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1 Introduction 

OBJECTIVES OF THIS STUDY 
This paper has two main subjects: 1) 
low-viscosity epoxy consolidants that 
can be soaked into rotted wood in order 
to restore its solidity, and 2) epoxy 
pastes (patching compounds) for filling 
holes and cracks in woodwork. The 
paper has three basic objectives: 1) to 
present the results of a preliminary re
search and testing program on epoxy 
consolidants and patching compounds 
for woodwork carried out under con
tract with the National Park Service: 2) 
to teach the reader the basic technol
ogy involved in formulating epoxy con
solidants and patching compounds; 
and 3) to provide suggested formula
tions and lists of suppliers, so that the 
reader will be able to manufacture ser
viceable materials. A survey of proprie
tary consolidants and patching com
pounds might reveal some ready-made 
products as well suited for architectural 
conservation as any suggested here, 
but it was felt to be important to make 
the basic technology known to the pres
ervation community. 

Many materials besides epoxies can 
be used successfully as wood conso
lidants and as the basis for patching 
compounds. These include waxes and 
acrylic resins. Subsequent sections of 
this paper will explore why at the pres
ent time epoxies offer the best combi
nation of properties for most on-site res
toration of woodwork where it is to be 
painted. 

OBJECTIVES OF CONSOLIDATION 
AND PATCHING PROCEDURES 
Wood consolidants and patching com
pounds can permit deteriorated original 
woodwork of historical value to be re
conditioned and retained in place, 
sometimes even serving a load-bearing 
function (figure 1). Efficient consoli
dants and patching compounds are 
being developed concurrently with a 
philosophical trend toward conserving 
'historic architectural fabric, rather than 
replacing it. Such conservation in situ 
is the most important objective in using 

these materials. However, some other 
objectives are equally well served. One 
is the elimination of chronic trouble 
spots in wooden buildings. For exam
ple, wood in chronically damp locations 
(such as wooden column bases) can 
be made to last almost indefinitely by 
resin impregnation. This impregnation 
also renders the wood effective as a 
dampproof course; thus, in certain ap
plications, it protects untreated wood 
that rests upon it. 

A further objective is that of saving 
money. Often small areas of deterio
ration in otherwise sound wood can be 
strengthened more inexpensively by 
using consolidation treatments than by 
replacing the whole piece or even a 
portion of the wood. Cracks and holes 
are much more quickly filled by a patch
ing compound than by pieces of wood 
fitted and glued into place. 

Returning to the question of the con
servation of historic fabric, consolida
tion and patching procedures probably 
are more often and more urgently 
needed in architectural conservation 
than in other kinds of conservation. It 
must be remembered that, unlike mu
seum objects, buildings cannot nor
mally be put in storage under controlled 
conditions. Their exteriors are under 
constant attack by the weather, and, in 
order to maintain the building's security 
against the weather, defective portions 
must either be replaced or recondi
tioned. In the case of woodwork that is 
rotting or admitting rain, the choice is 
forced: either replace the element or 
consolidate and patch. If the woodwork 
has historical value as part of the build
ing's early fabric, replacement is usu
ally the least desirable of all alterna
tives, because it diminishes the amount 
of surviving historic fabric. Admittedly, 
replacement with a reproduction may 
be the best choice for a wooden ele
ment of great delicacy and exceptional 
value, if the original can realistically be 
expected to be given proper and per
manent storage as a museum object 
after it is removed. For example, an 
antique wooden weathervane would be 
such an element. However, the record 
in architectural conservation clearly 

Figure 1. Section ot structural oak post con
solidated with epoxies. Insect damage had 
converted this post to a hollow, powdery 
shell. Wax and clay were used to stop up 
cracks andholes in the exterior surlace while 
the post was filled with penetrating epoxies. 
(Photo: Author) 
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1 Introduction 

shows that more ordinary wooden ele
ments, such as column capitals or win
dow heads, are likely to be discarded, 
lost, or destroyed once they are re
moved from a building, or the record 
of their original location on the building 
is lost. Once the policy of removing and 
replacing wooden elements has been 
adopted in a restoration project, the 
number of pieces removed usually be
comes too large for proper accession
ing and storage, and some future main
tenance person is apt to throw the whole 
collection away. Consequently, original 
architectural fabric is lost and the build
ing's value as a historical artifact is 
diminished. 

NEED FOR FURTHER TESTING 
The tests performed in the course of 
this project were preliminary. Only afew 
samples of each formulation were 
tested—sometimes only one sample. 
The types of tests were limited, and the 
duration of the tests was short. Thus, 
the tests were not statistically adequate 
to determine which are the best for
mulations. They certainly do not reveal 
which are the best raw materials used 
in the formulations, because all the 
materials could have been recombined 
differently into better formulations. The 
tests do not provide proof of the long-
term durability of any of the formula
tions. Clearly, more extensive and sys
tematic laboratory testing is needed, 
combined with a program to refine for
mulations according to information 
gained from testing. 

In addition, the performance of var
ious formulations in actual service must 
be observed and evaluated, and ad
justments made to improve such per
formance. This will be possible only if 
those who use the materials keep an 
accurate record of what formulations 
were used, in what buildings and spe
cific locations, and under what condi
tions. When failure occurs, its nature 
should be ascertained. For example, 
did a patching compound break at the 

bond line with the wood (adhesive fail
ure) or did it break within the compound 
itself (cohesive failure)7 

RESULT OF RESEARCH AND 
TESTING 
If research and testing to date have 
been preliminary and tentative, what 
has been accompl ished7 The tests to 
date have given an approximate indi
cation of the range of properties that 
can be achieved by various combina
tions of certain raw materials. Addition
ally, the project has resulted in the 
choice of several formulations that are 
probably good enough to use in build
ing conservation and that are being 
used by the National Park Service, the 
National Trust for Historic Preservation, 
and the Society for the Preservation of 
New England Antiquities. 

How good is good enough7 The ar
chitectural conservator and the con
servator of museum objects might an
swer this question differently. In 
architectural conservation, certain 
practical problems may require the use 
of materials meeting different criteria 
from those applied to materials for mu
seum conservation. In selecting mate
rials to restore a building's exterior, a 
conservator faces the practical prob
lems of choosing materials that can 
withstand the weather, and that have 
some strength. He must realize alsothat 
such materials are likely to be applied 
by workmen not trained in conservation, 
and must be purchased and applied 
in large quantity at reasonable cost. In 
order to meet such requirements, an 
architectural conservator may have to 
use materials that would not satisfy a 
museum conservator's standards of re
versibility and proven long-term chem
ical stability. 

Perhaps more significantly, in mu
seum conservation if no well-tested 
materials are available for treating an 
object, the object can often be put aside 
for a period of years in a controlled en
vironment until such materials have 
been developed. By contrast, the ar
chitectural conservator is often forced 
to proceed immediately with radical 
treatments, even at some risk, in order 

to maintain the exterior watertightness 
of a building. The best available ma
terials must be used. When confronted 
with rot. cracks, or holes in wood, the 
architectural conservator surveying the 
range of practical treatments now avail
able for exterior woodwork finds that 
none are perfectly tested and proven 
in service. There are some proprietary 
epoxyconsolidants for rotted wood, but 
none have been thoroughly tested as 
materialsforconservation. As for patchi
ng compounds to fill holes and cracks 

even the simplest tests make it abun
dantly clear that the better formulations 
suggested here—and a few related 
proprietary products—are much more 
suitable for building conservation than 
the materials now in common use. Thus, 
in this case, "good enough to use" sim
ply means material as good as, or better 
than, that which is already in use. 

It must be emphasized that there is 
a significant risk in using materials of 
which the long-term durability is not 
established: but when the only practical 
alternative is completely replacing a 
valuable piece of woodwork, some risk 
in trying to save the original becomes 
acceptable. Clearly, there is no reason 
to take this risk in the case of woodwork 
in serviceable condition. 

Thus formulations are offered here in 
hopes that some of them will serve well. 
and that they will be refined through 
further research and testing, and 
through critical observation of their per
formance in actual service. 
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1 Wood Consolidation 

BASIC APPROACH 
The basic approach used in consoli
dating fragile architectural woodwork 
is to impregnate the wood with a ma
terial in liquid form, that is able to solidify 
in the wood. A wide variety of materials 
can be used. For most architectural 
woodwork, synthetic resins are gener
ally the most useful. 

RESINS AND POLYMERS DEFINED 
All materials may be classified accord
ing to both chemical composition and 
physical properties. "Alcohol" and "es
ter" are examples of chemical classi
fications. "Rubber" and "wax" are ex
amples of terms that are somewhat 
ambiguous chemically but quite spe
cific in regard to physical properties. 
The term "resin" likewise describes 
physical properties more than chemical 
properties: resins generally have no 
significant crystalline structure or dis
tinct X-ray diffraction pattern; they tend 
to break in a glass-like, conchoidal 
manner; and they have no sharp melt
ing point. There are gradations between 
most of the physical categories of ma
terials used in conservation; some of 
the materials that will be described in 
this report exhibit rubbery properties 
almost to the same extent as they ex
hibit resinous ones. The elasticity of 
rubbers is familiar to all of us. 

Waxes of various chemical types, 
such as paraffins and esters, are ex
tensively used to consolidate museum 
objects in situations where little strength 
is required in the end product. The 
greater strength potentially attainable 
in resins makes them generally the most 
useful materials for consolidating 
woodwork that is to remain in service 
as part of a building. 

"Polymer" is another term that re
quires clarification. Robert Feller de
fines a polymer as "a compound in 
which a large number (poly) of identical 
or similar atoms or groups of atoms 
(representing the monomer) are united 
by primary chemical bonds" (figure 2)\ 

Most resins are polymers—as are most 
rubbers, waxes, and many other ma
terials used in conservation. About res
ins, Feller writes, 

the word 'polymer' . . . refers spe
cifically to the chemical structure 
of the resin. . . . Perhaps it might 
be said that, the less that is known 
about the chemical structure of a 
resin-like material, the more likely 
it will be called a resin. Cellulose, 
vegetable polysaccharides, lignin, 
and many proteins are properly 
called natural polymers, while other 
substances, natural and synthetic, 
are still designated simply as 
resins.2 

REQUIREMENTS FOR WOOD 
CONSOLIDANTS; CHARACTERI
ZATION OF EPOXIES 
In designing a product for a specific 
purpose, it is useful to list desired prop
erties and to evaluate different possible 
materials in relation to each property. 
This was the approach used during the 
present project. The following discus
sions are organized according to the 
desired properties. 

Low shrinkage; 
chemical-setting systems 
Polymers must be in a fluid state in order 
to be absorbed into a porous material 
such as wood or stone. Their usefulness 
will depend upon their ability to solidify. 
There are three basic mechanisms of 
solidification, and thus three basic types 
of systems in which polymers can be 
applied: hot-melt, solvent-loss, and 
chemical-setting systems. 

An example of the first group is mol
ten wax, which solidifies on cooling. 
Hot-melt systems are impractical for 
most on-site architectural carpentry, 
although hot-wax impregnation is used 
for portable wooden objects by labo
ratories having the appropriate 
equipment. 

In solvent-loss systems, the polymer 
is dissolved (solvent-type systems) or 
emulsified (emulsion systems) in a vol
atile liquid. As this liquid evaporates, 
the polymeric material solidifies (or 
more properly in the case of emulsion 

Figure 2. Monomer and Polymer. 

'Robert L. Feller, Nathan Stolow, and Eliz
abeth H. Jones, On Picture Varnishes and 
Their Solvents, rev. ed. (Cleveland and 
London: Press of Case Western Reserve 
University, 1971), p. 119. 

2lbid. 
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1 Wood Consolidation 

systems, coalesces). Although solvent-
loss systems are used in wood con
solidation, they have several disadvan
tages. One is the shrinkage that gen
erally accompanies the loss of the 
solvent. In a fragile piece of wood, this 
shrinkage can lead to contractile 
stresses. A second disadvantage is that 
a fluid material in a solvent, having been 
impregnated into wood, can to some 
extent migrate back toward the surface 
of the wood along with the evaporating 
solvent. Athird problem arises whenthe 
evaporation of the solvent produces a 
porous structure. The result may be 
weaker and more susceptible to mois
ture than it would be if it were not po
rous. However, as we shall see later, 
there may be cases in which weakness 
and permeability are desirable. 

Chemical-setting systems are distin
guished from hot-melt and solvent-loss 
systems in that conversion to solid oc
curs by a chemical reaction. Because 
there is no solvent to evaporate, solid
ification entails little shrinkage—only 
that which is associated with the reor
ganization of molecules. In some chem
ical-setting systems, a solvent may be 
present to lower viscosity or for other 
reasons, but a chemical reaction brings 
about ultimate solidification after the 
solvent evaporates. 

Thus, using chemical-setting sys
tems, the conservator can choose 
whether or not to use solvents, and in 
what proportion, in order to control ap
plication properties and the final prop
erties of the consolidated material. The 
chemical reaction involved in solidifi
cation may take the form of linear po
lymerization: the formation of chainlike 
linear polymers from monomers (figure 
2). For example, the acrylic monomer, 
methylmethacrylate, is a liquid, and, 
having been introduced into wood, can 
be caused to form the polymer poly
methylmethacrylate. Other materials in 
uncured, liquid form may be polymers 
of low molecular weight: that is. rela
tively short chains built up of relatively 
simple units. These materials generally 
solidify by forming networks through 
cross links between the chains. The 
concept of cross-linking is illustrated in 

figure 3. Such cross-linking may be in
duced in several ways: in the case of 
epoxies, the uncured (that is, incom
pletely reacted) liquid resin is mixed 
with another substance—the curing 
agent—with which it reacts chemically 
to form a cross-linked structure. The 
uncured epoxy resin and the curing 
agent are mixed just prior to use and 
can be soaked into a wooden object 
before chemical solidification has had 
time to occur. 

Most solvent-loss systems are con
venient to package and easy to apply, 
since the entire formulation can be 
packaged in one container and will dry 
only when the solvent is permitted to 
evaporate. The use of a chemical-set
ting system is slightly less convenient, 
as most require separate packaging for 
the resin and the curing agent. Alter
natively, heating or irradiation may be 
required to produce a cure. 

Controllable curing mechanism; 
epoxy chemistry summarized 
If a consolidant is intended to harden 
principally by a chemical reaction rather 
than by solvent loss, the reaction must 
permit convenient and reliable use un
der poorly controlled conditions, such 
asthose usually found on building sites. 
Reliability of cure is a major reason why 
this study concentrates on epoxies 
rather than acrylics or unsaturated 
polyester resins. These latter two cure 
by a chain reaction involving "free rad
icals." Free radical curing mechanisms 
are easily affected by such factors as 
the presence of oxygen or moisture and 
thus may be hard to control. Epoxy cur
ing does not depend on free radicals. 
By definition, an epoxy compound is 
one that contains the triangular structure 

0 -A-
i i 

which is known as the epoxide group. 
The lines projected from the two car
bons indicate bonds to other atoms in 
the molecule. Thus the term "epoxy" 
(more properly "epoxide") is a chemical 

term indicating a particular functional 
group. The most common epoxy resin 
is based on the diglycidyl ether of bis-
phenol-A, commonly abbreviated 
DGEBA. It has the following idealized 
structure, where the value of "n" can 
vary: 

Higher n values indicate materials of 
higher molecular weight and therefore 
greater viscosity. Uncured DGEBA res
ins are usually mixtures of epoxies of 
different n values, and, depending on 
the degree of chemical purity, are either 
colorless or a transparent brownish-
yellow. Since DGEBA has two epoxy 
functional groups per molecule, it is 
known as a diepoxide. Its molecular 
structure can be visualized as a chain 
of atoms with an epoxy group at each 
end, which can serve as a linkage point 
with other molecules. DGEBA resins 
contribute high strength, adhesion, and 
insolubility to epoxy formulations. 

Throughout this report, as in most 
chemical literature, hydrogen atoms in 
chemical formulas may be indicated in 
three ways. The formula for methane, 
for example, may be drawn as: 

H 
I 

H - C - H 

H 

or an abbreviated form may be written 
as: 

CH4 

or. hydrogens not of importance in a 
given reaction may be ignored, and 
only the chemical bonds shown. For 
convenience, in some cases these three 
graphic forms may be mixed. 

Epoxy groups in the epoxy molecule 
react readily with a wide variety of func
tional groups in other molecules. In 
epoxy formulations most useful for room 
temperature curing, the molecules with 
which the epoxy reacts are commonly 
amines. Amines are a class of relatively 
simple nitrogen-containing com
pounds, derivatives of ammonia (NH3). 

4 



1 Wood Consolidation 

Most are colorless or brownish-yellow 
liquids having the general formula 

R, above, is a generalized symbol for 
other portions ("radicals") of the mol
ecule, usually carbon and hydrogen 
chains (alkyl radicals) or rings. A com
pound with two amine groups per mol
ecule is called a d/'amine, with three a 
t/v'amine, and so on. A simple amine is 
ethylene diamine: 

H H 
I I 

H2N—C—C—NH2 

H H 

Amines of the structure RNH2 are 
called primary amines; R2NH amines 
are called secondary amines; and R3N 
tertiary amines. A widely used curing 
agent containing both primary and sec
ondary amine groups is diethylene 
triamine: 

H2N(CH2)2NH(CH2)2NH2 

The name of this compound indicates 
that it has three amine groups (a "tri-
amine") and two ethylene groups ("d/-
ethylene"; the ethylene groups are the 
(CH2)2 groups). Thus triethylene tetra-
mine, another common curing agent 
has three ethylene groups and four 
amine groups: 

H2N(CH2)2NH(CH2)2NH(CH2)2NH2 

In epoxy curing reactions with pri
mary and secondary amines, the nitro
gen of the amine group forms a bond 
with one of the carbons of the epoxy 
group. In that process, the three-
membered epoxy ring is opened and 
the nitrogen of the amine group loses 
one of its protons (H+ ions), so that, in 
the end, the nitrogen still has the correct 
number of bonds. The oxygen of the 
epoxy ring quickly picks up any avail
able proton to form a hydroxyl (OH) 
group. In graphic form: 

The number of hydrogen atoms that 
an amine group has available to lose 
is the number of new bonds that can 
be made in place of nitrogen-hydrogen 
bonds. Such hydrogen atoms are called 
"active" hydrogens. Figure 4 is a sche
matic representation of a diepoxide 
cross-linked with a primary diamine 
(H2N-R-NH2). Note that since each pri
mary amine group has two "active" hy
drogens, and since each amine mole
cule has two amine groups, each of the 
primary diamine molecules is bonded 
to four epoxy molecules. One can read
ily understand that in order to act as a 
link with primary or secondary amines, 
an epoxy molecule has to have at least 
two epoxy groups to link at both ends 
rather than just at one end. Thus it must 
be at least a diepoxide. If it has only 
one epoxy group, it can be tied at only 
one end and thus is useless as a con
necting link (figure 5). In the same way, 
amines must be able to form at least 
two bonds to serve as connecting links. 

