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THERMOSETTING COMPOSITIONS COMPRISING SILICONE POLYETHERS,
THEIR MANUFACTURE, AND USES

FIELD OF THE INVENTION

The present invention relates to thermosetting compositions comprising

thermosetting resins and silicone polyethers.

BACKGROUND OF THE INVENTION

Some thermosetting compositions produce thermoset products having good
toughness, some having good moisture resistance, and some having good processability.
However, to date, a thermosetting composition producing a thermoset product exhibiting
each of those characteristics, to the extent that it could be prepared in large scale, and used
in high performance applications under significant stress and moisture exposure, has not

been made.

The present invention seeks to solve these problems.

SUMMARY OF THE INVENTION

The present invention provides improved thermoset products exhibiting excellent
mechanical performance and moisture resistance. The thermoset product exhibits improved

toughness and reduced moisture uptake, while maintaining good processability.

The present invention provides at least the following advantages and features:
combination of toughness and low viscosity; combination of toughness and water
resistance; excellent mechanical properties, especially when used with a filler; possibility of

grafting polymers into the thermoset network; and stable incorporation of silicone.

These features and advantages are provided at least by the following specific
embodiments: A thermosetting composition including (a) at least a first thermosetting resin,
and (b) at least one silicone polyether, wherein the silicone polyether comprises at least one

of the following structures:
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CH, C|)H3 CH,
H,C—Si—O T|—0+%|—CH
(CH,), CH, (CH,),

(EO),(PO),(BO),OR,  (EO),(PO),,(BO),OR,

and

| H, CH, CH CH, CH,

H C—?—O%%—OH&— H%l—o+él—CH3

(CH,),  (CH,),R, CH,

(EO),(PO),,(BO),OR,

wherein x, y, z, p, q, k, m, and n may be independent integers; x and y may be greater than
or equal to 1; z may be greater than or equal to 0; p and q may be greater than or equal to 1;
k, n, and m may be greater than or equal to 0 and the sum of k+n+m may be greater than or
equal to 1; Ry and R, may be independent end groups chosen from H, (CH,),CH; where r is
an integer greater than or equal to 0, OCH3, and (meth)acrylate; and EO is ethylene oxide,

PO is propylene oxide, and BO is butylene oxide.

Other features and advantages of the present invention will be set forth in the
description of the present invention that follows, and will be apparent, in part, from the
description or may be learned by practice of the present invention. The present invention
will be realized and attained by the compositions, products, and methods particularly

pointed out in the written description and claims hereof.

DETAILED DESCRIPTION OF THE INVENTION

Unless otherwise stated, a reference to a compound or component includes the
compound or component by itself, as well as in combination with other compounds or

components, such as mixtures of compounds.

(13 2% <<

As used herein, the singular forms “a,” “an,” and “the” include the plural reference

unless the context clearly dictates otherwise.
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Except where otherwise indicated, all numbers expressing quantities of ingredients,
reaction conditions, and so forth used in the specification and claims are to be understood as
being modified in all instances by the term “about.” Accordingly, unless indicated to the
contrary, the numerical parameters set forth in the following specification and attached
claims are approximations that may vary depending upon the desired properties sought to be
obtained by the present invention. At the very least, and not to be considered as an attempt
to limit the application of the doctrine of equivalents to the scope of the claims, each
numerical parameter should be construed in light of the number of significant digits and

ordinary rounding conventions.

Additionally, the recitation of numerical ranges within this specification is
considered to be a disclosure of all numerical values and ranges within that range. For
example, if a range is from about 1 to about 50, it is deemed to include, for example, 1, 7,

34, 46.1, 23.7, or any other value or range within the range.

As noted above, some thermosetting resins are characterized as having good
toughness, some as having good moisture resistance, and some having good processability.
However, prior to the present invention, a thermosetting resin exhibiting each of those
characteristics to the extent that it could be prepared in large scale, and used in high
performance applications under significant stress and moisture exposure, had not been
made. The present invention provides thermoset products improving on these
characteristics. The present invention provides significant, and in some instances

surprising, improvements over conventional thermoset networks.

For example, most conventional toughening agents, such as rubbers, core-shell
particles, thermoplastic block polymers, have a high molecular weight to initiate suitable
toughening mechanisms. The high molecular weight, however, has an undesirable effect on
the viscosity of the uncured thermoset formulation. Because of the high viscosity, these
formulations cannot be used to prepare compositions that need to diffuse into small cavities,
and they also cannot be used with conventional processes (e.g., because of limitations of the
pumps). To lower the viscosity of these conventional formulations, the processing
temperature of the formulation is increased, but this also leads to shortened pot life. It is
surprising that silicone polyether resins with low molecular weight and/or low viscosity,

which impart greater processability, maintain excellent toughening properties.
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The use of polyethylene oxide-containing block copolymer has been described as an
effective toughener. The polyethylene oxide block acts as a compatibilizer with the epoxy
formulation, while the second block is non-miscible, leading to a micro-phase separation.
However, such a product is inherently limited by its poor thermal stability and its low water
resistance. When combined in a thermoset network such as an epoxy network, the water
uptake drastically increases, probably because of the highly hydrophilic character of the
polyethylene oxide chain. It is surprising that the silicone polyether resins improve the

water resistance of epoxy network, even when they contain polyethylene oxide chains.

According to the present invention, there is a possibility to graft the silicone
polyether additive in the thermoset network through the reactive groups. Most of the
conventional tougheners are not reactive — they are physically linked to the network (by
entanglement) but not chemically bonded. Therefore, they can migrate through the
network, especially at high temperature (which is referred to as “creeping”). In
embodiments of the present invention, the silicone polyether can be reactive with the
thermoset system and consequently be incorporated into the final network. Migration of the

toughening agent is prevented, even at high temperature.

Still further, silicone resins are known to work as release agents or surfactants. In
these applications, it is generally desired that they migrate to the surface. It is surprising
that the silicone polyethers, as used in embodiments herein, remain well dispersed within

the bulk of the thermoset network, without migrating to the surface.

When block polymers are conventionally used as toughening agents, a specific
sequence of blocks is relied upon to enable proper phase separation. In the instant
embodiments, it is surprising to see that the silicone polyether resins create suitable phase
separation even if they are grafted, instead of having a block structure. The chemical
composition, in addition to the physical structure, appear to be important to this advantage

of the invention.

