater than the true values. Also, the thicker the gel coat the
more difficult it i{s for a blister to bulge outward, This introduces an
experimental error over which we have no control unless we destroy the samplo.
These factors are all taken into account in Fig. 21.

This line represents an average function of blister initiation time vs gel
coat thickness for blisters that form just beneath the gel coat and those found
2-3 oz into the laminate. Using this relationship, the gel coat thickness data
can be converted to blister initiation times and vice versa.




Figure 22 represents the result of converting figure 19 using aquation (9.1).
The width of ths bars of the histogram represent the error in measuring gel coat
thickness. The result is & mean of 979.2 hours, a median of 1066.9 hours and
a variance of 476.5 hrs. Assuming & normal distribution, 99.74 percent of the
data will 1ie between - 450.1 and 2498.6 hours. Though the distribution is very
broad, the mean truly appears to be reflective of actual data which is 970.7
hours.

To conclude, ths following explanations can be given to explain the
distribution of blister initiation times I{n figure 19:

1. Variations in gel coat thickness are randoaly distributed in the panel.
This contributes significantly to the broad distribution of blistcer
initiation times, Narrvower distributions of gel coat thicknesses can be
obtained in the laboratory but the techniques can not be used on beat hull,
Thickness variations are inherent in the boat manufacturing process.

2. The deeper the blisters the longer water must travel to the site and
therefore the longer it takes for a blister to initiate.

3. The deeper blisters do not show on the surface until some time after

initiation and  therefore the reported time is longer than the actual
infitiation time.

4. The blister infitiating constituents in the laminating resin are randomly
distributed.

5. Variations in glass concentration may affect blister initiation times.
This may be a small contributor to the broadness ana skewness of the data,
Because glass acts s: a heat sink, those areas with higher glass
concentrations would develop lower exotherms and hence would cure less.
Also, binder and/or coupling agent may be a source of water soluble material.
Areas of heavier reinforcement would have a high concentration of water
soluble naterial and therefore would blister faster. The glass also produces
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stresses in the conposite on shrinkage during cure and differential swalling
during vater absorption. Theae stresses would be greater in areas of hesvier
reinforcement. These areas would be more prons to disk cracking and hence
blister initiation.

6. Thermal effects also zmay play a role. Areas that have thicker gel coat
or laminating resin and lowver glass concentration will devalop greatsr
exotherms and as a result will be more blister resistant. This may sccount
for some of the skewness. Also, edges and corners of the mold would not be
able to develop as high exotherns becsuse of the added directions of cooling.

7. Most importantly, this data shows that, given all of the variables
involved in manufacturing a boat hull and the naterials used, it {is
impossible to predict, from laboratory specimens, an absolute time that a
hull will blister. In order to predict boat hull blister initiation times,
a very large set of samples must bs constructed by methods similar to those
used by bost manufacturers. This will give a distribution of blister
inictiation times that can be used to calculate the range of times in which

blisters may initiate. Single sample studies are virtually meaningless for
svaluating blister resistance.

This presents & problem in testing laboratory specimens as well. This
study shows that to truly make a comparison between different materials,:
different lay-up procedures, ectc., a large set of samples must be tested to
find the range of the distribucion of blister initiation times. Only if omne
distribution falls out of range of the other, can one specinmen be said to be
better or worse than the other.

8. Finally, data show that with an "identical® set of samples made by
experienced professionals, a range of at least 700 hours can be expacted in
blister initiation times at 65°C. This means that two hulls, made by
identical procedures, with the same materials, could show a difference of a
year in blistering {f they were continually immersed in warm water.
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10. BRlistering of Shop Prepared Samples

A frequant and valid criticisa of many blister studies states that samplea
prepared in s laboratory snvironment are not comparable to samples prepared on
the shop floor using standard industrial squipment. To address this question
and to evaluate the effects of: 1. cvercatalyzation, 2. undercatalyzaticn,
3. preparation at 50 to 60°F and 4. Construction with moistened fiberglass
mats, four companies constructed panels using their standard amsmufscturing
practice and comnercially available materials. Then four additional panels, with
the above deviations from standard practice, were made. The details of
construction ars given in table 3. The panels were cut into 4" X 4“ test samples
and supplied for testing.

The Coast Guard Office of Boating Safety designed the expeiiuent. obtained
the cooperation of the four companies and distributed the samples for testing.
The four companies, whose valuable coopsration aided thig study, wers Hatteras
Yachts, Cook Paint and Varnish Co., Coatings and Plastics, Inc. and Ses Ray
Boats, Inc.

The samples, supplied to the University of Rhode Island, were tested by
immersion in 65°C distilled water and the results are given in table 4. The
studies were done blind. Only after performance was evaluated were the
fabrication variables disclosed.

In several sets of samples s naw water-composite {..teraction was discovered.
This new type of blister will be referred to as “swelling blister®. In one set
of samples, with extreaely thick gel coats, and in another set of epoxy coated
samples, surface blisters wvere observed and assumed to be osmotic blisters,
centered in the veil mat region. However, when these blisters were sectioned,
no opening in the composite was found nor could any blister fluid be observed.
Thin cross-sections vere made through the samples and {t was discovered that the
blister resulted from a swelling of the surface material due to water up-take
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Table &, Results of Blister Studies on F.R.P. Samples prepared by
Maunfacturers. Imnersed at 65°C for 5240 - 5852 hours.

¥ig. Set  Sarple Ho. Layup Gel Cost Blistex Bansity Maxinus weelling  Sub-gel
Desig # Variable  Blister initistion (plisterfe blister Slisters  cost
nat thickness time (Azs) w) site (ca®) biisters
ton eila)
¢ A ¥ 1 s 00 104461 0.S 0.2 + +
A [ 31 2 s - 264270 218 08 + +
. A #2 1 LT o 2METO 83 02 + o
A *2 1 LT, . 264470 128 0.2 + o
A 3 1 ucC 3.0 - 264470 7.9 0.2 + +
A .3 2 uc . MoE 256 0.6 + +
A 3 1 o po 1 104361 64 16 + +
A 4 2 oc . 104461 128 03 + +
A *5 H W Lo P AR iS5 29 + *
A #5 2 w - 104361 75 as + ++
B A i S 216 - Q - ] b
B A 2 S 197 - L] . [} )
B B 1 ocC 6 - Q - o 1]
B B 2 ocC 218 - o . (1] 0
B < 1 ue 236 - L] . ] 0
B C 2 Lc 189 - & B L] 0
B D i w 216 - 0 - Q 0
B D 2 w 2346 . ] . 0 6
B8 E 1 LT 2.6 - 0 - Q ]
B E 2 LT 22.4 - 0 . 0 ]
' IA i S 30.0 17424 5.4 16 Q ++
C 1A 2 5 - b L 69 1.0 Q ++
c 2 i . 0C 280 79417 20 03 + 9
C 2 2 oc - . 279£3? 19.2 0.4 + 0
C A 1 uc X%.0 20510 0.6 18 9 -4
c 3A 2 ue . 319333 19 2 Q ++
C A 1 W 300 108438 22 13 +* +4
c LEN 2 w . 103+38 k¥ | 06 + + 4+
c SA 1 LT 260 228+ 14 43 {1 + +
C A 2 LT - 30431 43 10 + +
D A 1 $ 420 389459 kK] 1.7 * +
D A 2 5 - $59+59 b3 15 + +
D B 1 oC 350 136235 i3 1.7 + +
D B 2 ocC . 146435 33 19 + +
D C 1 e G M7+13 10.9 0.4 + +
D C 2 [Hof - $18+11 48 0.5 + +
D D H W 280 146235 k%] 13 0 -+
D D 2 N4 - 61135 6.7 14 G ++
D E i LT 410 436+28 9.1 24 0 +
D E 2 LT - W97+13 53 o9 ) +
D F 1 CG a0 446415 64 0.3 + +
D F 2 CG . 1127+ 219 9.1 0.2 - +
Abbreviation:

L.T - Low Temperature

0.C - Over Catalyized Gel Coat, Laminate or Both
0 - None

+ = Present, but not wide spread

++ - Wide spread

S - Standard method

UC - Under catalyzed

W - Wet

CG ~ Chopped glass




at certain spots as shown in figure 23 a.

This observation constitutes s problem in data taking. Without some
destructive tast, it has been impossible for us to diZfersntiates an osmotic
blister from a swalling blister. The sample must be drilled or sectionsd befors
the distinction can be made. Preliaminary deterainations suggest that & non-
destructive ultra-sonic test could differentiszte the two.

ol

In certain samples, swelling blisters rucleated osmotic blisters inside the
gel coat. As the swollen zons pushes against the surrounding gel coat it
produces an upward thrust similar to plate buckling. This causes a crack under
the gel coat and initiates csmosis. The blister void is small and saucer shaped
and spreads to the surface csusing a semi-circulsar crack around part of the

“swelling blister. This type of swelling is often related to the formation of
a surface waviness vhich is coamonly seen on gel coats prior to the onset of

obasrasniittthor L e

blistering. It iz the sane process, on a much less dramstic scale, as the
swelling described by Tanaks st al. (5).

o e e

One type of swelling blister observed in epoxy coated compositcs vas caused
by sanding dedbris included in the surface coating. when a multi-layer systea
is used to repair a blistsred hull, twe layers of a clear penetrating or ssaling
spoxy ars painted on the surface. Each layer must be sanded before the colored

- surface layer is built up. Ths sanding promotes nechanical adhesion and ramoves
a "blush” or tacky air inhibited layer. Because the particles are sticky they
can adhers to the surface and be incorporated into the next layer. Sectioned
swvalling blisters of an epoxy coating shoved clusters of clear particles in the
surface layer at the csnter of the svelling blister. No internal crack or
blister fluid vas present in these cases. No such particles are observed in the
swelling blisters in gel coats and it is assumed that the swelling begins at a
slightly undercured zone. In this report some of the blisters cbserved sre
swvelling blisters. However, in the tables, no effort has been made to
differentiate between the two types of blisters wvhen initiation UTimes are
reported. If swelling blisters were found by sectioning their eccurrence is
noted in the tables.
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In addition to svelling blisters, the mcre freguently encountared sub.-gel
coat blisters are also observed. Since ths location and type of blister can not
be detersined until the samples are sectioned at the end of ths terts, ths
taitiation time refers to the first cbserved blisters (which will be swelling
blisters L{f they fors on a given sample). Swelling blisters temd to form in
thick gel coats. Hanecs the surprising resuitc that blisters initiste in vary
short tines, seven with thirk gel coats, is contrary to the ruls of thusb that
gel coat blistering f{uitiszion times are a function of gel coat thickness.
Figure 23 b and ¢ shows sarples A-1-1 which has only swelling blisters, many of
vhich cracked cn drying, and sampla C-5-Al which has sub-gel coat blisters.

A thorough review of the data on Table & leads to the following conclusion:

1. Too many simultansous variables wers used and therelore, sbsolute results and
sone factors cannot be drawn.

2. Set B data chow that in certain cases, the gel coat deterzined the behavior
of the laminate regardiess of multiple variable changes.

3. Sets A and B show that identical gel coat zaterials, used by two different
manufacturers, gave substantially diiferent resulrts.

4. Low texperaturs fzlrication did not ssriously affect the blister resistance.

5. .welling blisters occurred on wany samples. Overcatalyzation produced thez
on cne sst, vhere tha standard was frea fron them.

8. Swelling blisters occur more commonly in thick gel coats.
7. Vet glass produces large blisters.

8. Iso/PG based gel coats perforwed as well, if not beiter than, nsopertyl
glycol containing material.

9. The data indicates, but does not prove, that a wide variation {n the percent
of catalyst used did not affect the results. There is evidence to suggest

that gel coats should be catalyzed with at least 1.8 percent MEKP when thact
catalyst is used.

10. The Llister free panels were prepared under laboratory conditions and were
wuch swaller in size than the pansls prepsred by the three manufacturers (96
gquare inches vs 600 square inches).
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Figure 23b. Gel Coat Swelling Blisters, Viewed from the Surtuce, on Sample A-1-1.
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Figure 23c. Sub-Gel Coat Blisters, Viewed from the Surfuce, on Sample C-5-Al.




11. Hater Diffusion Profiles in Coated and Uncoated F.R.P.

Coaputer softvare has been devaloped at the University of Phods 1sland
that i{s sble to modsl the woisturs content in a multi-layer laminate at any -
depth as & function of time. The programs are based on the assumption that
Ficks’ laws of diffusion holds for the samples. ‘Many studies have shown this
to be a valid assumption.

