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HYDROPHOBC SILANE COATING FOR 
PREVENTING CONDUCTIVE ANODC 
FILAMENT (CAF) GROWTH IN PRINTED 

CIRCUIT BOARDS 

BACKGROUND OF THE INVENTION 

0001 1. Field of Invention 
0002 The present invention relates in general to coated 
glass fiber Substrates for use in making printed circuit boards 
(PCBs). More particularly, the present invention relates to 
preventing conductive anodic filament (CAF) growth in 
PCBs through an enhanced substrate that includes a hydro 
phobic silane coating of a silane composition intermixed with 
a silane coupling agent applied to a glass fiber Substrate. 
0003 2. Background Art 
0004. The basic concept behind a coupling agent is to join 
two disparate Surfaces. In the case of printed circuit boards 
(PCBs), a silane coupling agent is often used to join a varnish 
coating (e.g., an epoxy-based resin) to a Substrate (e.g., glass 
cloth) to define a laminate, or laminated structure. The silane 
coupling agent typically consists of an organofunctional 
group to bind to the varnish coating and a hydrolyzable group 
that binds to the surface of the substrate. In particular, the 
alkoxy groups on the silicon hydrolyze to silanols, either 
through the addition of water or from residual water on the 
surface of the substrate. Subsequently, the silanols react with 
hydroxyl groups on the Surface of the Substrate to form a 
siloxane bond (Si O—Si) and eliminate water. 
0005 For the specific case of epoxy-based laminates, the 
organofunctional group that has been found to exhibit desir 
able performance based on numerous criteria is vinylbenzy 
laminoethylaminopropyl and also benzylaminoethylamino 
propyl. Silane coupling agents, which include this 
organofunctional group, are thought to covalently bond to the 
epoxide functional groups of the traditional epoxy-based 
resin, such as the well known FR4 epoxy resins, through the 
secondary nitrogens of the amino groups. While a plethora of 
silane coupling agents exists, the industry workhorse for cou 
pling epoxy-based resins has been vinylbenzylaminoethy 
laminopropyl-trimethoxysilane (commercially available as 
Dow Corning Z-6032). 
0006. The PCB industry has recently migrated away from 
the traditional FR4 epoxy based resins (due to lead-free 
requirements and the higher soldering temperatures associ 
ated with tin-silver-copper alloys). Hence, current varnish 
coatings are typically no longer comprised of FR4 epoxies, 
rather they are more likely to be bismaleimide triazine (BT) 
resins or polyphenylene oxide/trially-isocyanurate (PPO/ 
TAIC) interpenetrating networks. Typically, vinylbenzylami 
noethylaminopropyltrimethoxysilane, originally developed 
for traditional FR4 epoxies, is still the coupling agent utilized 
to couple, or bond, the glass cloth Substrate to the laminate 
varnish. However, other silane coupling agents have been 
proposed for use in making high-temperature PCBs. For 
example, U.S. patent application Ser. No. 12/694,005, to 
Gelorme et al., entitled “SILANE COUPLING AGENTS 
FOR PRINTED CIRCUIT BOARDS”, filed Jan. 26, 2010, 
which is a continuation-in-part of U.S. patent application Ser. 
No. 12/391,500, to Gelorme et al., entitled “SILANE COU 
PLING AGENTS FOR PRINTED CIRCUIT BOARDS, 
filed Feb. 24, 2009, discloses such silane coupling agents, 
including diallylpropylisocyanuratetrimethoxysilane. 
0007. One problem experienced with PCBs is conductive 
anodic filament (CAF), which results from copper dissolution 
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that emanates from the anode of a circuit and “grows' sub 
Surface toward the cathode, frequently along separated glass 
fiber/varnish coating interfaces. With PCBs, anode/cathode 
pairs are typically plated through holes. CAF formation 
causes a number of reliability issues and can result in cata 
strophic failure of PCBs, which in some instances can cause 
fires. The bond between the varnish and substrate is under 
stood to be an important factor in CAF, as is the presence of 
water in the varnish/substrate interface. 
0008 Generally, in locations on PCBs where there are 
Sources of copper, an electrical bias, glass fiber, and moisture, 
potential exists for the formation of CAF. Typically, CAF 
occurs at the interface where the glass fiber has delaminated 
from the varnish, which creates apath for water diffusion. The 
reason this path is commonly associated with CAF formation 
is due to the exposure of Surface silanols on the glass fibers. 
Silanols always exist on the surface of the glass fiber and, 
thus, there is always a pathway for the formation of CAF. 
Delamination does not have to occur to create this pathway. 
Additionally, CAF can occur from pre-existing water 
adsorbed onto the surface of the glass fiber (i.e., water may be 
deposited during processing of the glass fibers). 
0009 Surface silanols, as mentioned above, always exist 
on the surface of the glass fiber. These surface silanols are 
reacted when silane coupling agents. Such as vinylbenzylami 
noethylaminopropyltrimethoxysilane or diallylpropylisocya 
nuratetrimethoxysilane, are utilized to couple, or bond, the 
glass cloth Substrate to the laminate varnish. As noted above, 
the alkoxy groups on the silicon of the silane coupling agent 
hydrolyze to silanols, either through the addition of water or 
from residual water on the surface of the substrate. Subse 
quently, the silanols react with hydroxyl groups on the Surface 
of the substrate to form a siloxane bond (Si-O-Si) and 
eliminate water. Unfortunately, residual alkoxy groups on the 
silane coupling agent hydrolyze and create more silanols. 
Thus, more surface silanols are created by the silane coupling 
agent. 
0010 For example, when diallylpropylisocyanuratetri 
methoxysilane is used as the silane coupling agent, even 
though the propyl group to which the trialkoxysilane is 
attached is hydrophobic (retarding ingress of water to the 
resin/glass interface and improving CAF resistance), Surface 
silanols are nonetheless created. These surface silanols still 
provide a hydrophilic path for water diffusion, which leads to 
CAF formation. 