The improvements observed with the instant embodiments are believed to relate to
the use of silicone polyethers, and more particularly, to the use of silicone polyethers having
preferred structures, in the thermoset products. While not wishing to be bound by any
particular theory of operation, it appears that the silicone polyethers act as toughening
agents, reduce moisture uptake in the thermoset network, while maintaining low viscosity in

the uncured composition because of low viscosity. The presence of the silicone polyethers,
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as used herein, imparts greater toughness and lower moisture uptake, as compared to

thermoset networks lacking the silicone polyethers.

Still further, the instant uncured compositions exhibit lower viscosity than
conventional uncured compositions using conventional toughening agents, leading to better
processability and easier handling with the present invention. The lower viscosity of the
silicone polyethers also enables higher load levels of filler, while maintaining high
processability and mechanical properties, as compared to other toughening agents. The
silicone polyethers in the thermoset networks of the invention enable an improved
coefficient of thermal expansion and reduced shrinkage of cast formulations. The thermoset
networks prepared according to the present invention are especially suitable for high
performance applications, including, for example, electrical and electronics casting, potting,

and encapsulation.

To provide context for the following detailed description, some definitions may be
helpful. “Thermosetting compositions” are compositions that include elements that may be
included and mixed together, or reacted, to form a “thermoset product.” As some of the
elements of a “thermosetting composition” may react with one or more of such elements,
the original elements of a thermosetting composition may no longer be present in the final
“thermoset product.” A “thermoset product” will generally include a “thermoset network,”
which is descriptive of the structure formed by a “thermosetting resin,” examples of which

are well known in the art.

Thermosetting Compositions

The invention provides thermosetting compositions comprising (a) at least a first
thermosetting resin, and (b) at least one silicone polyether, wherein the silicone polyether

comprises at one of the following structures (I) and (II):

CH, c|:H3 CH,
H30—Si—O+Ti—O%X78i—CH3
(CH,),  CH, (CH,),

(EO),(PO)(BO)OR;  (EO),(PO),(BO),OR; O

and
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CH, CH CH, CH,

HC—SI— ‘E%I—OHSI_ H%l—o+él—CH3

(‘H) CH2)R CH,

(EO),(PO)(BO),OR, -

where EO is ethylene oxide, PO is propylene oxide, and BO is butylene oxide.

R; and R; may be independent end groups chosen, for example, from H, (CH,).CHj3
where 1 1s an integer greater than or equal to 0, OCHs, or (meth)acrylate. In some

embodiments, R; and R, may be independent end groups chosen from H, OCH3, and CH3.

The values of x, y, z, p, q, k, m, and n may be independent integers; x and y may be
greater than or equal to 1; z may be greater than or equal to O; p and q may be greater than
or equal to 1; and k, n, and m may be greater than or equal to 0 and the sum of k+n+m may
greater than or equal to 1. The value of z may range from 0 to 50, 0 to 45, 0 to 40, 0 to 35,
0to 30,0to 25,0to0 20,0 to 15,0 to 10, O to 5, and may be 0. The values of x and y may
be independent integers and they may range from 1 to 2000, 2 to 1000, 5 to 800, 10 to 600,
20 to 400. Preferably the sum of x+y may range from 1 to 2000, 2 to 1000, 5 to 800, 10 to
600, 20 to 400. The values of p and q may be independent and range from 1 to 10, such as
1,2,3,4,5,6,7,8,9, or 10, and from any number to any number, such as, for example,
from 2 to 7, or from 2 to 5; in some embodiments, both p and q are 3. The sum of n+m may

be greater than or equal to 1 and k may be equal to 0.

The values of x, y, p, and q may be independently chosen such that the weight
average molecular weight of the at least one silicone polyether is from about 400 to about
100,000, or about 600 to about 60,000, or from about 1,000 to about 50,000, or from about
2,000 to about 30,000. The values of x, y, p, and q may be independently chosen such that
the percentage by weight of silicone backbone in the at least one silicone polyether is from
about 5% to about 95%, or from about 10% to about 90%, or from about 15% to about 60%.
The values of x, y, p, and q may be independently chosen such that the weight average
molecular weight of the silicone backbone in the at least one silicone polyether is from
about 200 to about 30,000, or from about 500 to about 15,000, or from about 700 to about
6,000.
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The at least one silicone polyether is generally chosen such that its viscosity, when
measured according to A.S.T.M. D445, at 25°C, is from about 1 ¢St to about 50,000 cSt, or
from about 5 ¢St to about 10,000 cSt, or from about 10 ¢St to about 6,000 c¢St, or from
about 20 ¢St to about 4,000 cSt, or from about 100 ¢St to about 3,000 c¢St. The
concentration of the at least one silicone polyether is generally from about 0.02 to about 30
wt%, or from about 0.05 to about 25 wt%, or from about 0.1 to about 20 wt%, or from about
0.2 to about 15 wt%, or from about 0.5 to about 12 wt%, or from about 1 to about 10 wt%,
of the composition, excluding the weight of volatile components. The at least one silicone
polyether is generally from about 0.05 to about 30 wt%, or from about 0.1 to about 25 wt%,
or from about 0.2 to about 20 wt%, or from about 0.5 to about 15 wt%, or from about 1 to
about 12 wt%, or from about 2 to about 10 wt%, of the composition, excluding the weight

of any solvents, fillers, and fibers.

The first thermosetting resin may comprise a resin selected from epoxy resins,
isocyanate resins, (meth)acrylic resins, phenolic resins, vinylic resins, styrenic resins, and
polyester resins. The thermosetting composition of the invention may further comprise at
least one hardener for the at least one thermosetting resin. Hardeners may be chosen from,
but are not limited to, amines, phenolic resins, carboxylic acids, carboxylic anhydrides, and
polyol resins. In embodiments wherein the first thermosetting resin comprises an epoxy
resin, the at least one hardener is preferably chosen from amines, phenolic resins, carboxylic
acids, and carboxylic anhydrides. In embodiments wherein the first thermosetting resin

comprises an isocyanate, the at least one hardener is preferably chosen from polyols.

