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Enhanced Substrate Adhesion

By Joel Zazyczny and Barry Arkles, Gelest Inc., Morrisville, PA

anutacturing -_'I.-\\:h\-[-;-.-I‘au:nt};" exist in the United

States for alternative energy (photovoltaic modules,

fuel cells, wind turbines) and medical and healthcare

tions. More traditional markets where growth is expected

Inc

ude automotive, construction and specialty packaging
Adhesives and sealants play a vital role in commercial

izing these technologies. However, in order for adhesives t

be .uu']“v\i 1s a material for these applications, two ractors

must be considered: assembly of complex devices and the long
operating lifetime in the aggressive environments where the

devices must perform. From an economic “cost of ownership”
model, adhesives reduce intense fabrication costs or enable the
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imniti | 1Issembly (femperature limitations, environmen

lations and safety requirements) handicap the adhesive

rmulator in achieving durable chemical bonds in aggressive

environments. A key element in long-term adhesive failure is

insufficient hydrolytic stability at the bond line

dal silanes are a new series ol .|.||u'~|\-11 promoters that

have achieved commercial success in applications that include

plastic optics, multi-layer printed circuit boards and use as adhe
I tor terrous and nonferrous metals. These [‘:--.i:u s
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have intrinsic hydrolyt ities up to

ic stabi 10,000 times greater
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than conventional silanes. They have a significant impact on

substrate bonding and the mechanical strength of many compos-

ite systems, including epoxy, urethane, epoxy/urethane hybrids,

polysulfide, cyanoacrylate, and silicone, and may also be used in

srhborne. high-solid «d photoa » chen i
waterborne, high-solids, and photoactive chemistries.

CONVENTIONAL SILANE-COUPLING CHEMISTRY

RnSiX(4-n) is the empirical formula for organosilanes and illustrates
the silane’s reactive abilities. The R group is a nonhydrolyzable
OTrEanic ].|\I:IL .l] L .l[‘.llt'lll' Ot i\ "11.]'.“'_' W Hlt': Organic resins .',“\i ]‘\ 'Il‘. mers
The X group is hydrolysable (rypically alkoxy, acyloxy or chlorine)
and enables the silicon group to bond with inorganic substrares
Thus, an organofunctional silane that is capable of reacting with
both organic (R group) and inorganic (X group) substrates can func-

fion as a |‘IL|I_,'L' l\'[‘.\'n'[: I}u' WO (see !'I-_'lnr | .1. ‘l'u.]l das !'\'.".\\'r:': dan

inorganic mineral and a polymer and/or between a polymer and a

solid surface.
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There are several potential sources of water to promote hydrolysis: it
may be present on the substrate’s surface, come from moisture in the
atmosphere, or be contained in the medium. When chlorosilanes
wre used in alcohol solutions, water can be generated in situ.

I ]h- reaction of \||.|ru--\ ( Iu]‘]m; 1FEnts mv \:\ es nve }‘.I".\ steps.
Hydrolysis generates reactive silanol groups, which are the
bonding sites for the attachment to inorganic substrates.
Condensation to oligomers follows hydrolysis

3-4. Oligomers hydrogen bond with available hydroxyl groups

of the inorganic surface (functional fillers, metal oxides) to

form stable siloxane linkages.



DIPODAL SILANES

Table 1. Non-Functional and Functional Dipodal Silanes

Non-Functional Dipodal Silanes

Functional Dipodal Silanes

SIB1817.0 . SIB1820.0
Bis(triethoxysilyl)ethane Bis(triethoxysilyl)ethylene

SIB1824.0 SIB1824.6
1,8-Bis(triethoxysilyl)octane Bis[3-(triethoxysilyl)propyl]disulfide

SIB1829.0 SIB1833.0
1,2-Bis(trimethoxysilyl)decane Bis(3-trimethoxysilylpropyl)amine

SIB1831.0 SIB1834.0
Bis(trimethoxysiylethyl)benzene

N,N'-Bis[(3-trimethoxysilyl)propyl]lethylenediamine

Table 2. Effects of Dipodal Silane on the Bond Strength of Crosslinkable Ethylene-Vinyl

Acetate Primer Formulation

Dipodal silanes have been successfully
used as adhesion promoters in multi-layer
printed circuit boards. Photo courtesy of
Philips.