0011 Prior solutions to prevent CAF have typically used 
the addition of surface modifiers such as n-octyltrimethox 
ysilane and 3-methacryloxypropyltrimethysilane, but the 
addition of these silanes requires CO reactors which operate 
at high pressures that are typically unsafe for large scale 
production. Additionally, the silanes used in this process cre 
ate silanols, which still provide a hydrophilic path for water 
diffusion that ultimately leads to CAF formation. Although 
this process does reduce the likelihood of CAF formation, 
CAF inevitably occurs nonetheless due to the silanes used as 
Surface modifiers. 

0012. Other prior solutions to prevent CAF using coated 
fiber strands are set forth in U.S. Patent Application Publica 
tion No. 2002/0058140 A1, to Dana et al., entitled “GLASS 
FIBER COATING FOR INHIBITING CONDUCTIVE 
ANODIC FILAMENT FORMATION IN ELECTRONIC 
SUPPORTS, published May 16, 2002. For example, the 
abstract of the above-referenced published patent application 
describes the use of a resin compatible coating composition 
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on the Surface of glass fibers, the resin compatible coating 
composition comprising (a) a plurality of discrete particles 
comprising a silicate having a high affinity for metalions; and 
(b) at least one film-forming material. As disclosed in the 
above-referenced published patent application, particles con 
taining copper getters are imbedded in a polymeric coating. 
Hence, this solution attempts to prevent the migration of 
copper through the polymeric coating containing the par 
ticles. However, this solution does nothing to address the 
moisture at the glass fiber/resin interface. By not treating this 
aspect, a path for CAF still exists. Additionally, the particles 
imbedded into the polymer coating will never come into 
intimate contact with the glass fiberand, thus, these particles 
will not effectively minimize copper migration. Also, there 
would be a finite amount of copper which could be gettered 
before the copper getters would become saturated with cop 
per and no longer act as copper getters. Reaching this satura 
tion point would create yet another path for CAF formation. 
0013. In another solution disclosed in the above-refer 
enced published patent application, the particles in the resin 
compatible coating composition can also be formed from 
hydrophobic polymeric materials to reduce or limit moisture 
absorption by the coated Strand. These particles are contained 
within a secondary layer which is applied over a primary layer 
of a primary sizing composition (silane coupling agent). Even 
though the particles in the secondary layer can be formed 
from hydrophobic polymeric material, Surface silanols are 
nonetheless created by the underlying primary layer. These 
surface silanols still provide a hydrophilic path for water 
diffusion, which leads to CAF formation. 
0014 Moreover, the solutions disclosed in the above-ref 
erenced published patent application would be plagued with 
several other problems such as being thick (several microns), 
exhibiting a different thermal expansion than glass fiber, cre 
ating another interface for delamination to occur, severely 
changing glass cloth manufacturing, as well as being costly 
and complicated in that a number of materials are required 
just to prepare the resin compatible coating. 
0.015 Therefore, a need exists for an enhanced mechanism 
for preventing conductive anodic filament (CAF) growth in 
printed circuit boards (PCBs). 