The thermosetting composition may further include at least one catalyst for
polymerization, including homopolymerization, of the at least one thermosetting resin, or
for a reaction between the at least one thermosetting resin and the at least one hardener.
The thermosetting composition may further include a second thermosetting resin different
from the first thermosetting resin and different from the at least one hardener. The
thermosetting composition may further include at least one solvent. The thermosetting
composition according to the invention may further include one or more additives chosen
from toughening agents, curing inhibitors, wetting agents, colorants, thermoplastics,
processing aids, dyes, UV-blocking compounds, and fluorescent compounds. This list is

intended to be exemplary and not limiting.

The thermosetting composition may further include one or more fillers or fibrous

reinforcements. Examples of such fillers include, but are not limited to, inorganic fillers,
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including, but not limited to, silica, talc, quartz, mica, aluminum hydroxide, magnesium
hydroxide, and boehmite. The concentration of the filler, such as inorganic filler, may
range from about 1 to about 95 wt%, or from about 2 to about 90 wt%, or from about 3 to
about 80 wt%, or from about 5 to about 85 wt%, or from about 10 to about 80 wt%, or from
about 15 to about 75 wt%, or from about 5 to about 70 wt%, or from about 10 to about 65
wt%, based on the total weight of the composition excluding the weight of volatiles. The
average particle size of the inorganic filler will generally be less than about 1 mm, such as
less than about 100 microns, or less than about 50 microns, or even less than about 10
microns. The average particle size of the inorganic filler will be greater than about 2 nm, or

greater than about 10 nm, or greater than about 20 nm, or greater than about 50 nm.

Thermoset Products

Also provided by the present invention are thermoset products that may include (a)
one or more thermoset networks, and (b) one or more silicone polyethers, wherein the
silicone polyether comprises one or more of structures (I) and (II) shown above, where the
variables have the meanings described above. The thermoset products can also include at

least one filler or fibrous reinforcement.

The present thermoset products find use in any application in which a tough and
highly moisture resistant network is desired. General applications include, for example,
casting, potting, and encapsulation, and general products include coatings, composites, and
laminates. Uses that are more specific include electrical or electronic casting, electrical or
electronic potting, electrical or electronic encapsulation, and specific products include
electrical laminates, structural composites, photo- and solder-resists, protective coatings,

conformal coatings, decorative coatings, and resin-coated copper foils.

The following examples are illustrative of the present invention, and are not to be
construed as limiting the scope of the present invention. Variations and equivalents of these
examples will be apparent to those of skill in the art in light of the present disclosure.

Unless otherwise stated, all percentages are by weight of the total composition.

EXAMPLES

Various terms, abbreviations and designations for the raw materials and tests used in

the following Examples are explained as follows:
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n.m. stands for “not measured.”
EEW stands for epoxy equivalent weight (on solids).
AnhEW stands for anhydride equivalent weight (on solids).

Epoxy Resin E-1 is a diglycidyl ether of bisphenol A, EEW = 180, viscosity = 8500
mPa.s at 25°C.

Epoxy Resin E-2 is a diglycidyl ether of bisphenol F, EEW = 176, viscosity = 3900
mPa.s at 25°C.

Anhydride hardener A-1 is cyclohexane dicarboxylic anhydride, AnhEW = 154,
viscosity = 80 mPa.s at 25°C.

Anhydride hardener A-2 is methyl hexahydrophthalic anhydride, AnhEW = 178,
viscosity = 55 mPa.s at 25°C.

DEG stands for diethylene glycol.
IMI stands for 1-methyl imidazole.
1B2PI stands for 1-benzyl-2-phenyl imidazole.

SBM-1 is a styrene-butadiene-methyl methacrylate block polymer, known in the
prior art as an effective toughening agent for thermosets and considered as a low molecular

weight polymer in this context (the average molecular weight is about 40000).

SPE-1 is a silicone polyether resin according to Structure (1I), where p =3, m =0,
k=0,z=0,R;=H, and x, y, and n such as the average molecular weight is about 2300,
the silicone content is about 47%, the EO content is about 53%, and the viscosity is about

400 ¢St at 25°C.

SPE-2 is a silicone polyether resin according to Structure (I1I), where p =3, k=0,
z=0,R; =H, and x, y, m, and n such as the average molecular weight is about 27900, the
silicone content is about 18%, the EO content is about 35%, the PO content is about 47%,
and the viscosity is about 2300 cSt at 25°C.

SPE-3 is a silicone polyether resin according to Structure (II), where p =3, k=0,

z=0, Ry = OCHj3, and x, y, m, and n such as the average molecular weight is about 28300,
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the silicone content is about 18%, the EO content is about 35%, the PO content is about

47%, and the viscosity is about 2000 ¢St at 25°C.

SPE-4 is a silicone polyether resin according to Structure (1I), where p =3, m =0,
k=0,z=0,R; =0CHs3, and x, y, and n such as the average molecular weight is about
3100, the silicone content is about 53%, the EO content is about 47%, and the viscosity is
about 280 ¢St at 25°C.

SPE-5 is a silicone polyether resin according to Structure (I1I), where p=3,n=0,
k=0,z=0,R; =H, and x, y, and m such as the average molecular weight is about 6100,
the silicone content is about 87%, the PO content is about 13%, and the viscosity was about

170 ¢St at 25°C.

SPE-6 is a silicone polyether resin according to Structure (1), where p=3, m =0,
k =0, R; =H, and x and n such as the average molecular weight is about 2200, the silicone
content is about 48%, the EO content is about 52%, and the viscosity was about 310 cSt at
25°C.

SPE-7 is a silicone polyether resin according to Structure (I), where p=3, m =0,
k=0,x=1,n=4, R; =H. The average molecular weight is about 650, the silicone content

is about 32%, the EO content is about 68%, and the viscosity was about 41 ¢St at 25°C.

SPE-§ is a silicone polyether resin according to Structure (1), where p=3, m =0,
k=0,x=1,n=4,R; =0CH;. The average molecular weight is about 700, the silicone
content is about 29%, the EO content is about 71%, and the viscosity was about 28 cSt at
25°C.