In figures 3 and 4 it is easy to see 
that a cross-linked (as opposed to lin
ear) structure can only be formed if 
either the epoxy or the curing agent can 
form more than two linkages. In figure 
4, the amine has four "active" hydro
gens, and can form four linkages. The 
number of potential links that a mole
cule can form in a given system is de
scribed as the functionality of the mol
ecule; a molecule that can form four 
links, such as an ethylene diamine, is 
said to have a functionality of four. 

When tertiary amines (R3N) are used 
as curing agents, the curing mecha
nism is quite different from that already 
described. Different theories exist con
cerning the details of tertiary amine cur
ing.3 In general, it is felt that the tertiary 
amine molecules do not act principally 
as links themselves but rather cause 
epoxy molecules to cross link with each 
other through their epoxy groups. This 
process is called homopolymerization. 
A two-stage description of tertiary-
amine-initiated homopolymerization has 

a. Linear polymer (polymeric chains 
not interconnected). 

b. Cross-linked polymer (polymeric 
chains linked together). 
Figure 3. Linear and cross-linked polymers. 

Figure 4. Diepoxide cross linked with a pri
mary diamine. 

3W. G. Potter, Epoxide Resins (New York: 
Springer-Verlag, 1973), pp. 48. 49. 

Figure 5. Monofunctional epoxide reacted 
with a primary diamine. No cross links are 
formed. 
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1 Wood Consolidation 

been proposed as shown below.4 

First the tertiary amine opens the 
epoxy ring: 

Then the negatively charged oxygen 
atom of the opened epoxy ring opens 
another epoxy ring and links to it. This 
can continue as a chain reaction. 

(reaction b.) 

It can be seen from the above reaction 
that in homopolymerization each epoxy 
group has a functionality of two. Hom
opolymerization is not thought to be of 
major importance when epoxies are re
acted with primary and secondary 
amines, even though tertiary amine 
groups are formed when primary and 
secondary amines lose their active hy
drogens.5 Thus epoxy groups are con
sidered to have a functionality of one 
when reacted with primary and sec
ondary amines. 

One might raise—only specula
tively—two possible concerns about 
the stability of some tertiary-amme-cured 
epoxy systems. One is that in some 
systems if the epoxy groups are reacted 
mostly with other epoxy groups, not 
enough of them may react with the ter
tiary amine to insure that all the amine 
is bonded into the cured system. This 
would be particularly true if the amine 
functions as a true catalyst and is not 
consumed in the reactions. Under such 
conditions some of the amine may re
main as a free liquid that could migrate 
out of the material and react with paint 
layers or cause other damage. The sec
ond possible concern is that to the ex
tent a tertiary amine does become 
bonded into the molecular structure of 
the cured material, the polymer at that 
point is ionic (has localized centers of 
positive and negative charge) and may 
therefore be less stable under some 
conditions than if it were non-ionic. This 

ionic character is due to the fact that 
a tertiary amine has no active hydrogen 
that it can lose to compensate for a new 
covalent bond on the nitrogen. Having 
formed a covalent bond with an epoxy 
molecule, forexample, the tertiary amine 
becomes a quaternary nitrogen ion 
bonded four ways and thus carrying a 
positive charge, as shown below in the 
above reaction. The ionic character of 
the molecule at this point is maintained 
even if the positive charge is neutralized. 

These possible concerns are purely 
speculative and may be of little signif
icance, since tertiary-amine-cured 
epoxy systems are widely used with 
successful results. 

Epoxy/amine curing reactions are 
greatly accelerated by heat and re
tarded by low temperatures. Fortu
nately, the formulator has a wide variety 
of fast- and slow-curing epoxies and 
amines to choose from, and can adjust 
cure rates to field conditions. Acceler
ators can also be used, some of which 
are tertiary amines. A slow curing rate 
is generally advantageous in wood im
pregnation, since Hallows plenty oftime 
for the impregnant to penetrate the 
wood before curing has advanced to 
the state where the material becomes 
highly viscous. The larger the piece of 
wood, generally, the more desirable it 
will be to have a slow curing rate to 
allow the deepest possible penetration. 
Typical commercial epoxy consolidants 
tend to cure too fast for most architec
tural uses: the formulations offered here 
cure much more slowly. 

A major advantage of epoxies is the 
degree of control that can be exerted 
over curing rates through selection of 
different resins, curing agents, and 
accelerators. 

Durability 
The architectural conservator and the 
museum conseivator may define du
rability in different ways, placing em

phasis on different aspects of durability. 
For example, water resistance is a pri
mary consideration for the architectural 
conservator using materials in outdoor 
applications. Typical cured epoxies ex
cel in water resistance. The museum 
conservator is apt to place more em
phasis on other aspects of durability 
such as resistance to photochemical 
degredation since he is principally con
cerned with objects that are kept dry. 
Most epoxy formulations are subject to 
deterioration principally by yellowing, 
under the influence of ultraviolet light. 
In treating woodwork that is to be kept 
painted, the architectural conservator 
would have little concern about this. 

Speaking broadly, epoxies have given 
indication of good long-term durability 
since they were introduced in the late 
1940's. Admittedly, the manufacturers 
of epoxies usually do not have in mind 
for their products the extremely long life 
spans that conservators of museum 
objects expect from the materials they 
use. Little work has been done in at
tempting to predict the behavior of 
epoxies after a century's aging or more. 
Certain acrylics, by contrast, have been 
subjected to the most careful scrutiny 
for use as varnishes for valuable 
paintings.6 

Chemically the most common epox
ies are of the aromatic type incorpo
rating a particular type of ring structure 
that, in its simplest form, is represented 
by benzene: 

abbreviated notations 
of aromatic ring 

'Ibid. 

slbid. p. 39. 

6Feller. et at, On Picture Varnishes, pp. 
117-218. 

(reaction a.) 
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(In industrial literature the aromatic ring 
is sometimes improperly denoted by a 
plain hexagon f j . ) 
Some epoxies lack this particular ring 
structure and are therefore, by defini
tion, classed as aliphatic compounds. 

branched aliphatic 
structure 

Cycloaliphatic resins and curing 
agents have ring structures not related 
to benzene. The formulas for cycloali
phatic compounds contain ring for
mations that lack either of the specific 
notations shown above for the aromatic 
ring. In the examples below, CH2 groups 
are assumed to be present at the cor
ners of the polygons where no other 
indication is given. 

examples of cycloaliphatic ring 
structures 

(In literature where the aromatic ring is 
improperly shown as a plain hexagon, 
a saturated six-membered cycloali
phatic ring may be denoted, also im
properly, by an S in the middle of the 
ring to distinguish it from an aromatic 
ring.) 

It is commonly considered that an 
aliphatic structure gives improved re
sistance to photochemical deteriora
tion. Accordingly, this writer attempted 
to produce good epoxy consolidants 
and patching compounds using only 
currently available and well-known ali
phatic resins and curing agents. Prac
tical observations support the feeling 

in the industry that, at present, some 
amount of aromatic resin is needed to 
give a good product in most room-tem
perature-cured systems (judged by 
strength and resistance to water). More 
searching would undoubtedly produce 
many highly satisfactory aliphatic sys
tems. Ciba-Geigy will soon be ready to 
market a new aliphatic epoxy that is 
claimed to exhibit photochemical sta
bility almost equal to that of acrylics. 
Munnikendam has investigated some 
straight chain aliphatic and cycloali
phatic systems as consolidants. 

Since acrylics are singularly resistant 
to yellowing and other forms of photo
chemical deterioration, certain acrylics 
may be preferable to commonly used 
epoxies when dealing with wooden ob
jects of great aesthetic value. Un-
painted woodwork might also offer many 
occasions to use acrylics, since color 
retention would be of importance. When 
consolidating such objects, special 
measures should be taken to prevent 
surface gloss and translucency. The 
use of acrylic monomers as consoli
dants for wood is described in various 
works by Munnikendam and by Schaf-
fer (see bibliography). A commercial 
U.S. firm offering custom impregnation 
with acrylic monomers is ARCO (see 
appendix). Where strength is not im
portant, pre-polymerized acrylic resins 
dissolved in solvents can be skillfufly 
applied as consolidants in such ways 
as to minimize the problems of shrink
age and migration noted under 'Low 
Shrinkage; chemical-setting Systems" 
above. These problems may be less 
significant when only the surface zone 
of an object needs consolidation. 
Acryloid" B67 in mineral thinner and 
Acryloid" B72 in aromatic hydrocarbon 
solvent, both Rohm and Haas products, 
are two acrylic solutions of great color 
stability, which can be thinned with ad
ditional solvent and then brush applied 
as penetrating surface consolidants. 

Reversibility; thermoplastic and 
thermosetting resins 
In the conservation of museum objects, 
a high premium is placed on the re
versibility of all treatments, since it is 
assumed that any material used in re
pair is subject to failure or degradation 
and may require eventual replacement. 
In the case of a resin that has been 
used to impregnate the fibers of a 
wooden object, the only conceivable 
way of removing the resin would be by 
dissolving the cured resin in a solvent 
and then washing it out of the object or 
possibly volatilizing it. Cured epoxies 
are not redissoluble to any practical 
extent. 

Related to the problem of reversibility 
is the distinction between thermoplastic 
and thermosetting resins. Thermoplas
tic resins are linear polymers without 
cross links between molecular chains. 
In general they can be melted or dis
solved. Thermosetting resins are gen
erally of the network or cross-linked 
type and once cured, cannot be melted 
or dissolved. Epoxies are thermosetting 
resins. Most acrylics are thermoplastic; 
certain ones such as Acryloid* B72 are 
particularly valued as removable pro
tective varnishes for paintings. 

Removal of a thermoplastic resin by 
dissolution becomes much more diffi
cult when, rather than serving only as 
a surface coating, the resin is diffused 
through a three-dimensional object, 
such as a piece of wood. Moreover, the 
practicality of such removal decreases 
rapidly with the size of the treated ob
ject. Thus in the conservation of stone 
and wooden architectural objects, the 
theoretical reversibility of thermoplastic 
resins has limited practical signifi
cance. Certain thermosetting resins 
have advantages of practical impor
tance for some purposes in architec
tural conservation. Greater strength and 
increased resistance to some aspects 
of weathering are among these 
advantages. 

Adjustable strength 
In structural applications or if subjected 
to abrasion or any hard service, con
solidated wood requires a fair propor-
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tion of its original strength. Epoxy con-
solidants can be formulated to provide 
high strengthtothoroughly rotted wood. 
(The term strength is used loosely here 
to include various concepts such as 
elastic modulus and hardness.) 

There are many cases in which an 
extreme value of strength is not desir
able. Where consolidated wood must 
be nailed, planed, sanded, orotherwise 
worked, excessive strength can cause 
inconvenience. Furthermore, where only 
a portion of a wooden member is un
sound and requires impregnation, ex
cessive strength in the consolidated 
portion may induce stresses in nearby 
unconsolidated wood. It must be re
membered that an impregnant almost 
invariably alters the mechanical prop
erties of wood, such as its character
istics of expansion and contraction with 
changes in humidity and temperature. 
If one portion of a wooden item is made 
extremely strong by impregnation, and 
then responds differently from the un
treated portion to changing loads or 
environmental conditions, the relation
ship between the treated and untreated 
portions may be a stressful one, in 
which the untreated portion may suffer 
by cracking, developing "compression 
set," or in other ways. Thus, when only 
a portion of a piece of wood is to be 
impregnated, it is probably a good gen
eral policy to keep the strength of that 
portion below that of the untreated, 
sound portion. This theory is subject to 
debate, and perhaps some testing 
should be done to prove or disprove it. 

Epoxy resin systems can be formu
lated to have low elastic moduli, which, 
together with other properties, are col
lectively understood as "flexibility." One 
way of making cured epoxies flexible 
is to choose epoxies or amines of which 
the molecules have inherent flexibility. 
These are apt to be aliphatic materials. 
Another way is to select epoxies or 
amines having long chains of atoms 
between the epoxy or amine groups so 

that there is a long interval between 
epoxy/amine cross-linking points. It is 
easy to understand how closely spaced 
cross-link points produce a higher 
"cross-link density" and thus a more 
rigid structure. The term cross-link den
sity refers to the number of cross links 
per unit volume of material. The reason 
a densely cross-linked structure is more 
rigid can be understood by a simple 
architectural analogy: a wooden frame 
with short timbers bracing each other 
at frequent intervals is stronger than a 
frame with long timbers less frequently 
interconnected. 

A high order of flexibility, even at low 
temperatures, can be achieved by re
acting an epoxy with a rubber that has 
amine groups (or other groups reactive 
with epoxies), at the ends of the rubber 
molecule. Rubbers are flexible because 
their molecular chains are not only very 
long but also highly "kinked" orcrooked. 
This crookedness allows for lengthen
ing as the rubber stretches. Two types 
of rubbers used in this way are dis
cussed later. 

When flexibility is achieved in the 
ways we have been discussing— 
through modification of the structure of 
the molecules—a resin is said to be 
"internally plasticized." The term "flex-
ibilize" is used in the epoxy industry to 
denote internal plasticization. By con
trast, a less expensive way to introduce 
flexibility into a resinous system is to 
add certain non-reactive materials that 
do not enterintothe molecular structure 
of the cured resin; these are in a sense 
separate from or external to the molec
ular structure. The substances are sim
ply called "plasticizers" and are usually 
viscous liquids. Instead of producing 
long chains between cross-linking 
points, they simply take up space and 
thus distend any pattern of linkages re
gardless of the length of the chain seg
ments. In figure 6, the lengths of chain 
segments between cross links are the 
same in both 6a and 6b, but in 6b a 
plasticizer molecule is taking up space 
in the middle of the epoxy and amine 
network, thus extending the network in 
volume and effectively reducing the 
cross-link density. Besides saving cost, 

Figure 6. Internal and external plasticization. 

6a. Rigid structure: short chain seg
ments frequently cross linked. High 
cross-link density. 

6b. "External" flexibilization: plasticizer 
molecule distends pattern of short chain 
segment reducing cross-link density. 

6c. "Internal" flexibilization: low cross 
link density results from greater length 
of chain segments between cross-link 
points. 

8 
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other reasons for using plasticizers are 
to control viscosity, cure rate, and other 
properties. 

The problem with non-reactive plas
ticizers is that they are not tied into the 
cured solid resin because they do not 
react with the link-forming materials. 
Although intimately dispersed through 
the cured resin, they remain as free liq
uids and might eventually evaporate 
from the resin, or migrate out in the liq
uid form. This can lead to embrittlement 
of the resin and other problems, such 
as staining of paints. 

Many "proprietary" (that is, secret) 
formulations contain non-reactive plas
ticizers. Although some perform well. 
the purchaser does not know the pre
cise composition of such products and 
can evaluate their comparative perfor
mance only by long-termtesting of each 
product. 

All the formulations given in this pa
per are internally plasticized, in the in
terest of insuring a long-term retention 
of flexibility. Many slow-curing epoxies 
become more rigid with time, since that 
which is considered the curing period 
is not long enough forall possible cross 
links to be formed. The process of 
cross linking or curing goes on for a 
long time, at a slower and slower rate, 
until the full network of cross links is 
established. It is hard to judge accu
rately after a short time what the prop
erties of an epoxy resin will be after 
many years, although heating of the 
cured resin to speed up the final cure 
sometimes gives a fairly good indica
tion. Thus, epoxy formulations should 
be made flexible enough so that even 
after many years the chance of their 
exerting undue stress on surrounding 
wood is minimal. 

Highly volatile solvents can also be 
incorporated into epoxy consolidants 
to provide a porous structure in the 
finished product. This may help to bring 
many mechanical properties of treated 
wood more into line with those of ad
jacent untreated wood. 

Low viscosity 
If little or no solvent is to be used to 
"thin down" a liquid resin used as an 

mpregnant. the resin itself must have 
low enough inherent viscosity to permit 
easy penetration of deteriorated wood. 
For example, the acrylic monomer 
methyl methacrylate has an extremely 
low viscosity, approaching that of water. 
The viscosity of epoxies varies over a 
wide range; in the course of this study 
epoxy consolidants have been made 
"thin" enough to penetrate deteriorated 
wood easily. 

In formulating for low viscosity, the 
approach has been to start with a 
DGEBA epoxy resin of lower molecular 
weight (and therefore lower viscosity) 
than the most common grade of DGEBA. 
To further reduce viscosity a large pro
portion of an aliphatic reactive diluent, 
an epoxy of extremely low viscosity, is 
added. They are called diluents, rather 
than resins, since they do not generally 
produce good final products when used 
as the sole epoxy component, although 
more experiments along this line would 
be worthwhile. The fact that they are 
epoxies, and thus reactive, is their great 
advantage overother low-viscosity ma
terials, such as solvents and plasticiz
ers, which can be used to thin down a 
resin. By reacting with amine curing 
agents, they become locked into the 
final molecular structure of the cured 
solid resin and thus cannot evaporate 
or migrate out as free liquid. 

Some reactive diluents are mono-
functional, which means that there is an 
epoxy group at only one end of the 
molecule. Thus the molecule is tied in 
at only one end; this is perfectly ade
quate for locking the material into the 
structure. The use of monofunctional 
epoxies is one way of reducing cross
link density, since some of the reactive 
points on amine molecules are taken 
up by epoxy molecules that connect to 
nothing else. Butyl glycidyl ether is a 
common monofunctional diluent: 

Other reactive diluents are difunc-
tional. These are able to react at both 

ends and thus participate in the for
mation of a cross-linked system. Forthis 
reason they do not weaken a cured 
product as much as monofunctional 
diluents and can be used in much 
higher proportions without danger of 
renderi ng the fi nal product overly weak, 
cheesy, or water soluble. A typical di-
functional reactive diluent is 1,4-buta-
nediol diglycidyl ether (Ciba Araldite" 
RD2): 

Low toxicity 
Uncured epoxies and amines must not 
be ingested. They are, generally speak-
ing, skin irritants and, in liquid or vapor 
form, can irritate the eyes and respi
ratory tract. Skin contact with epoxy for
mulations must be carefully avoided, 
since skin sensitivity is increased with 
each exposure. Gloves must be worn 
at all times, and spillage carefully 
cleaned up. A user can easily become 
overconfident during early exposures 
to epoxy formulations, since the skin 
has not yet been sensitized. Work 
spaces must be ventilated. 

However, if handled correctly, the 
materials suggested in this report are 
not dangerous. To keep noxious fumes 
to a minimum, materials of relatively low 
vapor pressure have been chosen as 
consolidants. 

Good retention of paints 
Fully cured epoxies form a good sub
strate for paints. Residues of non-
reactive plasticizers, or of uncured 
epoxies or amines, could interfere with 
paint adhesion. As described later in 
this report, no tests were made to eval
uate the paint-holding ability or com-
pletenessof cure ofthe suggested con
solidants, but the two formulations now 
in actual service appear to be holding 
paint satisfactorily. 

