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Coatings are encountered on a dally basis, both in
our personal lives, such as floaring and interior paints,
and in spocialized industrial applications, such as pipe
line eoatings and maring coatingds for commercial and
cargo ships, The parformance expectalions of coatings
arg high; requirements might include long-term adhesion
Lo the substrate, ozone- and lightfastness, moisture and
solvent resistance, gloss, and overall durability of the
coating. Durability requires not only scratch, abrasion,
and mar resistance, but the ability of & coating to vesist
cracking and darmage Trom impact wilh ancther objact,
Certain coating chemisties have excellent engineegring
properies and resistance 1o solvents and chearmicals, but
comain deficiencies in other areas—such as drying speed
for two-part watcrborne polyarethane coatings or impact
resistance with certain unmodified epoxies. Crosslinked
cpomides are amorphous, and the structure of this type of
thermoset leads to a relatively britile matcrial, with poor
resistance o erack initiation and growth.t

Researchers have developed several different methods
to improws the impact resistance of coatings while retain
ing Lhe beneficial properties. K is impartant for eoaling for-
milators to understand the differanl technologies availabHe
to improve the durakility and impact resistance of coatings,
a3 alt technologies have their inherent strengths and weak-
nosses. Although thesea technologies apply to a variety of
pobamer systems, for the purposes of this article, eposies
are primarily used o demonstrate the diflferences of how
gach approach can deliver improved parformanca.

METHODS FOR IMPROVING
iIMPACT RESISTANCE

Impact to 8 coating causes acsthetic damage, al the
very legst, but can also cause more sericus damage,
such as cracking, delamination from the substrate, and
even flaking of the coating from the substrate. Impact
can ke an important consideration in almost any ceating
application, tut for applications such as fusion bonded
epoxy (FBE) coatings lor water, gas, and oil pipelines,
impact resistance is critical. Installation and handling
of the pipe can lead toimpact damagde of the coating,
and damagk of the coating can cause the pipaling to fail
performance espectations in koy arcas such as sohanl
resistance. Ih residential applications, the integrity of
coatings is key to meeting high customer expectations of
lohg product lives, despite conditinns that sublect coat-
ings to repeated impact damaga.
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Afthotgh improving the impact resistance of coat-
ings can be a challenges to achisve, coatings manu-
facturers now have the aption Lo use several recently
devaloped methods to improve iIMmpact resistance of
coatings, particularly epories, so that the costings can
meet their product expeclalions. For eposies. improv-
ing impact resistance often involves the introduction of
wel dispersed particles of nanometer to mickon sizc. The
second phase parlicles can ineresse impact resistance
through a variety of mechanisms, including enhanced
coating ductility, particle bridging, crack deflection, and
crack pinning, 1o name & few. Dispersed second phase
paricles can either form during the curing process, ar
they can be added to the coating formulation pre-formed.
These particles can 1ake he form of elastomers, nano-
silicas. hlock copolymers, or Agid thenmoplastics.

This article focuscs on iMprovements in impact resis-
Latee for coatings, which is 8 complicated measure of
toughness due to the fact that impact resistance results
can be affected by various intrinsic and extrinslc effects.
Studies have shown, Lthough, that when all varigbles
are mairtained, the introduction of the second phase
particles significartly improves the impact resistance of
coatings. The abifity of the epoxy 10 be toughenad will
also depend on its degree of crosslinking and ductility,
with relatively ductile epoxies being good candidates for
toughening iy inclusion of rubbery parlicles, and high-T,,
less-ductile epoxies being more efficiently toughened with
the addition of rigid therrnoplastics.? The ductility of the
cured epoxy is dependent on a number of faclors, Includ-
ing epowy structure, equivalent weight, and functionaiity.
as well as curalive structure and stoichiometry. In & sys-
tematic study by Pearson and Yee, it was demonstrated
that varying the molecular weight of the epoxy changed
the matrix douctility ina controlled manner, with the maore
auctile formulaticns being mare efficiantty toughened
with the addition of reactive liquid polymcr.® The following
secrions will provide a brist overview of sach technology,
highlighting their strengths and weaknesses,

REACTIVE LIQUID POLYMERS

Reactive liquid polymers are synthetic rubber with
chemical functionality—tew malecular weight butadiens
or butadiene acrylonitrile copolymers with reactive groups
at the ends of the palymer chains, allowing Lhe incorpora-
tion of rubber properties such as inpact resistance, resil-
ienee, and adhesion Inlo coatings. Because they have fow
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Flgure 1=—5E0 of a cured cposy matrlx containing reactive
llquld palymers.

malecular weight. they are viscous liquids at room tem-
perature. making themn easy to incorporate into coating
fermulations. The butadiste-acrylomitrile (BN} copalymers
have one of several different terminal reactive groups,
including carboxyl terminated [(CTBM), epoxy terminated
{ETEM), amine terminatad (ATBM}, hydroxyl Larminated
tHTBM ar HTB). or vinyl/methacrylate tenminated (VTEN),
and are chosen based on the specific type of coating and
curative chemistry that is selected, Initially, the reactive
[ipaicd pokyreer will be misciblz in the coating, bt as the
coating cures and the molacular weight grows, the poly-
metr will phase separate into discrete, spheical domains
on the size order of 0.5 to 1.0 pm. An SEM showing the
rotphology of an eposy with phase separated reactive
liguid palvmers is provided n Fdure 1,

Selection of the correct reactive liquid polymer—
gulded by the formulation—is crugial. The polymer must
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have & reactive group that allows the polymoer to react
intc the matrx, l2ading to phase separation and forma-
tion of the spherical second phase. The acndonitrile level
of the polymaor must also dllow the palvmer to be soluble
in the coating matrix before cudng, allowing for a stable
formulation and consistent marphology post-curs.