In an attempt to detsrmine the effectiveness of s typical epoxy based
coating system in keeping moisture out of & hull, six different cases, all at
28°C, were studied using this computer software; Cass 1 - laminate with a 20
mil orthophthalic acid based polysster gel coat over the same laminating
resin, sxposed to water for 200 hours; Case 2 - same as Case 1, except 4000
hours sxposure £o vater; Case 3 - in place of a 20 mil gel coat, a 10 mil
spoxy coating is used and the sample is exposed for 200 hours; Case 4 - same
as Casze 3, except exposed in water for 4000 hours; Case 5 - 10 mils of epoxy

 over a 20 mil gel coat sxposed for 200 hours; Case § - 10 mils of epoxy

underneath & 20 wil gel coat exposed for 200 hours.

Only the front side of sach sazple vas assumed to be exposed to water at
28.5°C. The dack side of each sample is assumed tc sse ambient conditions of

. 70 perceant relative hunidity and 28.5°C. The best available diffusion

coefficients are assigned to sach layer after the thickness is entered. The
computer solves the diffusion equations for the times assigned and prints out
the diffusion profile.

Results are presented in figures 24 to 29. Comparing the results after
200 hours of immersion, it is sesn that using 10 mils of epoxy in place of a
gel coat cail reduce the water content at the cocating, back-up resin interface,
by almost half. Using an epoxy coating, over or underneath a gel coat, will
allow almost no moisture into the laminate in 200 hours. After 3000 - 40CO
hours of immersion in water, with or without an epoxy coating, the sample

becomes almost totally saturated with wvatsr.




Figure 24. Water
Concentration Profile in
Case 1 Composite. 200
hours a2t 28.5 °C.
Isophthalic Cel Coat on
Crthophthelic Resin,
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From these results it is concluded that an epoxy coating will perform far
battar than & gel coat in kseping moisture out of a hull initially. Howvever,
after prolonged exposure to water, aven an spoxy coating will allow the hull
to saturate with watsr,

Thess water profiles are for continuous storage of a boat in vater at the
temperature given (28.5°C = 88°F = very vara va;ur). 1€ the average water
teuperature is smuch lower, then saturation will take longer--.roughly doubls
the tine for each 10°C or 18°F, Further, if the boat is stored on land during
the wvinter months, diffusion of water will reverss. Hull saturation may never
take place in boats that are land stored many months sach year, provided the

. bilge is kept dry and well ventilated.

Other factors, such as the bond and the stresses developed at the back-up
resin coating interface, play an {mportant role in determining the performance
of a coating systen. These factors, vhich may even alter the diffusion of
vater through the laminste, have not been taken into account in this computer
software. Also, the role of fillers and glass reinforcement have not been
considered. Interaction effects between water and the polymers and betwesn
coatings and the polymers are also ignored for this model. They are important
and these graphs should be used as a comparative indication of the role of
coatings in retarding water pick-up by laminates.

The 200 hour profiles shown in figures 26 and 28 draw attention to an
fmportant point regarding water diffusion. Diffusing water molecules enter a
polymer from & surrounding medium any time the partial pressure of water is
greater in the mediun than it is in the polymer. 1I1f the surrounding medium is
air, containing some water, {.e. at some relative humidity, and the polymer is
dry, vater molecules will leave the air and diffuse into the polymer. When
the vater concentration in the polymer reaches an squilibrium level, diffusion

stops. In 100 percent relative humidity air, the water level in the polymer
is identical to the water level obtained by immersing the polymer in liquid
vater. It i{s clear then that the hull picks up water from the inside of the
hull as well as from the ocutside.




Providing tha relative huaidity of the air stays below 100 percent, for
long periods, inner vater shsorption is not & problea. With tims, a steady
state gradient of water will exist from saturation at the gel coat side, to
soms lover valus set by ths amount of water in the air at the back side.

It has been established that disk cracks can only form in a polyester
redin if tha resin first reaches saturation. Disk cracks initiste blistering
and osmotic cracking. If the backside of the resin reaches saturaticn, disk
cracks will form throughout the hull thicknass. Blisters or osmotlic cracks
will then form, leading to delamination and hull danmage.

1f wvater builds up in the bilge and stays there for prolonged periods, tha
hull will saturate and disk cracks will form. A relatively dry inmner hull
vill prevent deep damage. The conclusions are inescapable, Bilge dryness
will preserve the long term 1ifs of the hull. 1t is impossible to keep witer
out a of hull. However, if the bilge is designed for effective vater removal
and proviszions are mads for air circulation, the innar hull should be
protected from water damage indefinitely. For thess reasons and because of
the severs leaching damage caused by free water on the inside of the hull
{discussed in section 7), bilge dryness and ventilation i{s critical.

12. Drying of the Hull Prior to Repaix

A zeriss of drying studies were conducted for two reasons.
Recommendations for boat repair must include & drying schedula for a hull.
Also, for our tasts on repair techniques, a drying procsdure had to be
sstablished,

After the gel coat has been removed from a badly blistered hull and the
surface has been thoroughly washed, the boat must bs dried before repair can
begin. Guidelines have been developed from our experiments on drying rates,
diffusion coefficients and gaturation experiments.




A boat hull, which had blistered in use, was cut up with a sav i{nto small
panels. The pansls ware soaked in water for several wesks and then repaired
as dascribed in section 14 of this report. Before repair could begin, the
drying characteristics of the hull material had to bs avaluated. Some panels
ware backed with a core material vhich held free water. During drying, the
free surface water svaporatas very quickly. This gives a high initial slope
to the drying curve., Following that initial drying, the hull materisl then
dries by diffusion of absorbed water out of the hull structure. Ag shown in
figure 30, vhen the free watar is subtracted from the water loss, it contains
about 1 psrcant water. It takes hundreds of hours to reach total dryness.
Data on twvanty other ssctions confirms the total absorbed hull water to be
equal to about 1 percent and the total drying time, even in s forced
convection drying oven, at 65°C, is in the order of 300 hours.

In practice, removal of all the water from the hull would be impossible.
If the water content is brought below 0.5 percent by weight, the reoccurrence
of blisters will be significantly delayed. The difficult problems for the
repalirer is knowing hew long drying should take place in order to reach a

water content of 0.5 percent. There are several procedures which can be
considered,

12.1 Moisture meters

A moisture meter applies a radio frequency field to the area being
studied. This field is nondustructive. The moisture content is measured by
electronically assessing a change in capacitance. The capacitance of the hull
depends on the dielectric constant of the hull material. For a given

frequency the capacitance is some function of water content. The meter uses

two scales: Scale A, for use with polymers, including boat materials, and
less dense materials and zcale B, for use with materials such as brick, stone
and concrete.
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Moisture meters reading are not absolute values of moisture content and
pust be used with extreme care. Two moisture nsters were obtained and tested.
Two saturated laninates vere dried in a circulating oven at 150°F till dry.
Veight and soisture seter readings, using both metsrs, were taken
poriodically. Results are given in Figure 31, showing weight percent water
measured using both moisture meters vs the actual weight percent of water
inside the laminate. It can ba seen that there dre no apparent differences
between the two moisture meters.

In an attempt to calibrate the molsture meter for hull materials, ywo
different samples were studied; s sanple with a gelcoat and a sample without a
gel coat. The sample vwith & gelcoat was imnersed in water at 65°C for
approxinmately one month and then sosked in cold water. The sample with no gel

€ &Lat was placed in water at 65°C for one week. Both samples were saturated.
They were then oven dried i{n a circulating oven at 65°C., Weight and moisture
zeter readings, using scales A and B, were taken periodically until they were
completely dried. The data is given in figures 32 through 35.

Although both scales xespﬁnd to changes in moisture content, the reading
must be calibrated to obtain a moisture content. scale A is more sensitive to
changes in moisturs content while the reading on scale B are closer to actual
molsture values especially in the latter stages of drying.

Data measured on the rate of drying indicates that both the scales drop
off quickly at early stages of drying. During drying, the surface dries first
and the interior dries after a longer time. Since meter values dropped off
quickly initially, thisz suggests that surface moisture has the largest effect.
Readings on scale B did not drop off as quickly as for scale A, for either
sample, which suggests that scale B applies a field which penetrates the
sample more deeply than scale A. Scale B duplicates the act&al molsture
content much more closely than does scale A, especially after the sample iz
partially dried,
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One of the wost significant observations from the data shows that the
sccle readings have limitations. The relationship between the reading and
moisture contant is non-linear., The meter readings never reach zero percent
i even vhen the couposites ares totally dry. Another importent factor is that
' the readines ave relative rather than absolute and the readinge siszo depend on
the amount of contsct between the metar and the hull. Measurements should be
considered ovar various points in a specified area and taken as averages for
better accuracy. The two fully saturated hull materials prepsced by uz have
- wvatei conteats of 1.5 to 3.5 percent. Field readings, using molsture wetsxs,

have been reported as much as 20 parcent and more. These values are
misleading and probahly are taken on the panufacturer’s recommended scale A.
Several boats examined by us after winter dryihg showed molzture contents of
0.15 to 0.2 percent using scale B. Readings taken near the rudder and engine
¢“Ghre affected by the underlying metal ané gave spurious results. Scale B
veadings varied from 0.3 to 0.6 percent while A-scile readings, in the same
$ arza, ranged from 3 to 17 percen%., Readings on a boat, which had never been
. in the watev, were 0.2% on the B scale and 2 to 10% on the A scsle.

$iven the limitations, the drying process, at least at shallow depths, can
be folloved using commercisl moisture meters. The reading the moisture meter
are not true moisture content. When the readings reach a constant value, only
the surface is approaching dryness. The interior, which must be dried below
. the saturation 1ev¢i. could still be water laden. Therefore, while thz meters
are useful, they should no: be relied upon to determine the duration of the
drying process.

12.2 Recommended Dxving Procedures:

. The safest method for determining the drying time of & hull ia to take a
plug sample from the hull. Cut a 1 =mm slice (transverse to the gel coat) from
- the sample and dry 1t at 100°F until a constant weight value is obtained.
This should “ake about 20 hours. Tc find the weight percent of water in the
laninate, use the follewing relationship:

Starting wt, - Dry wt,




X 100 = wt. percent water

starting wt.

It is importont thsat the core sample be sectioned as soon as it is cut. The 1
zm slice should be weighed and dried as soon as {t is ssctioned, otherwise
erroneous results will be obtained.

The edges of the core sample must be coated Ui:th 2 or 3 layers of an epoxy
to cut down edge losses. This sample should be held at the same conditions as
those to be used for hull drying. The hull sample should be weighed each day
until no more than 0.5 percent water remains in the hull sample. While a
totally dry hull would be ideal, the drying time would be so long that it
would be impractical. A safe level for repair is a maximum of 0.5 percent

water,
To find this target weight follow this procedure:

1. Weigh the plug sample (W,). A 2" plug should weigh about 30 grams. W,
= 30 gos.

2. Coat the edges with epoxy (e) and reweigh to get the weight of the
epoxy + plug. (W, + e = 30.3 gms).

3. Subtract to get the epoxy weight. (W , e) -W ~ ¥,
(Wy » 0.3 gms),

4. Multiply the plug weight by the percent of water (%w) found from the
slice drying experiment to find the weight of water in the plug sample
{V,). The percent of water should range from 0.6 percent to 6 percent
depending upon the condition of the hull. (w ' W, = W,. As an
example, & 30 gram plug, with 3 perrcent water will yield 0.9 grams of
vater. (.03) (30) = 0.9 grams water,.

-. Subtract this water weight, w,, from the weight of the plug (W,) to get
the weight of the dry hull material (Wp).
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(W, - ¥,) =W, or 30g - 0.9g = 29.1 gus,

6. Take 0.5 percent of this weight to find the amount of water which is
pernissible to be left in the hull (Wi,).
Wize = (¥p) * (0.58) (29.1) (.005) =~ .1455g.

7. Add this weight (V) to the dry weight (V;) and to the weight of the
epoxy to get the target drying weight for the core sample.

Target weight = Wy + Wy + W,
Target weight « (0.1455g) + (29.1g) + (0.3g) = 29.5455g

The epoxy edge-coated core sample, weighing 30.3 grams must be hald under the
hull drying conditions until it weighs 29.5455 grams.