PROCEDURES 

Formulation 
The foregoing sections have discussed 
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the ways epoxies. amines, and accel
erators can be chosen and combined 
to achieve desired properties, both dur
ing application and when finally cured. 
A principal aspect of correct formula
tion is the achievement of a certain 
chemical balance between amines and 
epoxies. In curing reactions using pri
mary or secondary amines, one active 
hydrogen must be lost from an amine 
for each epoxy'amine bond. Thus, if 
every potential bond is to be formed, 
epoxies and amines must be mixed to-
getherin such proportions that there will 
be one active amine hydrogen for every 
epoxy group. This ideal proportion of 
each component is called the "stoichi
ometric ratio," and the condition of 
chemical balance is called "stoichi-
ometry." It is not important to achieve 
perfect stoichiometry. since a modest 
imbalance in favor of either the epoxies 
or amines will merely result in some 
epoxy molecules or amine molecules 
being tied into the structure by fewer 
than the maximum number of bonds. 
In some cases, a non-stoichiometric 
ratio results in a more complete reaction 
than a stoichiometric ratio; many factors 
affect the extent to which reactions are 
driven to completion. A non-stoichio-
metric ratio in which some molecules 
remain only partially reacted is some
times deliberately used as a way of re
ducing the cross-link density and thus 
the stiffness or rigidity of the cured 
resin. Most of the formulations given in 
this paper are stoichiometric because 
the purpose of the project was to com
pare the physical properties of different 
cured resins, and such comparison 
would be less meaningful if some for
mulations were more nearly stoichio
metric than others. 

Stoichiometry is less significant in the 
case of tertiary amines than with pri
mary or secondary amines, because 
the former do not have active hydro
gens and serve mainly as catalysts or 
initiators. 

The calculations used to achieve stoi
chiometry are simple. Epoxies all have 
a certain "epoxide equivalent weight" 
(EEW). or "weight per epoxide" (WPE), 
which is the molecular weight of the 
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resin divided by the number of epoxy 
groups. Thus if the total molecular 
weight of a certain epoxy molecule is 
380, and if it contains two epoxy groups, 
the weight per epoxy group is 3 8 0 H - 2 
or 190. 

The same measure is applied to 
amines. The "amine equivalent weight" 
(AEW) is the molecular weight divided 
by the number of active hydrogens. 
Thus, if an amine molecule has a total 
molecular weight of 230. and if it has 
four active hydrogens, the molecular 
weight per active hydrogen is 2 3 0 H - 4 
or approximately 57. 

To achieve stoichiometry. one uses 
the weight of epoxy that contains one 
epoxy group with the weight of amine 
which contains one active hydrogen. 
This means that one uses the materials 
in the ratios, by weight, of their EEW's 
or AEW's. Grams, ounces, or any other 
units of weight can be associated with 
the EEW's or AEW's as long as the same 
unit is chosen for both epoxy and 
amine. Thus if an epoxy has an EEW 
of 190 and an amine has an AEW of 57. 
one uses 57 grams of amine for each 
190 grams of epoxy. 

When several epoxies or several 
amines are blended, the following av
eraging process is used to determine 
the overall EEW of the mixed epoxies 
or AEWof the'mixed amines. The equa
tion below demonstrates the averaging 
of EEW's for two epoxies but works in 
the same way for any number of epoxies 
or amines. 

EEW of mix = 

Total Weight 
Weight of epoxy A Weight ofepoxyB 

EEWofepoxyA EEWofepoxyB 

Any non-reactive materials premixed 
with either the epoxy or amine com
ponent of a formulation must be in
cluded in "total weight." 

Many commercial epoxies and cur
ing agents are supplied as mixtures of 
materials of slightly different molecular 
weight, of which the molecular weight 
quoted by the manufacturer is simply 
an average. Therefore, the actual weight 

per epoxide or weight per active hy
drogen may vary from what would be 
calculated from the idealized formula 
of the pure material. Ideally. 1,4-buta-
nediol diglycidyl ether would have a 
molecular weight of 202. and. being a 
diepoxide, an EEW of 101. However, 
the commercial product, being impure, 
has an EEW in the range of 130-140. 

Mixing 
Epoxides and amines should be vig
orously mixed to insure that each epoxy 
group "finds" an amine group. A two-
minute thorough mixing with a spatula 
is not excessive for a small test quantity. 
For larger amounts, an electric drill fit
ted with a propeller-shaped mixing 
blade is more efficient. Vigorous shak
ing is appropriate for low-viscosity 
formulations. 

Where several epoxies or several 
amines are to be used in a formulation, 
all the epoxies can usually be premixed 
and stored, and all the amines likewise. 
Thus an entire formulation can be sent 
to the job in two containers, and a sim
ple ratio given for the mixing of these 
two fractions of the formulation by vol
ume of material rather than by weight. 
Such volume ratios can be derived by 
specific gravities from the weight units 
in which formulas are normally written. 
Specific gravities are usually given in 
the manufacturers' literature. 
Weight/volume conversions can also be 
made easily on a balance. Although 
simple volume ratios are convenient on 
the job. the accurate measurement of 
materials present in small proportions 
is much more easily done by weight. 
Thus premixing of the components of 
complicated formulas is best done by 
weight. 

Good balances for weighing the in
gredients are available at low cost from 
such firms as Ohaus. The type of bal
ance needed is not the highly sensitive 
type made for analytical work, but one 
accurate only to a tenth of a gram and 
capable of weighing out at least 1,600 
grams. 

A simple procedure is used to save 
time in weighing out a formulation. 
Some balances have a "tare" weight 
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that permits the balance to be zeroed 
with an empty container on the platform. 
The balance weights are then pre-set 
to the desired weight of the first com
ponent to be put in the container. This 
first component of the formulation is 
then added until the balance needle is 
centered. The weights are then reset 
to read the total of the first and second 
components, and the second compo
nent is then added up to the balance 
point. This process is continued until all 
the components have been added. 

Storage 
The amount of material that should be 
premixed and stored is governed by the 
rate it is used and by the so-called 
"shelf life" of the most unstable material 
in a mix. The shelf life of most epoxies 
and amines is good, but the formulator 
should study the manufacturer's liter
ature on each product. In addition, 
some mixtures of otherwise stable ma
terials may separate on standing. 

Some epoxy resins used in the con-
solidants suggested here—such as DER 
(Dow epoxy resin) 332—are so pure 
thatthey can crystallize mthe container. 
Storage at a steady and not too cold 
temperature helps minimize this tend
ency. If crystallization occurs, these 
resins can be melted by warming. Once 
diluted with reactive diluents or other 
epoxy resins, they lose their tendency 
to crystallize. 

Application 
The essence of successful application 
of a consolidant is to get it into the wood 
as effectively as possible. Conditions— 
and pieces of wood—vary so much that 
there can be no complete manual of 
instructions in such a brief study as this. 
Paul Stumes discusses some applica
tion techniques (see bibliography). A 
few basic rules can be given here: 

1 Exploit the end grain. Wood is 
much more permeable along the 
grain than across it. Thus the best 
place to introduce a liquid consoli
dant is on the end grain where cap
illarity pulls it along through the cells 
of the wood. When a long piece must 

be consolidated, one cannot expect 
to get all the resin in through one end 
or the other. In this case one can drill 
1/8" to 1/4" diameter holes into the 
wood along its length, and pour the 
resin into the holes, repeatedly refill
ing the holes as the resin is absorbed 
(figure 7). The holes thus act as res
ervoirs. The holes should be drilled 
across the grain and should be stag
gered so as to expose the maximum 
amount of end grain with the mini
mum number of holes. Holes can be 
slanted across a piece of wood at an 
oblique angle in cases where this will 
extend the maximum length of each 
hole, exposing more end grain. Where 
penetration is found to be difficult, the 
holes in one staggered row can be 
made to overlap those in the next. 

2 Avoid trapping air. Generally one 
should work from one end of a piece 
to the other, since resin entering a 
piece of wood from two ends can trap 
air inside the grain between the two 
advancing fronts of liquid. This air 
can then prevent resin from pene
trating further. 

3. Prevent leakage. A consolidant may 
occasionally flow out of pre-existing 
holes or cracks in a piece of wood. 
Holes or cracks can be plugged with 
modelling clay, melted wax, or any 
ofanumberof other materials. Melted 
wax can be brushed over a whole 
piece where there are many holes, 
and later scraped off. (Wax should 
not be used on a piece that must be 
painted because the residue will in
terfere with the adhesion of paint.) It 
is best to plug holes before wetting 
the piece with resin, since it may be 
difficult to make the plugs adhere to 
a wet piece. 

4. Be prepared for "exotherm." The 
reaction of epoxies and amines lib
erates heat. Chemical reactions pro
ducing heat are called exothermic 
reactions, and, in the epoxy industry, 
the phenomenon is referred to as 
"exotherm." When epoxies and 

amines are mixed and used in small 
quantities, the heat is rapidly dissi
pated. In larger quantities the tem
perature may build up to high levels. 
Epoxies and amines that react rapidly 
with each other reach much higher 
temperatures than slow-curing ones 
because there is less time for heat 
to be dissipated. Since the heat 
evolved further accelerates the re
action, heat build-up is a vicious cir
cle and can lead to scorching of the 
resin. The easiest ways to control 
heat are to use slow-curing materials 
and mix them in small batches. With 
slow-curing materials heat can be 
used constructively as an accelera
tor. Once a member has been con
solidated, it can be gently warmed 
to speed up the cure. 

5. Use wood preservatives correctly. 
Water-repellent wood preservatives 
contain waxes or other water-repel
lent materials that may adversely af
fect the penetration of consolidants 
or the bond of patching compounds 
applied after the preservative. Ac
cordingly this type of preservative 
should be used only after consoli
dation and patching. Treatment of 
wood before consolidation or patch
ing can be done with solutions of fun
gicides in a solvent, without added 
water-repellents. A solution of 7% (by 
weight) orthophenylphenol in ethanol 
has been used. 

Fungicides can be added directly 
to epoxy consolidants. Git-Rot", a 
well-known commercial epoxy con
solidant, contains pentachlorophenol7 

RESULTS OF TESTS ON 
CONSOLIDANTS 
Consolidants cured at room tempera
ture were tested for visible or mechan
ical deterioration after a week of soak
ing in water. Both the consolidant itself 
and rotted wood treated with consoli
dant were soaked. Weight gain during 
soaking was not measured since no 
emphasis was placed on reducing water 

'U.S. Patent 3.389.037: June 18. 1969 
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absorptions to really low levels: in ser
vice, painted wood is not expected to 
be soaked. 

The flexibility was only roughly as
sessed, by manual flexing. All formu
lations were cured at room temperature, 
and some samples of each were then 
postcured in an oven at about 230°F for 
12 hours. This postcure was intended 
to insure that the curing reaction was 
driven to completion, so that samples 
inspected after postcuring would prob
ably be at least as fully cured and as 
rigid as the same formulations might be 
expected to become after long cures 
at normal temperatures. 

Weathering tests were not carried out 
on consolidants, since, in service, the 
materials are meant to be painted and 
not exposed to ultraviolet light. Weath
ering tests therefore take a lower priority 
than the other tests described and can 
be done at a later stage in the study of 
these systems. However, weathering 
tests and laboratory tests of photo
chemical stability should be done. 

Probably the most important test re
maining is some test of paint adhesion 
under exterior conditions. If unreacted 
epoxy or amine is present in any of the 
formulations it could stain or chemically 
attack paint layers. The extent to which 
all ingredients in a test formulation have 
reacted should ideally be measured. 
Adjustments could then be made in the 
proportions of materials used in order 
to effect more complete reaction. Two 
of the consolidants (strong consoli
dants Nos. 1 and 2) have been in actual 
service for about a year and have not 
yet adversely affected paint layers. 

At this preliminary stage in the study 
of these systems, no attempt was made 
to quantify test results. The suggested 
formulations are those which passed 
the simple tests described above. A 
much larger number of samples were 
rejected. 

Figure 7. Pattern for holes drilled into rotted wood. 
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1 Wood Consolidation 

FORMULATIONS 

Strong consolidants 
Although not nearly as strong as epox-
ies can be, these consolidants are gen
erally stronger than wood. These two 
consolidants are the only ones now in 
actual service. They are easy to apply 
and appearto be durable. They are rec
ommended as practical materials sub
ject to observation of their long-term 
performance. 

Strong consolidant No. 1: 

Commercial Pts. by Pts. by 
Material Designation Weight Volume 

PART A Low-viscosity epoxy 
resin Dow DER 332 100 6 

Low-viscosity epoxy 
diluent Ciba-Geigy RD2 50 3 

PART B Flexibilizing amine Jefferson Jeffamine 
curing agent D230 55 4 

This formulation cures to a service
able product in about three days at 
room temperature; curing and rigidifi-
cation then continue fora longtime. The 
end result is a rather rigid material. 
Much faster cures can be obtained with 
mild heating or by the use of acceler
ators, such as Jefferson Accelerator 
A398. 

This formulation is similar to No. 1 but 
more flexible. Postcuring at 230°F for 
12 hours yields a fairly rigid material, 
indicating that it should probably be 
considered a "strong" consolidant. 

The volume proportions given here, 
although convenient to use, are only 
approximate conversions from the 
weight proportions. The weight propor
tions are more nearly correct in respect 
to stoichiometry. In using the volume 
proportions there is some possibility 
that excess amine will be present and 
will remain unreacted. 

This formulation cures in about three 
days, but, like the strong consolidants, 
could be accelerated. It exhibits sig
nificant flexibility even after postcuring 
at 230°F for 12 hours. Although low tem
peratures drastically reduce the flexi
bility of the cured product, the flexibility 
achieved is probably greater than is 
needed for most applications. At pres
ent the strong consolidants are being 
used in preference. 
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Strong consolidant No. 2: 

Commercial Pts. by Pts. by 
Material Designation Weight Volume 

PART A Low-viscosity epoxy 
resin Dow DER 332 100 1 

Low-viscosity epoxy 
diluent Ciba-Geigy RD2 100 1 

PART B Flexibilizing amine Jefferson Jeffamine 
curing agent D230 75 1 

Semi-flexible consolidant: 

Commercial Pts. by 
Material Designation Weight 

PART A Low-viscosity epoxy 
resin Dow DER 332 100 

Low-viscosity epoxy 
diluent Ciba-Geigy RD2 200 

PART B Flexibilizing amine Jefferson Jeffamine 
curing agent D230 120 



1 Patching Compounds 
For Wood 

BASIC APPROACH 
All the materials suggested as conso-
lidants are transparent. This isgenerally 
true of organic polymers, whether they 
are resins, rubbers, or other physical 
types. Opacity is usually imparted to 
polymer formulations by solid fillers and 
pigments. For example, the rubber of 
automobile tires is black and opaque 
only because of black pigment. 

Epoxy patching compounds for wood 
are made by adding to an epoxy resin 
various fillers. These fillers lower cost 
and impart certain desired properties, 
creating a paste in the uncured state. 
The basic points made in previous sec
tions about epoxies as consolidants 
apply to epoxies used as the binder in 
patching compounds and need not be 
repeated. The discussion of patching 
compounds will therefore concentrate 
primarily on the solid fillers. As with con
solidants, the subject will be ap
proached by outlining the required 
properties of a patching compound and 
the ways in which both the resinous 
binder and the fillers affect these 
properties. 

DESIRED PROPERTIES OF 
PATCHING COMPOUNDS 

Reasonable cost 
Epoxy resins are expensive, and fillers 
can cut the cost per unit volume almost 
in half. The fillers suggested here are 
common in patching compounds and 
other composite materials. Woodflour 
(pulverized wood) was used in most of 
the test formulations, although by the 
end of the investigation it was felt to be 
unnecessary. The other fillers used 
were "microballoons" of phenolic resin 
and of glass. These are hollow spheres 
ranging in diameter from about .0002" 
to about .005". If purchased in bulkthey 
are reasonably inexpensive. They are 
an effective means of lowering the cost 
of patching compounds, since, for two 
reasons, they can be used in high vol
ume proportions and thus take up a lot 
of space, saving resin. The first of these 
reasons is that their round shape allows 
them to roll on each other so that patch
ing compounds do not become stiff and 
hard to work even when highly loaded 
14 

with microballoons. Second, unlike 
woodflour, they do not absorb resin; 
thus a given amount of resin goes far
ther in wetting the suhace of a given 
volume of filler. 

Low shrinkage 
Significant shrinkage during solidifica
tion is most undesirable in patching 
compounds used to fill holes. Shrinkage 
causes the compound to pull away from 
the sides of the hole, thus losing an 
intimate bond. Shrinkage is avoided 
principally by using solvent-free sys
tems. "Plastic Wood" is an example of 
a system which contains solvent: as the 
solvent evaporates this material shrinks 
badly. A principal reason why solvent 
systems are popular, in spite of shrink
age, is that the entire formulation is 
packaged in one container and re
quires no mixing before use. 

Most solvent-free systems shrink a 
little as a result of the chemical reac
tions by which they cure. However, 
epoxies have low shrinkage on curing— 
generally lower than unsaturated pol
yesters—which is part of the reason for 
their excellent adhesion. 

One type of shrinkage is hard to 
avoid, although its effect on the adhe
sive bond is not so drastic as with the 
types of shrinkage already described. 
This is shrinkage caused by absorption 
of some of the binder into the surround
ing wood during the cure. This can be 
minimized by using resins of higher vis
cosity than those suitable as impreg-
nants. Also, a hole can be slightly ov
erfilled to compensate for this, and any 
excess can be planed or sanded off 
after cure. Another way to reduce this 
type of shrinkage is to reduce the 
wood's absorbency by priming it with 
an epoxy consolidant and allowing this 
to cure before applying the patching 
compound. Shrinkage-compensating 
ingredients, such as materials that pro
duce gas bubbles, could be investi
gated as a means of eliminating shrink
age in many types of patching systems. 

Controllable curing mechanism 
Just as with consolidants, the binder in 
a patching compound should harden 
by a chemical reaction that is reliable 
and that entails the minimum inconven
ience in use. Epoxies meet this 
requirement. 

High adhesion 
Good adhesion to wood is obviously 
important fora patching compound and 
is an established property of epoxies. 
Their good adhesion is the result of sev
eral chemical factors, as well as the fac
tor of low shrinkage. 

Reversibility; machinability 
Consolidation by epoxy resins is tech
nically not reversible, since the cured 
resin is not soluble to any practical ex
tent and thus cannot be "washed" out 
of the wood. Fortunately, the patching 
compounds suggested here, although 
not redissoluble, are mechanically re
movable: they are easily cut with a knife 
or chisel, so that a carpenter can later 
remove them without difficulty (figure 
8). They also are easily carved or 
sanded when cured, which is of major 
practical importance. By contrast many 
commercial epoxy patching com
pounds set so hard thatthey are difficult 
to sand or carve. 