This technology can be applied to a multitude of cost-
ing chermistries such as acnlics, vimd ester. epoxy. unsatu-
rated palyester, and polyorethane polymer formlations.
The impact resistance can be significamly improved, moslly
through the ability of the phase-separated slastomeric
particles to allow hrittls coatings such az epoxies to have
ehhanced shear defammation. Figure 2 shows the result of
incorporating several different CTBMN reactive liquid poly-
mers; ina 100 bin reverse impact test, an unmaodified
epoxy sample was punctured by impact, whereas the three
CTBM-modified epoxies remained intact.

Avery small portion of the reactive liquid palymer will
remain soluble in the meateix, which can lead to a slight
decrease in matrix properties such as T, and modulus,
The typical concentration of theso reactive lquid poly-
mers in coatings is 5-15 parts, and the increase in
toughness can be optimized with respect to the slight TE
decrease. A5 shown in Figwe 3.

&t higher levels, usually preater than 20 parts of reac-
tive liguid polymer per 100 parts of epoy, the inclusion
of reactive liquid polmmers can significantly increase the
flexibility of the costing, which is desirable in applications
where coatings are subjected 1o bending, Due ta the low T,
of the reactive liquid palymer, the low temperaturs im pa{;t"
resistance is also significantly improved, and the flexibility
at low temperature far higher concentrations is excellent,
Dver_all. reactive liquid palymers have docados of proven

Figure 2—100 lt-in
reverse impact test
at A.T.
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porfomance in coatings to improve impact resistanca

and can alsg improve other petformance properties of the

coating, sueh as adnesion to the substrate.

CORE SHELL POLYMERS

Core shell rubbers are a second method [ introduce

efastomeric second phase particles into a coating 1o

improve impact resistance. Core shall rubbers contain

an inner core Lhal is usoally elastomeric in nature with a
[ Tg. surnounded by a shell that is compatible with the
coating matrix. The particles are pre-formed at @ consis-
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Flgure 3—Optimization of reactive lguld polymers in
formlations.

Matrix Compatible Shell

Elastomeric Care

Figure §—Cross section of typical core shell particls.
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tent particle size and therefore do not rely on phase sep-
aration to generate the second phase and margphology.
A pictorial representation of a care shell particle cross
saction iz shown in Figure 4,

Core shell particles toughen differcnt coating chems-
istyies, such a3 epories, vinyl eslers, and unsaturated
pakvestar resins, by many of the same mechanisnis that
are phserved in the wse of reactive liguid polymers: par-
ticle cavitation ahead ol the crack tip leading to plastic
vold growth, terminstion of cracks, relieving of internal
stresses during cure, and microcrack prevention, The core
is designad W0 be Lhe portion of the particle that provides
impact resistance and therefore will usually consist of &
I T p palymer, such as butadisne-stywrene copalymers,
polyvbutadiens, polysiiosane, or agrylic polymers. The shell
is designed 1o ke compatible with the coating watrix 5o
that the particies evenly disperse throughout the coating
and do nol agglomerate, and it can be composed of & vari-
ety of different polyrmers.

Because the particle is pre-farmed, it must first be
dispersed in the epoxy or added to the epoxy a5 @ con
centrate of cora shell pre-dispersed In epoxy. This can
sometimes e a disadvantage due to the fact that the
formutators must either disperse the core shell particles
themselves or use a porticn of epoxy from the con-
centrate that may not be desirabile in the formulaticon.
Howeever, bercause the parlicle is pre-formed, there is
wery little T depression since the elastometic core does
not solukilize in the matrix. As the particle size of the

Flgure 5—3EM of nanosillca dispersad in
cpoxy resln,
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core shell rubbears is lower, coatings ar parts prepared
with this tocughener arg more transparent than those
prepared with reactive liguid polymers, which can he
opagque. Synergistic improvermends are seen with care
shel particles when combinad with other tougheners
such as reactive liguid polymers.

NANCSILICA

Improvermnents to impact resistance made with nano-
silica are very similar to the improvernents seen with core
shell technology. Mahesillea are surface-mod|fled silica
that are uniformly dispersed in epaxy. with a particle size
of approximately 20 nm and containing a very uniform
particle size distribution. Although pre-dispersions are
avatlable in epoxies, nancsilica can also ke dispersed in
ather matrices sueh a2 acrylios to irrgrove scrateh resis-
tance. A typical SEM of nanosifica dispersed in epoy s
shown in Figurre 5.