This is & two sided drying condition. The plug is losing water from both
the gel cost side and the bilge side. The hull drving condiciong mgust
duplicate this. The bilge must be exposed to circulating and dehunidifying
conditions. '

12.3 Recommended Drving times:

For those repairers who do not wish to core the hull or for those who do
not have the analytical balances necessary to conduct the weighing
experiments, the following drying times are recommended based on our
experimental drying results. These recommendations are for fiberglass-
polyester hulls that do not contain wood or foam layers inside the hull. The
hull section must not be more than 1/2" thick. They are also for two sided
drying conditions, i.e. good circulation of dry air inside the bilge.

Dry the hull for 16 days at 100°F if the relative humidity of the air is
approximately 50 percent; or for 32 days at 83°F, or for 64 days at 65°F, or
for 128 days at 47°F. The following times can be used if the relative
hunidity is kept at 25 percent. Nine days of drying are needed at 100°F, 18
days at B83°F, 36 days at €5°F and 72 days at 47°F.
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The ahove are average figures expected to serve as a guideline for fiber
glass hulls with orthophthalic and isophthalic acid based resin matrix
paterials., The drying must be continuous at these conditicus and should not
be started until thorough washing and rinsing of the prepared surface has been
conmpleted.

13. IXypes of Coatings Investigated

A coating is a material applied over a substrate material to serve
aesthetic and/or protective purposes. Typlcally, a coating applied to a boat
hull must serve both these purposes.

To have aesthetic value, the coating must be (1) colorable in a wvide range
of colors, {2) have high gloss, (3) be durable under the conditions used, and
(4) be weather and UV resistant. In most cases, the coating sust also be
sasily applied and sconomical (6).

Of greatest importance to marine applications, the coating must protect
the fiberglass reinforced polyester substrate. To protect the substrate the
coating must have the following characteristics:

1. Toughness. The coating should "absorb™ some of the stresses imparted
to the laminate, therefore protecting the substrate from physical damage.

2. Durabilitv. It should maintain all its characteristics under the

" conditions of use for a reasonable amount of time. This includes color,
gloss, surface appearance, physical, chemical or mechanical properties.
It must not undexrgo physical or chemical breakdown such as cracking,

peeling or blistering.

3. Compatible Mechanical Properties. The costing must have adequate
strength and be compatible with the substrate. Matching of the modular of

c¢lasticity (E) of the coating and the gubstrate will minimize the stresses
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at tha Interface., For example, if the costing has a higher modulus of
elasticicy (E) than the substrate, then, under a given load, ths subscrate’
will deform more than the coating (see Fig. 36). Thiz will result in a
differencial stress st the interface of magnitude

—AE

E,E,

If the bond batween the coating and substrate {s poor, thiz may lesd to
peeling of the costing or coating blisters. However, if the bond is good,
this will lecad to the gensration of tensile stresses in the coatifxg which
»ay be relieved by cracking of tha coating.

If the modules of the coating Is less than that of the substrates (Cass 2)
then the reverse situstion will result. The magnitude of the stress at

the coating/éubstn,to Lniterface will atill be AE/E;E;. 1In this case the
coating will deform more than the substrate under a given 16ad. Agsin, if
the bond betwsen the two is poor, this may resuir in the coating debounding
from the aubﬁtrata. However, if the bond is sctrong, it will generate

tensile stresses in the substrate, below the interface. This could result

in erack formation, in the substrate.

4. Swelling and Thermal Expansion. Compatibility of these paramaters .
with the gubstrate is important to minimize stresses produced at the
coating/substrate interface. Just as & load can change the dimensions of

a material, heating or swelling can also change the volume of a matesrial. ,
Therefors, the thermal ccefficient and the swelling coefficient must also oy
be compatible. -

The anzlogy can be made to two different materials of different thermal
coefficients of expansion a (see Figure 37). At a given temperature, if

the coating has a lover thermal coefficient of expansion than the

substrate, this would be analogous to Case 1. However, if the substrata
has a lover thermal coefficient of expansion than the coating, the




stresses produced can be described by Case 2,

Differential swelling between the coating and substrate alsc leads to
interfacisl stressas. Every polynsr, depending on {ts composition and
moleculay structure, absorbs different amounts of water at different
rates. Each poiynut‘rasponds differently to different amounts of water by
swelling. This i{s shown in Figure 38. The slope of thzse lines can be
described as the "modulus of swelling” or "cosfficlent of swelling".

The stress produced, at the interface, betwssn tvo diffarent materisls, of
different "modull of swelling®”, cannot be described as simply as in the
other cases. Another paranester must be introduced. This ia water
concentration, *

Exposed under identical conditions, different polymers will sbsord
different amounts of water. I1f two polymers are put together, as a
toating over polyester resin, at squilibrium or non-equilibrium
conditions, there will be a step jump in the concentration of water at the
interface.

The way stresses can be produced at the interface can be suxmarized by the
three following situations using Figurs 38,

Case 1--The coating and the substrate, at the interface, have the same
concentrations of water (highly unlikely). The differential swelling
would be AI and the stress, as a result, would be proportional te Al

Case I1--The substrate contains less water than the coating at the
interface. The differential swelling at the interface would be AII, which
is also proportional to the stres=, This situation would lead to a larger
stress produced at the interface than in Case I.

Case 11I--The substrate contains more wvater than the coating at the

interface. This leads to a lower stress produced at the interface than in
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Case 1.

Case 111 ie most favorable, from this 1s can bs seen that 1f two materials
ars chosen very carefully, stresses due to differential swelling, can be
aininized significantly or elimirated coapletely.

If the coating swells less than the substrate then the stresses produced
at the interface can be described by Case 1. However, 1if it svells more
than the substrate then it would be analogous to Case 2.

This type of swelling appears to be very important in blistering. As the
coating tries to swell it is constrained by the interfacial bond. It
creates a surfzce waviness. Under the crests, a tensile field, normal to
the surface, can aid in initlating disk cracks and blisters just below the
interface.

5. Hydrelvtic Stabllity The coating must be stable in water in order for
it to be able to act as a barrier coat against water permeation into the
underlying laminate. Hydrolytic stability is largely governed by the
nusber of hydroxyl groups and ester linkages, in the puiymeric matrix,
that would be susceptible to attack by water (7). Coatings that are
hydrolytically more stable are less prons to degradation and hence will
serve more effectively in protecting the substrate., Water soluble
materials, undercure, stresses, and fillers play an important role as well
in water permeation and hydrolytic stability.

6. low Shrinkage op Curing. Shrinkage must be low in order to minimize

shrinkage stresses at the coating/substrate interface. Once a coating is
applied over the reinforced polyester resin substrate, some chemical
bonding begins to take place between the two., This sets the coating
essentiaily into place at this point. As the coating continues to cure or
dry it wants to shrink but it is partially constrained by the chomical
bond with the polyester resin. This constraint imposes a tensile stress,

in the cosating, above the interface. Shrinkage stresses may lead to
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microcrack formation in the coating.

All the properties discussed ars important in selecting a coating. The
ssjor interests of the study are the protective properties of the coating
agalnst water perasation and blistering.

It nust be notad that thermsl and water concentration gradients almost
alwvays exist through a laminate. This is pcri:iculnrly true for s boat
hull. The inside of the hull {s exposed to the bilge and sees different
tempersture and huzidity conditions than the ocutside eof hull which i3
exposed to water and the atmosphere. These gradients alone in & material

can cause sicrocracking or aid diffusion.

. »

13.1 dcomponents of a Coating

Coatings may be clear single phase materials or comprised of a continuous
phase and a discontinucus phase. All paints are two phase nmaterials. The
continuous phase is cowprised of a polymer or a binder that forms a continuous
film on curing by reacting with itself or by releasing a solvent or a diluent.
The filn forming polymer is what protects the substrate (6).

The solvent or diluent provide the means by which the coating is applied
(6). In some cases the solvent can be incorporated into the polymer film as
in the case of styrene in polyester resin.

The discontinuous phase includes additives such ar flowing agents,
catalysts etc.; primary pigments which are fine particulate organic or
inorganic compounds (they give opacity, color and anticorrosive properties to

the coating) and extenders which are coarse inorganic coazpounds that give the

coating opacity, sanding properties and they lower the cost of the coatings
significantly (6).
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13.2 gCuring of Coatings

Curing of a paint or & sclvent based coating takes place through
evaporation of the solvent. On drying, ths f£ilm converts from a low molecular
weight polymer to a highly crosslinked three dimensional network,

Cure of solventless coatings--such as epoxies, polyester resin, two-part
polyurethanes, etc., takes place through the reaction of constituents in the
film and is begun by the addition of a catalyst or a curing agent (6).

Solvent based coatings have the disadvantage that their early life
properties are determined by the presence of the solvant. These properties
inciude hardness, flexibility and water permeation (6). These properties
change as the last poertion of solvent is lost. The volume change, on setting,
of these coatings, is much greater than solventless coatings.

13.3 Coating Tvpes

Six different types of coatings have been selected for evaluation of their

resistance to water permeation, blistering, and hydrolysis. They are the
following:

1. polyester gel coat
2. epoxies
3. pelyursthane
phenolic resin spar varnish
5. alkyd enamel based bottom paints
" 6. antifouling paint.

A brief description of their properties and chemistry will be given below.
1. Polyester Gel Coats
I1f an organic acid {s reacted with an organic base an ester is formed. If

the reaction produces a chain molecule with many units joined at ester

linkages, the material is known as a polyester. A great degree of freedom is
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poxsible in foraming polyesters chains., MNany acids (orthophthalic,
fsophthalic, maleic, fumaric, etc.) snd glycols (OH containing organic bases),
with various hydrolytic properties, can also be used., If ths polyester is to
be used for making a gel coat or resin, the nusber of carbon double bonds,
f.e. the degree of unsaturation, can be varied. This controls many of the
resin’s properties. These double bonds resct with the styrene or other
monomers to crosslink the polyester liquid into a solid boat bullding
material. The rsaction is begpun by add{tion of catslyst to the resin.

If i{scphthalic scid is used rather than orthophthalic acid, the ester
linkage iz less susceptible to water sttack but it allows water to diffuse
sore rapidly. In making the rssins, ths dsgree of unreacted material and the
amount of fmpurities can have an important effect on the hydrolytic stability
of the resin. This can out weigh the effects of various chemicals used in
building the polyester chains.

A typical gel coat material has a thixotrope added, usually collofdal
silica, to prevent run-off of the material once it is sprayed onto the mold
surface. Extenders are added to some materials and these can effect water
absorption properties. 7To color the gel coat various pigments are added. Th:
finished product is then catalyzed and sprayed or rolled onto the surface to
form the outer surface of the boat hull.

2. Epoxies

In the marine industry today, epoxy based coating materials are widely
used and suggested for the repair of a blistered boat. Increased usage of
epoxies stems from their excellent properties. These {nclude outstanding
mechanical properties, toughness, rigidity, excellent chemical resistance,
particularly to alkalies (8), thermal and hydrolytic stability, relatively low

permeability to water, low shrinkage on curing (9) and good adhesion to a wide
variety of substrates (10),

=]
Epoxy resins are characterized by their epoxide groups F.-CH/ - \Cﬂz (9).
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Cure of epoxy resins usually takes place with ths addition of an amine based
curing adduct, wvhich s typically six weight percent of the spoxy resin (8).
Cure of the apoxy resin takss place through rsaction of amine groups with
terninal epoxide groups. The reaction is described as follows:

o .
e /N ch -
R-CH c Hz + an -k cga C32 NH (13.1)
The reaction between the two does not release sny volatiles or water (9).

A wide variety of epoxy resins and curing ageants are available and
therefore, following cure, epoxies with a broad range of properties can be
formulated. Epoxide groups, which are cheaically very inert, impart the
polymer with good chemical resistance. Aromatic groups in epoxy resin also
increase chemical resistance (9). Toughness comes from the wide spacing
between epoxide and hydroxyl groups and by lowering the degree of crosslinking
in the cured pelymer (9). Rigidity comes from aromatic groups crosslinking
{11). By replacing aromatic groups with aliphatic or cyclealiphatic groups
the flexibility of the cured polymer increases (10,11). Aromatic rings and
amide linkages give good thermal stability. Good adhesion comes from the
polar hydroxyl groups that aiways rexain, Finally, shrinkage during cure can
be reduced by lowering the croaslinking density (11). -

One disadvantage of epoxies is that during curing, in high humidity
conditions, a chemical blush forms on the surface (12). This is a sticky
tacky layer that can be removed esasily. Impurities such as water, organic
solvent and inorganic salt alter the curing and physical properties of
epoxies. Another disadvantage of epoxies is that they are difficult to work
with. Azmines are skin irritants. They must be handled with care and used
with adequate ventilation.