The general machinability of the sug
gested materials is derived partly from 
the choice of resins that are not exces
sively strong and partly from use of the 
microballoons as filler. Microscopic in
spection of the machined surfaces of 
samples indicates that a knife blade or 
sandpaper readily breaks the walls of 
the microballoons. The cured patching 
compounds have little tendency to gum 
up sandpaper. 

Durability; protection by pigments; 
silane coupling agents 
Many traditional patching compounds 
lack durability under exterior condi
tions. A typical example is "wood putty." 
A typical brand of wood putty contains 
woodflour, gypsum, and vegetable gum 
binder. The latter two components are 
drastically affected by water, so that 
imperfections cannot be tolerated in a 
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paint film over the putty. 
Epoxies have good weather resist

ance except for the susceptibility of 
most types to degradation by ultraviolet 
light. Since even an imperfect coat of 
paint gives adequate protection against 
this, it is not a problem for painted 
woodwork. However, pigments or fillers 
that absorb ultraviolet light can be in
corporated into a patching compound 
as a second line of defense. The patch
ing compounds described here made 
with glass microballoons all contain 
lampblack in the proportion of about 
2%, by weight, of the total binder (epox
ies, curing agents, diluents). Pigments 
should not be stirred in as dry powder, 
since they cannot be properly dis
persed in the medium without milling 
equipment and will remain in the ma
terial as agglomerates, or clumps. Pig
ments can be purchased predispersed 
in epoxy resin or in plasticizers such as 
dioctyl phthalate. Since these disper
sions are concentrated, only small 
amounts are needed. Thus the effect 
of the dispersion vehicle can be ig
nored. Two suppliers of concentrated 
dispersions are CDI Dispersions and 
Daniel Products Company (see 
appendix). 

The incorporation of glass microbal
loons into epoxy patching compounds 
may involve problems of bonding the 
resin to the glass. In particular, the in
terface between the two materials may 
be susceptible to penetration by water. 
This difficulty arises from certain chem
ical and physical differences between 
the resin and the glass. Accordingly, 
it is common practice to use coupling 
agents in many types of polymer/glass 
composites.8 In the case of epoxy/glass 
composites, such as the patching com
pounds described here, the coupling 
agent is usually an amino-functional si-
lane or an epoxyfunctional silane. As 
the names suggest, the molecules of 
these substances incorporate silane 
groups capable of bonding well to glass 

or other silica, and also possess epoxy 
groups or amine groups capable of re
acting with amines or epoxies, respec
tively, in the polymer formulation. Silane 
coupling action greatly increases the 
water resistanceof the bond of the poly
mer to glass. A common aminofunc-
tional silane is Dow-Corning Z-6020:9 

NH2CH2CH2NH(CH2)3Si(OCH3)3 

The inconvenience and sometimes 
technical difficulty of using silanes is a 
disadvantage of glass balloons as com
pared to phenolic ones, which require 
no coupling agents. However, no com
parative tests were made to assess the 
relative durability of systems made with 
the two types of microballoons. 

Adjustable strength 
It is probably unrealistic to hope that 
the expansion coefficients of a patching 
compound can be made to equal those 
of the surrounding wood, since the 
complexities of the wood's expansion 
characteristics include the effects of 
temperature, humidity, species and 
condition of wood, and direction relative 
to the grain. Accordingly, it is desirable 
that the patching compound be more 
flexible than the wood in order to com
ply with the wood's movements without 

Figure 8. The epoxy patching compounds 
described in this report can be readily 
worked with hand tools, such as chisels, 
drills, and hand planes- The shavings pic
tured here were planed from a wooden 
member that had a crack filled with patching 
compound (the dark colored portion of the 
shaving). (Photo: Author) 

imposing stresses on it. As already dis
cussed in reference to consolidants, 
this is accomplished by adjusting the 
formulation of the polymer in the patch
ing compound. The term flexibility re
quires clarification. A low modulus of 
elasticity is desirable: this refers to the 

"Lawrence J. Broutmann and Richard H. 
Crock, Composite Materials, vol. 6, edited 
by Edwin P. Plueddemann, Interfaces in 
Polymer Matrix Composites (New York and 
London: Academic Press, 1974), passim; 
Edwin P. Plueddemann, "Catalytic Effects 
in Bonding Thermosetting Resins to Sil-
ane-Treated Fillers," Advances in Chem
istry series, no. 134, pp. 86-94; Dow Corn
ing Corporation, "Silane Coupling Agents," 
brochure, 1970: Dow Corning Corpora
tion, "Dow Corning Organosilicon Chem
icals," bulletin 23-181, 1974. 

9Dow Corning Corporation, "Dow Corning 
Organosilicon Chemicals." 
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ratio between imposed stress and ob
served strain (deformation) of the 
patching compound. Fortunately, wood 
expands and contracts slowly, so that 
rapid deformation of patching com
pounds is not required. More relevant 
is the deformation after some hours un
der stress. This slow compliance with 
imposed forces is called "creep." Creep 
is probably the best word to describe 
the type of flexibility required, since it 
relates deformation to time. Elongation 
is a term that describes the total dis
tance over which a material can be de
formed before yielding, stated as a per
centage of the length of a sample 
before stressing. High elongation is not 
required in patching compounds, be
cause they are not recommended for 
use in actively moving joints where flex
ing takes place over a large distance. 
In these instances elastomenc sealants 
are more suitable. 

Creep is a typical characteristic of 
linear or lightly cross-linked polymers. 
As a polymer creeps, the polymeric 
chains slip and slide relative to each 
other. Cross linking between chains re
duces the rate and extent of chain slip
page: the presence of aromatic rings 
or bulky side chains in an epoxy struc
ture also generally reduces chain 
slippage. 

An important point concerning the 
flexibility of most of the suggested fillers 
is that it is highly dependent upon tem
perature: the cured patching com
pound is far more rigid at low temper
atures than at high temperatures. High 
temperature facilitates chain slippage 
m much the same way as it lowers the 
viscosity of liquids by permitting the 
molecules to move about more easily. 
Thus it would be unwise to evaluate the 
flexibility of a patching compound only 
at room temperature, since low tem
peratures may stiffen it excessively: 
conversely, a formulation found to pos
sess sufficient rigidity at room temper
ature may deform unduly if heated to 
the temperatures found in such hot lo
cations as boiler rooms or attics. 

Apart from the flexibility of the poly-
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mer used as binder in the patching 
compounds, the fillers also are chosen 
for compatibility with a flexible system. 
Elongated fillers, such as chopped 
glass fibers that reinforce and rigidity 
polymer systems are avoided. Angular 
mineral fillers are also avoided. The 
roundness of microballoons insures 
that they will have little or no reinforcing 
effect, especially since their thin walls 
render them individually flexible. 

Good working properties 
The suggested patching formulations, 
in the uncured state, have outstanding 
working properties. Polymers having 
unduly high viscosity in the uncured 
state are avoided, since they make the 
paste heavy, sticky, and awkward to 
use. The microballoons offer extremely 
easy working as compared to angular 
or fibrous fillers because of their round 
shape: they function almost like ball 
bearings. Thus, under the force of a 
knife or spatula, the suggested com
pounds move easily. 

On the other hand, the suggested 
compounds are designed not to move 
at all under a load which is below a 
certain threshold value. Thus, once 
placed in a hole in a vertical or overhead 
location, these compounds are not af
fected by gravity unless the patch is 
abnormally large. The viscosity of the 
compound is great up to a certain 
threshold value of applied force above 
which their viscosity is dramatically re
duced. This inverse dependence of vis
cosity on applied force is called thix-
otropy. It is imparted mostly by the 
fumed silica (CabosiT M5) present in 
all the formulations. Materials used for 
this purpose are called "thixotroping 
agents" in industrial literature. Cabosil" 
is one of the most common. 

An added advantage of the micro
balloons is that being hollow and very 
light, they make the entire patching 
compound light and thus less affected 
by gravity once put in position. 

Low toxicity 
In general, the resins, curing agents. 
and modifiers used in the patching 
compounds require the same degree 

of handling care as consolidants. but 
are safe if handled properly. Fumed 
silica and microballoons should not be 
inhaled. (A particle breather is neces
sary when mixing these two compo
nents into the formulations.) Once mixed 
in, they are harmless since they can no 
longer drift into the air. 

Ability of compound to "breathe" 
The ability to pass water vapor is a fea
ture that has not been achieved in the 
present formulations. Asexplained later 
in this paper, vapor-permeability is 
probably not important if the material 
is used where it cannot trap water. 

Expansion characteristics matched 
to wood 
Under the influence of changing tem
perature and humidity, the suggested 
patching compounds do not exhibit 
characteristics of expansion and con
traction closely matched to those of 
wood. This will be discussed further, 
and test results are given which indicate 
that the more promising patching com
pounds can be expected to perform 
well in spite of this limitation. 

Good retention of paints 
Fully cured epoxies form a good sub
strate for paint. Tests described later 
in this report indicate that paint adheres 
well to the general types of compounds 
suggested. 

EPOXY/POLYSULFIDE BLENDS 
A number of proposed patching com
pounds are blends of epoxy resin and 
polysulfide rubber. Because these 
components react with each other in 
rather complex ways, epoxy/polysul-
fides are described in this separate 
section. 

In this project, perhaps undue em
phasis was initially placed on finding 
means to make highly flexible patching 
compounds. Polysulfides used as flex-
ibilizers have permitted highly flexible 
compounds to be made without some 
of the difficulties encountered when 
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using high proportions of certain other 
flexibilizers. Such problems are high 
viscosity or a slow rate of cure. 

The weathering tests done during the 
project have tended to indicate that 
extreme flexibility is not desirable for 
most applications. The advantages of 
polysulfides thus seem less significant 
than they did initially; some disadvan
tages, such as a strong odor, should 
be considered. (Fortunately the fumes 
are not so much toxic as merely 
obnoxious.) 

Basic description of system 
The first liquid polysulfide (LP) rubber 
was marketed by the Thiokol Chemical 
Corporation in 1943,10. Among many 
uses, LP rubbers have served exten
sively as flexibilizers for epoxies. Those 
LP rubbers intended for use with epox
ies have the following generalized 
structure," 

HS-(C,H. -0 -CH, -0 -C,H, -S S ) ^ C , H , - 0 - C H r - 0 - C , H . -SH 

The value of n varies to give different 
molecular weights and viscosity grades. 
Thiokol LP-3 is the grade most com
monly used with epoxies, having an n 
value averaging about 6 and an aver
age molecular weight of about 1,000. 

Because polysulfide rubbers react 
with epoxies, they serve as internal flex
ibilizers, rather than inert plasticizers. 
Several reaction mechanisms have been 
described12,13. These reactions can 
occur together in epoxy/polysulfide 
systems. They will be summarized here 
in greatly simplified form. 

Mercaptans alone react only very 
slowly with epoxies. (A mercaptan is 
any compound containing the group 
SH.) A faster cure can be accomplished 
by adding a base, (such as an amine) 
which extracts the proton (H+) from the 
mercaptan group, producing the mer-
captide ion (RS): 

The mercaptide (RS-) ion is highly 
reactive toward the epoxy group; this 
reaction is considered the basis of al

most all epoxy/polysulfide curing 
mechanisms. The RS- ion opens the 
epoxy ring: 

A e° 
FT—CH-CH. + e 3 - R — S H — R - - C H - C H , — S - R 1 — S H 

The opened epoxy ring abstracts a pro
ton (H+) from any of a number of sources, 
such as an unreacted SH group or the 
substituted ammonium ion formed by 
the reaction of an amine and a 
mercaptan: 

In the final formula above, one SH group 
is shown unreacted. This can react in 
exactly the same way to produce a con
tinuous chain of epoxy and polysulfide 
units: 

However, some of the epoxy groups 
can react with the amine, producing a 
terpolymer incorporating epoxy, amine, 
and polysulfide units: 

OH OH R 
I 

— R ' — S - C H , — C H - R " - C H - C H , - N -

Thus, in the above reactions, the 
amine serves a dual role. First, it ca
talyzes the polysulfide/epoxy reaction 
by abstracting a proton from the mer
captan group. Second, it can enter into 
the final cured polymer in the conven
tional way. Many factors influence the 
relative rates of these different reac
tions. Triethylene tetramine (TETA) has 
been found highly effective in curing 
mixtures of epoxy with even large 
amounts of polysulfide. In one study, 
a 2 to 1 blend of polysulfide/DGEBA 
epoxy was cured at room temperature 
with TETA, used in the amount of 1/10 
the weight of epoxy: 92% of the mer
captan groups were reacted.14 

The amine most commonly recom
mended for epoxy/polysulfide systems 

is a tertiary amine, 2, 4, 6-tris (dimethyl-
aminomethyl) phenol.15 

This is sold by Rohm and Haas as DMP-
30, and by Thiokol as EH 330. Its pop
ularity in these systems is based on 
several factors. It provides rapid curing. 
As an aromatic compound, it has been 
found to produce more stable mixtures 
with uncured polysulfides than do many 
aliphatic amines. In addition, DMP-30 
is particularly effective in promoting a 
complete reaction of polysulfides with 
epoxies. In the study cited above, when 
a 2 to 1 blend of polysulfide/DGEBA 
epoxy was cured at room temperature 
with DMP-30, over 99% of the mercap
tans were reacted.16 

As already discussed tertiary amine 
curing agents act principally to initiate 
reactions of epoxy groups with each 
other or with other functional groups, 
such as mercaptan groups. There might 
be some concern about whether all the 
amine is bonded into the cured product; 
there may also be concern about the 
partially ionic character of the polymer 

10Norman G. Gaylord, ed., High Polymers, 
vol. 13, part 3, Polyalkylene Sulfides and 
other Polythioethers (New York: Wiley-
Interscience, 1962), p. 116. 

"Henry Lee and Kris Neville, Handbook of 
Epoxy Resins, rev.ed. (New York: McGraw 
Hill, 1967), p. 16:21. 

12Gaylord, High Polymers, pp. 195ff. 

"Lee and Neville, Handbook of Epoxy Res
ins, pp. 16:21 ff. 

'"Ibid, p. 16:22. 

"Thiokol Corporation, "Thiokol EH 330," bul
letin TD455-J, 1974. 

"Lee and Neville, Handbook of Epoxy Res
ins, p. 16:22. 

17 



1 Patching Compounds 
For Wood 

at points where the amine is reacted. 
Accordingly, it may be preferable to use 
primary amines as curing agents for 
epoxy/polysulfides. Aromatic primary 
amines are more favorably recom
mended for this purpose than aliphatic 
ones, since mixtures of polysulfide rub
ber and primary aliphatic amines can 
develop problems of separation if al
lowed to stand a long time before use.17 

Coupling agents can sometimes be 
used to prevent this separation.18 

Formulation of epoxy/polysulfides 

functionality—Each mercaptan 
group (SH) can react with only one 
epoxy group. Although polysulfides 
sometimes contain extra mercaptan 
groups along the length of the 
molecule, in general there are only 
the two terminal mercaptan groups. 
In other words, the functionality is 
two. This is low as compared, for 
example, with a primary diamine 
(H2N-R-NH2) having four active 
hydrogens (a functionality of four), 
and thus capable of reacting with 
four epoxy groups. We have already 
seen that a cross-linked structure 
cannot be formed in a cured epoxy 
formulafion unless either the epoxy 
or the curing agent has a function
ality greater than 2: only a long-
chain structure is formed, without the 
cross links between chains that im
part strength. A major purpose of 
amine curing agents in epoxy/poly
sulfides is to increase the function
ality of the total system to produce 
the desired degree of cross linking. 

stoichiometry—Since typical poly
sulfides have low functionality rela
tive to the size of their molecules, 
over twice as much polysulfide as 
DGEBA epoxy would generally be 
required to achieve stoichiometry in 
a simple epoxy/polysulfide blend 
without added amines. In amine-
cured epoxy/polysulfide systems, 
the proportion of amine is generally 
chosen without regard to the effect 
of the mercaptan groups on stoichi
ometry." 

18 

When using tertiary amines, a 
somewhat empirical approach is 
often used to determine the best 
proportion of amine, the desired 
cure rate often being the determin
ing factor. The product DMP-30 is 
generally used in the proportion of 
6-12 parts by weight for each 100 
parts of epoxy. High concentrations 
of polysulfide tend to reduce the 
cure rate; to compensate for a high 
polysulfide level, DMP-30 may be 
used at the higher end of the con
centration range given above. 

PROCEDURES 

Formulation 
polymer component—The consider
ations and procedures involved in for
mulating consolidants apply equally to 
formulating the polymer portion of 
patching compounds. Some of the pol
ymers used in the patching compounds 
can be used in proportions deviating 
significantly from stoichiometry. Close 
adherence to stoichiometry is not im
portant in epoxy/polyamide blends.20 

In epoxy/polysulfide blends and 
epoxy/butadiene-acrylonitrile blends, 
the proportions of epoxy. rubber, and 
secondary curing agents are all chosen 
with less regard to achieving careful 
stoichiometry than to obtaining desired 
cure rates and other properties.21 

proportion of fillers—A good propor
tion of filler can be judged roughly as 
follows: an excess causes the material 
to feel "dry" when applied and results 
in a poor bond to the substrate. An in
sufficiency of filler causes the uncured 
material to flow out of place, and makes 
the cured product difficult to sand or 
carve. 

In paints, putties, patching com
pounds, and other polymeric binder/filler 
systems, the proportion of filler is often 
expressed by the pigment volume con
centration, or PVC. The PVC is the per
centage of pigment (or filler), by vol
ume, of the total formulation, excluding 
volatile solvents and thinners. Thus, a 
dried paint or patching compound with 
a PVC of 50% is half pigment or filler 

by volume. 
The concept of critical pigment vol

ume concentration (abbreviated CPVC) 
is also useful. It is that PVC at which the 
amount of binder present is just suffi
cient to fill the spaces between the par
ticles of pigment or filler. Above the 
CPVC, air spaces exist in the material, 
vapor permeability increases, suscep
tibility to damage by water usually in
creases, and many mechanical and 
other properties change drastically. 

For most of the test formulations using 
glass microballoons, the balloons and 
woodflour were incorporated together 
in a proportion of two parts microbal
loons to one part woodflour, and used 
together at a constant PVC safely below 
the CPVC. In calculating proportions of 
fillers, the formulator must carefully dis
tinguish between volume and weight 
and must also distinguish between the 
actual volume of a filler (which excludes 
the spaces between filler particles) and 
the bulk volume of a dry filler (which 
includes the air spaces between 
particles). 

In the formulations using glass mi
croballoons, fumed silica (Cabosil* M5) 
was used in the proportion of 5%, by 
weight, of the total liquid binder (epox-
les. curing agents, diluents). A weight 
proportion was used, rather than a vol
ume proportion, because values per
mitting volume calculations were not 
available for this material. Cabosil* was 
not counted in the PVC calculations. 

