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INTRODUCTION

Fluoropolymer Resins

Fluoropolymers are known for their excellent thelfrnhemical, and weather resistance, along witfeserproperties
like water and oil resistance, and optical propsrtiBecause of these characteristics, fluoropalyrmee widely used
in the chemical, oil and gas, textile, paper, alagdtits industries in a range of applications.

Since their introduction in the 1930’s, fluoropolema have been used as coatings on a variety ofratdss imparting
their physical characteristics to the coatings. arBples of coatings raw materials include aqueospedsions of
polytetrafluoroethylene (PTFE), tetrafluoroethylémexafluoroethylene copolymers (FEP), and TFE/perbalkyl

vinyl ether copolymers (FEP). These materialsuaies primarily as non-stick and anti-corrosion icmgst

Unfortunately, use of fluoropolymers in coatingdingsited due to their physical properties. Fluastymers have poor
solubility in traditional solvents used in the dogtindustry. Usually, fluoropolymer resins must heated to
temperatures greater than 20D to form a coating, making them unsuitable falidiapplication or for use on
temperature sensitive substrates. Finally, thedarface energy of the resins inhibits acceptablesion to metals
and other substrates.

Among traditional fluoropolymers, only polyvinylide fluoride (PVDF) is widely used in coatings. §hesin is
usually supplied as a dispersion in a high boilotyent blend, and is used mainly in coil coatimgguiring exposure
to a high temperature to form a coating. PVDFngp®yed primarily in architectural markets due t® éxceptional
weatherability.

Fluoroethylene Vinyl Ether (FEVE) Resins

A series of unique fluoropolymer resins was devetbjin the 1980's in an attempt to overcome theiaiffies
associated with using traditional fluoropolymerimssin coatings, while still maintaining their ptigé properties.
These resins are known generically as fluoroetteydnyl ether (FEVE) resins and are trade named LRIDN®.

FEVE resins have a unique chemical structure, shoslow in Figure 1. It is this structure, congigtiof alternating
fluoropolymer and vinyl ether segments, that impdesirable physical properties to FEVE resins.
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Figure 1: Chemical Structure of LUMIFLON Resins



By making changes in the vinyl ether portion of podymer, coating properties like solubility, trgasency, hardness,
flexibility, pigment compatibility, adhesion, andogs can be varied. In addition, the vinyl ethegreents can be
functionalized with hydroxyl groups to allow them Ibe reacted with aliphatic isocyanates to fornorftwrethanes.
The fluorinated portion of the polymer protects thieyl ether and urethane parts of the crosslingetymer from
degradation by UV light and chemicals. These dtaratics allow FEVE resins to be used in a widgiety of
coating types, all of which are notable for theiceptional weatherability.

PROPERTIES OF LUMIFLON FEVE RESINS

Fluorourethanes made from FEVE resins offer theesaunistanding weatherability as traditional fluasymers, but
offer a number of advantages. FEVE resins arebmlim common solvents, making them easy to haadteapply.
Fluorourethanes can be cured at either room teryserar elevated temperatures. This means theybeamsed as
maintenance coatings, which are applied in thel fiet in shop applied coatings. LUMIFLON basedtirms can be
manufactured in a wide range of gloss, up to 90abr to a completely flat finish of <5, unlike othi&woropolymers
used for coatings. Since they are solution polgnEEVE resins have better compatibility with a evidhinge of
pigments, enabling a broader color palette. Bexdlumrourethanes are crosslinked polymers, tie#yd to offer
higher hardness and better corrosion resistance tither fluoropolymers commonly used in coating¥et,
fluorourethanes retain enough flexibility and tonghs for use as topcoats for military aircraft, kehgood flexibility
and adhesion are required at-@0

Weatherability of LUMIFLON FEVE Resins

FEVE resin based coatings, when exposed in botelerated and natural weathering tests, offer dlitalihat far
exceeds that of most competitive coatings. In mzases, FEVE coatings applied to structures sudiridges are
meant to last for almost 60 years.

The weatherability of FEVE resins is due to theurebf the chemical bonds that fluorine forms vather elements,
and to the unique alternating structure of the FE®4n. Fluorine forms extremely strong bonds witer elements.
In addition, fluorine also increases the bond gftierof chemical bonds adjacent to it. In all catles bond strengths
exceed the maximum energy available in UV lightl 41/mol. Table 1 below illustrates this point.