SUMMARY OF THE INVENTION 

0016. According to the preferred embodiments of the 
present invention, an enhanced Substrate for making a printed 
circuit board (PCB) includes a hydrophobic silane coating of 
a silane composition intermixed with a silane coupling agent 
applied to a glass fiber Substrate. The silane coupling agent is 
applied to the surface of the substrate for coupling the sub 
strate to a varnish coating. Applying the silane coupling agent 
to the surface of the substrate creates surface silanols, which 
are implicated in conductive anodic filament (CAF) growth. 
A silane composition, which reacts with the Surface silanols, 
is applied to the surface of the substrate having the silane 
coupling agent applied thereto to form the hydrophobic silane 
coating. The Surface presented by the hydrophobic silane 
coating/substrate is hydrophobic and essentially silanol-free. 
This surface is then dried, and varnish is applied thereto. 
Then, the Substrate, hydrophobic silane coating and varnish 
are subjected to curing conditions to define the PCB. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0017. The preferred exemplary embodiments of the 
present invention will hereinafter be described in conjunction 
with the appended drawings, where like designations denote 
like elements. 
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0018 FIG. 1 is a block diagram illustrating a portion of a 
printed circuit board (PCB) in which a hydrophobic silane 
coating to prevent conducive anode filament (CAF) forma 
tion in accordance with the preferred embodiments of the 
present invention is provided between a varnish coating and a 
glass fiber Substrate having its surface modified by a silane 
coupling agent. 
0019 FIG. 2 is a flow diagram illustrating a method for 
applying, via vapor phase deposition, a silane composition to 
form a hydrophobic silane coating that prevents conducive 
anode filament (CAF) formation in a printed circuit board 
(PCB) made in accordance with the preferred embodiments 
of the present invention. 
0020 FIG. 3 is a flow diagram illustrating a method for 
applying, via immersion into a silane/hydrocarbon Solvent 
Solution, a silane composition to form a hydrophobic silane 
coating that prevents conducive anode filament (CAF) forma 
tion in a printed circuit board (PCB) made in accordance with 
the preferred embodiments of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0021 1. Overview 
0022. In accordance with the preferred embodiments of 
the present invention, an enhanced substrate for making a 
printed circuit board (PCB) includes a hydrophobic silane 
coating of a silane composition intermixed with a silane cou 
pling agent applied to a glass fiber Substrate. The silane cou 
pling agent is applied to the surface of the substrate for cou 
pling the Substrate to a varnish coating. Applying the silane 
coupling agent to the Surface of the Substrate creates Surface 
silanols, which are implicated in conductive anodic filament 
(CAF) growth. A silane composition, which reacts with the 
surface silanols, is applied to the surface of the substrate 
having the silane coupling agent applied thereto to form the 
hydrophobic silane coating. The Surface presented by the 
hydrophobic silane coating/substrate is hydrophobic and 
essentially silanol-free. This surface is then dried, and varnish 
is applied thereto. Then, the substrate, hydrophobic silane 
coating and varnish are subjected to curing conditions to 
define the PCB. 
(0023 2. Detailed Description 
0024. In accordance with the preferred embodiments of 
the present invention, a silane composition is applied to the 
Surface of a glass fiber Substrate (to which a silane coupling 
agent was earlier applied) to form a hydrophobic silane coat 
ing, which is an intermixed layer containing both silanes. 
That is, the silane composition in accordance with the pre 
ferred embodiments of the present invention is applied post 
silane coupling agent addition. 
0025 FIG. 1 is a block diagram illustrating a portion of a 
printed circuit board (PCB) 100 in which a hydrophobic 
silane coating 130 to prevent conducive anode filament 
(CAF) formation in accordance with the preferred embodi 
ments of the present invention is provided between a varnish 
coating 140 and a glass fiber substrate 110 having its surface 
modified by a silane coupling agent. The hydrophobic silane 
coating 130 is an intermixed layer containing both the silane 
composition and the silane coupling agent. 
0026. The substrate 110 is conventional and may be any 
suitable substrate that includes glass fiber. For example, the 
substrate 110 may be woven glass cloth. 
0027. The varnish coating 140 is conventional and may be 
any suitable organic or inorganic Surface coating. For 
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example, the varnish coating 140 may bean FR4 epoxy resin, 
abismaleimide triazine (BT) resin, or a polyphenylene oxide/ 
trially-isocyanurate (PPO/TAIC) interpenetrating network. 
0028. The silane coupling agent is conventional and may 
be any suitable silane coupling agent. The silane coupling 
agent typically consists of an organofunctional group to bind 
to the varnish coating 140 and a hydrolyzable group that binds 
to the surface of the substrate 110. For example, the silane 
coupling agent may be vinylbenzylaminoethylamino 
propyltrimethoxysilane or diallylpropylisocyanuratetri 
methoxysilane. Typically, the silane coupling agent is a 
mono-layer thick. 
0029. In accordance with the preferred embodiment of the 
present invention, the hydrophobic silane coating 130, which 
is an intermixed layer containing both silanes, is hydrophobic 
(water repelling). Consequently, a water droplet resting on the 
hydrophobic silane coating 130 will exhibit a high contact 
angle (i.e., at least 90°). The hydrophobic silane coating 130 
is preferably a mono-layer thick. 
0030 The silane composition used to form the hydropho 
bic silane coating 130 in accordance with the preferred 
embodiments of the present invention includes a silane hav 
ing a general formula structure R-S Rea, wherein R is 
a functional group that is reactive with alcohols, water and/or 
Surface silanols, and wherein R, R and R are each a func 
tional group that is hydrophobic and non-reactive (i.e., R. R. 
and Ra are each non-reactive with the alcohols, water and/or 
surface silanols with which R is reactive). Examples of suit 
able silanes for the silane composition in accordance with the 
preferred embodiments of the present invention include 
(without limitation) chlorotrimethylsilane (i.e., (CH)SiCl, 
also known as trimethylsilylchloride or TMSC1), hexameth 
yldisilazane (i.e., (CH))SiNH, also known as HMDS or 
HMDZ), perfluorooctyl-1H, 1H,2H2H-dimethylchlorosi 
lane (i.e., CoHo,CIF Si), and (3,3,3-trifluoropropyl)dim 
ethyl-chlorosilane (i.e., CHCIF-Si); and combinations 
thereof. 
0031 Silane(s) used to produce the hydrophobic silane 
coating in accordance with the preferred embodiments of the 
present invention react with adsorbed water on the surface of 
the Substrate, thus dehydrating all adsorbed water accumu 
lated during fiber processing. Once the glass Surface is dehy 
drated, these silanes then react with Surface silanols creating 
a hydrophobic surface. The hydrophobic surface will prevent 
water diffusion into the interface between the varnish coating 
(which is Subsequently applied in the process of making a 
printed circuit board) and the glass fiber in the printed circuit 
board. Even if delamination between the varnish coating and 
the glass fiber occurs in the printed circuitboard, the normally 
hydrophilic glass fiber is hydrophobic, thus eliminating the 
most commonly associated path for CAF formation. 
0032. In accordance with the preferred embodiments of 
the present invention, silane(s) to prevent CAF formation 
(i.e., the silane(s) in the silane composition) can be added 
after the silane coupling agent has been applied. The addition 
of these silanes to prevent CAF formation, in one embodi 
ment (shown in FIG. 2, described below), can be achieved by 
vapor deposition on the Surface of the glass fibers, which may 
advantageously remove the need for the use of Solvents. 
0033 Alternatively, in another embodiment (shown in 
FIG. 3, described below), the glass fibers can be surface 
modified with the silane(s) to prevent CAF formation using 
simple wet chemistry methods in a suitable hydrocarbonsol 
vent or other suitable anhydrous solvent (typically, without 
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the need for any additional catalyst). This allows the process 
to be tailored to a plethora of existing glass fiber modification 
processes. Examples of Suitable hydrocarbon solvents 
include (without limitation) heptanes, hexanes, pentanes, 
Xylenes, cyclohexane and toluene; and combinations thereof. 
0034. Once the glass fibers have been treated with the 
silane(s) to prevent CAF formation, there will be no build up 
of adsorbed water during fiber processing. Even if delamina 
tion occurs as a result of thermal expansion of the varnish 
coating (which is Subsequently applied in the process of mak 
ing a printed circuit board), the glass fiber will remain hydro 
phobic—thereby preventing a path for CAF formation. Addi 
tion of the silane(s) to prevent CAF formation does not leave 
any residual silanols (such residual silanols are associated 
with prior approaches). 
0035 FIG. 2 is a flow diagram illustrating a method 200 
for applying, via vaporphase deposition, a silane composition 
to form a hydrophobic silane coating that prevents conducive 
anode filament (CAF) formation in a printed circuit board 
(PCB) made in accordance with the preferred embodiments 
of the present invention. In the method 200, the steps dis 
cussed below (steps 210-260) are performed. These steps are 
set forth in their preferred order. It must be understood, how 
ever, that the various steps may occur at different times rela 
tive to one another than shown, or may occur simultaneously. 
Moreover, those skilled in the art will appreciate that one or 
more of the steps may be omitted. 
0036 Method 200 begins when a substrate that includes 
glass fiber is cleaned (step 210). The substrate is conventional 
and may be any suitable substrate that includes glass fiber. For 
example, the Substrate may be woven glass cloth. The Sub 
strate is cleaned utilizing any suitable conventional cleaning 
process, such as the industry standard process for cleaning 
woven glass fabric described below. 
0037 Glass fiber is typically received at the glass weaver 
on a bobbin and contains a sizing agent typically present at 
approximately 1.5 wt % of the glass filament. The sizing 
agent is a starch and oil-based formulation that serves as an 
anti-static and slip agent which imparts strength to the fabric 
during the weaving process. The glass filament to be woven in 
the machine direction may contain 1 wt % PVA to impart 
additional mechanical strength during the warping process. 
Following weaving, the fabric is cleaned via an industry stan 
dard process: 
0038 1) The fabric is wound on a mandrel and subjected to 
temperatures in excess of 500 C for several hours (a process 
known to those skilled in the art as “carmelizing as the fabric 
takes on a golden brown color). 
0039. 2) Mandrels are subsequently subjected to tempera 
tures greater than 200 C for several days (in order to permit 
the temperature in the center of the core to equilibrate with the 
temperature of the fabric surface). 
0040. 3) The fabric is permitted to cool to ambient tem 
perature overnight. 
0041. The method 200 continues with modification of the 
Surface of the Substrate with a silane coupling agent (step 
220). The silane coupling agent is conventional and may be 
any Suitable silane coupling agent. For example, the silane 
coupling agent may be vinylbenzylaminoethylamino 
propyltrimethoxysilane or diallylpropylisocyanuratetri 
methoxysilane. The silane coupling agent is applied to the 
Surface of the Substrate using any Suitable conventional Sur 
face modification process. 
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0042 Steps 210 and 220 may be omitted in favor of obtain 
ing a conventional glass fiber Substrate having its Surface 
already modified with a silane coupling agent. Such surface 
modified glass fiber substrates are commercially available 
from glass weavers. The Surface modification processes uti 
lized by these glass weavers may include elements that are 
considered proprietary to the glass weaver. 
0043. Typical process parameters of conventional surface 
modification processes include the addition of a surfactant to 
a silane bath (i.e., typically, the glass fabric is dipped in a 
silane bath) to enhance wetting of the glass fabric as well as 
prevent foaming. The silane coupling agent concentration in 
the silane bath may be as high as 1 wt %, for example, though 
it is typically much less. The silane bath is typically acidic 
(pH 3-5) to prevent self-condensation of the silane. 
0044. In one exemplary conventional surface modification 
process, the glass fabric may be dipped into 0.1%-0.5% silane 
coupling agent/water solution (or water-ethanol Solution), 
and then air-dried. The glass fabric may then be placed in a 
desiccator at 110-120C for 5-10 minutes to cure the silane 
coupling agent on the Surface of the Substrate. 
0045. In another conventional surface modification pro 
cess, an alcohol solution is used for silylating the Surface of 
the Substrate with a silane coupling agent. A 2% silane solu 
tion can be prepared in a Suitable alcohol (e.g., methanol, 
ethanol, isopropanol, and the like). The surface of the sub 
strate can be wiped, dipped, or sprayed with this solution. If 
the substrate is dipped into the solution, a sufficient submer 
sion time (e.g., one or two minutes) may be necessary to allow 
silane migration to the surface of the substrate. The substrate 
is then dried (e.g., air-dried). After the surface of the substrate 
dries, excess material can be gently wiped, or briefly rinsed 
off with alcohol. The layer of silane coupling agent may then 
be cured on the surface of the substrate for 5-10 minutes at 
110 C, or for 24 hours at ambient temperature. 
0046. The method 200 may continue with the drying of the 
Surface of the Substrate (i.e., the treated glass fabric) in prepa 
ration for vapor phase addition of a silane composition (step 
230). For example, the treated glass fabric may be dried at 
110-120C for 5-10 minutes. However, step 230 may be at 
least partially performed as part of step 220, discussed above, 
when the silane coupling agent is cured on the Surface of the 
substrate. 