As the project developed, phenolic 
microballoons were used more than 
glass ones because of the inconveni-

ulbid, p. 16:23. 

18Thiokol Corporation, "Polysulfide Liquid 
Polymer/Epoxy Resin Systems," bulletin 
TD451-J [n.d.|. 

"Lee and Neville, Handbook of Epoxy Res
ins, p. 16:21. 

20Potter, Epoxide Resins, p. 67 

21 Lee and Neville, Handbook of Epoxy Res
ins p. 16:22: B. F. Goodrich Chemical 
Company, "Hycar Elastomers," brochure, 
1975. 
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ence of having to use silanes with glass 
microballoons. At the same time more 
attention was being given to 
epoxy/polysulfide blends. Woodflour 
was increasingly felt to be superflous. 
Accordingly, phenolic microballoons 
were used with fumed silica, and with
out woodflour, for some of the 
epoxy'polysulfides. No PVC calcula
tions were made for these blends. 
Fumed silica was premixed with phe
nolic microballoons in the ratio of one 
silica to three balloons, by weight. The 
two powders were shaken together in 
a polyethylene box with ceramic mar
bles to obtain a uniform mixture. The 
mixture of powders was then used in 
the amount of 25%, by weight, of the 
total liquid binder (4 parts binder to 1 
part powder). The ratio was found to 
produce good pastes, but after the test 
program, a figure of 24% was adopted. 

proportion of lampblack—In forrmu 
lations containing lampblack, this pig
ment was used consistently at about 
2%, by weight, of the total liquid binder. 
This is a typical value where lampblack 
is used to provide protection against 
ultraviolet light. The lampblack was pur
chased pre-dispersed in dioctyl phthal-
ate at a concentration, by weight, of 
45% of the total dispersion. Accord
ingly, to achieve the desired concen
tration of lampblack, the total dis
persion of lampblack was used 
consistently at 5%, by weight, of the 
total liquid binder. 

selection and proportioning of sil-
ane—In formulations containing glass 
microballoons, silane coupling agents 
were used consistently in the proportion 
of 0.75% of the total liquid binder, by 
weight. No attempt was made to optim
ize the proportion of silane by a pro
gram of testing. The proportion was 
chosen based on typical practice in the 
field of polymer/glass composites. 

Silane coupline agents mixed to
gether with polymers and fillers migrate 
to the surface of glass fillers during the 
cure. The proportion of silane used 

should be adjusted so that the layer of 
silane deposited on the glass surface 
is thin. A thick layer is likely to give a 
weaker product than a thin layer. 

A wide variety of amino-functional 
and epoxy-functional silanes are avail
able. The considerations in choosing 
among these are complex. No attempt 
was made to choose the ideal coupling 
agent for each formulation. In general, 
when the epoxy component is present 
in excess of the stoichiometric amount, 
as compared to all curing agents and 
other materials reactive with epoxies, 
an amino-functional silane is a better 
choice than an epoxy-functional one. 
Underthese conditions, an epoxy-func
tional silane would compete with the 
other epoxy ingredients for curing 
agents, which are in short supply, and 
there is a possibility that not all of the 
epoxy-silane will be reacted. An amino-
silane. by contrast, is likely to be fully 
reacted, since there is more than enough 
epoxy with which to react. Because the 
polymer'glass interface is a weak point 
in the system, it is important that the 
silane coupling agent should be fully 
reacted for maximum effect. 

In the reverse situation, where curing 
agents are present in excess of epoxy, 
an epoxy-functional silane is likely to be 
a better choice. 

Mixing 

premixing—As we have already dis
cussed in relation to consolidants, the 
epoxy portion of a formulation can usu
ally be premixed and stored in one con
tainer: the one or more epoxy resms, 
epoxy-functional reactive diluents, and 
epoxy-functional silanes. In the same 
way all the curing agents, amines and 
amino-functional silanes can usually be 
premixed. Polysulfide rubber and 
amine-terminated butadiene/acryl-
onitrile rubbers can be premixed and 
stored with amine curing agents, pro
vided the manufacturer's guidelines as 
to compatibility are observed. 

The advantage of premixing is that 
one goes to the job site with the entire 
liquid portion of the formulation in two 
containers, rather than in five or more. 

The mixing of these two "halves" of the 
polymer system can usually be done 
by simple volume proportions, trans
lated in any convenient way from the 
weight proportions. By convention, the 
epoxy components together are called 
part A. and the amines or other mate
rials reactive with epoxies are part B. 

Pigments dispersed in non-reactive 
plasticizers—for example, lampblack 
in dioctyl phthalate—can be premixed 
with either the epoxies or the curing 
agents. 

Contrasting color pigments can be 
dispersed In parts A and B; when part 
A and part B are mixed together, the 
completeness of intermixing can be 
judged by observing the uniformity of 
color mixture. Pigments used to indi
cate completeness of mixing have not 
been incorporated into the present 
formulations. 

Fillers can be premixed with each 
other in dry form and added on the job 
as a third component, partC. after parts 
A and B have been mixed. The alter
native is to premix part of the filler with 
part A and part with part B, reducing 
to two the numberof containers carried 
to the job. This second alternative is the 
one usually employed in commercial 
patching compounds and provides 
greater convenience at the job site. An 
added advantage may be improved 
wetting of the fillers during storage. This 
method has two possible disadvan
tages, however. First, it may require a 
little more care to achieve a good thor
ough mix of epoxies and curing agents 
if they are already in paste form, rather 
than freely flowing liquids. There may 
be a real problem in this respect if ab
sorbent fillers like woodflour are used: 
epoxy or curing agents soaked into 
woodflour may not be easily accessible 
for a subsequent curing reaction. The 
second possible disadvantage of pre
mixing the fillers into parts A and B is 
that the thixotroping effect of fumed 
silica is reputed to diminish with time 
after the silica is mixed into the liquid 
portion of a formulation. This is attrib
uted to overly thorough wetting of the 
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silica. It may occur only after long pe
riods of storage. In the case of most of 
the test materials described here, all 
liquid components were mixed before 
adding fillers. However, fillers are being 
successfully premixed into parts A and 
B in the case of several of the sug
gested compounds that do not contain 
woodflour, and are now serving well. 

Dry powders can be uniformly pre
mixed with each other by shaking them 
together with ceramic marbles in a 
shock-resistant polyethylene container 
with a snug cap. 

technique for incorporation of sil-
anes—When silanes are used, they are 
present in very small proportions. When 
premixing silanes into either the epox-
ies or the curing agents, it is essential 
to secure a uniform dispersion of the 
silane. Where viscosities of some of the 
epoxies or curing agents are high, there 
may be problems getting the silane uni
formly blended into the formulation. 
Three methods can be used to alleviate 
this problem. High-viscosity ingredients 
can be warmed to reduce thei r viscosity 
and make mixing easier. Alternatively, 
the premixed formulation can be al
lowed to stand for some time after ad
mixture of the silane, so that the silane 
can disperse itself by diffusion. A third 
alternative is to mix the silane first with 
some of the low-viscosity materials and 
then to add those of higher viscosity. 
Such procedures are unnecessary for 
most of the formulations given here, 
since most do not have the problem of 
high viscosity. 

mixing of fillers into liquid compo
nents—Solid fillers should be worked 
vigorously into the liquid component. 
This is especially important for the 
fumed silica. The Cabot Corporation 
advocates the use of high-speed rotary 
mixing equipment, such as food 
blenders to incorporate fumed silica. 
Ball milling is considered to diminish the 
effectiveness of Cabosil" M5. If hand 
mixing is used, this should be done 
vigorously until the worker is convinced 
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that a good dispersion has been ob
tained; then the mixing should be con
tinued by an equal amount of time. 

Mere stirring is inadequate. A knead
ing action is required, as may be ac
complished with a good spatula on a 
smooth surface or in a small container 
of which all parts are easily accessible, 
such as a polyethylene bowl with a 
rounded bottom. 

Once a person has become familiar, 
by feel, with the proper amount of filler, 
there may be no need to measure the 
filler. It is advised that, at first, fillers be 
measured according to the suggested 
weight proportions, since the filler can 
be deceptive in respect to the propor
tions in which it can be used when vig
orously kneaded into the mixture. 
Seemingly enormous amounts of filler 
disappear into small amounts of liquid. 

final mixing of epoxy and amine com
ponents—Thorough mixing of all liquid 
ingredients is essential for a good cure. 
A good rule is to mix vigorously until 
convinced that a thorough blend is 
achieved, and then to double that mix
ing time. 

Application 

substrate—All the suggested formu
lations can be used without primers on 
clean solid wood. Problems may arise 
when filling holes or cracks where the 
surfaces are weathered. Weathered 
wood can have a thin surface layer that 
is not easily wetted by adhesives such 
as epoxy binders in patching com
pounds. This problem is familiar to car
penters who have worked with various 
glues. Such a surface should be re
moved, or else the wood should be 
primed with a penetrating epoxy con-
solidant, which can soak through the 
surface of the wood and form a new 
epoxy surface on which to bond the 
patching compound. 

Weak and overly porous wood should 
be consolidated before patching, be
cause the bond of a patching com
pound can only be as strong as the 
wood beneath. When wood has been 
consolidated, stronger patching com
pounds can often be used than in un

consolidated old wood. 
Problems might arise if a fast-curing 

patching compound is applied over a 
slow-curing epoxy consolidant, unless 
enough time is first allowed for the con
solidant to set. The consolidant, like a 
priming coat in paint terminology, may 
act as the bonding agent between the 
wood and the patch. If the patch sets 
to some appreciable strength before 
the consolidant has set. stresses may 
cause the patch to pull away from the 
wood. 

The liquid binders in most of the sug
gested patching compounds are of suf-
ficently low viscosity to be used as a 
primer when this is felt to be desirable 
for any reason. Although viscosity will 
be too high for deep penetration, an 
advantage is the convenience of using 
materials that are present on the job 
and that will cure more rapidly than the 
consolidants described in this paper. 

overfilling—Some of the liquid binder 
in the suggested patching compounds 
will be absorbed into wood during the 
cure, especially if the wood is un-
primed. It may be preferable to accept 
this disadvantage than to use higher-
viscosity liquids, which would have 
made the paste harder to mix and 
harder to put in place. Accordingly, 
holes should be overfilled slightly and 
the excess patching compound sanded 
off after the cure. The absorbency of 
the wood can be reduced by priming 
with epoxy and allowing this to cure 
before applying the patching 
compound. 

RESULTS OF TESTS ON 
PATCHING COMPOUNDS 

Selection of pigment volume con
centration for test samples made 
with glass microballoons and 
woodflour 
Emerson and Cuming glass microbal
loons IG 101 are described in the prod
uct literature as having an approximate 
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packing factor of 0.624.22 This means 
that when closely packed (after 1000 
cycles in a tamping device), 62.4% of 
the over-all (bulk) volume of a quantity 
of the balloons is the balloons them
selves and 37.6% is space between the 
balloons. Since tamping reproduces, 
more or less, the degree of packing in 
a filled system at the critical pigment 
volume concentration, the CPVC was 
taken to be 0.624. It was found that 
good pastes were made using glass 
microballoons (without woodflour) in the 
range of 80% of the CPVC or 0.624 x 
0.8 = 0.4992, or 0.5. This meant that, 
at 80% of the CPVC, 50% of a total vol
ume of paste would be microballoons. 
Thus, the balloons and the polymer 
would be present in equal proportions 
by volume. In each formulation the total 
volume of liquids (resins, diluents, and 
curing agents) was calculated by spe
cific gravity values given in the manu
facturers' literature. To find the weight 
of microballoons having the same vol
ume as the total of liquids, the total vol
ume of liquids was simply multiplied by 
0.311, the true density of the micro
balloons in gm./cc. (that is, the density 
not counting the space between the 
balloons). 

In test formulations using glass mi
croballoons, 100 mesh white pine 
woodflour was substituted for a portion 
of the microballoons. It was felt to be 
almost impossible to make PVC cal
culations on woodflour, because it is 
absorbent and no figures are available 
for its true density or packing factor. 
Therefore, arbitrarily, i of the quantity 
of microballoons arrived at by the pro
cess described above were omitted 
and an equal weight of woodflour 
substituted. 

Description of tests 
Water-soaking tests, similar to those 
used for consolidants, were carried out 
on only a few of the patching com
pounds, since outdoor weathering tests 
were used instead. 

As with consolidants, no need was 
felt to test UV-resistance. since the 
patching compounds are all meant to 
be painted. Accordingly, lampblack (a 

Figure 9. Fully painted block sample 
(Photo: Author) 

UV-absorber) was used in most patch
ing compounds, so that the perfor
mance of the compounds would be 
largely unaffected by UV, as would be 
the case in normal service under coats 
of paint. The use of lampblack obviated 
the need to paint samples in order to 
negate the effect of UV: paint would 
have protected the samples from water 
and thus would have spoiled the weath
ering tests altogether. Some samples, 
however, were painted to test paint 
adhesion (figure 9). Others were half-
painted so that the lifting of paint by 
water penetration along an unprotected 
edge of paint could be tested, and com
pared to the same effect on adjacent 
wood (figure 10). The paints used were 
an alkyd resin house paint primer fol
lowed by two coats of an alkyd resin 
finish house paint. 

"Emerson and Cuming, Inc., "Eccospheres 
IG-101," bulletin 14-2-1, 1972 
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Samples were placed out to weather 
in two forms. Blocks of pine were made 
as shown In figure 11. with a hole drilled 
in the flat side (which was also the flat 
side of the grain). The holes measured 
1 "in diameter and either I" or \" in depth. 
In the case of unpainted blocks, the 
ends of the blocks were treated with a 
thin brush coat of Hydrozo" water-
repellant solution: this reduced the over
all water absorbency of the block to 
what was considered a realistic level. 
Figure 12 shows an unpainted block 
sample on the weathering rack. 

Other samples put out to weather 
consisted of two sticks of pine, meas
uring 1" by 1" by 8", adhered together 
at the ends by means of a 1" cube of 
patching compounds, which was cast 
in place and sanded to shape, (figure 
13). An important difference between 
this form of sample and the blocks is 
that with the sticks, the patching com
pound was restrained only on two sides: 
as the wood expands and contracts, 
the patching compound can draw in or 
bulge out on four sides to compensate 
for moving with the wood: it can also 
draw the wood sticks closer together 
or push them farther apart. In the case 
of the blocks, the patching compound 
is restrained on all sides except the top. 
Thus the top surface is the only place 
where the compound can deform to 
make up for expansion and contraction 
where bonded to the wood. 

Figure 10. Hall-painted block sample. This test compares paint adhesion on wood with 
paint adhesion on patching compound. Hole filled by sample is i" deep. (Photo: Author) 

Figure 11. Empty "block"samples. Holes are 
1" wide and either I" or i" deep. (Photo: Author) 
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Figure 12 Block sample alter weathering 
during winter and spring ol 1975-1976. Split 
m wood is caused by moisture changes, not 
by expansion ol patching compound (which 
is flexible). This compound has followed the 
expansion ol the wood without losing its 
bond at any point. Hole tilled by sample is 
I" deep. (Photo. Author) 
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Figure 13. "Stick" sample. Straight line is 
drawn on sample prior to loading in "creep" 
test. (Photo: Author) 
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The sticks served not only as an 
adhesion test but also as a flexibility 
test. Flexibility was assessed by man
ually flexing the sticks (figure 14). Creep 
was observed by placing the sticks un
der a prolonged bending load (figure 
15). Upon failure of a sample, conven
ient observation could be made of the 
location and character of the break: 
whether in the wood, in the patching 
compound, or, approximately, at the 
bond line. As with consolidants, at least 
one sample of each patching com
pound was postcured at 230°F for 12 
hours or more in order to make a rough 
assessment of the reduction of flexibility 
to be expected after long-term aging. 
These postcured samples were cooled 
well below freezing to observe the de
gree of stiffening by cold. 

Both types of samples, blocks and 
sticks, were placed on a rack on a fully 
exposed flat roof 5 stories above the 
ground in Boston, Massachusetts. 
Blocks were placed with the filled holes 
facing directly upward (figure 16). Most 
samples were observed for approxi
mately one year, from the fall of 1975 
to the fall of 1976. As with consolidants, 
it was considered impossible to quan
tify test results during this preliminary 
project. Compression testing of patch
ing compounds was considered too 
complicated at this stage, because most 
of the samples creep under a steady 
load, and because the rate of creep is 
dependent on temperature 

Test results 

possible superiority of more rigid for
mulations—The formulations listed in 
this paper are, with some minor modi
fications, those which evidenced good 
weather resistance and adhesion, as 
judged by visual observation and man
ual inspection. Many other formulations 
were rejected. Formulations were 
roughly classed into three categories 
of flexibility, and are listed below in this 
way. In general, the testing has indi
cated that the more rigid samples have 
performed at least as well as the more 
flexible ones in respect to retention of 
bond. Thus, the efforts to achieve a high 

Figure 14. Some formulations are very flexible even after aging some months. 
(Photo: Author) 

Figure 15. Bend in line indicates extent of 
creep of "stick" sample. This is dependent 
onsizeotload, lengthoftime load is applied, 
temperature and formulation of sample. 
(Photo: Author) 
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Figure 16. Weathering rack on the roof of the SPNEA Museum building in Boston. (Photo:Author) 

degree of flexibility—and the sacrifices 
in respect to curing rate—were prob
ably unnecessary, except as exercises 
to explore the limits of flexibility to which 
epoxy formulations can be carried. 

The next step in developing patching 
compounds would be to produce a sec
ond generation having degrees of flex
ibility equal to or less than the semi-rigid 
ones described in this paper. More so
phisticated formulation, and the use of 
lower proportionsofflexibilizers, should 
offer faster rates of cure. 

performance of painted samples— 
None of the fully painted block samples 
have shown failures at the time of writ
ing, since the wood does not expand 
and contract nearly as much or as fast 
as when unpainted. It is felt that there 
will be no problems in normal service 
where wood is kept painted and where 
wood members have few surfaces which 
face directly upward and do not dram 

well. After some months, all painted and 
half-pamted samples appeared to be 
performing well in respect to paint 
adhesion. 

summary of test results—A longer 
testing period would be desirable: how
ever, testing to date has shown that the 
formulations perform better than the 
most common household wood patch
ing compounds, which were similarly 
tested. Thus their usefulness for filling 
holes is virtually certain. Also, it is an
ticipated that they will find higher levels 
of usefulness than simply filling holes. 
Although severely limited for structural 
purposes, the good performance of the 

stick samples indicates that the com
pounds can serve a nonstructural but 
self-supporting function. On the test 
rack the 1" cube of patchi ng compound 
is unsupported over open space and 
also serves to hold the entire stick as
sembly together. Good performance 
observed under these conditions indi
cates that the compounds can be used 
to fill in small pieces of moulding and 
in other self-supporting roles. 