There are two types of epoxy based coatings. solvent and solventless.
Solventless epoxies are characterized by short pot life, 25 - 30 min, and high
viscosity (9). Usually a nonresctive diluent {3 used, such as pine oil,
dibutyl phthalate, xylene or a reactive diluent such as butyl glycidyl ether.
{8). 7Toc lengthen the pot life of these epoxies, a ketamine curing agent is
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‘sometimes used. Ketamines are formed by the reaction batwsen & polyanine and
a ketone solvent (8).

It solvent based coatings, cure takes plarce through evaporation of the

solvent. Typical solvents used are xylsne, sec-butanol or a mixture of the
tvo. {B).

-

Other additives can ba incorporated into epoxiexs such as coal tar pitch

‘ (8. Coal tar epoxiez are claioed to have axcellent chemical resistance low
permeability to water, good adhesion and high flexibilicy (8). Cosl tar
4 epoxies usually contain a lower moleculsr weight epoxy resin (8). Cure takes

place by addition of an amine curing agent. Many times, the coal tar pitch is
incorporated fnto the curing agent because, even though coal tar piteh is
¢“chnsidered unreactive, it nay contain phenolic hydroxyl groups that can react
with epoxide groups (8). Cosl tar epoxizs usually contain 60 to 65 percent
coal tar pitch (8). Higher contents of coal tar lead to coaﬁ.ngs of poorer
- chenical resistance (8).

2. Polyurethans

Pelyurethane based costings are accepted for their good chemical, solvent

i and abrasion resis:ince. excellent toughness and flexibility and good heat ard

. hydrolytic st:ghili.ty {13,14,15),

t o

Polyurethanes are identified by the urethane bond, NH -é'-o.

Polyurethane based coatings may contain other functional groups such as

. ssters, ethers, ureas, amides, epoxies ete,. Polyurethane is formed by
reaction of an polyisocyanste with a hydroxyl containing compound. The

. reaction is described as follows:

0
. 1 1
BRC - RTOH - RNHCOOR™.

Commercially available polyurethanes contain about 10 percent di. or
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polyisocyantes and di - or polyhydroxyl compounds (17).

R and R! groups can be chosen to tailor filss with variasble properties.
B! groups based on terephthslic and phthalic acid give harder coatings (18).
Aromatic polyurcthanes have tendencies of yellowing in sunlight, while thoss
nade with aliphatic polyisocyenates do not. They also have better resistance
to hydrolysis and hest degradation (19). .

Polyurethanes are classified into six basic categories sccording to the
curing mechanism (20). Four of the six classes are one part polyurethanes.
The cors of type ons polyurethanes is bassd on drying oils. Type two is based
on & mcisturs cure. Type three curs only takes place at slavatad teaparsturss
and type six curing is based on prehsated urethane polymers. For types four
and five cure takes place through the addition of a curing agent. For a type
four polyurethane, the base is an isocyanate terminated polymer and the curing
agent ig a 3di or polyfunctional hydroxyl containing compound. For a type five
polyurethane. the base is a hydroxyl terminated polymer and the curing agent
is & di or polyfunctional isocyanate containing cowpound. Type five
polyurethanes are most commonly used for marine applications because they have
the best moisture barrier properties. (R).

Like epoxies, polyurethanes are also skin irritants and must be handled
with care and used with adequate ventiiation.

4. Phenolic Resin Spar Varnish

Phenolic resin based spar varnishes are claimed to have very high
resistance to water and alkalias. On curing they forwm very hard glossy films
(21). One disadvantage of these coatings is that they yellow with exposure to
sunlight (22). Incorporation of other resins can lead to more flexible
coatings that are less susceptible to discoloration (23).

Phenolic resins are produced by reacting phenol with formaldehyde in
coebination with other vesins (24). A drying oll is used to dilute the resin
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30 it can be applied and cured, Modiffed wood or linsesd oils give high
resistance to water and are used in varnighez. For marine application, the
re- xin is modified rosin oil and the diluent is aromatic or whice spicits

(24).

Thers are two basic types of phenolic resins, novalacs and resoles.
Rovalacs are thermoplastics. For novalaks, the phenol used is substituted on
the pars position by alkyl groups. Rescles, on the other hand, are thermo-
setting. The phenol is substituted in both the ortho and para positions and
therefore resoles are more crosslinked than novalacs, Resoles sre used in
varnish paint formulations. (26},

5. Alkyd Enamels

Alkyd resins or snamels ars formed from polyesters dexived from vegetable
ol triglycerides or polyols such as glycerol and dibasic acids or their
anhydrides, such as phthalic anhydride or orthophthalic acid (27). An oil or
oil derived fatty acid is chemically combined into the polyesater structure
{28). The oll length is characterized as short, wedium or long, depending on
the moleculaxr welight (29). Long and medium length olls ars used in the marine
industry bescause they give more durable, tougher and bettar moisture resistant
films (30). Aromatic acids such as phthalic or meleic anhydride make the
coatings wore flexible. Isophthalic acids givo mers harder and durable filns

and better drying characteristics (24).

Cure of alkyd enamels takes place through evaporstion of the solvent phase
which is typically white spirits or some othar aromatic solvent (32).

Disadvantages to alkyd enamels are that they absotb apprecisble amounts of
water. This results in significant swelling of the coating which may lead to
coating blisters (33). An important new class of alkyd enamels are blends
which contain some amount of urethane and/ox silicone to give improved

properties.
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§. Antifouling Paint

Antifouling paints are applied to the bottom of a boat hull to prevent
attackment of marine organisms and plants such as seaveed. Fouling on & hull
significantly incrsases drag on the boat and hence fuel consumption. In some
cases, fuel consumption may be increased as much as 30 percent (34).

Antifouling paints are comprised of a 3o1ub1; phase and an insoluble
matrix. The insoluble constituent wmay be an, epoxy, vinyl, alkyd or phenolic
resin. The soluble component is what prevents fouling. Popular antifoulants
are cuprous oxide, which may be as much ag 75 percent of the paint, and
tributyl tin (35),

The antifoulant dissolves sway at a particular rate which i{s usually
logarithnic., A typical rate for cuprous oxide iz 10 wg of Cu/Cum®-day (36).
Because part of the coating dissolves away it must be reapplied periodically.

Recent findings suggest that tributyl tin (T.B.T.) may be & dangerous
pollutant which is incorporated in the food chain by shell-fish. As a result
it has Deen banned in certain areas.

While there are many other types of coatings, our experiments were limited
to thess materials since they are commercially available for use in the narine
industry,

14. Pexformance of Repair Coatings

The performance of various coatings as potential repair materials for boat
hulls were evaluated for three different situations:

1. Coatings were applied over the gel coat of a new laminate. The objective
of this is to see if s coating on a new boat hull will delay or prevent the
onset of blisters, The test also served to evaluate the effectiveness of a
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coating materisl as compared to an equal thickness of gel coat. (Sample
sexries 201)

2. Coatings wers used {n place of a gel coat. They were applied cover a new
laninate as a substitute for a gel coat. This 1s to determine the
pexrformance of a coating in place of s gel coat. (Sample series 202)

3. Costings were applied over blistered samples after removal of the gel coat
and various repair procsdures. This iz to determine the perfermance of the
coatings as repair materials. (Sample series 200)

For all testz, the samples used were from the very large panel with an
orthophthalic acid based gel coat and laminating resin discussed in Section
nine. Some of the samples used in the experiment, discusged in section nine,

were used to evaluate the coatings as repair materials.

One other set of samples was used to help evaluate repair materials and
techniques. These samples came from a severely blistered boat donated to us
by a boat manufacturer. The boat hull was cut into 4" x 4" test samples.
{Sanple series 203)

14.1 Coating Procedures

Eleven different coatings were evaluated. All are commercially available

and are recommended for use in & marine envirenment. These are:

alkyd enamel based bottom paint
urethane-silicone-alkyd blend based bottom paint
silicone-alkyd enamsl based bottom paint
phenolic resin based spar varnish

cuprous oxide-epoxy based antifouling paint
two-part polyurethane blend

urethane-epoxy blend

two-part, system - penetrating epoxy and overcoat filled epoxy
high solids content epoxy

penetrating epoxy

coal tar pitch based epoxy
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Table 5 sumnarizes the coating number designation, typs of coating, method
of application, total number of coats, preparation between coats, cure time
between coats and minimum cure tise before wvater imwersion. All sonufacturers
procedures were followed for all sanmples sets, except for tha 202 seriss of
samples, vhers double the recommended number of coats were usad. For sanplas
series 200, 201 and 202, each sample vwill be labelled using the cecating nunmber
designation and a letter a - d which designates samples within s particular
coating set. Coating number 12 means gel coat only, no coating.

14.2 Series 201 - Coating Ovexr a Gel Coat of a New Laminate

Forty-six samples, chosen randomly among over 200 ortho/ocrthe samples,

- produced by & local boat manufacturer, wers used for the séudy. Four samples

were tested per coating type.

Prior to coating, the gel coat was scrubbed with soap and water to remove
sawing debris followed by a manufacturers’ recommended pre-coating solvent
wash in order to remove waxes and oils, sanded with B0 grit sandpaper and
again scrubbed with soap and water and washed with the solvent, The samples
were dried thoroughly before coating.

The total wet cocating thicknesses were targeted to 10 mils. A wmil gauge
vas used. Procedures listed in Table 5 were followed for each coating.

All sanples were monitored for blister initiation time, blister severity,
coating blisters, deterjoration, as well as for any other notable change., Two
sanples from each coating set were immersed in distilled water at 65 °C. The
other two from each set were exposed to 65°C water, on the coating side only,
for a pericd time and then totally immersed in water at 65°C. These samples
were weighed periodically to analyze differences in weight gain of the samples
apong the different coatings.

Upon completion of experimentation, coating and gel coat thicknesses were

weasured from 2 secction of each of the samples. Blisters were punctuated
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randonly to measure blister fluid pH using pH paper. For a selected get of
sanples, thin cross-sections were made using a diamond saw, later to be used
for microscopic observations.

14.3 Results fyxopm Sexies 201

Results for series 201 are summarized in Table €. The table presenty gel
coat and coating thickness, blister initiation time, blister density and
severity {taken at monthly intervals), total immersion time in water at 65°C
and bilister fluid pH. Those samples that were exposed to one sided immersion
for a period of time are designated with a star next to the sample number.

All gsample designated with the letter "d" from each coating set, and sample
12 b, had blister initiation times that fell far below any of the others in
the set. These samples were exposed to water on one side for a period of time
but vere weighted very frequently. Repeated heating and cooling, repeated
drying and wetting and repeated bending may produce surface microcracks. This
will speed up the blister initiation time. For this reason these samples will
not be used tc evaluate the coatings.

In order to determine which coating delays the onset of blistering best,
the data must be normalized to gel coat and coating thicknesses. Generally,
the thicker the total coating the greater the blister initiation time.
Without normalizing to thickness a sensible comparison cannot be made among
the coatings. Although the wet coating thickness was targeted to 10 mils, on
curing, each coating shrunk by a different amount. Also, variations in gel
coat thicknesses for these samples, as discussed in Section 9 played a major
role on blister initiation times.

Fig. 39 shows, for samples a-c of each coating, the average blister
initistion time vs the average combined gel coat and coating thicknesses (Line
one). It can be seen that there is a general trend of increasing blister
inftiation time with increased total coating thickness., Line two represents

blister initiation time vs gel coat thickness for samples tazken from the large
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ortho/ortho panel {see Fig. 21). Hicroscopic observation from series 201,
show that the dapth of the blister position is more or less identical for
thoss saxples vithout coating,

Hoest importantly, figure 39 shows that if the coabinsd coating and gel coat
thickness had all been gel coat, the blister initiation time would have bean
sooner. Only samples with coating 10 do not shov this. The added protection
2 coating gives must therefore be the differsnce batween the point the coating
represents on Line 2 in Figure 39, and the point of equivalent gel coat
thickness on Line 1.

Table seven summarizes for each coating, samples a - ¢, the average
coubined gel coat and coating thickness, :vtzag§ blister initiation time,
blister initiation tine for equivalent gel coat thickness, using equation 9.1,
hours of added protection (blister initiation time minus the calculated time
using equation 9.1) and relative rating of the coating (1 (best) - 12
{worst)). ’

In general, for equivalent thickness of coating, coatings 1, 2, 3, 6, and
11, all giving about the same added protection, performed best and coatings 7
and 9, both about the same, gave the poorest added protection. Coating 10 is
difficult to evaluate since it washes sway with time. No negative effects

were apparent.