Resin Typ C-C Bond Typt C-C Bond Strengtt | C-F, C-H Bond C-F, C-H Bond
kJ/mol Types Strength, kd/mol
Fluoropolyme CF;-CF; 414 F-CF,-CH; 5232
Fluoropolyme CF:-CH3 (1) 424 CF;-CHx>-H (3) 447
Hydrocarton CHs-CH; (2) 37¢ CHs-CH,-H (4) 411

Table 1: Chemical Bond Strength in FEVE Resins

Data from Table 1 show that in all cases, the fheobond strength exceeds the maximum UV energilafkd/mol.
However, it also shows that the bond strength & Bend (1) is much higher than that of C-C bond (Bhe C-H (3)
bond strength is also higher than that of the GsHdx(4). The higher strength bonds are found adjaio fluorinated
units. In the FEVE polymer since each fluorinatedt alternates with a vinyl ether unit, there ifluarinated unit
adjacent to each vinyl ether unit. This servesntwease the relatively weaker bond strengths enwinyl ether,
reducing degradation of the polymer by UV radiation

Fluorourethanes made with LUMIFLON resins have bessted in a number of accelerated and naturalhseag

tests. Figure 2 below shows results from ASTM BA%est where the coating has been exposed tooeeficent
UVA 340 nm light source. The exposure cycle wahotirs UV exposure at BQC followed by 4 hours of
condensation at 8(C.
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Figure 2: QUV-A Accelerated Weathering of Fluomtinane Coating

Results in Figure 2 show that the fluorourethareting shows excellent gloss retention even aftposure exceeding
15,000 hours. The LUMIFLON based coating outpenforeven the polysiloxane, a coating known for gbidd
stability.

FEVE based coatings have also been tested in that&ipl Mount with Mirrors for Acceleration with &ter

(EMMAQUA) apparatus. In this test, 10 mirrors facand concentrate sunlight on the sample paneie cdatings
are exposed to the entire range of wavelengthadiftion found in natural light. They are periadig exposed to
deionized water to simulate exposure to rain. Resue reported as energy exposure per unit aneggJoules/fM

rather than in time of exposure. Figure 3 beloavahtest results using ASTM G-90 for a fluoroureityaan acrylic
urethane, and a PVDF coating.
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Figure 3: EMMAQUA Accelerated Weathering of Fluorethane Coating
Results from the EMMAQUA test show that the fluasbpners easily outperform the acrylic urethane iogat

All accelerated weathering tests suffer disadvasgagpmpared to natural weathering. In many c#éises;oatings are
exposed to only one wavelength of light, while gyl consists of many wavelengths. They are mosfulisn
comparing the weatherability of competitive coasimgther than in predicting the life of a coatingor this, natural
weathering tests must be performed.



For extremely durable coatings like fluorourethanestural weathering takes many years to devel@ulislata.
Natural weathering tests are usually run in trdpisabtropical, or desert environments to maxingzposure to the
sun’s UV radiation. Many are run near the oceam tduthe corrosive nature of water and mist at docations. In
the U. S., the best known site for natural weattgetésting is south Florida.

Two LUMIFLON based fluorourethane coatings, a yelipigmented and a clear, were placed in a southidaldest
site for 10 years. Results of the weatheringdestshown below in Figure 4.
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Figure 4: South Florida Weathering of Fluoroureth&oatings

Results from Figure 4 show that the gloss reteriohoth the pigmented and clear FEVE coatings gvaster than
65% even after ten years of weathering in southiddo The color change of the pigmented coating leas than
1.5AE over the same exposure period.

In Japan, natural weather exposure of coatingsftenadone on Okinawa, which lies at the same ldditas
Jacksonville, FL in the U. S. Because Okinawanssland, it is believed that coating exposureeti® more severe

than that found in mainland exposure sites. Figubelow shows test results comparing exposureflobaourethane
coating with a PVDF coating.



FEVE vs. PVdF: Okinawa Weathering
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Figure 5. Okinawa Weathering of Fluoropolymer Qrogg

Test results show that both fluoropolymer coatioffer excellent gloss retention in the harsh magngironment,
exceeding 80% after 12 years.