FORMULATIONS 

Semi-rigid patching compounds 
Although flexible when warm, these for
mulations are fai rly stiff at or below room 
temperature. Compared with most 
epoxy formulations they are very flexi
ble. More rigid systems would be easy 
to design. As described earlier, the 
semi-rigid patching compounds seem 
to be performing at least as well as the 
more flexible ones. 
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Semi-rigid patching compound No. 1: 

PART A 

PART B 

PART C 

Material 

Epoxy resin 

Polysulfide rubber 

Amine curing agent 

Phenolic microballoons 

Thixotroping silica 

Commercial 
Designation 

Dow DER 331 

Thiokol LP-3 

Thiokol EH 330 

Union Carbide BJO-
0930 

Cabosil M5 

Parts by 
Weight 

100 

96 

10 

36 

12 

Pot Life: About 20 minutes. 

Cure Rate: Medium—can be sanded 
after about 16 hours. 

Preparation 
The ingredients can be mixed by the 
weight proportions as shown here 
Alternatively, parts A and B can be pre-
mixed by weight and then (on the job) 
mixed with each other in equal parts by 
volume. The weight proportions given 
above are adjusted so that A and B 
have the same volume. Part C should 
be used in the proportion of 24% of the 
weight of A and B combined. Part C 
can be divided into two equal portions, 
one portion premixed with part A and 
one portion with part B. The formulation 
can be stored in this paste form and 
mixed in a one-to-one ratio by volume 
at the time of use. 

At the job site, a small batch can be 
measured out by volume as follows: 

2 medicinal tablespoons of 
Part A 

2 medicinal tablespoons of 
Part B 

65 fluid ounces of Part C 
(untamped). 

General evaluation; possible 
improvements: 
This formulation has the advantages 
that it is prepared in convenient mixing 
ratios and cures fast enough to be prac
tical. It seems to be performing well in 
actual service. 

Semi-rigid patching compound No. 2: 

PART A 

PART B 

PART C 

Material 

Epoxy resin 

Polysulfide rubber 

Amine curing agent 

Aminosilane 

Lampblack dispersion 

Thixotroping silica 

Glass microballoons 

Woodflour 

Commercial 
Designation 

Dow DER 331 

Thiokol LP-3 

Triethylenetetramine 

Union Carbide A1100 

CDI 4585 

Cabosil M5 

Emerson and Cuming 
IG101 

100 mesh white pine 

Parts by 
Weight 

100 

100 

11 

2 

11 

11 

36 

18 

General evaluation; possible 
improvements: 
The objective of making this formulation 
was to use a primary amine, rather than 
a tertiary amine, as a curing agent in 
an epoxy/polysulfide blend. Although 
the performance appears to be good, 
an aromatic primary amine might have 
been preferable to TETA. 

Cure Rate: Medium—can be sanded 
after about 16 hours. 

26 



1 Patching Compounds 
For Wood 

General evaluation; possible 
improvements: 
This formulation would be far more use
ful if it could be altered to cure faster. 

Cure Rate: Low—cannot be sanded 
before at least 48 hours. 

Semi-flexible patching compounds 
These are intermediate in flexibility be
tween the semi-rigid formulations and 
the fully flexible. They are suitable for 
most applications in patching wood
work, although the more rigid formula
tions are probably better. The ingredi
ents used in these formulations could 
all be easily recombined in different 
proportions to obtain faster cures and 
greater rigidity. 

Semi-flexible patching compound No. 1: 

Cure Rate: Medium—can be sanded 
after about 24 hours. 

General evaluation; possible 
improvements: 
Even after several days' cure, this ma
terial is still slightly subject to damage 
by soaking in water. It was not deter
mined whether the resin itself was af
fected, or possibly the bond of the resin 
to the glass. This effect does not seem 
to be serious, since the material is 
weathering well. Tests using phenolic 
microballoons would be worthwhile. 
The formulation is currently performing 
well in actual service, with phenolic 
microballoons used in place of the 
glass balloons and woodflour. 

For most uses a more rigid and faster-
curing material might be better. In
creasing the proportion of Epon 828 
(with appropriate adjustments to main
tain stoichiometry) would improve the 
product in these respects. 
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Semi-rigid patching compound No. 3: Commercial Parts by 

Material Designation Weight 

PART A Epoxy resin Shell Epon 828 100 

Flexibilizing epoxy Dow DER 732 43 

PART B Flexibilizing amine Jefferson Jeffamine 
curing agent D400 34 

Amine-type accelerator Jefferson A398 21 

Aminosilane Union Carbide A1100 1.5 

Lampblack dispersion CDI 4585 10 

PART C Thixotroping silica Cabosil M5 10 

Glass microballoons Emerson and Cuming 
IG101 37 

Woodflour 100 mesh white pine 19 

Commercial Parts by 

Material Designation Weight 

PART A Epoxy resin Shell Epon 828 100 

Flexibilizing epoxy Dow DER 741 400 

Lampblack dispersion CDI 4585 27 

PART B Amine curing agent Dow DEH 58 48 

Aminosilane Dow Corning Z6020 4 

PART C Thixotroping silica Cabosil M5 27 

Glass microballoons Emerson-Cuming 
IG101 ' 102 

Woodflour 100 mesh white pine 51 



1 Patching Compounds 
For Wood 

Semi-flexible patching compound No. 2: General evaluation; possible 
improvements: 
A faster cure rate would improve this 
material. This could be achieved, in 
part, by decreasing the proportion of 
Jeffamine D2000. which would also 
have the effect of making the material 
more rigid. 

Cure Rate: Low—can be sanded after 
36-48 hours. 

Semi-flexible patching compound No. 3: 

Commercial Parts by 
Material Designation Weight 

PART A Low-viscosity epoxy 
resin Dow DER 332 100 

Flexibilizing epoxy 
diluent Dow DER 736 67 

PART B Flexibilizing polyamide General Mills Versamid 

curing agent V125 167 

Aminosilane Union Carbide A1100 2.5 

Lampblack dispersion CDI 4585 17 

PART C Glass microballoons Emerson Cuming 
IG101 66 

Woodflour 100 mesh white pine 33 

Cure Rate: Medium to low—can be 
sanded after about 36 
hours. 

General evaluation; possible 
improvements: 
This formulation was not tested but is 
closely related to one that was. The 
objective of this formulation is to achieve 
good flexibility by using a high propor
tion of a polyamide. Since Versamid 
V125 is highly viscous and is used in 
a high proportion. DER 736 is included 
to help maintain a low enough viscosity 
for easy working. The DER 736 also 
serves as an additional flexibilizer. A 
low-viscosity grade of DGEBA resin 
(DER 332) is used to help reduce 
viscosity. 

The cure rate could be increased and 
the viscosity further reduced by the use 
of an accelerator, such as Monsanto 
Mod-Epox, (triphenyl phosphite). 
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Commercial Parts by 

Material Designation Weight 

PART A Epoxy resin Dow DER 331 100 

Lampblack dispersion CDI 4585 9 

PART B Flexibilizing amine Jefferson Jeffamine 
curing agent D400 38 

Flexibilizing amine Jefferson Jeffamine 

curing agent D2000 25 

Amine-type accelerator Jefferson A398 10 

Aminosilane Union Carbide A1100 1.4 

PART C Thixotroping silica Cabosil M5 9 

Glass microballoons Emerson Cuming 
IG101 33 

Woodflour 100 mesh white pine 17 
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General evaluation; possible 
improvements: 
The ob|ective of this formulation was to 
gam some experience with Epon 871 
The system seems promising. 

Cure Rate: Medium—can be sanded 
after about 24 hours. 

Semi-flexible patching compound No. 5: 

Cure Rate: Medium to low—can be 
sanded after about 36 
hours. 

General evaluation; possible 
improvements: 
This formulation was not tested but is 
closely related to one that was. The 
purpose of this formulation was to ex
plore the use of Hycar ATBN as a flex-
ibilizer. It was found that significantly 
higher proportions of Hycar than that 
shown above made trial formulations 
unduly viscous and hard to mix unless 
heated. Even in the formulation shown 
above, all the other liquid components 
had to be low-viscosity materials to 
bring the over-all viscosity of the for
mulation down to a good level. This is 
the reason for the incorporation of a re
active diluent and for the use of DER 
332 (a low viscosity DGEBA resin) as 
opposed to the more common 331. 

An epoxy-functional silane mixed into 
the epoxy component is suggested in
stead of an ammo-functional silane be
cause of the difficulty of premixing an 
aminosilane into the very viscous Hycar, 

Hycar has a very high amine equiv
alent weight (average about 882). Thus 
the amount of Hycar suggested above 
is much less than the stoichiometric 
amount required to cure the epoxy. 
Therefore, two additional amines are 
shown: Jeffamme D230 and n-amino-
ethylpiperazme. This latter has a pro
nounced accelerating effect on Hycar 
systems. It should be possible to in
crease the cure rate by eliminating the 
D230 and increasing the proportion of 
n-aminoethylpiperazine. 

29 

Semi-flexible patching compound No. 4: Commercial Parts by 

Material Designation Weight 

PART A Epoxy resin Shell Epon 828 100 

Flexibilizing epoxy Shell Epon 871 67 

PART B Flexibilizing amine General Mills Versamid 

curing agent V140 167 

Aminosilane Union Carbide A1100 2.5 

Lampblack dispersion CDI 4585 17 

PART C Thixotroping silica Cabosil M5 17 

Glass microballons Emerson Cuming 
IG101 66 

Woodflour 100 mesh white pine 33 

Commercial Parts by 
Material Designation Weight 

PART A Epoxy resin Dow DER 332 100 

Reactive diluent Ciba-Geigy RD2 100 

Epoxy silane Dow Corning Z6040 3.4 

Lampblack dispersion CDI 4585 23 

PART B Rubber-amine B.F. Goodrich Hycar 
ATBN 200 

Flexibilizing amine Jefferson Jeffamine 
curing agent D230 27 

Accelerating amine n-aminoethylpiperazine 
curing agent 27 

PART C Thixotroping silica Cabosil M5 23 

Microballoons Emerson-Cuming 
IG101 93 

Woodflour 100 mesh white pine 46 



1 Patching Compounds 
For Wood 

Highly flexible patching compounds 
These compounds are very flexible, 
even at low temperatures and after 
postcuring at high temperatures. They 
are too rubbery for most practical ap
plications in patching woodwork, but 
they may be useful for other purposes. 
The ingredients used in these formu
lations could all be easily recombined 
in different proportions to obtain faster 
cures and greater rigidity. 

Highly flexible patching compound No. 1: General evaluation: 
This is a more flexible (and less prac
tical) version of semi-flexible patching 
compound No. 1. It has interest be
cause it is a highly flexible material that 
has been weathering well, in spite of 
the fact that it is definitely affected by 
water soaking. (It is more seriously af
fected by soaking than semi-flexible 
patching compound No. 1). 

Highly flexible patching compound No. 2: General evaluation: 
This material is included because it 
combines extreme flexibility with good 
performance in the weathering tests. 
Some means to increase the cure rate 
while retaining these good properties 
would be desirable. Also. Araldite 508 
seems very promising for use in more 
rigid patching compounds, made with 
a proportion of a DGEBA resin. Such 
a patching compound would cure much 
faster. 
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Commercial Parts by 
Material Designation Weight 

PART A Flexible epoxy resin Dow DER 741 100 

PART B Amine curing agent Dow DEH 58 8 

Aminosilane Union Carbide A1100 0.75 

Lampblack dispersion CDI 4585 5.4 

PART C Thixotroping silica Cabosil M5 5.4 

Glass microballoons Emerson Cuming 
IG101 20 

Woodflour 100 mesh white pine 10 

Cure Rate: Medium to low—can be 
sanded after about 24 
hours. 

Cure Rate: Extremely slow—a matter 
of weeks. 

Commercial Parts by 
Material Designation Weight 

PART A Flexibilized epoxy resin Ciba-Geigy Araldite 
508 100 

PART B Flexibilizing 
amidoamine curing Ciba-Geigy Araldite 
agent 9130 21 

Aminosilane Union Carbide A1100 1 

Lampblack dispersion CDI 4585 6 

PART C Thixotroping silica Cabosil M5 6 

Glass microballoons Emerson Cuming 
IG101 23 

Woodflour 100 mesh white pine 11 



1 Limitations and Precau
tions in Using Suggested 
Consolidants and Patching 
Compounds 

STRUCTURAL LIMITATIONS 
Emphasis has been placed on the im
portance of flexibility in consolidants 
and patching compounds, except when 
an entire piece of wood is to be con
solidated. To some extent this flexibility 
must compromise the usefulness of 
consolidants, and especially patching 
compounds, for structural purposes or 
in respect to nail-holding power. A con
solidated area or a patch made flexible 
enough not to stress surrounding un
treated wood is unlikely to equal the 
wood in structural usefulness. 

The softening effect of heat on flexible 
epoxy patching compounds used 
structurally may lead to early failure in 
afire, long before the surrounding wood 
burns through. Patching compounds 
rigid enough to resist this may break 
loose from the wood for reasons already 
explained. The structural useofepoxies 
with wood—especially old. weakened 
wood—involves problems of chemical 
formulation and mechanical design that 
were beyond the scope of this study.23 

For all these reasons, most of the 
materials suggested here may not be 
useful when placed in structural shear 
or bending. One may feel more confi
dent about their limited use in simple 
compression (figure 1). Good structural 
strength can be developed when an 
entire piece of wood is being consoli
dated. Then consistently strong con
solidants and patching compounds can 
be used throughout. In thoroughly con
solidated wood, temperature and hu
midity expansion values probably ap
proach those of the epoxy consolidant, 
rather than those of the original wood. 
making the treated wood mechanically 
more compatible with strong epoxy 
patching compounds. 

LOW VAPOR PERMEABILITY 

At the present stage in this project the 
consolidants and patching compounds 
have not been made permeable to 
water vapor. Thus there may be some 
risk that water can be trapped beneath 
a patch or a consolidated area in an 
otherwise untreated wooden member. 

The ability to "breathe" could be built 

into consolidants by using volatile sol
vents, which, upon evaporating, leave 
the treated wood porous to some de
gree. In patching compounds, one 
could create a porous structure by in
creasing the loading of fillers above the 
critical pigment volume concentration. 
Volatile solvents might then be needed 
to make the mix wet enough to be 
worked and bonded to the wood. One 
trial consolidant was made this way. 
using a small proportion of solvent, and 
was highly permeable to both water 
vapor and liquid water. The amount of 
volatile solvent needed did not produce 
unmanageable shrinkage. 

However, there is bound to be some 
shrinkage if solvents are used in patch
ing compounds, unless special shrink
age-compensating ingredients are also 
used. An additional disadvantage is 
that the resulting porosity probably ren
ders the material much more suscep
tible to damage by water than if it were 
non-porous. Water repellent porous 
patching compounds might be inves
tigated. More work is needed to achieve 
good flexibility and weather resistance 
in patching compounds loaded above 
the critical pigment volume concen
tration. 

Impermeability probably entails no 
risks if consolidants and patching com
pounds are used in locations where 
water cannot be trapped. Certain ma
terials long and successfully used in 
wood construction are no more perme
able than the suggested formulations. 
Resorcinol formaldehyde waterproof 
glue is a perfect example: high-grade 
elastomeric caulking compounds are 
another. There are many such im
permeable materials that have created 
no problems when used on exterior 
woodwork that is kept painted—espe
cially vertical or downward-facing 
woodwork where ram water cannot 
stand in holes or cracks. 

The risk of trapping water is much 
more serious on upward-facing wood 
members such as window sills and 

water tables. Where water is likely to 
penetrate wood and become trapped 
under a consolidant or patching com
pound, the safest route is to consolidate 
the entire piece of wood, rendering it 
highly resistant to water damage. 

Where there is concern about water 
entering the bond line of a patching 
compound and then being trapped, 
one precaution might be to apply a pen
etrating consolidant to the wood sur
face of the hole to be filled, thus making 
it resistant to penetration or damage by 
water. 

It may be that even in the case of 
consolidated or patched window sills, 
the maintenance of a good coat of paint 
on the wood will in itself prevent water 
damage. 

INABILITY TO CHANGE VOLUME 
When untreated wood expands and 
contracts because of variations in the 
level of humidity, it changes total vol
ume. Patching compounds, or areas of 
wood saturated with a consolidant. will 
not change in total volume under these 
conditions, but will only change shape 
in order to follow the movement of the 
wood. When a material that only 
changes shape is bonded to one that 
changes total volume, their movements 
may be incompatible. This is easily 
seen in figure 1 7a which shows, in 
cross-section, a hole in a piece of wood 
filled with a patching compound. The 
sketch on the left shows the hole before 
expansion of the wood; that on the right, 
greatly exagerated. shows it after ex
pansion. The volume added by expan
sion is represented by the heavily 
hatched area. This additional volume 
has to be filled by the patching com
pound, but the compound cannot in
crease its total volume in order to do 
so. Therefore, in order to expand in the 
areas indicated, the compound must 
contract by an equal amount in some 

23Paul Stumes. "Testing the Efficiency of 
Wood Epoxy Reinforcement Systems,' 
Bulletin of the Association for Preservation 
Technology, vol. 7 (no. 3. 1975): 2 35 
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1 Limitations and Precau
tions in Using Suggested 
Consolidants and Patching 
Compounds 

other place. This can only be at the top 
surface, where a cupped deformation 
is shown in the right-hand sketch. This 
cupping leads to high stresses where 
indicated on the sketch; failure is likely 
to occur here first. 

All these phenomena were observed 
in the samples placed on the roof and 
subjected to rain. The depth of cupping 
changed with weather conditions, al
most providing a rough measure of the 
moisture content of the wood at any 
time. Also, observed, as would be ex
pected, were less cupping and a lower 
rate of failure in samples placed in holes 
of the same width (1") but not as deep 
(1/4" as opposed to 3/4"). This improve
ment is due to the fact that the total 
volume change of the hole, relative to 
the exposed upper surface area of the 

patch, is much less for a shallow hole 
than for a deep one. A comparison of 
figure 17a showing a deep hole and 
figure 17b showing a shallow hole re
veals this clearly. Thus, less deflection 
at the surface is needed to make up for 
expansion or contraction. 

All these principles are well known 
and widely applied to the design of 
caulking joints.24 The result of these 
effects is that less trouble may be ex
pected in filling shallow holes than in 
filling deep ones. Accordingly, it is ad
vised that where large holes are to be 
filled, and where volume change of the 
wood is expected, the patching com
pounds might be used not as the only 
filler, but as gap-filling adhesives to 
hold roughly fitted wood patches. Wood 
in the hole will probably supply a certain 
amount of desirable volume change 

perhaps matching fairly well the move
ments of the wood in which the hole 
exists. 

Under the influence of changing tem
peratures, the patching compound, or 
consolidant-impregnated area, changes 
volume to a much greater extent than 
the surrounding wood because its coef
ficient of thermal expansion is much 
greater. However, in most woodwork 
applications, conflicting movements due 
to thermal changes are probably much 
smaller than those due to changing lev
els of humidity. 