Microscopic observations from a selected group of samples from each coating
set, except coating 7, show that the susceptible site for blister formation is
near the chop/veil reinforced zones interface, in the veil zone or at the
veil/roving interface. This is approximately 2 mm below the bottom of the gel
coat or 3 -4 mr from the back side of the sample. This i3 described in
Section 9. It is clear that coating over a gel coat, with these coatings,
does not alter the blister position. Samples with coating 7 developed some
blisters in the typically susceptibls zone, but predominantly in the chopper
glass reinforced zone, just beneath the gel coat. Results from samples series
200 and 202 indicate that some species (s) in the urethane-epoxy blend based

69




Table 7

Coating Average Average Blister Hours of Rating of
Rumber Coating Blister initation added . coating
Thickness Initiation tine for protection
{gel coat Tine g2l coat {hrs)
- & coating) {hrs) of Equiv-
{mils) elent
. . Thickness
{hrs)
1 27.9 2290.3 1305.6 984.7 p-
2 24.8 2334.2 381.1 13531 1
3 26.4 2342.3 11451 J1197.3 2
4 26.7 1769.8 1179.2 5%0.6 8
5 28.2 1958.3 1333.0 625.3 7
& 38.1 3525.8 2351.0 1176.8 3
7 31.4 1909.3 1660.9 284 10
8 34.3 2625.2 1958.2 667.0 6
9 37.5 2610.5 2289.5 21.0 9
10 32.4 1600.3 1763.4 -163.1 12
11 34.1 2946.3 19461.1 1005.2 4
gel coat 24.9 976.7 870.7 0 1}




coating, diffuses through the gel coat, ints the laninate, interacting with
sose leachable constituent in the laninate, toc maks the zons highly
suscepiible to blistering. This interaction sost likely forms some water
soluble material. The pH of all blister fluld was between 3 and 3.5 which is

typlcal.

. Microscopic observations of thin cross-sections showed that ths
polyester/coating bond was good with all coatings except with antifouling

- paint (coating 10} and coal tar epoxy (coating 9). Costing blisters formed,

to some extent {n all coatings, sxcept coatings 7 and 10, epoxy-urethane blend
and antifouling paint, respsctively. The most extensive coating blisters
occurrad with solvent based coatings which commonly form costing blisters.
These include bottom paints {(costinge 1, 2 and &), sarine phanclic spar

¢ ¥rrnish (costing 3) and cosl tar epoxy. Coating 3 only forsed a fav tiny
coating blistsrs. It did, however, show extsnsive detarioration. Coating 10,
antifouling paint, also dagraded after s period of time. This, howaver, is
the property of an antifoulant paint. Coatings 5, 6, 8 aud 1l developsd soms
swelling blisters and coating blisters but not very extensively. In soms
cases what sppsared to be coating blisters at first, such as in coating 8,
were found to be svelling blisters (See section 10 later).

Debris, left over from sanding beatween coats, results in bad adhesion
batween the coats and may lead to coating blistars. Despite the effort to
clean the surface after sanding, a substantial smount of debris remained.

This is best seen with the clear coatings. Figure 40 shows & photomicrograph

of the debris betwsen coats of coating 11. Dsbris between coats wvas also seen

in coating 8 and the primer coating of coating 6. The debris, however,

appearsd not to alter the bond between the coats. The particles appear to be
. wetted very wall by the coating. ’

Intsrestingly, disk cracks formed in coating 11, a penstrating opoxy.
Thase say have besn the causs of the coating blisters formed in this costing.
Under crossed polarized light, {t can be seen that there is & high amount
stress in the cured costing. This may have led to the disk cracking,
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Figure 40.

Photomicrograph Showing Debris Between Coats of Coating 11.



Shrinkage during cure, as well as to a lesser degree, swelling as a result of
water permeation, ars the probable causes.

. g e

Particularly with solvent based coatings, the coating blisters grow very
o large and eventually break open. This, eventuaily, can lead to the
- deterioration and peeling off of the coatings. Surprisingly, no negative

X effects on blister resistance were seen that couvld be attributed to coating
breakdown.

. ]
! 14.4 Series 202 - Coating in Place of a Gel Coat
|

Thirty-three samples were chosen randomly from the large orthophthalic acid
¢_' : based gel coat and laninating resin panel described previously. The gel coat
' wvas removed using & disk sander. The samples were scrubbed with water to
remove any sanding debris. They were dried at ambient room conditions.

Coatings were applied following the procedurss listed in Table 5 for each
0 - coating. However, in order to coupare the performance of a coating to that of
) . s gel coet, & 20 mil wet costing thickness was desired. For this reason,
double the manufacturer recommended number of coats were applied. The
thickness of each ccat was measured using a mil gauge. When using paints, the
total dry thickness was considerably below a gel coat thickness.

All samples were totally immersed in 65°C water and monitored for blister
. initiation time, blister severity, coating blisters, deterioration, etc,,
Once testing had been completed the dry coating thickness was measured for
each of the samples. Blister fluid pH was measured. Thin cross-sectiong were
b mede from a selected group of samples for use in microscopic studies.

Results from Serjes 202
1 ]

i Pasults for ssriesz 202 samples are presented in table 8.
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In order to make a comparison for blister resistance among the coatings and
to compars thesm to a gel coat, once again the blister initiation tines wust be
normalized to coating thickness. Although the wet coating thickness was
targeted to 20 wils, shrinkage during curs varied significantly among the
costings and created substantial variations in dry ceating thiskness,

The average blister initistion time vi the average coating thickness, for
sach of the coatings, 1s shown in Figure 41, The average was taken for the
three samples ussd to test sach coating.

A difficulty cthat arises for this series iz hov te normslize the data.
Rornalizing the data using equation 9.1 becowes meaningless in the sboence of
the gel coat, Nicroicoplc obassrvations of thin cross-sections show that, for
sasmples with coatings 6, 7, 8 and 11, the blisters are situated {n tha choppar
glass reinforcsd zone, closer to the coating/laminate interface and with
coating saven they are almost at the coating interface. Samplek with costings
1, 2, 3, 4, 5 and 9 have blisters positvionsd in the typlaal place for samples
from this test panel closs to the chop/veil interface, Because of sanding
approxinately 1 ma of the chopped glass rainforced zone was removed, As a
result all blisters bacoms closer to the coating. This reduces the distance
the permsating water must travel to sites susceptidble to blistering. For this
veason equation 9.1 can no longar be used to normalize the coating thickness.
Fast dats, howsver, has shown that, with blisters found just beneath ths gel
coat, near the gel coat/resin interface, that if che gel coat thickness {s
doubled, the blister initiation time rougi.iy doublas. Because thess blisters
are positioned close to the coating/laminate interface, this assuption will
be used for series 202 samples.

Point 1, from figure 21, is the blister initiation time for a blistur
positioned just beneath the gel coat. Using the above assusption, the
relationship between blister initistion time and gel coast thickness becomes
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Blister initiation time = 24.3 % gel coat thickness (14.1). This is
plotted as line 1 on Figure 41,

Table 9 presents the average coating thickness, average blister initiation
time, blister initiation time for equivalent gel cost thickness, using
equation 14.1, added protection and relative rating of coating (1 best -11
worst).

- - -

Coatings 3, 4, 5 and 6, per squivalent thickness of gel coat, provided
i added protection against the onset of blistering. All other coatings gave
lens protectlion than a gel coat of squivalent thickness., It should be notad
tﬁ that samples with coatings 1, 2, 3, 6 and 11 are plus or ainus one hundred
hours of blister initiation time for gel coat of equivalant coating thickness.
‘ ‘”ﬁﬁona coatings can be assumed to perform comparsbly to a gel coat of

]

- squivalent thickness. Significant protection against dblistering was lest with
’: coatings 7 and 8. On the other hand, coating 4, an urethane-sgilicone-alkyd

based bottom paint, showed suparb protective properties against the formation
~ of sub-coating blisters. Coating 5 also gave enhanced added protection.

- In this experiment it was veary difficult to differentiate coating blisters
and swelling blisters from sub-coating blisters. Many times the only way to
differsntiate the three is by cross-sectioning and examining the sample under

% 8 microscope.

Following cross-sectioning of sauples with coating 5, those that appeared
to be blisters were found to have swollen zones. These swollen zcones appear
as lines which follow glass fibers when viewed from the surface. One reason
for this may be due to polyurethane wetting the loose glass fibers on the
surface. As water permeates into the polyurethane coating it swells. This
includes any polyurethane surrounding glass fibers. As it swells, it pushes
the glass fibers in the bundle apart. This was observed on samples with
coating 1 as well, bdut to a much lesser extent. Fortunately these foxmed at a
later date than sub-coating blisters. Another possible cause for the
formation of thisg type of awelling blistars may be that something on the glass
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Table 9.

oy

i Coating Average Average Blister Hours of Rating of
Number Coating Blister Init, time Addad Coating
Thickness Initiation for gel Protection
ul (mils) Time coat df {hrs)
{hrs) equivalent
. thickness
(hrs)

l 1 6.8 86.2 166.0 -79.8 7
2 6.9 58.0 167.7 -109.7 8
3. 5.4 179.0 132.0 41.0 4
4 6.7 1306.0 162.8 1143.2 2
5 ) 9.7 303.5 235.7 268.0 3
6 25.9 663.3 628.8 34.5 5
7 12.4 23.2 302.6 -280.3 10
8 25.6 463.8 622.9 -159.1 9
9 21.3 .- --- nen 1
11 23.3 543.5 564.6 -21.1 6
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fiber reacts with the polyurethane and causes it to swell with water.

Microscoplic cross-sections showed that blister inftiation tismes, for
saxples vith coating 6, an epoxy, wers found to be for swelling blisters.
Vhat wers bslisved to be blisters in samples with coal tar epoxy, coating 9,
later were found to be coating blisters. Sub-coating blisters, that formed
never developed enough osmotic pressure to cause the sample to bulge outward.
Quite a fev svelliing blisters formed in coating 8 that were raported to be
blisters.

In some cases there is & question of whether the blister initiation times
reported are for sub-coating or swelling and/or coating blisters. All blister
initiation times were corrected except for samples with coating 9 where it was
not possible. These blisters never developed enough osmotic pressure to bulge
outward.

Samples with alkyd or alkyd containing bottem paints, coatings 1, 2 and 4,
performed surprisingly well vhen normalized to thickness. Blister severity
vas much less than with coatings 6.7.8 and 11. Coating 4, a urethane-
silicone-alkyd blend performed especially well, Alkyd enamels have been
suggested to have poor resistance to water permeation, swelling and coating
blister formation. These samples formed coating blisters in a short period of
time. With seme of thess coatings, many coating blisters grew so large that
they burst. As a result it would be anticipated that the coating would lose
its protective properties. All blisters formed at or near the chop/veil
interface. Most did not develop enough osmotic pressure to produce a bump on
the sazple surfacc. The reasons that can be given to explain the performance
of these alkyd type based coatings are: (1) leaching of water soluble
material, (2) stresses produced at the coating/substrate interface were less
and (3) some chemical reaction or interreaction between some constituent in

the coating with the polyester resin and/or glass.

The coating, while reducing the rate of water permeation into the hull,

&leo does not allow the leaching of water scluble materisal sut. Once the




coating breaks down leaching becomes permissible. Low molecular weight
material is necessary for blister and diszk crack formation. Disk cracks,
however, promote water soluble material leaching. Disk crack and blister
formation must precede any substantial leaching and therefore this must be
ruled out as one possible explanation.

Microscopic observations of samples with coatings 1, 2 and 4 show no
birefringence or stress near the coating/laminate interface. These coatings
bond very well to polyester rssin, but not to exposed glass fibers. This was
the cause of the costing blisters that formed at the interface.

It nusgt therefore be concluded that some chemical interaction or reaction
occurred between some constituents(s) in the bottom paint and something in the
laminate to reduce the rate of water permeation into the hull and/exr to tie up
low molecular weight species.

Coating 3, phenolic resin based spar varnish, performed in a similar manner
as the bottom paints except that not very many coating blisters developed.
However, after a period of time the coating began to degrade.