Filler F-Si is a silica flour (composition such as SiO, = 99.2%), with a median
particles size D50 = 3 micron, a specific surface = 4.2 m*/g (determined by Brunauer,

Emmett, and Teller, i.e., BET method).

The moisture uptake was measured at 25°C. Specimens (about 50x10x3 mm) were
cut in clear castings are exactly weighted (W1). The specimens were placed in a distilled
water bath for 24h or 1 week. They were then removed from the water bath. Within 5
minutes, the surface of the specimens was carefully dried with a paper towel to remove
surface water and the specimens were exactly weighted again (W2). The moisture uptake

was calculated with the following formula:

10
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moisture uptake = (W2 — W1)/W1

The reproducibility of the method was estimated to be less than = 10%.

The thermoset product of the present invention exhibits a water uptake of less than
about 0.13, or of less than about 0.10, or of less than about 0.8, wherein water uptake is
measured by cutting a 50x10x3 mm specimen of the thermoset product, weighing the
specimen to obtain a weight W1, placing the specimen in a distilled water bath for 24 hours,
removing the specimen from the water bath, drying the surface of specimen within 5
minutes with a paper towel to remove surface water, weighing the specimen again to obtain

a weight W2, and calculating the water uptake using the following formula:

water uptake = (W2 - W1)/W1.

The hardness of the clear casting was measured at 25°C with a Shore D durometer in
accordance with DIN 53505. The specimen was placed on a hard, horizontal surface. The
durometer was held in a vertical position with the point of the indentor at least 12 mm from
any edge of the specimen. The durometer foot was applied to the specimen as rapidly as
possible without shock, keeping the foot parallel to the surface of the specimen. Just
sufficient pressure was applied to obtain firm contact between the foot and the specimen.
The reported Shore D values were an average of at least 3 measurements. The

reproducibility of the method was estimated to be about + 3 units.

The glass transition temperature To was reported as the transition peak temperature
in the tand plot measured by dynamic thermo-mechanical analysis (DMTA) at a frequency
of 1 Hz. The heating ramp consisted in 3°C increase steps followed by 20s dwell time. The

reproducibility of the method was estimated to be about + 3 °C.

The plane-strain fracture toughness Ky was measured at 25°C according to the
ASTM D5045 method. The measurement was performed at ambient temperature. The
reported Ky, values were an average of at least 5 measurements. The reproducibility of the

method was estimated to be about + 0.07 MPa.m®°.

The thermoset product according to the present invention exhibits a toughness, Ky,
as measured according to ASTM D5045 method, of greater than about 0.7 MPa.m"’ or of
greater than about 0.9 MPa.m®® of greater than about 1.1 MPa.m®’.

11
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The determination of the cone and plate viscosity of the formulations was measured
in accordance with A.S.T.M. D 4287-00. The measurements were performed at 25°C. The

reproducibility of the method was estimated to be less than + 5%.

Tensile properties (tensile modulus, tensile stress, and tensile elongation at break)
were measured at 25°C in accordance with ISO 527. Flexural properties (flexural modulus

and flexural stress) were measured at 25°C in accordance with ISO 178.

Preparation of clear casting

Formulations were prepared by blending the individual resins, the optional additives,
and catalyst components in suitable solvents at ambient temperature and mixing the
solutions. When the viscosity of the formulations was too high to be handled at ambient
temperature, formulations were warmed up at 60-80°C to lower the viscosity. The
formulations were degassed under vacuum for 15 minutes. Castings were prepared by
pouring the formulations in open molds. Except mentioned otherwise, castings were cured
in a ventilated oven at 120°C for 2 hours (h) followed by a post-cure at 160°C for 2h.

Castings were slowly cooled down to ambient temperature in about 60 minutes.

Examples 1 to 6 and Comparative Example A

Formulations containing different concentrations of silicone polyether and the
respective clear castings were prepared according to the general procedure. The
composition of the formulations and the properties of the clear castings are shown in the

following Table I.

12
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Table I.
Example Comparative | Example | Example | Example | Example Example Example
P Example A 1 2 3 4 5 6
Composition of the formulations (g)
Epoxy resin E-1 100 100 100 100 100 100 100
Anhydride
hardener A-1 &5 &5 &5 &5 &5 &5 &5
1B2PI 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Silicone
polyether SPE- 0 1 2.5 5 15 30 50
1
Example Comparative | Example | Example | Example | Example Example Example
P Example A 1 2 3 4 5 6
Properties of the clear castings
Concentration
of silicone
polyether SPE- 0 0.5 1.3 2.6 7.5 13.9 21.1
1 (wt%)
Appearance transparent | opalescent | opaque opaque | transparent | transparent | transparent
To, DMTA
©C) 148 145 145 145 133 124 107
K (MPa.m™) 0.58 0.62 0.79 0.83 1.27 1.46 1.91
Modulus,
tensile/flexural 3.1/3.0 n.m. n.m. 3.0/32 | 29/29 257124 n.m.
(GPa)
Elongation at
break, tensile 5.8 n.m. n.m. 59 5.6 4.9 n.m.
(%)
Stress,
tensile/flexural 84 /118 n.m. n.m. 80/123 | 68/108 53790 n.m.
(MPa)
Water uptake, 1
day /1 week 0.15/0.25 060155/ 060154/ 0(50156/ 0.08/0.19 | 0.11/0.26 | 0.40/0.70
@25°C (%) ) ) )
Hardnels)s’ shore 83 90 86 86 85 78 70

Depending on the concentration of silicone polyether, the resulting thermoset

presented in these examples were visually homogeneous, i.e., they did not display

macroscopic phase separation.

network remained transparent or turned into opalescent or opaque. However all castings

The casting presented in Example 3 showed improved toughness demonstrated by

the 36% increase of Kj. when compared to the casting presented in Comparative Example
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A, while showing enhanced moisture resistance as measured by the water uptake (-67% and
-36% after 1 day and 1 week respectively, when compared to Comparative Example A).

The other thermo-mechanical properties were unchanged, within the experimental errors.

The casting presented in Example 4 showed a large improvement of toughness
demonstrated by the 119% increase of K;. when compared to the casting presented in
Comparative Example A, while showing enhanced moisture resistance as measured by the
water uptake (-47% and -24% after 1 day and 1 week respectively, when compared to

Comparative Example A).