24John P. Cook. Construction Sealants and 
Adhesives (New York: Wiley-lnterscience. 
1970). pp. 27-39. 

Figure 17. 
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1 Other Uses for Materials 
Studied 

The following are only a few of the many 
possible uses of epoxies in architec
tural conservation. 

PLASTER CONSOLIDANT 
One of the consohdants described in 
this paper (strong consolidant No. 2) 
has been used effectively to consoli
date ornamental gypsum plasterwork 
damaged by fire. Penetration up to TJ" 
was obtained by brush application. 

FLEXIBLE ADHESIVES 
Many of the epoxies and curing agents 
described in this study are commonly 
found in conventional epoxy adhesives. 
Such adhesives are usually formulated 
for high strength and contain small par
ticle fillers such as fine chalk, rather 
than hollow microballoons. A knowl
edge of epoxies in respect to patching 
compounds for wood gives the con
servator a better understanding of epoxy 
adhesives. 

Flexibility, adjustable as desired, is 
probably the biggest advantage of flex-
ibilized epoxies over typical waterproof 
construction glues based on resorci-
nol/formaldehyde or phenol formal
dehyde resins. These latter materials 
are rigid and even rather brittle. 

CLAMP-FREE ADHESIVES 
The commonly used resorcinol/for-
maldehyde waterproof glue loses water 
during drying. Many other types of glue 
give off volatiles during curing or drying. 
The resulting shrinkage and production 
of gases can disturb glue joints during 
the curing process unless pressure is 
maintained on the joint by clamps or 
other means. 

Epoxy adhesives by contrast, do not 
require pressure clamping, since they 
shrink very little during the cure and 
give off no volatiles. Only as much 
clamping is needed as to immobilize 
the joint during cure. In awkward lo
cations on a building it is a convenience 
to be able to use pieces of wire or other 
minimal devices rather than proper 
clamps. 

GAP FILLING ADHESIVES 
Epoxies can serve as gap-filling ad
hesives because they shrink very little. 
The semi-rigid patching compounds 
described in this study can be so used, 
although they do not offer high strength. 

ELASTOMERIC SEALANTS 
Rubbery blends of epoxy and polysul-
fide have been used in elastomeric 
sealants.25 As with adhesives, the fillers 
used in elastomeric sealants are gen
erally of much smaller particles than the 
microballoons advocated here for 
patching compounds. However, a 
knowledge of epoxypolysulfide rub
bers based on experience with patchi
ng compounds is directly applicable 
to sealants. 

GLAZING COMPOUNDS 
With certain modifications some of the 
more flexible patching compounds de
scribed here would probably make ex
cellent glazing compounds. They would 
be more flexible than typical com
pounds based on modified drying oils, 
and vastly more resistant to embrittle-
ment with age. They would be easier 
to remove, because microballoons per
manently insure the ability of the com
pound to be cut with a knife. The bond 
to wood is far better than with oil-based 
compounds and, with added silanes, 
the bond to glass should also be better. 
The possibility of damage to glass by 
acidic decomposition products of 
polysulfides should be investigated. 

SOIL CONSOLIDANTS 
The proposed wood consolidants would 
make expensive, but excellent, con
solidants for soil having pores large 
enough to admit the material. Epoxies 
have been used for this purpose. 

25/fc>/d, p. 78. 



1 Description of Components 
of Formulations 

SOURCES OF SUPPLY; COSTS 

Polymeric materials 
Epoxy resins, diluents, modifiers, sil-
anes, and curing agents are available 
from the sources listed in the appendix. 
There is wide variation in the minimum 
quantity that can be purchased directly 
from the manufacturer. When a manu
facturer sells the item only in bulk, small 
amounts such as a gallon must be pur
chased through distributors. These are 
found by contacting the home or re
gional office of the manufacturer. The 
appropriate technical literature pertain
ing to each product should always be 
requested and studied. 

Fillers and pigments 
Glass microballoons can be purchased 
from Emerson and Cuming, Inc., phe
nolic microballoons from Union Carbide 
Corporation, and Cabosil from Cabot 
Corporation. Sources of woodflour are 
listed in the Thomas Register under 
Fillers: Plastic Materials. Color pigment 
dispersions can be obtained from a 
number of sources, two of which are 
CDI Dispersions and Daniel Products 
Company. 

Approximate costs 
Prepackaged epoxy consolidants and 
patching compounds sold in marine 
hardware or hobby stores are many 
times more expensive than the same 
materials bought as separate ingredi
ents, in larger quantities, directly from 
a manufacturer or his distributor. Price 
lists should be requested. 

If ingredients are purchased in 
amounts appropriate to most restora
tion projects (resin by the gallon or in 
40 lb. pails, microballoons in 10 lb. 
batches, etc.) total material costs forthe 
consolidants should run around 
$20-$30 per gallon and forthe patching 
compounds perhaps $15-$20 per gal
lon. Substantial labor costs in prepa
ration of patching compounds must be 
anticipated. 
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COMPOSITIONS AND 
PROPERTIES: POLYMER 
COMPONENTS 

B. F. Goodrich Hycar ATBN (1300 x 
16) is an amine-terminated 
butadiene/acrylonitrile rubber de
signed as a flexibilizer for epoxies. it is 
both an amine curing agent and a rub
ber. Its structure is represented as 
follows:26 

H \ 9 | / H M M MWM H \ 1 O f v 

N (CM,), N N t C C-C C C - C j - C-N N - l C f ^ - N 

Where x = 5, y = 1, and m = 10 
Its amine equivalent weight is very high 
(averaging about 882). In high propor
tions (several times that of the epoxy) 
it gives a cured product with truly elas-
tomeric properties. Blends of Hycar and 
epoxies are used for upgrading ply
wood by filling knot holes. Its chief dis
advantage forthe purposes of patching 
compounds mixed by hand at room 
temperature is its high viscosity (Brook-
field viscosity, cps @ 27°C : 200,000). 
This limits the proportion in which it can 
be used conveniently in patching com
pounds mixed by hand ator below room 
temperature. 

One possible concern about Hycar 
is the existence of points in the molec
ular structure, such as the carbon-to-
carbon double bonds, where the ma
terial may be more subject to reactions 
producing eventual embrittlement than 
some other materials considered in this 
study. 

Ciba-Geigy Araldite 508 has been de
scribed as a mixture of a standard 
DGEBA resin and an epoxidized 
polyol.27 Expoxidized polyols are typi
fied by Dow DER 732 and 736.28 The 
exact structure and molecular weight 
of the Ciba-Geigy product were not as
certained for this report. 

Ciba-Geigy Araldite 9130 is a modified 
amidoamme that serves as both a flex
ibilizer and curing agent.29 Its compo
sition was not ascertained during this 
project. Its approximate AEW is 88. See 
the discussion of General Mills Versam-
ds for a description of amidoamines. 

Ciba-Geigy Araldite RD2 is a difunc-
tional reactive diluent: 1. 4 butanediol 
diglycidyl ether. Its structure is 

Its epoxide equivalent weight is 134.30 

Its purpose in the suggested consoli
dants is to reduce viscosity and, being 
aliphatic, to ncrease the flexibility of the 
cured resin. One of its advantages is 
its lower vapor pressure than some 
other common reactive diluents: con
solidants made with this reactive diluent 
pose less problems of fumes than some 
commercial consolidants. 

Dow DEH 58 is an amine adduct (re
action product) of diethylenetriamine 
and bisphenol A, having an amine 
equivalent weight of 30.31 Amine ad-
ducts have higher reactivity than most 
amine curing agents and are discussed 
in the Handbook of Epoxy Resins by 
Henry Lee and Kris Neville. 

Dow DER 331 is a standard DGEBA 
resin.32 

Dow DER 332 (Dow Epoxy Resin) is a 
low-viscosity DGEBA resin (viscosity 
4,000-6,000 cps at 25°C).33 For similar 
products offered by other manufactur
ers see the Epoxy Resin Manual by Dow 
Chemical Company. The epoxide 
equivalent weight of DER 332 averages 
approximately 174. 

26B. F. Goodrich. "Hycar Elastomers." 

"Lee and Neville. Handbook of Epoxy Res
ins, p. 4:58. 

2Blbid. p. 16:3. 

29Ciba-Geigy Corporation, "Araldite Hard
ener 9130," provisional data sheet |n.d.] 

30Ciba-Geigy Corporation. "Araldite RD2," 
provisional data sheet |n.d.|. 

31Dow Chemical Company, "Dow Hardener 
DEH 58." technical data sheet. 1972. 

32Dow Chemical Company, "Dow Liquid 
Epoxy Resins," brochure, 1969. 

33lbid. 



1 Description of Components 
of Formulations 

Dow DER 732 and 736 are polypro
pylene glycol diglycidyl ethers: 

o R a o 
/ \ i / \ 

CH,-CH-CH, -0 |CH 7 -CH-0-CH 7 -CH-0-CH 7 -CH-CH, 

The value of n is higher in the case of 
DER 732. The average EEWof DER 736 
is 190; the average EEW of DER 732 
is 320.34 Both materials are commonly 
used in epoxy formulations, serving 
both as flexibilizers and viscosity 
reducers. 

Dow DER 741 is described as being 
related in chemical structure to Dow 
DER 732 and DER 736.35 It is recom
mended in preference to 732 and 736 
where high concentrations of a flexibi-
lizing epoxy are needed. Its epoxide 
equivalent weight averages approxi
mately 372. 

Dow-Corning Z6020 is an am no func
tional silane, n-(2-aminoethyl)-3-
aminopropyltrimethoxysilane.36 

(CH30)3Si(CH2)3NHCH2CH2NH2 

Dow-Corning Z6040 is an epoxy-func-
tional silane, 3-glicidoxypropyl-
trimethoxysilane.37 

O 
/ \ 

(CH30)3Si(CH2)3OCH2CH-CH2 

Jefferson Accelerator A398 is a pro
prietary blend of amine-type acceler
ators recommended for use with Jef-
famines. It has an effective amine 
equivalent weight of 65.38 

Jefferson Jeffamine D230 is a pol 
yoxypropyleneamine of the structure 

N H 2 C H ( C H 3 ) C H 2 — O C H 2 C H ( C H 3 ) - H N H 2 

-x 
where x = approximately 2.6.39 Its mo
lecular weight averages 230, (the prod
uct's numerical designation). Its amine 
equivalent weight averages approxi
mately 58. As a long-chain aliphatic 
amine, it serves as a flexibilizer. Higher 
molecular weight versions are available 
(with highervalues of x)offenng greater 
flexibility in cured products. However, 
they have moderately higher viscosities 
and are slower-acting as curing agents. 

Jefferson Jeffamine D400 has the 
same structure as Jeffamine D230 ex
cept that the value of x equals approx
imately 5.6, the molecular weight ap
proximately 400. and the amine 
equivalent weight averages about 101,40 

Jefferson Jeffamine D2000 has the 
same structure as Jeffamine D230 and 
D400 except that the value of x equals 
approximately 33.1. the molecular 
weight approximately 2000, and the 
amine equivalent weight averages about 
500.'" Jeffamine D2000 is not consid
ered a satisfactory curing agent alone, 
but is recommended for use with D230 
and D400 to impart a high order of flex
ibility. This flexibility is due to its great 
chain lengths between the terminal 
amine groups. 

General Mills Versamids V-115, V-
125, and V-140 are three molecular 
weight grades of a type of amidopo-
lyamine referred to commercially as 
fatty polyamides. A typical fatty poly-
amide structure is as follows'12 

O 
II 

(CH2)7CNHCH2CH2NHR 

CH II 
CH CH(CH2)7CNHCH2CH2NHR 

CH CHCH2CH = CH(CH2)4CH3 

CH 

(CH2)5CH3 

The R's shown above may represent 
acid or amide groups, or may stand for 
hydrogen atoms. In the latter case a 
primary amine group (NH2) exists; oth
erwise a secondary am meg roup exists. 
Fatty polyamides react with epoxies by 
means of their amine groups.43 The 
structure of Versamids is similar to that 
of Shell Epon 871. although the latter 
is an epoxy rather than an amine. The 
formation of fatty polyamides from 
amines and dimerized linoleic acid is 
discussed in Lee and Neville's Hand

book of Epoxy Resins (pp. 10:5-10:10). 
Versamids serve as both flexibilizers 

and curing agents for epoxies. As the 
designation number of the Versamid 
increases from 115 to 125 and 140. 
molecular weight and viscosity in
crease, along with the degree of flexi
bility which can be introduced into 
cured products. High viscosity is a lim
iting factor in the case of Versamids 
when used for the purposes described 
here. Versamids can be used in large 
excess of stoichiometry in epoxy for
mulations.44 When polyamides are used 
at low levels of concentration, additional 
curing agents may be needed. 

An advantage of fatty polyamides is 
their low level of toxicity. They give off 
virtually no fumes and they are much 
less irritating to the skin than ordinary 
amines. 

A possible concern about poly
amides is the presence of carbon-to-
carbon double bonds, where oxidation 
or other reactions may be likely to oc
cur, over long periods of time, produc
ing gradual loss of flexibility or other 
changes in a cured material. 

34Dow Chemical Company. "Dow Flexible 
Epoxy Resins," brochure. 1969 

35lbid. 

36Dow Corning Corporation, "Dow Corning 
Organosilicon Chemicals." 

37lbid. 

38Jefferson Chemical Company. "Acceler
ator 398." bulletin. 1975 

39Jefferson Chemical Company, "Jeffamine 
Polyoxypropyleneamines." advance tech
nical data sheets. 1975. 

•'"Ibid 

"Ibid 

42Lee and Neville. Handbook of Epoxy Res
ins, p. 10:6. 

"Potter, Epoxide Resins, p. 67, 

44Lee and Neville, Handbook of Epoxy Res
ins, p. 10:7. 
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of Formulations 

Menthane diamine is a cycloaliphatic 
primary diamine having the structure 

and an amine equivalent weight of ap
proximately 43. It is available from a 
number of resin distributors and from 
chemical supply houses. 

N-aminoethyipiperazine (available 
from many chemical supply houses and 
resin suppliers) is a cycloaliphatic amine 
having the structure 

and an amine equivalent weight of 43. 
It is interesting in that it possesses pri
mary, secondary, and tertiary amine 
groups. Tertiary amines can act as ac
celerators in many types of epoxy 
formulations. 

Shell Epon 828 is a standard DGEBA 
resin.45 

Shell Epon 871 is a diglycidyl ester of 
a dimerized linoleic acid.46 Although it 
is an epoxy rather than an amine, its 
structure, shown below, is similarto that 
of General Mills Versamid curing agents. 

J 
(CH,),—C—O—CH,-CH—CH, 

M ?i A 
HC CH-(CH, ) ,—C—O-CH,—CH—CH, 

II 
HC ^JCH—CH,—CH=CH—(CH, ) , -CH , 

CH- (CH, ) ,—CH, 

As with Versamids, a possible concern 
about Epon 871 is the presence of car
bon-to-carbon double bonds, where 
oxidation or other reactions may be 
likely to occur over long periods of time, 
producing gradual loss of flexibility or 
other changes in a cured material. 

Thikol EH 330 is a tertiary amine. 2. 4. 
6-tris (dimethylaminomethyl) phenol.47 

This is sold by Rohm and Haas as DMP-
30. 

Thiokol LP-3 is a liquid polysulfide rub
ber having the structure 

HS-(C,H, -0-CH,-0 C,H,-S S) n -C,H. -0 -CIVO-C,H, -SH 

where n averages about 6 and the mo
lecular weight about 1000.48 

Triethylene tetramine has the follow

ing structure: 

H2N(CH2)2NH(CH2)2NH(CH2)2NH2 

Union Carbide A1100 is y-amino-
propyltriethoxysilane: 

NH2(CH2)3Si(OC2H5)3
49 

Union Carbide ZZL-0822 is a polygly-
coldiamine of the structure: 

H2NC3H6OC2H4OC2H4OC3H6NH2 

Its amine equivalent weight is 55.50 

45Shell Chemical Company, "Epon Resin 
828." technical bulletin SC:69-77. 1969. 

46Shell Chemical Company, "Epon Resin 
871," technical bulletin SC:64-52, 1964. 

47Thiokol Corporation. "Thiokol EH 330." 

48Lee and Neville, Handbook of Epoxy Res
ins, p. 16:21. 

49Union Carbide Corporation, Chemicals 
and Plastics. Physical Properties. 
1975-1976 catalog, p. 42. 

50Union Carbide Corporation, "Bakelite Liq
uid Epoxy Hardener ZZL-0822," product 
information sheet F-44996, 1975. 

36 



Part II: 

Case Studies 

Dr. Judith E. Selwyn 





2 Introduction 

Recently, developments in epoxy 
polymer technology have been used to 
advantage in the conservation and 
preservation of wooden members of 
historic buildings. Properly formulated 
epoxies may serve not only as glues 
but also as consolidants and patching 
compounds for wood. 

As a working definition, a wood con-
solidant can be described as a mixture 
that can be introduced as a liquid into 
deteriorated wood and that later solid
ifies to form a composite wood-epoxy 
material. The purpose of the treatment 
is to strengthen weakened wood. Con
solidation also effectively makes the 
treated areas impervious to wood's 
main enemies: water and insects. The 
process of wood consolidation should 
be regarded as irreversible; timber, 
once treated, cannot be returned to its 
original state. Therefore, epoxy con

solidation should only be used on wood 
that otherwise would have to be 
discarded. 

Epoxy wood patching materials or 
fillers are pastelike materials that func
tionally replace traditional wood fillers. 
Epoxy fillers not only have superior du
rability than presently available mate
rials but also have a wide application. 
This is because epoxies can be made 
more self-supporting than traditional 
materials and are thus more useful in 
gap-filling and piecing-in applications. 
The epoxy patching compounds have 
been formulated to contain no volatile 
solvents and therefore shrink very little 
in setting. The epoxy patching com
pounds that have been developed may, 
when cured, be worked easily with 
standard woodworking tools. Unlike tra
ditional materials, these are readily 
planed, sanded, or chiseled. Finally, 
epoxy fillers may also be used, when 
painted, in outdoor applications. 

This paper is intended to supplement 
the information contained in Morgan 
Phillips' state-of-the-art technical paper 

(Part I of this report). It also contains 
information on the essential aspects of 
formulating and applying epoxy con
solidants and wood patching com
pounds, as well as a discussion of the 
advantages, disadvantages, and ap
propriateness of these methods of wood 
repair for historic buildings. After study
ing the information in this paper, it is 
expected that a craftsman could make 
his own repairs. Anyone desiring more 
technical information should referto Mr. 
Phillips' paper and his accompanying 
references. 
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2 Criteria for Application of 
Epoxy Wood Repairs 

The techniques described in this report 
are for unreinforced epoxy repairs. The 
materials suggested have been se
lected to give consolidants and patch
ing compounds a low modulus of elas
ticity compared to presently available 
epoxy materials. These epoxy formu
lations were developed in keeping with 
the philosophy that materials that pos
sess some ability to move with the sur
rounding wood would produce minimal 
stresses on the historic building fabric. 