The polyurethane based coating performed very well., A few blisters formed
near the chop/veil interface. None of the blisters generated enough osmotic
pressure to cause a bulge on the surface. The surface was, however, covered
with a glass pattern that appeared to be swollen zones that follow glass
fibers. Very few coating blisters were present. Sone did occur at the
interface because the polyurethane does not bond well to glass fibers that are
exposed on the gurface. Except for the epoxies, this coating maintained its
surface appearance best and underwent the least, if any, amount of
degradation.

Mixed results were obtained with the various npoxios tested. Coatings &
and 11 gave protection against blistering that is comparable to a gel coat of
equivalent thickness. Protection agsinst blister initiation was lost with

coatings 7 and 8. Since the blisters produced in samples with coating 9 never
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developed enough osmotic pressure to produce a bump on the surface, blister
initiation times could not be obtained. The blisters occurred near the chop/
veil interface. Many large coating blisters formed and collapsed. This
coating absorbs an apprecisble amount of water. Water can be squsezed out of
the coal tar epoxy. But overall, tha coating’s protective properties appear
to bs good. .

Sazples with coatings 6, 7, 8 and 11 show a shift in blister pesition.
From predominantly being near the chop/veil interface, usually in the veil
reinforced zone, the blisters shifted to the chopper glass reinforced zone,
close to the coating/laminate interface. Blisters in samples with coating 7
almost formed right at the interface. Several reasons can be hypothesized to
sxplain the performance of these coating:

1. Stresses--Epoxy coatings bond excellently to both polyester resin and glass
fibers. Samples with coating 11 appeared to be slightly stressed, when
viewed under cross-polarized light, in the chopper glass reinforced zone,
Just beneath the coating. A substantial amount of stress was present in
the coating. Differential swelling, with water absorption, between the
#poxy and polyester could increase the stress further at the interface.
Stresses can be ruled out as the cause of blistering given the following
three reasons: One, samples with coating 11 in series 200 show similar
stresses at the coating/substrate interface, but the blisters are -
positioned at the chop/veil interface. Two, coating 1l was poured over s
thin polyester film. Following cure mo shrinkage stresses were evident.
1f such stress had been present it would have caused the sample to bow.
Finally, three, no stresses were seen at or near the coating substrate
interface with any of the other coatings.

The degree of str2ss in the coating appears to be a function of the
nuzber of coats applied. The stress produced is far greater in samples
202-11A-11C, vwhere 6 coats were applisd., Once exposed to water, these
stresses are significant to cause disk cracking in the coating. This would

alter the protective properties of the coating. Other coatings could not
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be evaluated for stresses because of the presence of filler. Fillers may
in fact act as reinforcement and may prevent disk cracking.

Epoxy/polyester resin interaction. Samples with coating 6, 8 and 11 formed
a brownish discolored zone, just bensath the coating, in the chopper glass
reinforced zone, approximately 1 mm thick. This rone discolors after
approximately one week of exposure to water at €5°C. This i{s believed to
be a result of some constituent in the spoxy besed coating diffusing into
the polyester resin., Once it interacts with water, a brownish
discoloration results. Microscopic examination, under cross polarized
light, showed no gtresses related to this diffusional layer. Stresses
would be a result of swelling. Ko evidence of a diffusional layer was
present in samples that had never seen vater. Blisters developed near the
brownish discolored zone and the unaffected zone interface. It {s not
fully clear at this time if there i{s a connection between the two. In any
event, samples with identical coatings in series 200 formed bligters near
the chop/veil interface where this sage phenomenon was seen. It should be
noted that because of the amount of material removed in the repair process,
the discolored zone often extended to the chop/veil interface. It iz not
known how this diffusional layer affects wvater permeation into the
larinate.

Low molecular weight paterisl. The final explanation for the change in
blister position is the following. Whatever diffuses into the polyester

rasin, from the uncured epoxy coating, is a source of low molecular weight
or it interacts with something in the resin or on the glass fibers to
become a source of water soluble material(s).

No diffusional layer developed in samples with coating 7, a urethane-
spoxy blend. Blisters were positioned virtually at the coating/laminate
interface and initiated overnight on all six samples. After approximately
one week of axposure to §5°C water, the entire surface was covered with
large blisters. The epoxy blend bonded excellently to both the polysster
resin and glass fibers. No stresses were evident. Agaiu, in sanples with
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this coating {un seriss 200 blisters formed near the chop/veil interface.
Sample zeries 200 were subject to a significant amount of leaching before
coating. It {s strongly beslieved that some constituent diffuses into the
polyester resin and interacts with a leachable constituent(s) to create a
zone that is highly concentrated in vater soluble material. The pH of
blister fluid wvas measured between 4.5 and 5.0 with coating 7. All other
samples in this series had blister fluid pH’'s petween 3 and 3.5.

14.5 Sample Series 200 - Coatings used as Repair Materisls

Sanple preparation techniques for samples from series 200 are discussed in
Section 15, Evaluation of Repair Techniques. All samples that were used to
CSoaluate coating materials had the gel coat removed by disk sanding. Prior to
sanding, all blisters vere circled and traced onto a 4" X 4" plece of tracing
paper in order to see if blisters will reoccur in those areas once repaired.

They were then scrubbed with a stiff brush and water and then immersed in

 distilled water at room temperature for one week. Each day the samples were
scrubbed, the distilled water was replaced and the samples wvere re-immersed.
The samples were dried in a circulating oven, at 65°C, till constant weight
readings were obtained.

All sanples were coated using the procedures described in Table 5. In
addition, three setz of samples vere set aside to study the effects of various
fillers on blistering. These fillers are commonly used in puttying and
fairing compounds. Those tested were phenolic microballcons, glass
microspheres and fumed gilica. 22.2 percent by volume of filler was added to
coating number 11. Otherwise, all manufacturers récomnended procedures were

followed. Results for the fillers are reported in section 15 which discusses
the evsluation of repair techniques.

All sanples were immersed in distilled water ar 65°C and were sonitored
periodically for blister initiation, severity and any other notable changes.

Folloving experimentation, the blistars were circled and traced onto the




{dentical piece of tracing paper to determine if the blisters formed in
previously blistered zones. Coating thickness was measured from a section of
sach of the sanples. Blister fluid pH was measursd. A selected group of
samples were cross-sectioned using a diamond saw later to be used for
microscopic exanination.

14.6 Results frop Series 200 .

The results for samples used to evaluate coating materials from Series 200
are given in Table 10. Table 11 presents average costing thickness, average
blister initiation time and average blister protection per coating thickness.

By tracing blisters prior and after repair, it wius found that on all the
sazples, some blisters did reoccur in previously biistered zones, particularly
where large blisters wers present befors repair. Bscauss wost of the blisters
wers positionsd 2mm below the gel coat, during sanding, unless it was known
that a blister was there, sons blisters could be easily miszed, Following
repair, once water reaches the blistered site, osmosis will begin again.
Similarly, if all the danaged material is not removed entirely, blistars will
begin at that site. It is not known if those blisters that initiated first
are those that formed in previously blistered zones. Also, during the sanding
process, blister fluid sweared many times over the entire sample. If the
surface i{s not properly washed off blisters can develop in that area.

Therefore, it is the job of the coating to retard vater permeation into the

“hull and hence to delay the initiation or further growth of blisters.

Prior to repair, all samples from series 200 were exposed to distilled
wvater, at 65°C, for approximately 1896 -5135 hours, which is equivalent to 3.6-
9.7 years of exposure to water at 25°C {assuming that with every 10°C, the
rate of reaction roughly doubles). This was done to create the blister
condition desired for repair. Following testing or the repair samples, they
were immersed a total of 24B84-68644 houvs st 65°C or an equivalent of 4.5-12.6
years at 25°C.
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i Tedle 11
Coating Average Average Blister Protection
‘ Runber Coating Initiation Against
Thickness Tinme (hrs) Blistering per
{mils) Coating
. . Thickness
- {hrs/mil)
v 1 4.4 193.0 43.6
. 4.4 0.3 13.8
3 3.5 962.0 173.6
¢ & 5.5 650.0 118.4
: 5 5.6 446.3 7%9.4
6 4.4 7982.0 55.0
7 8.8 240.7 27.4
8 15.4 703.5 45.7
g 11.7 “e -
i1 10.9 643.7 58.9




Excluding the rhopper glass reinforced zones. these samples are severely
disk cracked from the veil mat reinforced zone to the back side of the sample.,
Susceptibility of this zone to blistering is discussed in Ssction 9. Disk
cracks provide a pateway for low molecular weight species to leach out.
Leaching does take place without disk cracking but the process is extremely
slow.

Because of the long time the samples wers exposed to water, it is believed
that a significant amount of leaching had taken place. A reduction in tha
availability of water soluble constituents could lengthen the time for
blisters to initiate, reduce severity and reduce the rate of blister growth.
Even though roughly half the coating thickness applied in series 202 was used

in series 200, generally speaking, the bliaster initiation times were increased
in series 200.

Microscopic observations show that all blisters are positioned near the
chop/veil interface. This is where most all blisters were poslfioned prior to
vepair. Because variable amounts of laminate wers 2round off across a sample
in order to remove all damaged macerial, the chop/veil zons becomes located at
variable distances from the coating. This affects blister initiation times,
This is one reason why the performance of the coatings cannot be coumpared to
that of a gel coat.

As expected, there is a general increase in biister initiation time with
increasing coating thickness. Samples with coatings 3 and 4, phenolic spar
varnish and urethane-silicone-alkyd blend bottom paint, respectively, gave the
best added protection against blistering per mil thickness of coating. The
worst protection per thickness is given by coatings 2, silicone alkyd enamel
and 7, urethane-epoxy blend based coating. Again, coating 9 could not be
evaluated since large coating blisters formed on the surface, but no sub-
coating blisters were observed. Blisters were only found following cross-
sectioning. Coating 2 performed as well as a gel coat in series 202 and
better than a gel coat in series 201. The reason for its poor performance in
this series is not kncwn. The types of hull damage produced in samples with
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coatings 1, 2, 3, 4, 5 and 9 wers predominantly blisters that were in the form
of osmotic cracks. Most mever develepsd enough osmotic pressure to create a
visible bunp on tha surface. They wsre fever in quantity and smaller in size
than those produced with coating 6, 7, 8 and 11. These blisters appear
{dentical to or slightly wvorss than those produced with new gel coated
samples. The blisters bulge outward and are large. This signifies that a
substantial amount of osmotic pressure £» being generated.

A very thin brown diffusional layer formed beneath coating 9, while &
fairly thick layer, approximately lum, formed {n szmples with coatings 6, 8
and 11. NMost all blisters were adjacent to or in the brown diffusional layer
and vere near the chop/veil interface. .

Blisters in samples with coating 7 were positioned near the chop/vell
interface. To the contrary, samples costed with coating 7 in series 202
formed blisters almost at the coating/substrate interface. This signifies
that sone interaction of the laminate with some diffusing species from the
uncured epoxy gensrates osmotic centers.

Severe coating blisters occurred in coating 2, to & lesser degree in
coatings 4 and 9 and very few were szeen in coatings 1, 3 and 11. Swelling
blisters were found in coatings 5, 6 and 8., No defects were found in coating
7. In some cases, coating and swelling blisters were mistaken for sub-coating
blisters when reporting blister init{ation times and severity. All data was
corrected, except for coating 9 results where it was not feasible. During
testing, no blisters were visible in the three samples.

Basically two types of coating-blisters were found--those produced at the
coating/substrate interface and those produced between con:s.: Those formed at

the interface are a result of a poor bond between the coating and substrate.
With coatings 1, 2, 3, 4 and 5, they appear to be a result of a poor bond with
glass fibers. All epoxies bonded very well to glass. All of the coatings,
sxcept coating 9, formed an excellent bond with polyester resin. Coating 9
fell off during machining, indicating a fairiy weak bond.




P L

J The procedursas used are idanticel to those followed for the avaluation of
rvepaiy material for series 200,

Resulus

Initially, an attempt was made to make a record of all bllsters, prioy to
¢ ehpalr, by tracing them onto & 4% X 4" plece of tracing paper. But since the
sntire boat hull panels were blistered, it was felt that no information would
be gained by tracing the blistars.

No blisters ever formed in the coated samples, Inicially it was thought
that blisters vere prasent in those sasples with coating 6. Following
alcroscopic examination, these were found to be awelling blisters. In all
coatings, sxcapt coating 7, awalling and/oxr coating blimters wers preassnt to
some axtent.