Within the range of tested concentration, higher concentration of silicone polyether

led to higher toughness, shown by an increase of K.

When the concentration of silicone polyether is too high, thermo-mechanical
properties and water resistance are negatively impacted, as shown in Example 6. This
example illustrated that the concentration of silicone polyether in the composition can be

adjusted to maximize the desired physical characteristics of the end product.

Examples 7 to 10

Formulations containing different types of silicone polyether and the respective clear
castings were prepared according to the general procedure. The composition of the

formulations and the properties of the clear castings are shown in the following Table II.
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Table 1I.
Comparative Example | Example Example Example
Example Example A 7 8 9 10
Composition of the formulations (g)
Epoxy resin E-1 100 100 100 100 100
Anhydrl;lf 1hardener 85 85 85 85 85
1B2PI1 0.5 0.5 0.5 0.5 0.5
Silicone polyether 5
SPE-2
Silicone polyether 5
SPE-3
Silicone polyether 5
SPE-4
Silicone polyether 5
SPE-5
Properties of the clear castings
Concentration of
silicone polyether 0 2.6 2.6 2.6 2.6
(Wt%)
opaque opaque
macroscopic macroscopic
Appearance transparent transparent | opaque phase phase
separation separation
Ta, DMTA (°C) 148 145 151 n.m. n.m.
Water uptake, 1 day
@25°C (%) 0.15 0.06 0.05 n.m. n.m.
Hardness, shore D 83 83 83 n.m. n.m.

Regardless of the fact of being transparent or opaque, Examples 7 and 8 showed a
large improvement in moisture resistance compared to Comparative Example A, as
measured by the water uptake (-56% and -67% respectively), while maintaining similar
thermo-mechanical properties. It was hypothesized that the structure of the silicone
polyether could control the visual appearance of the clear castings by changing the
compatibility with the thermoset network. It appeared that the transparent sample showed
lower Tal, possibly because of higher flexibilization of the thermoset network due to the

better compatibility of the silicone polyether with the thermoset network.

Examples 9 and 10 resulted in inhomogeneous, phase-separated clear casting. It is
believed that the molecular structure of the silicone polyether SPE-4 and SPE-5 were not
compatible enough with the epoxy/anhydride network. This example illustrated that the
molecular structure of silicone polyether in the composition can be modified to maximize

the desired physical characteristics of the end product.
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Formulations containing different types of silicone polyether and the respective clear

castings were prepared according to the general procedure. The composition of the

formulations and the properties of the clear castings are shown in the following Table III

5 Table IIT.
Comparative Example | Example Example Example
Example Example A 11 12 13 14
Composition of the formulations (g)
Epoxy resin E-1 100 100 100 100 100
Anhydride hardener 85 85 85 85 85
A-1
1B2PI 0.5 0.5 0.5 0.5 0.5
Silicone polyether 15
SPE-2
Silicone polyether 15
SPE-3
Silicone polyether 15
SPE-4
Silicone polyether 15
SPE-5
Properties of the clear castings
Concentration of
silicone polyether 0 7.5 7.5 7.5 7.5
(wWt%)
opaque opaque
Appearance transparent transparent | opaque macroscopic macroscopic
phase separation | phase separation
To, DMTA (°C) 148 142 148 n.m. n.m.
Water uptake, 1 day 0.15 0.10 0.07 n.m. n.m.
@25°C (%)
Hardness, shore D 83 82 80 n.m. n.m.
K. (MPa.m”™) 0.58 1.54 1.23 n.m. n.m.

10

Regardless of the fact of being transparent or opaque, Examples 11 and 12 showed a

large improvement in moisture resistance compared to Comparative Example A, as

measured by the water uptake (-33%, and -53% respectively), while maintaining similar

thermo-mechanical properties. It was hypothesized that the structure of the silicone

polyether could control the visual appearance of the clear castings by changing the

compatibility with the thermoset network. It appeared that the transparent sample showed
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lower Tal, possibly because of higher flexibilization of the thermoset network due to the

better compatibility of the silicone polyether with the thermoset network.

Examples 13 and 14 resulted in inhomogeneous, phase-separated clear casting. It is
believed that the molecular structure of the silicone polyether SPE-4 and SPE-5 were not
compatible enough with the epoxy/anhydride network. This example also illustrated that
the molecular structure of silicone polyether in the composition can be adjusted to maximize

the desired physical characteristics of the end product.

Examples 11 and 12 showed a significant improvement in toughness as measured by

K1 when compared to Comparative Example A (+166% and +112%, respectively).

Examples 15 to 19 and Comparative Example B

Formulations containing different types of silicone polyether and the respective clear
castings were prepared according to the general procedure. The composition of the

formulations and the properties of the clear castings are shown in the following Table IV.
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Table IV.
Comparative | Example Example | Example | Example | Example
Example Example B 15 16 17 18 19
Composition of the formulations (g)
Epoxy resin E-1 100 100 100 100 100 100
Anhyd“i‘f lhardener 85 85 85 85 85 85
1B2PI1 0.5 0.5 0.5 0.5 0.5 0.5
Silicone polyether 15
SPE-1
Silicone polyether 15
SPE-2
Silicone polyether 15
SPE-3
Silicone polyether 15
SPE-4
Silicone polyether 15
SPE-5
Filler F-Si 200 200 200 200 200 200
Properties of the clear castings
Concentration of
silicone polyether 0 3.7 3.7 3.7 3.7 3.7
(wWt%)
Concentration of
silicone Polygther, 0 7.5 7.5 7.5 7.5 7.5
excluding filler
(wWt%)
Appearance opalescent opalescent | opalescent | opaque opaque opaque
To, DMTA (°C) 148 133 139 145 142 148
Water uptake, 1 day
@25°C (%) 0.08 0.03 0.03 0.04 0.04 0.21
Hardness, shore D 92 85 90 89 91 91
Ky (MPa.mO‘S) 1.23 n.m. 1.52 1.47 0.88 n.m.
Modulus,
tensile/flexural (GPa) 9.1/82 n.m. n.m. 69/6.8 n.m. n.m.
FElongation at break,
tensﬁ’e floxural (%) 1.7/2.4 nm. n.m. 21/34 | nm n.m.
Stress,
tensile/flexural 85/146 n.m. n.m. 7217131 n.m. n.m.
(MPa)

Examples 15 to 18 showed a large improvement in moisture resistance compared to

Comparative Example B, as measured by the water uptake (-63% for Examples 15 and 16,

and -50% for Examples 17 and 18).