5. The reactive organofunctional group
(usually amine, vinyl, mercapto, meth-
acrylate or epoxy) will then form cova-
lent and hydrogen bonds with the
organic resin or polymer during cure.

The reactions involved in silane coupling

are shown in Figure 2.

DIPODAL SILANES

Due to the nature of the silicon molecules,
the silane-coupling agent is a material
used to resist deterioration by the intru-
sion of water between the polymer and
the substrate. Through the modification
of the interface, silane-coupling agents not
only provide water resistance, but are also
responsible for other important changes
associated with composite systems. The
interface region may exhibit increased
strength because of the modification, which
forms interpenetrating polymer networks of
resin and silane.

In silane surface treatment or in situ

The problem with
conventional silanes
is that they self-condense
to form siloxanes, resulting
in phase separation or
gelation.

Wet adhesion to metals (N/cm)

Primer on metal

10% in i-PrOH Titanium Cold-rolled steel
No silane Nil Nil
Methacryloxypropylsilane 0.25 7.0
Methacryloxypropylsilane + 10% dipodal 10.75 28.0

(cohesive failure)

90" peel strength after 2 h in 80°C water.

P. Pape et al,, in Silanes and Other Coupling Agents, ed. K. Mittal, 1992, VSP, p 105

applications, it is common to hydrolyze the
alkoxy groups to form silanol-containing spe-
cies, which are highly reactive and respon-
sible for hydrogen bonding with the substrate.
However, it would be ideal to supply silanes
with enhanced hydrolytic stability.

The problem with conventional silanes
is that they self-condense to form silox-
anes, resulting in phase separation or
gelation. By adding dipodal silanes, the
enhanced hydrolytic stability will have
significant impact on shelf life, sub-
strate bonding and improved mechanical
strength of many composite systems.



Figure 1.

Figure 2. Reactions Involved in Silane Coupling
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Functional dipodal silanes and combi-
nations of non-functional dipodal silanes
with functional conventional silanes have
a significant impact on substrate bond-
ing and possess enabling activity in many
adhesive systems, particularly primer and
aqueous immersion applications. The fun-
damental step by which silanes provide
adhesion is forming a -Si-O-X bond with
the substrate. If the substrate is siliceous, the
bond durability is dictated by bond dissocia-
tion of Si-O-Si. According to the equation
=8i-0-Si= + H)O = =Si-OH + =Si-OH,

the equilibrium for bond dissociation is
~10-2. By increasing the number of bonds
by three, the equilibrium for dissociation is
increased to ~10%.

Theoretically, this means that the dis-
sociative bond line failure that typically
occurs in one month is increased to ~10,000
months. Other factors influence the failure,
but dipodal silanes clearly have the potential
to exceed the lifetime bond requirements of
many devices. The effect is thought to be a
result of both the increased crosslink density
of the interphase and the resistance to hydro-

Figure 3. Dipodal Silane
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lysis of dipodal silanes, which is estimated at
~10,000 times greater than conventional cou-
pling agents. Dipodal silanes have the ability
to form six bonds to a substrate, compared to
the three bonds of conventional silanes.

The following factors are important in
determining the following effects of silane/
dipodal mixtures:

* Improved wet adhesion

* Improved chemical resistance

* Corrosion protection

® Improved processing.

In a typical application, a dipodal silane
is combined at a 1:5 to 1:10 ratio with a tra-
ditional coupling agent. It is then processed
in the same way as a traditional silane-cou-

pling agent.

CONCLUSION

Conventional silane and dipodal silane chem-
istry has been reviewed. The theoretical infor-
mation presented with the empirical data sub-
stantiates that a combination of dipodal and
conventional silanes offers enhanced bond
strength vs. conventional silane-coupling
agents. Dipodal silanes, when used in adhe-
sive and sealant formulations, offer perfor-
mance advantages as well as enhanced shelf-
life stability, which will allow formulators

to meet the requirements set forth by future
high-performance applications.

For more information. contact Gelest Inc.. |1 E. Steel Road.
Morrisville. PA 19067 phone (215) 547-1015; or visit
www gelest.com.
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