0047 Once the glass fiber has been treated with a silane 
coupling agent, a large portion of the Surface silanols remain. 
This leaves the surface hydrophilic (water loving) and more 
likely to increase the chance of CAF formation. 
0048. The prior art recognized that a moderate cure cycle 
(110 C/15 minutes) will leave silanol groups remaining in 
free form. See, for example, Gerald L. Witucki, 'A Silane 
Primer: Chemistry and Applications of Alkoxy Silanes', 
Journal of Coating Technology, Vol. 65, No. 822, pages 
57-60, July 1993. However, the prior art mistakenly classified 
these surface silanols as advantageous (rather than as a poten 
tially ruinous path for CAF formation) because the silanols 
may bond with the Subsequent top coat, forming an interpen 
etrating polymer network (IPN) and providing an improved 
adhesion. 
0049. By treating the surface with a silane composition in 
accordance with the present invention, the remaining Surface 
silanols will be reacted with and removed. Also, by treating 
the Surface silanols with a silane composition in accordance 
with the present invention, the surface will become extremely 
hydrophobic (water repelling). Not only will the use of a 
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silane composition in accordance with the present invention 
remove surface silanols, but it will also react with and remove 
any adsorbed water on the surface of the glass fibers prevent 
ing another path for CAF formation. 
0050. The method 200 then continues by placing the sub 
strate (i.e., the treated and dried glass fabric) in a vapor phase 
of a silane composition in accordance with the present inven 
tion (step 240). To modify the surface of a glass fiber with a 
silane composition in accordance with the present invention 
using vapor phase deposition techniques, the Substrate must 
be passed through or placed within a chamber that allows for 
the silane composition to build up a vapor pressure. Such 
vapor deposition techniques are well known by those skilled 
in the art. 