Examples 16 and 17 showed a significant improvement in toughness as measured by

K1 when compared to Comparative Example B (+24% and +20%, respectively). Although

the thermal stability measured by Taw of Example 17 was almost unchanged when compared

18
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to Comparative Example B, the resulting network was more flexible. Modulus and ultimate
stress were reduced whereas the elongation at break was increased. Consequently, we
believe that Example 17 will show improved crack resistance when compared to

Comparative Example B while maintaining similar thermal class ranking.

The resulting castings from Example 18 and Example 19 were opaque but they
remained visually homogeneous, i.e. they did not display macroscopic phase separation,
unlike Example 13 and Example 14 (same composition without silica filler). Nonetheless,
Example 18 showed reduced toughness when compared to Comparative Example B,
probably due to the poor compatibility of the silicone polyether SPE-4. This example also
illustrated that the molecular structure of silicone polyether in the composition can be

adjusted to maximize the desired physical characteristics of the end product.

Example 19 maintained the thermo-mechanical properties of Comparative Example
B, but reduced the moisture resistance, as measured by the water uptake (+163%). This
example also illustrated that the molecular structure of silicone polyether in the composition

can be adjusted to maximize the desired physical characteristics of the end product.

Examples 20 to 22 and Comparative Examples C to H

Formulations containing different toughening agents were prepared according to the
general procedure, except for Comparative Examples D, F, and H. In these latter cases, the
styrene-butadiene-methyl methacrylate SBM-1 polymer was not soluble in the epoxy resin
E-1 neither at 25°C nor at 80°C. The polymer SBM-1 had to be dissolved in the epoxy

resin E-1 at 160°C with mixing during about 1h in order to obtain a homogeneous mixture.

The composition of the formulations and their respective viscosities are shown in the

following Tables V-VII.

Table V.
Comparative Comparative Example
Examples Exaﬁlple C Exarlzlple D 20p
Composition of the formulations (g)
Epoxy resin E-1 100 100 100
Styrene-Butadiene-Methyl 0 15 0
Methacrylate polymer SBM-1
Silicone polyether SPE-1 0 0 15
Viscosity of the formulations
Cone and plate viscosity measured 8 43 66.56 5 44
at 25°C (Pa.s) ) ) )
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Table VI.
Comparative Comparative Example
Examples
Example E Example F 21
Composition of the formulations (g)
Epoxy resin E-1 100 100 100
Anhydride hardener A-1 85 85 85
1B2P1 0.5 0.5 0.5
Styrene-Butadiene-Methyl 0 15 0
Methacrylate polymer SBM-1
Silicone polyether SPE-1 0 0 15
Viscosity of the formulations
Cone and plate viscosity measured 0.64 360 0.40
at 25°C (Pa.s) ) ) )
Table VII.
Comparative Comparative Example
Examples Exarlzlple G Exaﬁlple H 22p
Composition of the formulations (g)
Epoxy resin E-1 100 100 100
Anhydride hardener A-1 85 85 85
1B2P1 0.5 0.5 0.5
Styrene-Butadiene-Methyl 0 15 0
Methacrylate polymer SBM-1
Silicone polyether SPE-1 0 0 15
Filler F-Si 100 100 100
Viscosity of the formulations
Cone and plate viscosity measured 212 15.36 1.76
at 25°C (Pa.s) ) ) )

The processing advantage of using a silicone polyether toughening agent instead of a

conventional block polymer toughening agent was obvious when comparing the viscosity of

Examples 20, 21, and 22 with the respective Comparative Examples D, F, and H. The

SBM-1 polymer must be pre-dissolved in the epoxy resin at high temperature in a

preliminary step, resulting in higher cost and longer cycle time. Because conventional

pumps show limitations in high-pressure handling, viscosity higher than about 20 Pa.s, as it

was the case for Comparative Example D, is generally considered not suitable for raw

materials. To ensure proper filling of voids during encapsulation, viscosity higher than

about 5 Pa.s, as it was the case for Comparative Example H, is generally considered not

suitable for fully formulated compositions.

The use of a silicone polyether resin is also advantageous over the reference

formulation. Indeed the lower viscosity could enable better filling of voids during
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encapsulation, for given filler content. Alternatively, it could be possible to increase the
filler content while maintaining similar viscosity of the fully formulated composition.
Higher filler content could be suitable to reduce the coefficient of thermal expansion of the

encapsulant.

Examples 23 to 25 and Comparative Examples I to K

Formulations containing different concentrations of silica filler were prepared

according to the general procedure, with or without silicone polyether resin.

The flow characteristics were determined for each formulation using the following
procedure. About 20 g of formulation were prepared and poured at 25°C in the middle of
an aluminum cup (diameter = 8 cm). The preparations were degassed in a vacuum chamber
at 80°C for 15 min. Then they were cured in a ventilated oven according to the following

cure schedule: 50 min at 75°C + 80 min at 115°C + 60 min at 150°C. The appearance of the

cured castings in the aluminum cup was finally reported.

The composition of the formulations and their respective flow characteristics are

shown in the following Tables VIII-IX.

