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i - Marine Composites

Su rface Temperatu re Environmental Degradation

Anticipated Surface Temperature
as a Function of Color and Surface temperature of curing
Ambient Temperature laminate after 4 hours
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Marine Composites

COIOr and Surface Temperature Environmental Degradation
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John Howard and Matt Searle, “Surface print on marine structures,” SP Systems, May 2005
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Marine Composites

GIaSS Transition Temperature’ Tg Environmental Degradation

The glass transition temperature (Tg) of a non-crystalline material is the critical
temperature at which the material changes its behavior from being 'glassy' to being
'rubbery’. 'Glassy' in this context means hard and brittle (and therefore relatively easy to
break), while 'rubbery' means elastic and flexible.

Time-temperature-transformation cure diagram
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At a curing temperature Tg,, the
gelation line (dashed line) is
reached after a relatively short
time, the material gels (gel point
G,) and is transformed to the
rubbery state, and cross-linking
continues until curing is complete.
The curing temperature is thus
always higher than the maximum
possible glass transition
temperature T,... Below Ty, the
resin is in the glassy state and the
reaction is practically blocked.

Steve Sauerbrunn and Rudolf Riesen, “Thermosets: How to Avoid Incomplete
Curing,” www.americanlaboratory.com, Jan, 2010.
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Marine Composites

Resin Ultimate Tg and Shrinkage Environmental Degradation

If epoxy system 1 is exposed to temperatures just over 90°C a higher level of shrinkage will
occur compared to epoxy system 2. This is because 90% of the cure as taken place, as cure
has an exponential relationship less physical shrinkage will occur in the last 10% of cure.

Epoxy System 1 Ultimate
Tg

Epoxy system 1 has an
ultimate Tg 140°C and
epoxy system 2 has an
ultimate Tg 100°C, both
systems have been post
cured to gain a Tg of 90°C.

Epoxy System 1 Tg

Epoxy System 2 Ultimate
Tg

Epoxy System 2 Tg

0 20 40 60 80 100 120 140 160
Tg °C

John Howard and Matt Searle, “Surface print on marine structures,” SP Systems, May 2005
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—t, Marine Composites

Post Cure Print_Through Environmental Degradation

Typical reinforcement print-through
problem when dark laminate “post cures” Porous fillers can create surface defects
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—t, Marine Composites

Fiber Influences Print-Through Environmental Degradation

“Spread tow” is a new development in carbon fiber reinforcement whereby a
sophisticated production process spreads out each tow (bundle) of carbon fibers making
them significantly flatter and wider than they would be in a conventional woven fabric.

Surface Print-Through Charactericts of
Conventional Woven Fabric and Spread-Tow Fabric
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Conventional Woven Fabric

Surface finish print-through profile
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Spread-Tow Fabric
Surface finish print-through profile
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http://www.easycomposites.co.uk/products/carbon-fibre-cloth-fabric/carbon-fibre-spread-tow-20mm-very-
large-pattern-plain-weave-SAMPLE.aspx
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—t, Marine Composites

Qua ntifyi ng Pri nt-Th rough Environmental Degradation

Exaggerated 3D-views from the same surface area after different ageing steps.
Corresponding Ra (roughness average) and Wa (waviness average) values are displayed
on the right. The size of the measured area was 130 by 130 mm.
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Rainer Bergstrom, Olli Piiroinen and Antti Ylhdinen, “Improving surface quality in vacuum infused parts,”
Reinforced Plastics, March 2008
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—t, Marine Composites

Post Cure Print-Through Influence  Environmental Degradation

Comparison between outdoor and test chamber ageing. Two different laminates
showed similar change in Ra-value with both ageing methods.

Outdoor Ageing vs. Test Chamber Ageing of a Dark Panel
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Rainer Bergstrom, Olli Piiroinen and Antti Ylhdinen, “Improving surface quality in vacuum infused parts,”
Reinforced Plastics, March 2008
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Marine Composites

Resin Print-Through Influence Environmental Degradation

Different resins showed different surface quality properties. Note, in resin comparison all
laminates were made without using a surface improving layer (skin or barrier coat).

Resin Comparison

| @ Standard ormhophtake infusion resin (UP)

| @ Aropol S 605 INF (DCPD)

| @ AME 5000 NF (VE)

Ra-value [um]

| O Aropol NLN 71500 (LP)

24 h at 20°C 16 h at 40°C 1€ h at 80*C

Rainer Bergstrom, Olli Piiroinen and Antti Ylhdinen, “Improving surface quality in vacuum infused parts,”
Reinforced Plastics, March 2008
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—t, Marine Composites

Infusion and Print_Through Environmental Degradation
Influence of various reinforcement types and lamination methods on surface quality. Note
that 2nd and 5th column consist of similar reinforcements.