0051. The silane composition in accordance with the 
present invention includes a silane having a general formula 
structure R-S Rea, wherein R is a functional group 
that is reactive with alcohols, water and/or Surface silanols, 
and wherein R, R and Ra are each a functional group that is 
hydrophobic and non-reactive (i.e., R. R. and Ra are each 
non-reactive with the alcohols, water and/or Surface silanols 
with which R is reactive). Examples of suitable silanes for 
the silane composition in accordance with the preferred 
embodiments of the present invention include (without limi 
tation) chlorotrimethylsilane (i.e., (CH)SiCl, also known as 
trimethylsilylchloride or TMSC1), hexamethyldisilazane 
(i.e., (CH))SiNH, also known as HMDS or HMDZ), 
perfluorooctyl-1H, 1H,2H.2H-dimethylchlorosilane (i.e., 
CoHoClFSi), and (3,3,3-trifluoropropyl)dimethyl-chlo 
rosilane (i.e., CHCIF-Si); and combinations thereof. 
0.052 The vapor pressure can range from 0.1 to 1000 mm 
Hg, preferably 0.5 to 500 mm Hg and most preferably 2 to 7 
mm Hg of vapor pressure. The following example is for 
purposes of illustration and is non-limiting. In this (non 
limiting) example, silane vapor is generated by placing the 
silane or a silane/hydrocarbon solvent solution (utilizes the 
partial pressure contribution of the hydrocarbon solvent 
mixed with the silane) in a reservoir below the surface to be 
coated. The reservoir is heated to generate the vapor pressure. 
If the silane has a low vapor pressure, vacuum can be applied 
to the chamber to increase the vapor concentration of the 
silane. The Substrate, as it is coated, is typically maintained at 
an elevated temperature ranging from 25 C to 150 C, prefer 
ably 35 C to 125 C and most preferably 45 C to 90 C. The 
duration the substrate is exposed to the vapor phase of the 
silane composition can range, for example, from 0.1 to 1440 
minutes, preferably 0.5 to 180 minutes and most preferably 2 
to 30 minutes, depending on the final silane Surface coverage 
desired. The hydrophobic silane coating is preferably a 
mono-layer thick. Those skilled in the art will appreciate, 
however, that the final silane surface coverage desired will 
vary depending on the particular application. Also, it may be 
desirable to apply catalyst (e.g., amines) to the vapor phase of 
the silane composition to increase the rate of reaction, which 
in turn may permit a reduction in the duration of exposure of 
the substrate to the vapor phase. 
0053. Once removed from the chamber, the coated sub 
strate (i.e., hydrophobic silane coating/substrate) is dried 
using any Suitable conventional methodology known to those 
skilled in the art (step 250). For example, the coated substrate 
may be dried at 110-120C for 5-10 minutes. Because the 
surface of the coated substrate is hydrophobic, any residual 
water thereon is easily and completely removed during step 
2SO. 
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0054 The coated substrate (i.e., hydrophobic silane coat 
ing/substrate) may then be further processed using conven 
tional PCB fabrication techniques (step 260). For example, a 
conventional varnish (e.g., FR4 epoxy resins, bismaleimide 
triazine (BT) resins, polyphenylene oxide/trially-isocyanu 
rate (PPO/TAIC) interpenetrating networks, and the like) 
may be applied to the coated Substrate using any Suitable 
conventional methodology known to those skilled in the art. 
After which the laminate is Subjected to curing conditions, 
e.g., heated under vacuum, as known in the art, which results 
in a crosslinked phase that is covalently bound to the glass 
fibers to define a laminate, or laminated PCB. The hydropho 
bic surface of the coated substrate will prevent water diffusion 
into the interface between the varnish coating and the glass 
fiber in the laminated PCB. Even if delamination between the 
varnish coating and the glass fiber occurs in the PCB, the 
normally hydrophilic glass fiber is hydrophobic, thus elimi 
nating the most commonly associated path for CAF forma 
tion. 
0055 FIG. 3 is a flow diagram illustrating a method 300 
for applying, via immersion into a silane/hydrocarbon Solvent 
Solution, a silane composition to form a hydrophobic silane 
coating that prevents conducive anode filament (CAF) forma 
tion in a printed circuit board (PCB) made in accordance with 
the preferred embodiments of the present invention. In the 
method 300, the steps discussed below (steps 310-350) are 
performed. These steps are set forth in their preferred order. It 
must be understood, however, that the various steps may 
occurat different times relative to one another than shown, or 
may occur simultaneously. Moreover, those skilled in the art 
will appreciate that one or more of the steps may be omitted. 
0056 Method 300 begins when a substrate that includes 
glass fiber is cleaned (step 310). The substrate is conventional 
and may be any suitable substrate that includes glass fiber. For 
example, the Substrate may be woven glass cloth. The Sub 
strate is cleaned utilizing any suitable conventional cleaning 
process, such as the industry standard process for cleaning 
woven glass fabric described below. 
0057 Glass fiber is typically received at the glass weaver 
on a bobbin and contains a sizing agent typically present at 
approximately 1.5 wt % of the glass filament. The sizing 
agent is a starch and oil-based formulation that serves as an 
anti-static and slip agent which imparts strength to the fabric 
during the weaving process. The glass filament to be woven in 
the machine direction may contain 1 wt % PVA to impart 
additional mechanical strength during the warping process. 
Following weaving, the fabric is cleaned via an industry stan 
dard process: 
0058 1) The fabric is wound on a mandrel and subjected to 
temperatures in excess of 500 C for several hours (a process 
known to those skilled in the art as “carmelizing as the fabric 
takes on a golden brown color). 
0059 2) Mandrels are subsequently subjected to tempera 
tures greater than 200 C for several days (in order to permit 
the temperature in the center of the core to equilibrate with the 
temperature of the fabric surface). 
0060 3) The fabric is permitted to cool to ambient tem 
perature overnight. 
0061. The method 300 continues with modification of the 
Surface of the Substrate with a silane coupling agent (step 
320). The silane coupling agent is conventional and may be 
any suitable silane coupling agent. For example, the silane 
coupling agent may be vinylbenzylaminoethylamino 
propyltrimethoxysilane or diallylpropylisocyanuratetri 
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methoxysilane. The silane coupling agent is applied to the 
Surface of the Substrate using any Suitable conventional Sur 
face modification process. 
0062 Steps 310 and 320 may be omitted in favor of obtain 
ing a conventional glass fiber Substrate having its Surface 
already modified with a silane coupling agent. Such surface 
modified glass fiber substrates are commercially available 
from glass weavers. The Surface modification processes uti 
lized by these glass weavers may include elements that are 
considered proprietary to the glass weaver. 
0063 Typical process parameters of conventional surface 
modification processes include the addition of a surfactant to 
a silane bath (i.e., typically, the glass fabric is dipped in a 
silane bath) to enhance wetting of the glass fabric as well as 
prevent foaming. The silane coupling agent concentration in 
the silane bath may be as high as 1 wt %, for example, though 
it is typically much less. The silane bath is typically acidic 
(pH 3-5) to prevent self-condensation of the silane. 
0064. In one exemplary conventional surface modification 
process, the glass fabric may be dipped into 0.1%-0.5% silane 
coupling agent/water Solution (or water-ethanol Solution), 
and then air-dried. The glass fabric may then be placed in a 
desiccator at 110-120C for 5-10 minutes to cure the silane 
coupling agent on the Surface of the Substrate. 
0065. In another conventional surface modification pro 
cess, an alcohol solution is used for silylating the Surface of 
the Substrate with a silane coupling agent. A 2% silane solu 
tion can be prepared in a suitable alcohol (e.g., methanol, 
ethanol, isopropanol, and the like). The surface of the sub 
strate can be wiped, dipped, or sprayed with this solution. If 
the substrate is dipped into the solution, a sufficient submer 
sion time (e.g., one or two minutes) may be necessary to allow 
silane migration to the surface of the substrate. The substrate 
is then dried (e.g., air-dried). After the surface of the substrate 
dries, excess material can be gently wiped, or briefly rinsed 
off with alcohol. The layer of silane coupling agent may then 
be cured on the surface of the substrate for 5-10 minutes at 
110 C, or for 24 hours at ambient temperature. 
0.066 Once the glass fiber has been treated with a silane 
coupling agent, a large portion of the Surface silanols remain. 
This leaves the surface hydrophilic (water loving) and more 
likely to increase the chance of CAF formation. 
0067. The prior art recognized that a moderate cure cycle 
(110 C/15 minutes) will leave silanols groups remaining in 
free form. See, for example, Gerald L. Witucki, 'A Silane 
Primer: Chemistry and Applications of Alkoxy Silanes', 
Journal of Coating Technology, Vol. 65, No. 822, pages 
57-60, July 1993. However, the prior art mistakenly classified 
these surface silanols as advantageous (rather than as a poten 
tially ruinous path for CAF formation) because the silanols 
may bond with the Subsequent top coat, forming an interpen 
etrating polymer network (IPN) and providing an improved 
adhesion. 

