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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
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