The true test of any coating is how it performs rotime when applied to structures. Over the ldstyRars,

LUMIFLON based coatings have been used on thousahlsildings and other structures, aircraft, antbeobiles.

When the resins were first developed in the ea®B01s, the coatings were applied to a number afgas in Japan in
cooperation with the Japanese government. In wessts, half of the bridge was coated with a LUMIRLE@sin,

while the other half was coated with a coating camiy used on bridges at that time. These strustuvere

monitored over the next 20-25 years.

One such bridge was the Tokiwa Bridge. This bridgeated in a mountainous area of Japan near himas was
topcoated with a fluorourethane in 1986. Color gluds retention were measured periodically. Phofdhe bridge
are shown below in Figure 6.

October 1988 April 1993 July 2007

Figure 6: Photos of the Tokiwa Bridge Over 21 ‘¢ear
The photographs show that the color and glosseofitiorourethane topcoat were virtually unchandést 21 years.

After the last photograph was taken, gloss androoldhe coating were measured and compared tocth@ined
immediately after coating application in 1986. &Wesare shown below in Table 2.

(Insert Table 2)
Table 2: Color and Gloss Change of Fluorouretiamating after 21 Years

Results from Table 2 indicate that the color arasglof the FEVE coating are virtually unchangedra?il years.



Corrosion Resistance of LUMIFLON FEVE Coatings

It has been demonstrated that FEVE coatings offbstantial improvements in appearance over extepdedd of

time compared to standard coatings. However, thim meason for using coatings on structures aner@thsets is to
prevent corrosion. Unchecked corrosion can leagpad degradation of structures like bridges affishore oil and

gas rigs. A 3-part coating is commonly used foucttres, especially those in marine environmerdszinc rich

primer, an epoxy or polyurethane middle coat, andpgoat, increasingly of polyurethane. The ziioh primer is

designed to corrode preferentially to steel if tbating is damaged and corrosion initiators likeodtie, oxygen, and
water reach the metal surface. The topcoat, intiaddto maintaining appearance, also prevents marg of

corrosion initiators to the midcoat and topcoat.

Coatings are degraded when chemical bonds in thmistituent polymers are broken by UV light or cleh
exposure. The coating polymers are reduced imtedanolecular weight components that are more yeesihoved by
wind, rain, and other environmental factors. Qtiree, the coating loses thickness which reducestiiity to act as a
barrier to corrosion initiators. LUMIFLON coating® degrade, but only very slowly, due to the Higimd strength
imparted to the polymer by its fluorinated segmeritkis means that the topcoat continues to pratgainst corrosion
over extremely long periods of time. By using rnplé topcoats, the topcoat life on some bridgeaipan is estimated
at 50-60 years, even in marine environments.

Figure 7 below illustrates the comparative degiadatf different coating types in an accelerate@thering test, the
Sunshine Weatherometer Test (SWOM). Surfaces i eaating were examined before and after expogsirey
scanning electron microscopy.

Unexposed Coatings

Fluorourethane Polyurethane Chlorinated Rubber Alkyd
Figure 7: Comparative Degradation of Coatings\WCBVI

In the scans, the constituent polymers of eachomip@are seen as fuzzy white areas. After exposine,
fluorourethane coating shows a small amount of ghaat the surface. In contrast, the scan of theupethane
topcoat shows virtually no polymer remaining at theface. The white seen in the scan is the, Tiigment
unsupported by any polymer. The chlorinated rulatvet alkyd are even more degraded. Cracks anitesegan be



seen in the surfaces of these topcoats. Topcgmadation leads to increased penetration of camosiitiators like
oxygen, water, and chloride ion, reducing the gbibif the coating to prevent corrosion. Because thMIFLON

coating suffers less degradation than competitiegenals, they are much more effective in actingadsarrier to
corrosion initiators.

Comparative corrosion resistance of coatings canobiined by testing in the Electrochemical Impegan
Spectroscopy (EIS) test. EIS involves sendingli@nreating current between two electrodes, wheeenthin electrode
is in a 3% salt water solution and the countertedele on the metal coupon substrate. The changepedance at a
constant frequency of 1 kHz is then measured. drhaller the change in impedance during the testb#tter the
corrosion protection offered by the coating systelthe configuration of the tested coating systeras winc rich
primer/epoxy/topcoat. Since the only differencensen each coating system was the topcoat, theeStSields data
that can be used to compare the relative perforenaficeach topcoat. Relative coating performancasisally
measured by determining the tangent of the afghéhich is the acute angle each line makes withvéngcal.