Because the siica nanoparticles have a very simall
particle size and do not agglomerate, there is minimal
impasct to the viscosity of the coating formukation. Typicat
use concentrations range from 5- 15%, with optimal
properties usually being achieved at the lower concentra-
tipns, Similar to core shell paticles. the addition of nano-
silfca particles 1o a coating formulation will have litte
effact on the overall T.. The nanosilica particles toughen
the eoating by methads similar 1o those mentioned
above, with particle debonding from the matrix being an
impertant exception. Ahead of a crack, nanosilica par-
ticles can dehond from the matrlx, creating & vold within
the matrix. These voids can then grow in size similar to

rubber particle cayvitation and hole growth, thereby allow-
ing plastic deforrmation of the matris.

Transparency of coatings can be maintained, agaln
hecause of the extremely small particle size, Gne disad-
yantage, similar to the core shell particles, is that the
rianosllica must either be dispersed by the formulator
or he used as a concentrate in epoxy. Several studies
have shown very synergistic improvements in tough-
ness when nanosilica is used in combination with
reactive liquid polyvmers. When used at 4-5% each,
nanosilica combined with reactive liquid polymers show
improvemeants in fracture toughness and impact resis-
tance that are not attainable whon either technology is
used singularly.

BLOCK COPOLYMERS

Block copolymers for use in coatings to improve
impact resistance consist of @ block that is compatible
with the matrix and g second blosk that is incoem patible.
The hlock copalymers can he diblock or triblock copoly-
rmers, with the triblock copolymers caontaining two end
blocks that are compatible with the coating matris and
a middle block containing matrix-incompatible materiat.
Either beforg or after epoxy curng, the block copolymers
will generate a specific morphology depending on thelr
respective compatibility with the matrix, The klocks that
are not compatible ["matrix-phobic™ wilt sssociate and
be surrcunded by the klocks that are compatible with
the matrix {“rmatrix-philic™). A geneval representation of
this concept is shown in Figure &, showing formation of
sphercal micelles.
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Depending on concentration and compatibifity, the
hlock copolymer can form other morphalogies, such os
vesicles or wormlike micelles, The size of the domains
farmed is typically less than 100 nm, and ose concen-
trations are 5- 1%, Because of the small particle sizg,
aptieal clarity is maintained for the mest part, and there
is minimal effecl o Tu_

The ultimate increase in toughness will depend an
the morphology that is generated, which will be depen-
dent an Lhe averall coating formulation. This may be a
disadvantage due 1o the fact thal positive results may
nit translate divectly from system to system. The blogk
copolymers can be difficult to disperse in thermosets
such as epaxy and are often supplled as masterbatches
in epoxy. Yiscosity of o coating fenmulation is minirmally
aftected Yy the addition of biock copolymers. Low tem-
perature impact resistance is also nat as effectively
increased with the use of block copolymers cormpared to
the use of a low T, elastomeric second phase.

KEY THERMOPLASTIC

The techinologies above effeclivaly toughen lightly
to moderately crosslinked thermesets but do not effi
ciently toughen very high T, highly crosslinked thermao-
sets, Rigid particls thermosets have been introduced
A% a salution 1o this problem. The thermoplastic is
dissolved in hat epaxy, sometimes with 8 copolymer to
assist in dispersion, and upen cooling, the thermoplas-
tic will precipitate out of solution to form second phase
partickes at addilion levels of & 208, Some examples
ot thermoplastic materials that can be bsed arc paly
THF/nylen 11 blogk copalymers and ethylens vinyl ace
tate capalymers, polyelher sulfones, or polyimides. The
addition of thermoplastics can be difficult 1o employ.
and the ultimate marphalogy can be difficuit 1o control
and often relies on specialized lechniques to generate

the proper morphalegy for improving impact resistance.

The dedree of toughening is strongdly dependent on the
morphelogy of the resultant polymer blend; therefore.
the morphology must be optimized to achieve the high-
est degree of toughening.
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EMERGING TRENDS

Manoparticle addition is emerging as ancther poten-
tial techinology to increase the impacl resistanoe of
coatings. in addition to other properties such as scratch
resigtance. These nanoparticles could include carban
nanctubes and nancfiters, graphene, or morenorillanite
organoclays. The research in this field is beginning to
show improvernents in the toughness properties of coat
ings, but significant challerges are st present, such as
dispersion of the nanoparticles without agglomeration
and aptimization of properties to achicve the degree of
improverment seen with Lraditienal toughening technolo-
dies, Redactive liguid pelymers are sometimes used as
additives to help disperse and bind the nanoparticles
inta the mattlx.

CONCLUSIONS

lmpraving the durabitity and impact resislance of
coatings can bhe achicvod through a variety of different
technologies. All technologies involve the introduction of
discrete second phase particles. The second phase par-
ticles can be formed by phase separation during curing
or cooling of &n eposy, oF they can be added pre-formed.
Different materials can make up the second phase,
including elastomers, nanosilica, block copalymers, and
thermaoplastics, each material with its own unigue advan-
tages and disadvantages. The coating formulator is
thersfore presented with a varicty of opticns with which
1o maximize the impact resistance of their formulation o
meet the growing demands of coatings.@
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