Table VIII.
Examples Example 23 Example 24 Example 25
Composition of the formulations (g)
Epoxy resin E-2 100 100 100
Anhydnifizhardener 97 97 97
DEG 2 2
IMI 1 1 1
SthOISI; E(_)éyether 16 16 16
Filler F-Si 324 401 504
Properties of the clear castings
Concentration of
silica filler (wt%) 60 65 70
Concentration of
silicone polyether 3.0 2.6 2.2
(wt%)
Flow characteristics Uniform wetting | Uniform wetting Partial wetting of the
of tﬁe formulations of the aluminum | of the aluminum | aluminum cup (about 90%
cup cup of the surface covered)
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Table IX.
Comparative Comparative Comparative Example
Examples ExaI;nple 1 ExaIr)nple J ’ K ’
Composition of the formulations (g)
Epoxy resin E-2 100 100 100
Anhydride
hardener A-2 o7 o7 o7
DEG 2 2 2
IMI 1 1 1
Silicone polyether
SPE.-2 16 16 16
Filler F-Si 300 371 467
Properties of the clear castings
Concentration of
silica filler (wt%) 60 65 70
Concentration of
silicone polyether 0 0 0
(Wt%)
Flow Partial wetting of the | Partial wetting of the | Partial wetting of the
characteristics of aluminum cup (about | aluminum cup (about aluminum cup (no
) 80% of the surface 70% of the surface | flow, about 50% of the
the formulations
covered) covered) surface covered)

The processing advantage of using a silicone polyether resin was obvious when
comparing the viscosity of Examples 23, 24, and 25 with the respective Comparative
Examples I, J, and K containing the same filler concentration. The formulations containing
a silicone polyether resin showed more suitable flow characteristics. At 60% or 65% filler
loading, the cured casting of Examples 23 and 24 uniformly covered the aluminum cup,
whereas the Comparative Examples I and J only partially covered the cup. At 70% filler
loading, the cured casting of Example 25 showed an extensive flow although partial wetting

of the cup, whereas Comparative Example K showed no flow at all.

The more uniform flow of the formulations containing silicone polyether resin could
enable better filling of voids during encapsulation, for given filler content. Alternatively, it
could be possible to increase the filler content while maintaining similar viscosity of the
fully formulated composition. Higher filler content could be suitable to reduce the

coefficient of thermal expansion of the encapsulant.
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Formulations containing different types of silicone polyether and the respective clear

castings were prepared according to the general procedure. The composition of the

formulations and the properties of the clear castings are shown in the following Table X.

Table X.
Comparative Example Example Example
Example Example A 26 27 28
Composition of the formulations (g)
Epoxy resin E-1 100 100 100 100
Anhydride hardener A-1 85 85 85 85
1B2P1 0.5 0.5 0.5 0.5
Silicone polyether SPE-6 15
Silicone polyether SPE-7 15
Silicone polyether SPE-8 15
Properties of the clear castings
Concentration of silicone
polyether (wt%) 0 7.5 7.5 7.5
Appearance transparent transparent | transparent | transparent
To, DMTA (°C) 148 133 124 124
Water “Ptak‘(*;%l) day @25°C 0.15 0.14 0.15 0.13
Hardness, shore D 83 85 85 86
Kic (MPa.m™) 0.58 1.17 0.62 0.68

Example 26 showed a large improvement in toughness as measured by Kj. compared
to Comparative Example A (+102%), while maintaining similar hardness and moisture
resistance as measured by water uptake. The thermal stability measured by Tal was
significantly reduced when compared to Comparative Example A, possibly because of
flexibilization of the thermoset network due to some compatibility of the silicone polyether
with the thermoset network. SPE-6 is a silicone polyether according to Structure (1)
whereas SPE-1 is a silicone polyether according to Structure (II). SPE-1 and SPE-6 have
similar average molecular weight, silicone content, EO content, and viscosity. The
comparison of Example 4 and Example 26 showed the influence of the structure of the
silicone polyether on the performances of the clear casting. It was surprising that the
grafted structure of SPE-1 gave similar or better properties than the block structure of
SPE-6. This example illustrated that the molecular structure of silicone polyether in the
composition can be adjusted to maximize the desired physical characteristics of the end

product.
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Examples 27 and 28 showed marginal improvement in toughness as measured by Kj,
when compared with Comparative Example A (respectively +7% and +17%), while
maintaining similar water uptake and hardness. The thermal stability measured by Tao was
significantly reduced when compared to Comparative Example A, possibly because of
flexibilization of the thermoset network due to some compatibility of the silicone polyether
with the thermoset network. These examples illustrated that the molecular structure of
silicone polyether in the composition can be adjusted to maximize the desired physical

characteristics of the end product.

Although the present invention has been described in considerable detail with regard
to certain versions thereof, other versions are possible, and alterations, permutations, and
equivalents of the version shown will become apparent to those skilled in the art upon a
reading of the specification and study of the drawings. Also, the various features of the
versions herein can be combined in various ways to provide additional versions of the
present invention. Furthermore, certain terminology has been used for the purposes of
descriptive clarity, and not to limit the present invention. Therefore, any appended claims
should not be limited to the description of the preferred versions contained herein and
should include all such alterations, permutations, and equivalents as fall within the true

spirit and scope of the present invention.

Having now fully described this invention, it will be understood to those of ordinary
skill in the art that the methods of the present invention can be carried out with a wide and
equivalent range of conditions, formulations, and other parameters without departing from

the scope of the present invention or any embodiments thereof.
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What is claimed is:
1. A thermosetting composition comprising (a) at least a first

thermosetting resin, and (b) at least one silicone polyether, wherein the silicone polyether

comprises at least one of the following structures:

(CH,),

(E0),(PO)n(BO),OR,  (EO),(PO),(BO),OR,

and
CH, CH, CH CH,
HsC—|S|—O~{|S|—OH%|—OHS|—O+£—CH3
| | CH2)p CH ) R, CH
(EO),(PO),(BO),OR;,

wherein x, y, z, p, q, k, m, and n are independent integers; x and y are greater than or equal
to 1; z is greater than or equal to O; p and q are greater than or equal to 1; k, n, and m are
greater than or equal to 0 and the sum of k+n+m is greater than or equal to 1; Ry and R, are
independent end groups chosen from H, (CH,)CH; where r is an integer greater than or
equal to 0, OCH3s, and (meth)acrylate; and EO is ethylene oxide, PO is propylene oxide, and
BO is butylene oxide.

2. The thermosetting composition according to claim 1, wherein the first
thermosetting resin comprises a resin selected from epoxy resins, isocyanate resins,

(meth)acrylic resins, phenolic resins, vinylic resins, styrenic resins, and polyester resins.

3. The thermosetting composition according to claim 1 or 2, wherein the

first thermosetting resin comprises an epoxy resin.
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4. The thermosetting composition according to claim 1, further

comprising at least one hardener for the at least one thermosetting resin.

5. The thermosetting composition according to claim 4, further
comprising at least one catalyst for polymerization of the at least one thermosetting resin, or

for a reaction between the at least one thermosetting resin and the at least one hardener.