Fibre Print-through
Hand lay-up vs. Infused

0 Hano lay-up, CSM

B HaNo iay-up, CSM + NCF

0 Infused, AME VPRO + SR + NCF

Ra-value [um]

B Infused, SR « NCF

B Infused, CSM +« NCF

ge-moud 20 o h M40°C e h at 80°C

Rainer Bergstrom, Olli Piiroinen and Antti Ylhdinen, “Improving surface quality in vacuum infused parts,”
Reinforced Plastics, March 2008
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—t, Marine Composites

Print-Through Barrier Layers Environmental Degradation

Both skin and barrier coats lowered the fiber print-through. The surface quality of AME
VPRO barrier laminate was eventually close to a typical CSM hand laminate level.

influence of Skin Coat & AME VPRO Barrier Coat on the Fibre Print-through

W oot

W G2l 4+ S5an toat

@ Gel « AME VPRO Bamer coat

0 Gal « AME VPRO Barmer + Sun coat

B Typec CSM Hang Lamnate

Ra-value [um]

20°C 15h &R40% 16 h at 80°C

Rainer Bergstrom, Olli Piiroinen and Antti Ylhdinen, “Improving surface quality in vacuum infused parts,”
Reinforced Plastics, March 2008

Sfjé:ene
associates page 11



@

Temperature
23°C (74°F)

52°C (125°F)
63°C (145°F)
79°C (175°F)
88°C (190°F)

Infused

E-Glass/
Vinylester

1.0
0.85
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0.60

End
Grain
Balsa

1.0
1.0
1.0
1.0
1.0

Typical Material Property
Temperature Reduction Factors

Foam
Cores
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Marine Composites

‘H’ Type ‘HT’ Type
Foam
Cores

Foam
Cores

1.0
0.90
0.80
0.70
0.60

Environmental Degradation
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\A7 Marine Composites
@ MOiStu re Effects Environmental Degradation

Effect of Moisture Content on Flexural Strength and Modulus
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J. A. Quinn, “Composites — Design Manual,” 37 Edition, Liverpool, England, 2002.
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Marine Composites

MOiStu re EXCIUSion Environmental Degradation

Moisture exclusion
effectiveness (MEE) of
various marine materials.
Vinyl ester Comparison of three
coats of each material.

WEST SYSTEM 105/205

Low performance
epoxy systems

Two-part
polyurethane paint

Polyester resin

High-solvent epoxy
penetrating system

Resorcinol formaldehyde

1 2 3 4 5 6
Weeks of exposure at 80°F (27°C), 90% relative humidity

Gougeon Brothers, Inc., “The Problem of Gelcoat Blisters in Fiberglass Boats,” 9th Edition, June 2007
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Five year sorption data for AS4/3501-6 and IM7/8551-7

- Marine Composites

Fickian Diffusion Environmental Degradation
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Four years weight-gain data for E-glass/NCT301 coupons
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J. Weitsman, “Composites in the Sea: Sorption, Strength and Fatigue,” University of Tennessee for Office of Naval

Research, Oct. 1999.
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Osmotic Blistering

Marine Composites
Environmental Degradation
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Polyester resins and
gelcoats allow water
molecules to migrate
into the laminate and
dissolve soluble
materials within the
laminate.

More water
molecules are
attracted to the voids
to dilute the
concentration of
solutes in the blister
fluid solution.

Gougeon Brothers, Inc., Bay City, Ml
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Formation of blisters
(D Air blisters
@ Water take up
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@ Formation of blisters
@ Increase of blisters
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() cracking of Gel Coat

Accumulating fluid
creates enough z

the voids between

the gelcoat and Tony Guild
laminate to result in ;
a gelcoat blister. ___GRPHull
@
Resin —— & A
| Strand mat—— — — — —

(Styrene & Propylene Glycol)
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s Marine Composites

BIiSterEd Hu"s Environmental Degradation
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—t, Marine Composites

Contamination Sources for Blister  Environmental Degradation

Liquid Contaminate Sources During Spray-Up That Can Cause Blistering

Liquid Common Source Distinguishing Characteristics
Overspray, drips due to leaks| Usually when punctured, the blister has a vinegar-like
of malfunctioning valves. odor; the area around it, if in the laminate, is browner of
burnt color.
Catalyst . o
If the part is less than 24 hours old, wet starch iodine test
paper will turn blue.
Air lines, improperly stored | No real odor when punctured; area around blister is
Water material, perspiration. whitish or milky.
Leaky solvent flush system, | odor; area sometimes white in color.
Solvents overspray, carried by wet
rofters:
Compressor seals leaking Very little odor; fluid feels slick and will not evaporate.
Qil '
Uncatalyzed Malfunctioning gun or ran Styrene odor and sticky.
out of catalyst.