] The reason for the absence of blisters {» attributed to a substantial

leaching of low molecular weight material from the laminate. The boat panels

vers substantially blistered upon recaival, However, because all blisters had

dried out and collapsed, the boat hull, after it was cut into small panels was

immersad in 65°C water in order for tha blister cavities to refill with fluid

once again. The panels were soaked for & long period of time. During this

period, mors blisters developed and most blisters cracked open, Eventually

. the entire gel coat was cracked. This allowed all blister fluid, concentrated
in low molecular weight constitusnts, to flow out snd leaching from the

! surrounding resin to bacoms mors rapid. During the repalr process, the

sampies were soaked and pericdically serubbed in distilled vater for one week,
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thus allowing further leaching to take place.

It can be concluded from this study that leaching is & very fuwportant
phenomsnon. Once low molecular weight constituants are removed from a boat
hull 4t will not disk crack or bliater. "Thwse Eilndings offer considaradle
hope for the repair of seversly damaged hulls. It should be smphasized that
the restoration of such & hull must be more than just & costing procedure,
Considerabla strangth loss accompanies severe blistaring. Additional layers
of £iberglass must be placed over the hull in order to restore strength,
Coatings then can be added to prevent blistering.

14,8 Sumaxy.of Coating Reaulia

Table 12 swmmarizes the results froo serias 200, 201 and 202. Table 13
presents blister initiation times, f£rom all thres text series (excluding
seyies 203), L{f the expsriments had been conducted at 25°C instead of 65°C.

It ix apyumed that with every 10°C or 1¥*F, the rats of reaction, or rate of
blistering, roughly doubles. Table 13 provides a better guideline for
deciding hovw well the coatings will delay blistering in a practical situation.
Protection per thickness of coating is very important. But szince the
manufscturar's recomuendsd nusbar of coats or thickness should always be
followed, it is moxe practical to evaluste the coatings’' performance per
manufacturer’'s recommended thickness. Adverss effects could arise with
coatings that are too thick, particularly with those coatings that cure or dry
by solvant svaporation. However, no negative effects were obsexved with the
costings in series 202 where double the manufacturers’ recommended number of
coats were applied.

One advantage to epoxiss is the ability to achieve thick coating films.
The thicker the coating, the longer it takes for water to permeate into the
underlying laminate and the longer it tukes for blisters to initiate. But
normalized to thickness, their protective propertiss are no better than that

of the gel coat’s, when coated over an un-gel-coated laminite, and in soms
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Table 13. Summayy of Blister Injtiation Times at 25°C

Series 200 Sexies 201 Sexies 202

coat- hours nonths hours months years hours months
. ing
1 3088 4.15 36840 49,2, 4.1 1376 1.8
. 2 960 1.3 37344 50.2 4.2 928 1.2
3 15392 20.7 37472 50.4 .2 2864 3.8
. & 10400 14.0 28320 38.1 3.2 20896 28.1
5 7136 9.6 31328 42.1 3.5 8048 10.8
6 12672 17.0 56416 75.8 6.3 10608 14,2
7 3856 5.2 30554 41.0 3.4 358 0.5
8 11248 15.1 42030 56.4 4.7 7424 10.0
9 vea --- 41760 6.1 4.7 see .ee
! 10 --- .- 25605 3.4 2.9 .- .--
' 11 10304 13.8 47136 63.4 5.3 8688 11.7
12 s “en 15520 20.9 1.75 ves- .-
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ceses compsrable to bottom paints,

Coating an spoxy ovar & gel coat will delay the onset of blistering and may
in fact reduce blister severity. This 4s a result of coating thickness and
the epoxy’s low permeability to water. At 25°C, coating 6 will delay the
onset of Llistering for 6.3 yesars, coating 1l for 5.3 years and coatings 8 and
9 for 4.7 years. All others will give 2-3 ycarl.of added protection. But in
general, any sort of coating will help. The only ene not recosmended is
coating 7, a urethane-epoxy blend. The coating gave added protection, but the
blister position was moved to directly beneath the gel coat. In these
saaples, this zone is normally not susceptible to blistering. If uszed ina
laninate where this zons is already susceptible to blistering, this coating
may lead to more devastating results.

If a coating is applied over a bare laminate, coating/polyester resin
interactions must be considered. In sample series 202, the epoxies, coatings
6,8 and 11, will delay blistering longer than some of the non-epoxy coatings,
but the price one pays is increased blister severity. Many large blisters
formed in these sampiles and the blister position was altered. Epoxies may in
fact present a greater problem {f the susceptible rone to blistering is
already beneath the coating. This is not known without further
experinmentation. On the other hand, with coatings 1,2,3,4,5 and 9, far less
blisters formed and most all never develop enough osmotic pressure to cause a
bulge on the surface. However the disadvantage with many of these coatings is
poor surface appearance; {.e. coating blisters. Cocting 4, a urethane-
silicone-alkyd blend bottom paint, gave superb results when used over the bare
laminate. Coating 5, a two part aliphatic polyurethane enamel performed very
well also. The polyurethane retains its surface appesrance very well. The
epoxy-urethane blend, coating 7, gave disastrous results.

In samples series 200 the effects of leaching become evident as it plays a
role on the performance of the costings. In this series the coating i{s placed
over the base laminate after blisters have been removed. The epoxy coating
performed better here than {n series 202, Bur still, blister severity is




equivalent to gel coated samples and mors severe than with costings 1,2,3,4,5
and 9. Coatings 3 and &, phenolic spar varnish and urethane silicons-alkyd
based bottom paint, respectively, gave sxcellent protection per mil of coating
and per total spplied thickness. Coating 7, agsin, does not give as much
protection par mil of coating applied as the other coatings. Severity is
similar to that for gel coated samples. To conclude, in most cases epoxy

‘based coating will delay the onset of blistering best because of the abilicy

to achieve thicker films. They can bs used with confidence over a gel coat,
but with care over a bars laminate, because once blisters do initiste, the
size, quantity and rats ¢f growth of blisters will be far greater than with
any of the other coatings (sxcept for coating 7).

I£ an epoxy is to ba used, it must bs ons such that, usin; the
sanufacturer’s recoamendsd procadures, a thick fila of at least 10 mils éry
can be schisved. Otherwise, zll advantages are lost. Coating 6, s two-part
system, with a panetrating epoxy undercoat and s pigmented overcoat epoxy,
performed best. Coating 11, a penetrating epoxy, also performed very well.

A bottom paint is highly recommerded when coating over an un-gel-coated
fiberglass reinforced laminate, Performance is very good over gel-coated
sanples as well, Overall, the two that performed best were coating 4, a
urethane-gilicone-alkyd blend bottom paint and coating 5, a two-part aliphatic
polyurethane enamel. The polyurethane gavs the best surface appearance after

prolonged exposure to vater. Epoxy-urethane based coating can not be
recommended.

In any event, it i3 obvious that coatings will not prevent biistering if
placed on a substrate that contains osmotic centers. At most, if chosen
carefully, a coating can significantly delay the onset of blistering and
reduce blister severity. The only way to prevent blistering i{s to keep the
fiberglass hull material free from water saturation. This can only be
accomplished by removing the coating, drying the hull and then replacing the
coating before the hull begins to saturate with water. This should be done
well before the blister initiation times reported for each of the coatings in
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Table 13. As long as the absorbed water in the hull is kept below saturation,
blisters and disk cracks can not initiate.

{ These recommendations are only based on the experimental results obtained
from this study. Blister initiation times aay vary with laninates constructed
of different materials than those tested here.

15. Evgluation of Repaiy Techniques

| Termination of the blistering process is very important in order to keep
the hull structuraily sound., The blistering process can be interrupted or
cerninated by repairing the hull. Repair of a blistered hull is generally

< %%ry expensive and the hull may re-blister some time later. Each time the
kull blisters and becomes damaged some laminate 13z removed in the process.
Unremoved damaged laminate becomes a site for blister growth and hull failure.
Eventually the lost material must be replaced. For this reason it is very

1 " important to reduce the number of times a hull is repaired. This can be done

1 by finding the best repair materials and technigues.

Repairing a hull usually involves the following:

e ahe

1. Removal of antifouling and bottom paints and gel coat either from the
blistered zone or the entire hull.

2. Removal of all damaged fiberglass reinforced polyester resin. This
includes the opening of blisters and removal of all damaged resin adjacent
to the blisters.

3. WVashing tha hull to remove low molecular weight materials that are
concentrated in blistered sites.

4. Drying the hull in order to delay the onset of blistering.
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5. Filling and fairing of all blistered areas, if necessary, with falring
compounds or reinforced polyester resin.

6. Recoating of the hull to protect it from water absorption and
i blistering.

Each of these aspects of repair will be i{nvestigated to some extent. The

A *

follovwing repair procadures will be evaluated:

i A. Gelcoat and Damaged Materisl Removal (eclteé)-
i ‘ 1. (Control) Removal using a disk sander.

2. Renoval using heat gun and scraper.

Though sand blasting is a convenient technique, bhecause of its limitations

for usage in the laboratory, this procedure was not evaluated.

B. Washing the Hull. The following five methods were evaluated:

(control) 1. Scrubbed with water to remove sanding debris. This is
followed by immersion in distilled water at room temperature foxr ons
week and scrubbed with water daily. Immersion in distilled water will
allow low molecular veight constituents to leach out.

B e B e e

2. Short, light rinse and scrubbed with:

a4) water

- ol

b) mild soap solution

¢) 5 wt. & ammonia in water solution.
3. Short high pressure rinse using a spray gun.

4. No washing, just a light brushing of the surface in order to remove

‘ @xcess debris.




C. Prying of the Hull

{(control) 1. Approximately one week in & circulating oven at 65°C.
Samples are weighed pericdically. Dryness {3 achieved when constant
wveight readings are ocbtained.

&

2. One week natural drying at asbient room conditions.

3. 7Tvo days natural drying at ambient room conditions.

D. Filling snd Falring Combination of an epoxy with one of the
following fillers used commonly for filling and fairing:

1. Phenolic microballoons
. Glass microspheres
3. Colloidal silica
Milled glass fibers (only used for permeation study)
5. No added filler

In all cases, 22.2 percent by volume of filler was added to coating 11.
Instead of filling individual gouges in the hull samples, the entire
saople was coated with the fairing compound. No overcoat was applied.

See coating procedures.

E. Coating of the laminate All coatings listed in Section 14 , except

for antifouling paint and gel coat, were tested, GCel coat was not
tested because of the difficulty of svoiding an afr i{nhibition layer
wvhile simultaneously trying to control thickness,

All experimental procedures and results are presented in Section l4.
Coating 6 was used as the control for the evaluation of all repair

techniques.
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In order to svaluate the sffsct each step in the repair process has on the
perfornance of the sample, all other steps are kept it the designated
controls.

Tvo differsnt laminates were used to svaluats repair procedures. All
pansls wers sawed up into 4* x 4* pleces. The first is the very large panel
with an orthophthalic acid based laminating resin and gel coat donated to us
by & local boat manufacturer. Seventy-two sasples wero immersed in distilled
vater at 65°C till a significant nuaber of blinters had formed. Data taken
for the first forty-five of these samples are presented in section 9. Total
immersion timss varied from 1896 to 5136 howas. Inmediately following removal
from water, all blistars were circled and traced onte & nusbered 4" x 4" plece
of tracing paper and filed for later use. Once testing of the repair
procedures wvas completed, biisters on the repaired samples were circled and
traced onto the identical piece of tracing paper. This way it can be
determined if blisters form in already previously blistered zones. Table 14

presents sample nuzbers with the repair procedures used.

The second set used to evaluate repair techniques were 17 severely
blistered sections from a boat donated to us by a boat manufscturer. The gel
coat was isophthalic acid and / necpentyl glycol based. The laminating resin
used wvas isophthalic acid/propylene glycol based, cured with BPO. The entire
laninate is reinforced with chopperglass roving. The panals have a foam
backing which could not be removed entirely.

Because the panels were out of water for an extensive period of time, the
blisters had dried out and wern very difficult to identify. The boat sections
were immersed in 65°C distilled water for some period of time so blister
cavities could refill with solution., Many of the blisters cracked open.
Eventually the entire gel coat surface cracked. Blister tracing was attespted
but since the entire surface was blistered, it became tedious and meaningless.
Befors repair the panels were cut up into 4" x 4" places. Each saaple was
labeled using the panel number (1-17) and the sample letter froa the panel.
Sazple nunbers, with thelr repair schemes, are listed in table 15.
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Table 14. Repaix Procedures for Sexies 200

Sample Nunbey
2, 20, Sa

1. 52, é&

30, 39, 64

9, 62, 6%a

&, 56, 68

11, 38, 45

33, &0, 69

8, 35, 50

3 (11A), 13 (1iB), 17 (11¢)

7 (11-1D), 51 {11-1E), 55 (1i-1F
16 {11-2G), 28 {11-2H®), 53 {1l1.2%
42 {11-32), 48 {11-3K}, &3 (11-3L)

*Procedure Jested

coentrol

B .