6. The thermosetting composition according to claim 1, wherein z
ranges from O to 50; wherein the sum of n+m is greater than or equal to 1 and k equals 0;

and wherein p and q are independent and range from 1 to 10.

7. The thermosetting composition according to claim 1, wherein R; and

R, are independent end groups chosen from H, OCHj3, and CH3.

8. The thermosetting composition according to claim 1, wherein x, y, p,
and q are independently chosen such that the weight average molecular weight of the at

least one silicone polyether is from about 400 to about 100,000.

0. The thermosetting composition according to claim 1, wherein x, y, p,
and q are independently chosen such that the percentage by weight of silicone backbone in

the at least one silicone polyether is from about 5% to about 95%.

10. The thermosetting composition according to claim 1, wherein x, y, p,
and q are independently chosen such that the weight average molecular weight of the

silicone backbone in the at least one silicone polyether is from about 200 to about 30,000.

11. The thermosetting composition according to claim 1, wherein the
viscosity of the at least one silicone polyether, when measured at 25°C, is from about 1 ¢St

to about 50,000 cSt.

12. The thermosetting composition according to claim 1, wherein the
concentration of the at least one silicone polyether is from about 0.02 to about 30 wt% of

the composition, excluding the weight of volatile components.

13. The thermosetting composition according to claim 1, wherein the
concentration of the at least one silicone polyether is from about 0.05 to about 30 wt% of

the composition, excluding the weight of any solvents, fillers, and fibers.
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14. The thermosetting composition according to claim 1, further

comprising at least one inorganic filler.

15. The thermosetting composition according to claim 14, wherein the
concentration of the inorganic filler is from about 1 to about 95 wt% based on the total

weight of the composition excluding the weight of volatiles.

16. The thermosetting composition according to claim 14, wherein the
average particle size of the inorganic filler is greater than about 2 nm and less than about

1 mm.

17. A thermoset product comprising (a) at least one thermoset network,
and (b) at least one silicone polyether, wherein the silicone polyether comprises at least one

of the following structures:

CH c|:H3 CH,
HsC—%l—O+T|—O+%l—CH
(CH,), CH, (CH,),

(EO),(PO),(BO),OR,  (EO),(PO),,(BO),OR,

and

| H, CH, CH CH, CH,

C—?—O%%—OH&— H%u—o él—CH3

(CH ) (CH2) R, CH

(EO),(PO),,(BO),OR,

wherein x, y, z, p, q, k, m, and n are independent integers; x and y are greater than or equal
to 1; z is greater than or equal to O; p and q are greater than or equal to 1; k, n, and m are
greater than or equal to 0 and the sum of k+n+m is greater than or equal to 1; Ry and R, are
independent end groups chosen from H, (CH,)CH; where r is an integer greater than or
equal to 0, OCH3s, and (meth)acrylate; and EO is ethylene oxide, PO is propylene oxide, and
BO is butylene oxide.
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18. The thermoset product according to claim 17, wherein the product
exhibits a toughness, Ky, as measured according to ASTM D5045 method, of greater than
about 0.7 MPa.m®’

19. The thermoset product according to claim17, wherein the product
exhibits a water uptake of less than about 0.13, wherein water uptake is measured by cutting
a 50x10x3 mm specimen of the thermoset product, weighing the specimen to obtain a
weight W1, placing the specimen in a distilled water bath for 24 hours, removing the
specimen from the water bath, drying the surface of specimen within 5 minutes with a paper
towel to remove surface water, weighing the specimen again to obtain a weight W2, and

calculating the water uptake using the following formula: water uptake = (W2 - W1)/W1.

20. The thermoset product according to claim 17, further comprising at

least one filler or fibrous reinforcement.

21.Use of the thermoset product according to claim 17 in any one of a casting, potting,

encapsulation, coating, composite, laminate, electrical or electronic pottings, electrical or
electronic encapsulations, electrical laminates, structural composites, and/or protective

coatings.

22. A thermoset product formed from a thermosetting composition
comprising (a) at least a first thermosetting resin, and (b) at least one silicone polyether,

wherein the silicone polyether comprises at least one of the following structures:

CH CH,
H,C—Si—O +SI— +%|—CH
((‘H (CH )

(EO),(PO),(BO)OR,  (EQ),(PO)(BO)OR;

and
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CH, CH CH, CH,

H C—?—O%%—OH&— H%l—0£%l—CH3

CH, CH,  (CH,), (CH,),R, CH

q2 3

(EO),(PO),,(BO),OR,

wherein x, y, z, p, q, k, m, and n are independent integers; x and y are greater than or equal
to 1; z is greater than or equal to O; p and q are greater than or equal to 1; k, n, and m are
greater than or equal to 0 and the sum of k+n+m is greater than or equal to 1; R; and R, are

5 independent end groups chosen from H, (CH,)CHz where r is an integer greater than or
equal to 0, OCH3, and (meth)acrylate; and EO is ethylene oxide, PO is propylene oxide, and
BO is butylene oxide.

23. A method of making a thermoset product comprising combining
(a) at least a first thermosetting resin, with (b) at least one silicone polyether, wherein the

10 silicone polyether comprises at least one of the following structures:

CH CH,
H,C—Si—O +SI— +%|—CH
(CH CH)

(EO),(PO)n(BO)OR;  (EO),(PO),(BO),OR;

and

H, CH CH CH

3

T
Hsc—Ti—o%Ti—o Xs.— H?—o ZTl—CHs
C C

Hy,  (CH,), (CH,),R, CH,

2

3

(E0),(PO),,(BO),OR,
wherein x, y, z, p, q, k, m, and n are independent integers; x and y are greater than or equal

15  to 1; z is greater than or equal to 0; p and q are greater than or equal to 1; k, n, and m are

greater than or equal to 0 and the sum of k+n+m is greater than or equal to 1; R; and R, are
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independent end groups chosen from H, (CH,)CH; where r is an integer greater than or
equal to 0, OCH3s, and (meth)acrylate; and EO is ethylene oxide, PO is propylene oxide, and
BO is butylene oxide; and curing the first thermosetting resin and the at least one silicone

polyether to form a thermoset product.
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