RC)III

Cook, Polycor Polyester Gel Coats and Resins
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—t, Marine Composites

Galvanic Cathodic Blistering Environmental Degradation

A portion of a carbon fiber mast is shown
with metal couplings attached to it

Schematic diagram of carbon/epoxy composite

surface exposed to electrolyte

- AN

EC SR epoxy matrix
A carbon fibers
SOLUTION.
l l PERMEATION OF SOLUTION m ﬁ
Q 0,+2H,0 +4e”> 4(OH") OSMOTIC PRESSURE FROM THE
HYDROXYL ION AND POSITIVE IONS
CATHODIC REACTION AT THE INTERFACE SPLITS THE THIN POLYMER OVER FIBERS.

If the polymer layer over the location of osmotic pressure build up is thin, then the film will rupture.
As a result, the solution will be directly exposed to carbon fibers with no intervening polymer layer.
If the polymer layer is thick, The polymer can creep and slowly form a blister on the surface

Richard Brown, “Galvanic blistering in carbon fiber polymer composites,” University of Rhode Island, 2010.
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- Marine Composites

Galvanic Activity Environmental Degradation

* Carbon fibers, unlike glass fibers, will conduct electricity. The carbon
fiber’s conductivity permits electrochemical activity - corrosion - to occur

* The cathodic activity at the carbon fibers can generate blistering

 Damage is usually limited to the surface, but this may initiate early fatigue
failure and reduce impact resistance

* Long-term experience with large, carbon fiber marine structures is limited

* The phenomenon of galvanic blisters in carbon laminates has only recently
been discovered

e Carbon fiber galvanic blisters require a microscope to observe - the
problem is usually first observed in metal components that are in contact
with the carbon fibers

Tucker & Brown, “Galvanic” Blisters in Carbon Fiber Composites, Professional Boatbuilder # 57
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Galvanic Scale

1.0 -1.2 <14 -6

Magnesium =
B Zinc

ut} Beryllium
== Aluminium alloys

Cadmium

== Mild steel & Cast iron
=] Low alloy steel
B Austenitic cast iron

Tin
Copper

Silicon bron

Nickel silver

Lead

Aluminium bronze
Naval brass, vellow brass & red brass

S0/50 lead tin solder
Admiralty brass, aluminium brass
Manganese bronze

i

[ Stainless steel - grades 410, 416

90/10 copper nickel
80/20 copper nickel
[ Stainless steel - grade 430

70/30 copper nickel
Nickel aluminium bronze

C3 Nickel chromium alloy 600

Nickel 200
Silver

[ Stainless steel - grades 302, 304, 321 & 347
Nickel copper alloys - 400, K500
El Stainless steel - grades 316 & 317

Alloy 20 stainless steel

Nickel iron chromium alloy 825

Titanium
Gold, platinum
Graphite

4{MOST NOBLE - CATHODIC

LEAST NOBLE - ANODIC »

Marine Composites
Environmental Degradation

The material that is closest to the
anodic end of the galvanic scale will be
corroded in preference to the one that
is closest to the cathodic end of the
scale.

As the distance between materials on
the galvanic scale increases, a
corresponding rise occurs in the rate
and the extent of the corrosion.

Corrosion will increase the saltier the
water is. Increasing temperature will
also increase the conductivity of water
and the resulting corrosion. The
corrosion rate doubles with every 10
degrees Celsius (18 degrees Fahrenheit)
increase in temperature.
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—t, Marine Composites
@ Polymer Degradation Environmental Degradation

Ultra Violet exposure — embrittles polymer, these days use
clear coats which stop the process.

Water uptake — polymers such as vinyl esters absorb 1.5%
by weight of water.

Water uptake can also cause polymer swelling and
delamination.

e Dissolution — chemical attack, from imides in alkaline
environment.

Richard Brown, “Degradation of Materials,” University of Rhode Island, Nov. 2007
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. . Marine Composites
Ultra Violet Degradation

Environmental Degradation

el coat (right) Scott Bader Crystic marine gel-coat
claims improved color stability and
UV weather resistance

Colour change of White Gelcoats after 12 month
Florida exposure (Delta E)

Standard ISO

i Bestin class high
e A T ! performance IS0
= e VN e —

Delta E

Best in class high

performance ISO/NPG
Typical whitening of colored gel coat

Crystic
AL Delta E measures how much the
P
colour has changed compared to the
control sample. A lower value denotes
a smaller colour change
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—t, Marine Composites

Wate r U pta ke Environmental Degradation

Effect of seawater immersion time on

Water uptake curves for the vinyl the normalized on flexural strength of
ester-based composites the vinyl ester-based composites
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n
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0.0 i 1 A L A 1 i 1 4 J 0.0 1 . | N { N 3
0 5 10 15 20 25 0 1 2 3 4
Normalised Immersion Time (days'“/mm) (b) Normalised Immersion Time (days'“/mm)