0068. By treating the surface with a silane composition in 
accordance with the present invention, the remaining Surface 
silanols will be reacted with and removed. Also, by treating 
the Surface silanols with a silane composition in accordance 
with the present invention, the surface will become extremely 
hydrophobic (water repelling). Not only will the use of a 
silane composition in accordance with the present invention 
remove surface silanols, but it will also react with and remove 
any adsorbed water on the surface of the glass fibers prevent 
ing another path for CAF formation. 
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0069. The method 300 then continues by placing the sub 
strate (i.e., the treated glass fabric) in a silane Surface modi 
fication bath containing a solution of a silane composition in 
accordance with the present invention and a suitable hydro 
carbon solvent (step 330). Step 330 may be performed via 
means known in the art, such as a dip coating process. 
0070 The silane composition in accordance with the 
present invention includes a silane having a general formula 
structure R-S Rea, wherein R is a functional group 
that is reactive with alcohols, water and/or Surface silanols, 
and wherein R, R and Ra are each a functional group that is 
hydrophobic and non-reactive (i.e., R. R. and Ra are each 
non-reactive with the alcohols, water and/or Surface silanols 
with which R is reactive). Examples of suitable silanes for 
the silane composition in accordance with the preferred 
embodiments of the present invention include (without limi 
tation) chlorotrimethylsilane (i.e., (CH)SiCl, also known as 
trimethylsilylchloride or TMSC1), hexamethyldisilazane 
(i.e., (CH))SiNH, also known as HMDS or HMDZ), 
perfluorooctyl-1H, 1H,2H.2H-dimethylchlorosilane (i.e., 
CHCIFSi), and (3,3,3-trifluoropropyl)dimethyl-chlo 
rosilane (i.e., CHCIF-Si); and combinations thereof. 
0071 Examples of suitable hydrocarbon solvents include 
(without limitation) heptanes, hexanes, pentanes, Xylenes, 
cyclohexane and toluene; and combinations thereof. 
0072 The concentration of the silane can range from 0.01 
to 100% (vol), preferably 0.05 to 10% (vol) and most prefer 
ably 0.1 to 3% (vol). The duration the substrate is exposed to 
the silane surface modification bath can range, for example, 
from 0.1 to 1440 minutes, preferably 0.5 to 180 minutes and 
most preferably 2 to 30 minutes, depending on the final silane 
Surface coverage desired. The hydrophobic silane coating is 
preferably a mono-layer thick. Those skilled in the art will 
appreciate, however, that the final silane Surface coverage 
desired will vary depending on the particular application. 
0073. Once removed from the bath, the coated substrate 
(i.e., hydrophobic silane coating/substrate) is dried using any 
Suitable conventional methodology known to those skilled in 
the art (step 340). For example, the coated substrate may be 
dried at 110-120C for 5-10 minutes. Because the surface of 
the coated substrate is hydrophobic, any residual water 
thereon is easily and completely removed during step 340. 
0074 The coated substrate (i.e., hydrophobic silane coat 
ing/substrate) may then be further processed using conven 
tional PCB fabrication techniques (step 350). For example, a 
conventional varnish (e.g., FR4 epoxy resins, bismaleimide 
triazine (BT) resins, polyphenylene oxide/trially-isocyanu 
rate (PPO/TAIC) interpenetrating networks, and the like) 
may be applied to the coated Substrate using any Suitable 
conventional methodology known to those skilled in the art. 
After which the laminate is Subjected to curing conditions, 
e.g., heated under vacuum, as known in the art, which results 
in a crosslinked phase that is covalently bound to the glass 
fibers to define a laminate, or laminated PCB. The hydropho 
bic surface of the coated substrate will prevent water diffusion 
into the interface between the varnish coating and the glass 
fiber in the laminated PCB. Even if delamination between the 
varnish coating and the glass fiber occurs in the PCB, the 
normally hydrophilic glass fiber is hydrophobic, thus elimi 
nating the most commonly associated path for CAF forma 
tion. 
0075 One skilled in the art will appreciate that many 
variations are possible within the scope of the present inven 
tion. Thus, while the present invention has been particularly 
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shown and described with reference to preferred embodi 
ments thereof, it will be understood by those skilled in the art 
that these and other changes inform and details may be made 
therein without departing from the spirit and scope of the 
present invention. 
What is claimed is: 
1. An enhanced substrate for a printed circuit board (PCB), 