-

TS UO 0w et

» L} ] L} L] * 4

3
2a

b
2¢
4
3
2
5
1
2
3

* All other variables, besides those procedures to be evaluared, are kept
Designations are given in the text.

at the designated controls.




Table 15. Repalr Progedupes for Sexjes 203

*ng

1B, 3A, 3C, 4A, 4B, 5A, SE, 6C, €E control
28, 5F, &F 8.3
14, 2A, 6B B - 2a
: 5¢, 15B, 7A ‘ B-2b
7F, 5C, 10A B - 2
. 10B, 154, 16C B -4
¢, 3B, 6A c.3
38, 5D,6D c -2
174, 17B, 172G, 170 A -2
* A1l other wvariables, besides those procedures to be evaluated, are kept

at the designated controls. Letter-number designations are given in the
text.




‘ 15.1 Results on Repaix Techniques

This set of experiments was extremely disappointing in one respect and
quite encouraging in another respect. One set of samples (se2ries 203) never
reblistered go variaticons in repalr techniques could not be evaluated. The
second set (series 200) blistered so slowly thnt*tha test temperature had to
. ba slevated in order to differentiate one treatment from another within the

time frame of the study. The encouraging aspect is that none of the
variations in repair techniques caused corditions that destroyed the
effectiveness of coating repair procedures.

y—-_— .

€' Series 203 vas made using the severaly blistered beat Lull. When the

; sanples vere repaired and testing was begun, we dld not realize that all water
soluble constituents had besn leached from the material and hence it was no
longer subject to blistering. Only in panel 17 did large interfacial blisters

 form. The others showed no blistering after several thousand hours. Ffor

thase reasons only series 200 results are reported for repair performance.
. These resuits are given in table 16.

The following conclusion can be drawn on the various repair techniques
tested:

1. Bemoval of blister dapaged waterial.

This is a very crucial step in the repair process. All blisters and
surrounding damaged material pust be removed. These sites are
concentrated in low molecular weight material. If not removed, oncs
permeating water reaches thes2 zones, blisters will initiate almost
immediastely since one ingredient for blister formation and growth is

. already present. In addition, the damaged material serves no purpose

since it has no structural integrity. It must be replaced.




Table 16

Tested
Procedure

Centrol
B-3
B-2a
B-Zb.
B-2¢
B-4
c-3

c-2

Sample Number

20
39

52
66

30
39
€4

62
6%a

56
68

11
36
45

33

€0
€9

35

Blister

Initiation

time (hrs)

488+ 48
51376
131+ 36

488+ 48
383+ 24
1208+ 68

716+ 84
1208+168
12084168

S84+ 48
S84+ 4B
4LBBE 48

488+ 48
12084168
413x 26

»137&
>1376
488+ 48

>1376
>1376
1208+168

12084168
4884 48
716+ 84

Blister

Density

(blisters
/em’)

few blisters
none
0.40

0.32
0.32
0.32

0.40
few blisters
0.32

0.08
0.36
0.72

0.48
0.16
2.00

none
nonea
0.32

none
none
few blisters

1 blister
0.64
0.80

size
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By making traces of blister positions prior and following repair, it
vas found that some blisters do recur in previously blistered zomes. It
is not known, howaver, if these were the first blisters to initiate
since thess sites would nlready be concentrated in lov molecular weight
material. Most blisters that formed occurred in zones, thsat prior to
tepair, never had blistered. Three possible reasons ¢sn be given for
this: 1) Blisters that never showed on the surface were present in
these arsas and ware not removed whilse sanaing. 2) The material around
blistered zones is deprived of lov molecular weight material. It is
still available in previously unblistered zones., 3) Epoxy coating
interacts with some low molecular weight constituent to make the area
susceptible to biistering.

In sanple series 200, the blisters are positioned approximately Zmm
bensath the bottom of the gel coat, near fhe chop/veil interface.
Becauss of the depth of these blisters, removal of blisters becomes very
difficult unless the exact location of the blister on the sauple s
known. Many blisters could have besn missed while sanding.

Removal using & disk sander givas a very swooth surface. Removal
using a heat gun and scraper results in an extremely pooxr surface. This
nethod was only done for panel 17 in series 203. Only the gal coat can
be scraped off and this is very difficult. Removal of blister damaged
material i{s impossible. During scraping, glass fibers get torn out of
the glsss fiber/polyester matrix. The surface is very rough with loose
glass {ibers sxtending outward. This leads to interfacial failure
betwevn the coating and substrate. Similar interfacial blisters were
alsc seen in sample series 200 where deep blisters were present prior to
repaix, particularly down the tapered sides of these zones. The pH of
this blister fluid is around 5 with epoxy based coatings. These
bligters contain many loose glass fibers that are only partially wetted
by the epoxy resin. Epoxy resin wets and bonds excellently to glass
fibers. It is suspected that air becomes entrapped between the loose
glass fibers so that uncured epoxy resin cannot flew in. Also, sanding
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debris may gat trlppedlin the fibers.

' Coating onto a smooth gurface is extremely important in order teo
avold interfacial problems. All loose glass fibers should be sanded
i down.

Removal using a heat gun and & scraper is not advised, Not conly
because of a poor coating surface, but more importantly because it is
t zxtremely dangerous. Polyester resin is extremely flammable. During
gel coat removal the laminate caught fire, very quickly, many times,
The high heat will alter the properties of the polyester resin as well.
The force of scraping may damage the laminate by introducing
wicrecracks.

Sandblasting is commonly used. This technique was no: tested since
it could not be done in the laboratory. If not done properlv it may
damage the laminate. The force of sandblasting could produce
wicrocracks in the laminate and imbed low molecular weignt material into
the laminate. If sandblasting is used, the gun shiuld be held at a low

angle to the hull and the size and type of nozzle should be carefully
selected.

PSSO e . T ol .

2. VWashipg the Hull

Many repairers have suggested that once sanding has been completed, a
i thorough washing of the hull {s necessary to remove low molecular weight
H material from blistered sites.
|3
]

Six different washing techniques were evaluated; one week immersion in ]
distilled water; high pressure wash with a nozzle; three types of rinses--
wvater, soap and water ammonia solution, followed by a fresh water rinse; and

no waghing, just a dry brushing of the surface. An ammonia rinse would help
neutralize blister fluid,




Surprisingly no difference in severity vwas seen among the six methods.
Brushing of debris from the surface was just as effective as immersion in
distilled water for one week and brushing daily. By fmmersing in distilled
vater at 25°C, it was hoped that low molecular weight constituents would be
leached out. The rate of leaching at 25°C is extremely slow. '

It is doubtful if any water soluble constituents, in the laminate wers
removed by washing and soaking. The only vay to remove low meclecular weight
material from blistered sites i{s by sanding. No damaged material should be
left, Scrubbing and rinsing the bare laminate with fresh water to remove all
lose debris is highly recommended. During the sanding process, as blisters
are ruptured, blister fluid may smear or flow across the laminate. This
should be thoroughly washed off. A mild soep and water wash may help loosen
debris from the surface, but it must be followed by a thorough rinse with
fresh water to remove all soap resgidue.

Microscopic examination of the laminate surface, using a binocular
microscope showed that aven with a light rinse, all volds examined were
cleaned of sanding debris. Debris left on the surface may lead to poor
adhesion of the coating or resin to the underlying laminate. Some interfacial
blisters were discovered which were the result of sanding debris left on the
surface.

3. Drying of the Hull

Before a laminate is recoated it must be dried. Water is one necessary
ingredient for blizter formation. As long as water i{s kept out of ths hull,
or below the saturation level, disk cracks and blisters will not develop. If
a moisture laden hull is coated, the coating will seal the moisture in. If a
high concentration of water is already present in the laminate, it will disk
crack and re-blister sooner. Hull drving is discussed more thoroughly in

section 12,
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Three diying schedules vers tested; two days and one week of natursal drying
and complete drying in a circulating oven at 65°C, Before drying these
sanples wers found to contain from 1.2 to 1.42 percent water. From this it
can be spproxi-stod that the sanples that wers dried for two days and ons week
contained .47 to .77 percent water and .17 to .25 percent water, respectively,
when coating took place. No apparent effect vaa‘oviéent on blister initiation
tines among the different treatments. The laminate saturates very quickly
with vater at 65°C and therefore blister initiation would be dependent on tha
svailability of water soluble material. At 25°C a difference in blister
initiatfion tines is axpected due to the water concentration difference.
However, after coating, the samplez were placed in 65°F water. At this higher
tepperature, & new saturation level will be establishad. 'ahe water
concentration at 25°C i{s much below the new 65°C saturation level.

Results from drying experiments and recommendations are presented in more
detail in Section 12.

4. Eilling and Fairing

Three types of fillers, commonly used {n filling and fairing compounds,
were tested for their effects on blistering. Those tested are colloidal
silica, glass microspheres and phenolic microballoons. All fillers were added
to coating 11, a penetrating epoxy at a concentration of 22.2 percent by
volume. Results are presented in Table 17.

Per thickness of coating, colloidal silica has no adverse effect on the
coating’s protective properties. Those samples with added glass microspheres
and phenolic microballoons performed about the same per mil of coating, but
had roughly half the protection against blistering than those sazples with no
added filler. This is in agreement with permeability studies. Though
diffusion coefficients are not affected by the type of filler, except with
phenolic microballcons where it is almost a magnitude slower, the saturation
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levels with these hollow fillers m::i;:-- four or five fold., This suggests
that watsr is entering these hollow spheres. 1f saturated water is present on
the surface (or interface) of the polyester resin, then the laminate will
saturate with vater and blister faster.

The surface of coatings contsining microballoons and microspheres develop
szall pits after a short period of time. The hollow spheres on the surface
must break away. The epoxy bonds very well to the fillers. Large coating
blisters form over the entire sucface with the coating containing glass
microspheres. These form in between the coats. Many of the glass
microspheres appear to be broken. Swelling of the polymer with water
sbsorption will put thess hollow spheres into compression. This force must be
"significant to cause the filler to rupture.

Fairing compounds with hollow type fillers are not recommended. Hollow
fillers make the putty sandsble, which otherwise may be difficult. If a
coating is placed over a hollow filler containing putty once water enters the
@utty. it may result in failure of the coating and more rapid hull blistering.

From these findings on repair techniques, from results of coating material
performance and from discussions with boat owners and repairers, a set of
recommendations for repair has been prepared and can be obtained from the
Anerican Boat Builders and Repairers Assoclation,

17. Summary of Conclusions

There are so many findings in this report that a complete summary is
difficult without repeating much of the report. However, there are several
new and important results which should be ewphasized and several basic
findings wvhich, while previously reported, shculd be stressed.

1. Blisters result from water interactions with water soluble naﬁetinls in

the iaminate.
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Blisters are initiated at disk cracks and these can form only {f the
hull material becomes saturated with water, Blisters may form earlier
at sites whare there is a high concantration of water soluble material.

Blistering proceeds from surface levels, down into the hull, as water
saturation becoges deeper and deeper. Deep seated "Blisters” shovw up as
osmotic cracks which can lead to hull delamination and loss of laminate
strength.

Certain coatings or binders on glass fibers were shown to be the major

cause of blistering in several laminates.

Gel Coats are effective barriers to water build-.up in the hull,

. Because of the wide range of blister initiation times for samples taken

from a single panel, blister research is most meaningful if many samples
are analyzed statistically.

Coating materials used in repair may interact with the hull matexial.
The interaction can promote or retard blistering. Several epoxies

showed harmful interactions. Marine paints performed extremely weli.

. The thickness of a barrier coating is a major factor in slowing

blistering. Since epoxies can be built to 20 mils, they can be used in
repair. However, two coats of an alkyd blend marine paint and a two-
part marine polyurethane perform just as well.

. Three crucial steps for a successful repair of a blistered hull are:

{1) the complete removal of blister danaged material, (2) the drying of
the hull to 50 percent (or less) of water saturation, and (3) the
selection of the coating materisl.




10. Many boats made with high quality, wsll cured resins and gel coats
and water vesistant glass, will not blistar.
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