In the version of the test used in this case, ttite&al impedance of each coating system was medsufréie coatings
were exposed for 1,000 hours in the Sunshine Wematheter, and then impedance measured again. ¥imath
coating system was exposed to 500 and 1,000 houleiASTM B-117 salt fog test, and impedance nreasafter
each exposure. Results of the test are shown belBwgure 8.
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Figure 8: Electrochemical Impedance Spectroscast Results

EIS test results indicate that the fluorourethap&ting outperforms all of the other coating typds.fact, the alkyd
topcoat had degraded completely as indicated biynppedance of zero at the end of the test. Baghpthlyurethane
and chlorinated rubber topcoats also show sigmifichanges in impedance during the test.

When the tangent of the angle to the vertical @heeoating system is measured, it yields the datavs below in
Table 3. Relative coating life can be estimatedifthe results.

Topcoat Typ Tangent) Relative Life (Polyurethane=
Fluorourethan 5.7 2.2
Polyurethan 2.€ 1.C
Chlorinated Rubb 1.8 0.7
Alkyd 1.2 0.t




Table 3: Relative Coating Life from EIS Results

Based on the EIS results, it can be estimatedthieatelative life of the FEVE coating is more tharnce that of the
polyurethane. The difference in performance is thst is believed to be due to the differenceeigradation of each
topcoat. A degraded topcoat allows corrosionadtutis like chloride and water to penetrate the dapcaccelerating
the corrosion process.

TYPES OF LUMIFLON FEVE RESINS
Because the structure of the FEVE resin can beda&o easily, a wide variety of resin types cambaufactured.

Solvent Grade FEVE Resins

Traditional LUMIFLON resins are supplied in xylen&olvent grade resins differ in molecular weightl @rosslink
density, allowing for changes in properties likewtical resistance, flexibility, hardness, and adimesMost are used
in exterior site applied coatings. One solventgraubstitutes an Aromatic 150/cyclohexanone bénsolvents; this
resin is used in factory applied coil coatings. c@ese coated coil components are usually fabricatede building
site, excellent flexibility is required.

Solid LUMIFLON Resins

In an effort to enable coating manufacturers totreegironmental standards in the U. S., solid esire now offered.
These resins are manufactured in the same mansehant based resins, and have the same perfoenaansolvent
grade resins. Several additional processing siepsnvolved, including distillation to remove seht, chilling the
resulting resin mass, and chopping the resin itaket. Solid resins are soluble in so-called ¥elabrganic
compound (VOC) exempt solvents, including para-aitienzotrifluoride (Oxsol® 100), acetone, t-butgktate, and
dimethyl carbonate. When dissolved in exempt sak/er a combination of such solvents, coatingstimgehe 100
g/l VOC standard for southern California can be afactured. These resins are also soluble in hamardir pollutant
(HAPS)-free solvents like MEK, MAK, and glycol etiseand esters.

Water Emulsion FEVE Resins

Water-based LUMIFLON resins have also been developehe first waterborne FEVE resins products weater

emulsions. To manufacture these resins, vinyl rethenomers substituted with polyoxyethylene (EO)tsumre

copolymerized with a fluorinated monomer and otliryl ethers, maintaining the conventional FEVRisture. The
resulting polymers are high in molecular weight,tBey can be used in either in single componentirggs or in

formulations crosslinked with aliphatic isocyanatféspersions.  Surfactants are used to improve tlagerw
compatibility of the fluorinated polymers. Theuwstture of a typical FEVE water emulsion is showtfrigure 9.
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Figure 9: Polymer Structure of FEVE Emulsion

Coating properties obtained from single and two ponent FEVE emulsions, while exceeding those of yman
competitive coatings, are not as good as thosenglatdrom solvent and solid grades of the resifkis is likely due

to the presence of surfactant in the coating, dbageto the presence of the ethylene oxide unithé polymer. In
general, the water resistance of the emulsionswigd than that of solvent grade coatings, and vezalility, while
still good, does not attain the levels of the sotvesins.