comprising: 
a Substrate that includes glass fiber, and 
a hydrophobic silane coating of a silane composition inter 

mixed with a silane coupling agent applied to the Sub 
strate, wherein the hydrophobic silane coating/substrate 
presents a Surface that is hydrophobic and essentially 
silanol-free. 

2. The enhanced substrate as recited in claim 1, wherein the 
Substrate comprises a sheet of woven glass fibers. 

3. The enhanced substrate as recited in claim 1, wherein the 
hydrophobic silane coating is formed by applying a silane 
composition to the Surface of the Substrate having the silane 
coupling agent applied thereto, wherein the silane composi 
tion includes a silane having a general structure R-S R. 
3.4), wherein R is a functional group that is reactive with one 
or more Surface silanols created when the silane coupling 
agent is applied to the Surface of the Substrate, and wherein 
R. R. and Rare each a functional group that is hydrophobic 
and non-reactive with the one or more surface silanols. 

4. The enhanced substrate as recited in claim 1, wherein the 
hydrophobic silane coating is formed by applying a silane 
composition to the surface of the substrate having the silane 
coupling agent applied thereto, and wherein the silane com 
position includes a silane selected from a group consisting of 
chlorotrimethylsilane, hexamethyldisilaZane, perfluorooc 
tyl-1H, 1H,2H2H-dimethylchlorosilane, and (3,3,3-trifluo 
ropropyl)dimethyl-chlorosilane; and combinations thereof. 