A. Kootsookos and A.P. Mouritz, “Seawater durability of glass- and carbon-polymer composites,” Composites Science
and Technology, Volume 64, August 2004.
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Resistance to Chemical Attack

Petroleum Service Product Case Histories

Marine Composites
Environmental Degradation

SERVICE YEAR SERVICE
APPLICATION ENVIRONMENT RESIN | TEMP °C | INSTALLED | FABRICATOR LOCATION Comments
- . DION® . . Standard Oil of .
Tank Lining Diesel Fuel 6631 Ambient Various Standard Qil California Tank life 11-15 years
- . DION® Conoco/Standard
Tank Lining Crude oil 6631 | Ambient Oil of California
. . DION® Standard Oil of
Tank lining Heavy fuel oil 6694 - 1973 California
Steek tank DION® Plasteel . Single wall and double wall
Motor fuels 1971 International, |International .
overwrap 6631 . L UL listed tanks
Ambient inc licensees
= - -
_ Kerqsene/S %o DION® _ Standard Oil of Mild cagstlc and kerosene
Settling tank Sodium - 1969 Standard Qil . . separation. Replaced epoxy
. 6694 California . .
hypochlorite tank which failed
. . Removal and containment of
Naphth t
Storage tank aphtha, aromatics | DION® 50°C 1969 Standard Qil Stapdar_d Oil of aromatics entrained in
& H,S 6694 California
hydrogen sulfate
Straight run gasoline
Tank Lining Perco sweeteners DION® 1962 Standard Qil C.onoco/S.tanc‘lard percolated through 2m x 6.1
6631 Oil of California
Ambient m steel FRP | columns Ned

DION® Polyester Resins, Reichold Chemical Company, Research Triangle Park, North Carolina, Sep 2010
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Marine Composites

Thermal Aglng Affects Environmental Degradation
Schematic representation of composite structure scales Tg=207'C T0
0.1
fib . $20 2
: iber o : 20 §
» Z ': Tg=220C 4023
. ' interface 5 e \ ke 3'5
S 9 171 - |, b
Molecular chains matrﬁ( interface - g [ 2 L e §--==""" g g
A g Tg=225C 1 a0 é
- MEso PV 2 5
\ 0 T T T T 100
0 1000 2000 3000 4000 5000
(a) Aging time (h)
) i;ﬁ;inatc Tg=207'C -0
MACRO
05 |
Creep tests on [t45],, laminate: creep strain o ; §
after 1000 s versus aging time at 180°C: (a) creep z |\ { a0 %é
tests at 40 MPa; (b) creep tests at 60 MPa. § %3 =3
® . Tge220CT 60 T B
g 1%  JES GRS S o o g
Viscoelastic behavior, thermo-mechanical SO N SN so§
damage and degrading resulting from physical ] AR o
and chemical aging can be analyzed in a multi- 4, ° Wy PN B

scale model.

David Lévéquea, Anne Schieffera, and Anne Mavela, Jean-Frangois Maireb, “Analysis of how thermal aging affects the long-
term mechanical behavior and strength of polymer—matrix composites,” Composites Science and Technology, March 2005.
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—t, Marine Composites

Long-Term Stiffness Degradation  Environmental Degradation

Variation in Viscoelastic Modulus with Time [Structural Plastics Design
Manual published by the American Society of Civil Engineers]

1 year 100 years
1.0 pe— !
—

— 4 Verified by
\ test to 3 yrs

0.8 PVC

— Polyethylene | =
Epoxy/
E-Glass

0.6

0.4

Verified by test to 16 yrs

Viscoelastic Modulus
Time-Independent Elastic Modulus

0.01

2 3 4 5 6
0.01 0.1 1 10 10 10 10 10 10

Time, hrs
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Marine Composites

Lightning Environmental Degradation

Chances of boats being struck by lightning

Chances per S Severity
Type 1,000 (10 = highest)
Multihull - Sail 9.1 10
Auxiliary Sail 4.5 6
Cruiser .86 6
Sail Only .73 3
Trawler .18 5
Bass Boat A8 1
Runabout 12 2
Houseboat 11 3
RPentoon 03 3
—Personal-Watercraft 063 1

BoatUS Marine Insurance Claim Files
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—t, Marine Composites

l_ightning and Sailboats Environmental Degradation

Proportion of boats struck by
Lightning attachment to a sailboat lightning suffering electronics

damage of varying degrees

I Protsction, Salt ENo Protsction, Sait
Protection, Fresh Il No Protection, Fresh

A

ook Z U\UJA.N_.

Ewen M Thompson, “Lightning and Boats,” University of Florida Sea Grant, 1992.
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i - Marine Composites

Typical I_ightning Damage Environmental Degradation

HWH Electronics,
St Pete Beach, FL