Research has shown that the LUMIFLON emulsion seaie effective when used in blends with standatmbased
resins to improve the weathering of these systéResults from one test are shown below in Figure 10

FEVE Emulsion Blends With Acrylic Resin
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Figure 10: Accelerated Weathering of FEVE Emulddends with Acrylic Resin

Test results show that the replacement of 20% &6 80the water based acrylic resin with the FEVHIksion leads
to a significant improvement in weatherability bketresulting coating. Traditionally, LUMIFLON resi have been
used at 100% of the coating resin component to faature coatings with weatherability exceeding &arg. In
many cases, this level of weathering is not requiré-or example, FEVE resins are being used indslén the
automotive industry to improve the weathering ofiantional protective coatings. In this case, Bene gloss
retention is desired for 7-10 years, while existingting systems deliver only 3-6 years.

FEVE Water Dispersion Resins

FEVE water dispersions were developed to overcérmgtoblems inherent in FEVE water emulsions. &hes
dispersions are made through a multi-step procgiag solid FEVE resins as the raw material. FF&YE solid
resins are synthesized in a solvent, which is teeroved by vacuum distillation. The resulting masichilled, and
then processed into flakes. These flakes aredissolved in a hydrophilic solvent. To make thepérsion, a portion
of the hydroxyl functional vinyl ether groups amndtured with an acid anhydride to form carboxgtied groups ().
These acid groups are neutralized with an amineaitid the resulting polymeric carboxylic acid sk#persed in
deionized water. Finally, the solvent is evapatayéelding an FEVE dispersion containing no sotgesr emulsifiers
(In. The preparation of these dispersions isvamachematically in Figure 11.
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Figure 11. Manufacture of FEVE Water DispersiorsiRe

After synthesis of a number of dispersions, it feasd that dispersion stability was influenced byexral factors,
including molecular weight of the polymer, partisiee, and acid value. The most stable dispersi@me derived
from lower molecular weight, moderate particle sis@derate acid value polymers.

To test the performance of FEVE water dispersionatings were prepared from the FEVE water dispers water
emulsion FEVE resin, and a solvent-based FEVE re€inromate treated steel panels were coated hdtltdatings,
which were allowed to cure for 14 days.

The resulting fluorourethane coatings, along witlingle component FEVE emulsion resin, were subfett several

standard tests for coatings. The results are st@baw in Table 4.

FEVE FEVE Solver- FEVE Emulsion (OHV=5¢
Dispersion Based
(OHV=85) (OHV=52)
Crosslinket Water HDI Based Water None
(NCO/OH=1) Dispersible Polyisocyanate| Dispersible
Isocyanate Isocyanate
Gloss, 6° ISO 2811 88 9C 78 78
Pendulurr ASTM D 436¢ 79 8C 75 19
Hardness
DuPont Impac | ASTM D 2794 >1.0n >1.0n 10nm 0.3nm
(D=0.5")
Cross Cu ASTM D 335¢ 5B 5B 5B 0B
Adhesion*
Water . Adhesion 4B 5B 3B 0B
Resistance ASTM D 3359
ISO 2812 Blistering, No Blistering No Blistering <8, Medum 2 Dens:
40 C,24hrs | ASTMD 714

*Cross cut adhesion test performed after soakirwtnwater for 24 hours.

Table 4. Comparative Performance of FEVE Coatings

Test results in Table 4 show that the initial globthe dispersion-based fluorourethane is clogbhabof the solvent-
grade coating, and higher than that from the emnlsHardness and adhesion of the three crosslickatings are
about the same, although the reacted emulsionligadiyslower impact resistance. The single comparFEVE
emulsion has far lower hardness and impact resistand poor adhesion. The emulsion alone isdmgiugh in
molecular weight to form a film using a coalescandvent, but without the isocyanate crosslinkepitsperties are
poor. The biggest difference in performance iswheer resistance of the three fluorourethane ogati The water
dispersion and solvent grade fluorourethanes shoellent water resistance, while the emulsion depeblisters
during the test. In this battery of tests, the ERdispersion offered performance equivalent to efidhe solvent-
based coating. This means that zero VOC fluorbaret coatings with excellent properties can be titated using
the FEVE dispersions.