5. The enhanced substrate as recited in claim 1, wherein the 
hydrophobic silane coating is a monolayer thick. 

6. The enhanced substrate as recited in claim 1, further 
comprising a varnish coating on the Surface presented by the 
hydrophobic silane coating/substrate, wherein the silane cou 
pling agent couples the varnish coating to the Substrate. 

7. A printed circuit board (PCB) comprising at least one 
enhanced Substrate according to claim 6. 

8. A method of making an enhanced substrate for a printed 
circuit board, comprising the steps of: 

providing a Substrate that includes glass fiber; 
applying a silane coupling agent to the Surface of the Sub 

strate, wherein the surface of the substrate having the 
silane coupling agent applied thereto includes one or 
more surface silanols; and 

applying a silane composition to the Surface of the Sub 
strate having the silane coupling agent applied thereto to 
form a hydrophobic silane coating comprising an inter 
mixed layer of the silane composition and the silane 
coupling agent, wherein the silane composition reacts 
with the one or more surface silanols, and wherein the 
hydrophobic silane coating/substrate presents a Surface 
that is hydrophobic and essentially silanol-free. 

9. The method as recited in claim 8, wherein the substrate 
comprises a sheet of woven glass fibers. 

10. The method as recited in claim 8, wherein the silane 
composition includes a silane having a general structure 
R-S Rosa, wherein R is a functional group that is 
reactive with alcohols, water and/or the one or more surface 
silanols, and wherein R, R and Ra are each a functional 
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group that is hydrophobic and non-reactive with the alcohols, 
water and/or the one or more surface silanols with which R 
is reactive. 

11. The method as recited in claim 8, wherein the silane 
composition includes a silane selected from a group consist 
ing of chlorotrimethylsilane, hexamethyldisilaZane, perfluo 
rooctyl-1H, 1H,2H.2H-dimethylchlorosilane, and (3,3,3-trif 
luoropropyl)dimethyl-chlorosilane; and combinations 
thereof. 

12. The method as recited in claim 8, wherein the hydro 
phobic silane coating is a monolayer thick. 

13. The method as recited in claim 8, wherein the step of 
applying the silane composition includes the steps of 

drying the Surface of the Substrate having the silane cou 
pling agent applied thereto; 

after the step of drying the surface of the substrate having 
the silane coupling agent applied thereto, placing the 
Substrate having the silane coupling agent applied 
thereto in a vapor phase of the silane composition to 
form the hydrophobic silane coating by vapor deposi 
tion; 

after the step of placing the Substrate in a vapor phase of the 
silane composition, drying the Surface presented by the 
hydrophobic silane coating/substrate. 

14. The method as recited in claim 8, wherein the step of 
applying the silane composition includes the steps of 

placing the Substrate having the silane coupling agent 
applied thereto in a solution of the silane composition 
and a hydrocarbon Solvent; 

after the step of placing the Substrate having the silane 
coupling agent applied thereto in a solution of the silane 
composition in a hydrocarbon Solvent, drying the Sur 
face presented by the hydrophobic silane coating/Sub 
Strate. 

15. A method of making a printed circuit board (PCB), 
comprising the steps of 

providing a Substrate that includes glass fiber; 
applying a silane coupling agent to the Surface of the Sub 

strate, wherein the surface of the substrate having the 
silane coupling agent applied thereto includes one or 
more surface silanols; 

applying a silane composition to the Surface of the Sub 
strate having the silane coupling agent applied thereto to 
form a hydrophobic silane coating comprising an inter 
mixed layer of the silane composition and the silane 
coupling agent, wherein the silane composition reacts 
with the one or more surface silanols, and wherein the 
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hydrophobic silane coating/substrate presents a Surface 
that is hydrophobic and essentially silanol-free; 

after the step of applying a silane composition, drying the 
Surface presented by the hydrophobic silane coating/ 
Substrate; 

after the drying step, applying a varnish over the Surface 
presented by the hydrophobic silane coating/substrate, 
wherein the silane coupling agent couples the varnish 
coating to the Substrate; and 

Subjecting the Substrate, the hydrophobic silane coating 
and the varnish to curing conditions so as to define a 
PCB. 

16. The method as recited in claim 15, wherein the sub 
strate comprises a sheet of woven glass fibers. 

17. The method as recited in claim 15, wherein the silane 
composition includes a silane having a general structure 
R-S Rea, wherein R is a functional group that is reac 
tive with alcohols, water and/or the one or more surface 
silanols, and wherein R, R and Ra are each a functional 
group that is hydrophobic and non-reactive with the alcohols, 
water and/or the one or more surface silanols with which R 
is reactive. 

18. The method as recited in claim 15, wherein the silane 
composition includes a silane selected from a group consist 
ing of chlorotrimethylsilane, hexamethyldisilaZane, perfluo 
rooctyl-1H, 1H,2H.2H-dimethylchlorosilane, and (3,3,3-trif 
luoropropyl)dimethylchlorosilane; and combinations 
thereof. 

19. The method as recited in claim 15, wherein the hydro 
phobic silane coating is a monolayer thick. 

20. The method as recited in claim 15, wherein the step of 
applying the silane composition includes the steps of 

drying the Surface of the Substrate having the silane cou 
pling agent applied thereto; 

after the step of drying the surface of the substrate having 
the silane coupling agent applied thereto, placing the 
Substrate having the silane coupling agent applied 
thereto in a vapor phase of the silane composition to 
form the hydrophobic silane coating by vapor deposi 
tion. 

21. The method as recited in claim 15, wherein the step of 
applying the silane composition includes the steps of 

placing the Substrate having the silane coupling agent 
applied thereto in a solution of the silane composition 
and a hydrocarbon solvent. 
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