The crosslinked coatings described above were exahby the ASTM G 53 accelerated weathering tiest.
this case, the coatings were tested with the QUMiB. The wavelength is believed to be more aggres
than the QUV-A bulbs used in the test in FigureR&sults are shown below in Figure 12.

Comparative Weathering
FEVE Dispersion, Solvent & Emulsion
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Figure 12: QUV-B Weatherometer Testing of FEVE-&h€oatings

Accelerated weathering tests show that the dispedsased fluorourethane weathers as well as therssbased
coating, and outperform the water emulsion.

Based on the test results, it should be possihls¢o~EVE dispersions for all applications whelgesd-borne
products are used today. Because FEVE dispersinbe used without coalescing solvents which neagomsidered
VOCs, they can be used as industrial maintenaragngs even in California which has the stricte€G/regulations
in the U. S. In addition, the dispersions can ldisp solvent-based coatings in applications whelkeat odor can
affect occupants of a structure, such as officédings or hospitals.

APPLICATIONS FOR LUMIFLON COATINGS

FEVE resins are usually formulated into fluorouegtd coatings. In some cases, LUMIFLON resins aed un
blends to improve weathering. Markets for LUMIFLOg®datings include architectural, industrial mairtece,
aerospace, automotive, and alternative energyicalyppplications are summarized below.

Architectural Markets

FEVE resins are used to make coil coatings thabpptied to metal composite panels for commeraial imdustrial
buildings. These are shop applied coatings. FE34hs can also be used for field applied air dugrburethane
coatings useful for repainting existing buildingslather structures. FEVE powder coatings are teseeplace liquid
fluoropolymer coatings for aluminum extrusions, dismainly for window frames. Fluoropolymer architgal

coatings are usually formulated to meet the Amerisechitectural Manufacturer's Association (AAMApacification
AAMA 2605. The coating portion of this specificati requires at least 10 years of South Florida lnezaitg with

>50% gloss retention, and a maximum color chand\&f



Industrial Maintenance Markets

FEVE resins are widely used on industrial structuiecluding water towers, bridges, and offshomtfptms. For
these applications, corrosion protection in additio coating weatherability is critical. Coatingsed on industrial
structures are usually 3-coat systems, with a @it primer, an epoxy or urethane mid-coat, antuaréurethane
topcoat. In most cases, these are field appliediraggs, although new bridge construction involvespscoating a
significant portion of the components.

Aerospace Coatings Markets

FEVE resins are used in the U. S. Air Force’s AdemhPerformance Coating system. The Air Force rifaelehoice
of a fluoropolymer coating because of its improvezhthering, low color change, and its ease of alganBecause
military aircraft are repainted on a regular ba3&years of durability are not required. Thereffor this application,
FEVE resins are blended with standard aerospaceéngoeesins. FEVE resins are beginning to findlace in

commercial aerospace as well. Fluorourethanes lese approved for use on the Boeing 787, whichasufactured
using large amounts of composite materials.

Automotive Markets

Due to their high cost, LUMIFLON resins find oniynited applicability in the automotive market. FEVesin blends
are used as an appearance coating for componestisamsthe Chevrolet Cruze, General Motors’ new kel
platform. In addition, the resins are used in & coating for exterior metal components on sevatifflerent
automobiles.

Alternative Energy Markets

FEVE coatings are being used extensively in alter@@nergy markets, especially in solar. Coatifogsvind towers
and blades are also being tested. These marketisleal for fluorinated coatings, since the expdiie of solar
panels and wind towers are 30+ years. In manyscagad towers and solar panels are in remote ilmtst making
recoating expensive and time consuming. LUMIFLQMtings are used on solar panel back sheets, agattect
the solar cell from moisture and UV degradatiofuoFopolymer laminates were and are still usedis application;
however, FEVE coatings have proven themselves tteg® expensive and have therefore substantiatise@ased
market share over the last 4-5 years.

CONCLUSIONS

FEVE resins continue to gain market share in andeese ultra-weatherability is required. Traditibealvent-based
FEVE resins are being supplemented by other typessims that can be formulated to meet the |laegironmental
regulations. Fluorourethanes are gaining wide@ecee for their life cycle cost advantages in ieckural,
aerospace, automotive, alternative energy, andstridumaintenance markets. FEVE blends can be wsinprove
the weathering of conventional water based resstesys for similar applications.
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