Epoxy repair techniques frequently 
represent a viable alternative to tradi
tional replacement methods for rotted 
wooden building members. The most 
appropriate action depends on 1) the 
structural requirements of the member, 
2) the location and extent of rot. 3) the 
historical significance of the building 
member or the building as a whole. 4) 
the ability to obtain replacement pieces, 
and 5) whether or not the timber or ob
ject to be repaired is normally exposed 
to view. 

STRUCTURAL REQUIREMENTS 
Structural requirements frequently will 
rule out the use of an unreinforced 
epoxy repair. Epoxy consolidation of 
framing members is feasible only where 
members are subject to simple 
compression forces or where there is 
an adequate margin of safety. The ma
terials and procedures to be described 
are not forapplication to members sub
ject to bending or shear forces, unless 
reinforcement is introduced in some 
way. The discussion of various com
binations of reinforced epoxy structural 
systems is beyond the scope of this 
paper.' Unreinforced epoxies should 
not be used for the repair of beams 
carrying brickwork, and thus subject to 
bending forces, or for the repair of ten
ons in girts, plates, or joists that rep
resent points where shear forces act. 
However, the base of a post or a portion 
of a still frequently are acceptable can
didates for consolidation based on this 
criteria. 

EXTENT AND LOCATION 
Obviously, wood that is so punky that 
it cannot absorb the liquid consolidant 
without excessive runoff cannot be con
solidated. Thus, it must be determined 
whether the member in question still 
provides enough wood, although 
somewhat soft, to consolidate. As we 
shall describe later, the consolidation 

of surrounding areas is often required 
when replacement of part of a timber 
is deemed necessary. 

The criteria of location and extent are 
intimately connected with the cost as
pects of a repair. Frequently, rotted or 
insect damaged areas can be made 
sufficiently accessible for consolidation 
purposes without the extensive dis
membering of the structure necessary 
to expose an area for repair. Also. 
epoxy repairs can frequently be made 
without the need to provide structural 
shoring for parts of a building as is often 
necessary for wooden replacements. 
The epoxy treatment should not always 
be regarded as a cost saving treatment. 
For example, it should be noted that it 
may be cheaper to replace an entire sill 
and maybe even to splice it with new 
wood than to consolidate it. However, 
application of the other criteria might 
make the epoxy repair the preferred 
treatment in such a case. Finally, it 

For further information see Paul Stumes, 
"Testing the Efficiency of Wood Epoxy 
Reinforcement Systems." Bulletin of The 
Association for Preservation Technology, 
vol. 7. no. 3 (1975). pp. 2-35. 
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2 Criteria for Application of 
Epoxy Wood Repairs 

would be unwise to use epoxy conso-
lidants in areas where heat build-up 
may become significant, Epoxies 
weaken under fire and high heat con
ditions and evidence shows that it is 
likely to fail sooner than replacement 
wood in a fire. 

The extent of damage can also de
termine if the patching compound 
should be used. Generally, as with tra
ditional materials, only small holes are 
filled entirely with straight epoxy. Larger 
voids are usually filled with wood. How
ever, the gap-filling and self-supporting 
properties of the epoxy patching com
pound, together with its low shrinkage, 
make it the patching material of choice 
for virtually all applications. 

HISTORICAL SIGNIFICANCE 
Epoxy wood repair offers the opportu
nity to conserve and thus retain impor
tant building members. In many historic 
buildings it is desirable to maintain as 
much of the original fabric as possible. 
In other cases, various architectural 
features may be judged unique orearly 
examples of their kind and thus merit 
special preservation. An example of a 
repair where these sorts of considera
tions loomed large involved the con
solidation of a post supporting the lean-

to at the Fairbanks House in Dedham. 
Massachusetts, the oldest wood-frame 
house in the United States. Frequently 
epoxy repairs made to maintain historic 
building fabric are made in conjunction 
with other methods of structural 
stabilization. 

EXPOSED FRAMING MEMBERS 
Many early buildings have hand dressed 
framing members that are exposed on 
the interior of the building. Frequently, 
these posts, sills, joists, rafters, etc., 
may appear visually sound although 
large sections of them are badly de
teriorated. In such instances severely 
damaged areas should be removed 
prior to consolidation of the remaining 
shell. New wood is inserted to carry the 
load, although the visual aspects of the 

member remain unchanged. The rafter 
repair at the Longfellow House that is 
described in this report is an example 
of a case where the desire to maintain 
historic fabric and visual integrity of an 
exposed member played a prominent 
factor in the decision to repair rather 
than replace. 

AVAILABILITY OF REPLACEMENTS 
Hand-carved or turned trim pieces, es
pecially those on the exterior of a build
ing, frequently are found to require re
pair and stabilization. Often, these 
elements deserve to be saved rather 
than replaced on the basis of historical 
considerations alone. Frequently, in ad
dition, the cost of fabricating replace
ments makes consolidation and/or 
patching the more economic alterna
tive. Certainly, modern replacement 
members frequently lose the irregular 
and individual character of the origi
nals. Balusters, railings, capitals, or
naments, and interior trim details can 
be epoxy repaired for these reasons. 
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2 Materials 

SAFETY, STORAGE AND 
CLEAN-UP 
All chemicals recommended for use 
in this report should be handled with 
respect. If the cautions outlined are fully 
observed, no unusual health or safety 
hazards exist. 

It is recommended that hands be 
covered when using the epoxies. Either 
rubber gloves or cloth gloves and a 
protective hand cream may be used. 
Although initial skin contact with the 
materials usually causes no discomfort, 
repeated exposure can lead to skin 
sensitization. A rubber respirator must 
be worn when the fillers for the patching 
compound are handled since care 
should be taken to avoid breathing Ca-
bosil, a fumed silica, and/or 
the microballoons.2 

Work surfaces are best covered with 
polyethylene or newspaper while pre
paring materials to simplify clean-up. 
Similarly, mixing in disposable con
tainers will save time later in cleaning 
up. Clean-up solvents for epoxies are 
marketed by the distributers of the 
chemicals. Carefully scraping vessels 
with spoons or spatulas and wiping with 
newspaperordisposable rags will keep 
solvent use to a minimum. Of course, 
solvents should be used only in ade
quately ventilated areas. 

Glass ]ars make excellent storage 
containers for the consolidants and 
wood patching materials. Clean metal 
cans without interior plastic coatings 
can also be used. Many plastics also 
seem to make acceptable storage con
tainers. If reusable containers are used 
to mix together the two parts of the 
epoxyfilleror consolidant. they must be 
cleaned before the material sets. Epoxy 
solvents and thinners will not remove 
cured materials. Materials are best 
stored at ordinary room temperatures. 

PROPRIETARY PRODUCTS 
Although the emphasis in this report is 
on specially developed materials, two 
proprietary (that is. commercially avail
able and prepackaged) epoxy mate
rials were used in the course of the re
pairs illustrated in this work. These 
materials, both products of the Allied 
Resin Corporation. East Weymouth. 
Massachusetts, are Arcon Seep-N-
Seal" and Arcon E 152, Marine Epoxy 
Adhesive. Seep-N-Seal" is a penetrat
ing consolidant. It is packaged as a two 
part material which is mixed to form a 
very fluid epoxy for consolidating rotted 
wood. It has a working time of approx
imately one hour and dries overnight at 
70° to produce a rather hard product. 
Arcon E 152 is a two-component ad
hesive glue with a spreadable pastelike 
consistency. It can be applied thickly 
to irregular surfaces, requires little 
clamping, and dries to form a strong 
moisture resistant bond in about 24 
hours at 70°. 

NEW MATERIALS 
The major aim of this section is the pre
sentation of a practical description of 
the formulations for and preparation of 
three specially prepared epoxy based 
wood preservation materials. The reader 
will learn about the working details of 
the measurement and mixing of the raw 
materials necessary for making the for
mulations referred to as strong conso
lidant No. 1. strong consolidant No . 2. 
and semi-rigid patching compound No. 
1 in Morgan Phillips' paper. 

CONSOLIDANTS 

Formulation 
The formulations for the two wood con
solidants follows. Both may be classed 
as strong consolidants and demon
strate good water resistance. The con
solidants are prepared from two chem
ical classes of materials, epoxies and 
amines. The epoxy-functional compo
nents are by convention called part A 
while the amines or curing agents are 
called part B. 

2. A good respirator is the Dupor rubber 
respirator bulb valve No. 4, available at 
most hardware stores 
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Properties: 
viscosity—pourable 
potlife—about 2 hours 
cure time—3 days at 70°F 
(will hold shape after 24 hours) 
physical characteristics—hard and 
rigid, can be nailed into, highly water 
resistant, cuts and sands with difficulty 

Typical Uses: strengthening framing 
members in compression, consoli
dating the shell of rotted framing 
members prior to infill of new wood, 
repairing trim such as columns, bal
usters, sills. 

Properties: 
viscosity—very pourable, 
penetrates very quickly 
potlife—about 2 hours 
cure time—3 days at 70°F 
(will hold shape after 24 hours) 
physical characteristics—slightly re
silient, can be nailed into, somewhat 
less water resistant than No. 1. 

Typical Uses: strengthening framing 
members in compression, consoli
dating the shell of rotted framing 
members prior to infill of heavy wood, 
repairing trim such as columns, bal
usters, sills. 

Preparation and Application 
It is most useful to premix the two in
gredients of part A. This allows the 
craftsman to arrive at a job with only 
two containers, one containing part A 
and the other part B. Additionally, this 
procedure eliminates the inconveni
ence associated with the tendency of 
pure DER 332 to solidify in the con
tainer. The addition of a reactive epoxy 
diluent, namely RD2, produces a low 
viscosity fluid epoxy mixture (part A). 
The shelf life of the mixture can be re
garded as at least several months and 
probably is actually much longer. If the 
DER 332 solidifies during storage, it 
should be gently warmed by placing 
the container near an oven, furnace, or 

radiator. Spot heat sources, such as 
hair dryers, should be used with great 
caution. 

The two ingredients of part A should 
be carefully measured according to the 
recipes given. A metal or glass con
tainer may be used as a measure. The 
storage container should be marked 
indicating that it is part A of strong con-
solidant Nos. 1 or 2 and the preparation 
date noted. The epoxy materials should 
be blended either by vigorously shak
ing the closed container or stirring with 
an propeller-shaped blade mounted on 
an electric drill. The drill blade can be 
cleaned adequately for further use by 
tapping against a hard surface to re
move excess liquid and wiping with 
towels. 

Parts A and B should be thoroughly 

mixed on the job site immediately prior 
to use. Again, shaking ora mixing blade 
may be used to thoroughly blend the 
materials. It should be carefully noted 
for strong consolidant No. 1 that 9 parts 
by volume of part A are mixed with 4 
parts by volume of part B. The strong 
consolidant No. 2 combines 2 parts by 
volume of part A with 1 part by volume 
of part B. 

These wood consolidants are gen
erally best applied to the wood by a 
series of closely spaced holes drilled 
to produce an overlapping absorption 
pattern (figure 1) It is recommended 
that holes be drilled at an angle and 
spaced approximately 2 inches on cen
ters in staggered rows. The holes should 

•'.3 

Strong consolidant No. 1: 

Parts Total 
Materia! Manufacturer by Volume Part A 

PART A DER 332 (epoxy Dow Chemical 
resin) Midland, Michigan 6 

RD2 (epoxy resin) Ciba-Geigy 
Ardsley. New York 3 9 

Parts Total 
Material Manufacturer by Volume Part B 

PART B Jeffamine D 230 Jefferson Chemical 
(amine-functional Company 
curing agent) P.O. Box 4128 

Austin. Texas 4 4 

Strong consolidant No. 2: 

Parts Total 
Material Manufacturer by Volume Part A 

PART A DER 332 (epoxy Dow Chemical 
resin) Midland. Michigan 1 

RD2 (epoxy resin) Ciba-Geigy 
Ardsley, New York 1 2 

Parts Total 
Material Manufacturer by Volume Part B 

PART B Jeffamine D 230 Jefferson Chemical 
(amine-functional Company 
curing agent) P.O. Box 4128 

Austin, Texas 1 1 



2 Materials 

be approximately i" diameter and 
placed so that the top of one is in line 
with the bottom of the next. This will 
exploit the superior absorption of the 
end grain. Timbers should be filled from 
one end so that the consolidant will not 
trap air pockets within the wood. 

As a rule of thumb, badly deteriorated 
wood will absorb a volume of consoli
dant that is approximately one half of 
its total volume. Of course, stronger 
wood will absorb less. 

Wood to be consolidated should not 
be perceptably wet. Generally, atimber 
dry enough to be painted is suitable for 
consolidation. Often, checks or cracks 
in the exterior of the piece are sealed 
with wax, clay, or caulking to prevent 
runoff of the consolidant. These pro
cedures will be elaborated in the case 
studies. 

When parts A and B are mixed, heat 
is given off. The epoxy curing reaction 
is thus said to be exothermic. It is wise 
to cool the parts before they are mixed 
during warm weather to prevent excess 
heat buildup. The curing will be accel
erated at high temperatures. Temper
atures below 50° will result in exces
sively long curing time. 

Wood preservatives, such as pen-
tachlorophenol or orthophenylphenol 
can be applied to the wood prior to 
consolidation. This preservative should 
not contain a water repel lant as this may 
retard absorption of the consolidant. 

PATCHING COMPOUNDS 

Formulation 
The patching compounds are com
posed of three categories of materials; 
namely, epoxy materials (part A), curing 
and flexibilizing agents (part B), and 
fillers (part C). The fillers impart the 
properties that permit the patching 
compounds to be worked with ordinary 
tools in a manner similar to wood. Ad
ditionally, the filler imparts a resistance-
to-flow property to the mixture. The 
chemical formulation of the patching 
compound follows. 

Figure 1. Pattern for holes drilled into rotted wood for the introduction of consolidant. 
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2 Materials 

jobs arise. Thus, only two containers 
need be taken to the job. It should be 
noted that part A tends to get stiff and 
unworkable at temperatures much be
low 70°F. It is best to store and use the 
materials at approximately this temper
ature. To use the patching compound, 
equal quantities of both parts A and B 
(containing fillers) must be thoroughly 
mixed. Small quantities may be meas
ured with spoons and mixed in a paper 
cup with a palate knife. Larger quan
tities may be blended on a plywood slab 
with the aid of a spatula or paddle. 
Mechanical mixing is not particularly 
helpful because of the viscosity of the 
pastes.3 Failure to adequately mix the 
components will prevent the material 

from curing. The patching compound 
is a workable paste that may be applied 
thickly. Although, it shrinks little, it is 
best to slightly overfill a hole and then 
sand or plane it level. Surfaces for 
patching should be clean, solid or so
lidified (that is consolidated) wood. Sur
faces should be prepared bearing in 
mind that regularly shaped holes are 
easier to fill. Wood need not be rough
ened prior to filling as the adhesive 
properties of the material are chemical 
as opposed to mechanical. It is usually 
unnecessary to remove well-adhered 
paint layers prior to application of 
patching compound. 

Although the shrinkage associated 
with the setting of the patching com
pound is minimal, it is not suggested 
that this material be used for large 
holes. As a rule of thumb, areas to be 
filled should be less than 1" in two of 

its dimensions. Long narrow cracks as 
well as small holes may be filled. Larger 
holes should be filled with new wood. 
Holes should be slightly overfilled with 
the patching compound and then tooled 
to the desired contour. 

The cured patching compound can 
be painted with ordinary paints. Be
cause wood is ordinarily painted for 
general weather protection in outdoor 
locations, this offers no complication. 

3. An alternative approach has been 
adopted successfully by one craftsman. 
He takes three containers to the job; 
namely, liquid part A (no filler), part B (no 
filler) and filler. He thoroughly mixes equal 
volumes of the two liquid parts, then 
works in the filler to produce a stiff work
ing paste. 
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2 Case Studies: Repairs to 
Historic Wooden Framing 
Members 

Repairs to Historic Wooden 
Framing Members 
Several repairs to important structural 
members of the Longfellow House, 
Cambridge, Massachusetts (1759), 
made during the summer of 1976 will 
be described. These framing repairs, 
as well as trim areas that were restored, 
are indicated on a photograph of the 
Longfellow House (figure 2). Insects 
and dry rot had partially damaged the 
structural integrity of the corner post 
near the juncture with the sill at the 
southeast cornerof the building. Failure 
of the roof valleys of the central dormer 
caused damage to a main roof tie beam 
and adjoining roof rafter. Also, rafters 
near the chimney girt were damaged. 

Figure 2. Longfellow House in Cambridge, 
Massachusetts, built in 1759, indicating 
areas where epoxy repairs were used. 

For each repair the existing conditions, 
repair criteria, and preservation treat
ment will be outlined. A self-critical ap
proach evaluating the success of the 
treatment and alternative methods will 
also be presented. 

LONGFELLOW HOUSE, CORNER 
POST AND SILL 

Existing conditions 
Removal of the clapboarding revealed 
that the corner framing consists of a 
10" by 10" oak corner post set on 
8" by 10" oak sills Corner braces con
nect the sills and post. The cavity be
tween the interior plaster and the ex
terior sheathing is filled with nogging 
that consists of soft, underburnt pink 
bricks set in lime mortar. Figure 3 is a 
diagram showing not only the framing, 
but also the damaged areas. A previous 
repair, namely a Portland cement patch 
in the sill underthe post, probably made 

in the 20th century, was noted. Unfor
tunately, this repair did not halt the de
terioration of the members. In fact, the 
cement may have acted as a water-
conducting wick fostering increased 
rotting of the framing. The weakened 
wood seems to have provided an entry 
point for powder post beetles. The lower 
2 feet of the post and 6-7 feet of the 
adjoining sill on the southeast side of 
the house evidenced some degree of 
insect/water damage. In one area of the 
sill, as noted in figure 3, and further 
illustrated in figure 4, the wood deteri
orated to the extent of being soft and 
crumbly. This area involved the lower 
4-5 inches of the sill for a distance of 
approximately 2 5 feet. For the remain
der of the sill only the lower inch or so 
was decayed. It should be noted that 
the deterioration of the framing was not 
extensive enough to cause obvious 
structural deformation or failure. 
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2 Case Studies: Repairs to 
Historic Wooden Framing 
Members 

Figure 3. Longfellow House, Corner Post and Sill SE corner, framing isometric indicating decayed areas and areas drilled for consolidation 

Repair criteria 
The purpose of the repair was to 
strengthen framing members subject 
to compressive forces, namely the sill 
and corner post, and to establish a 
framing configuration less prone to de
terioration. Consolidation (rather than 
replacement) of the post was judged 
a desirable course of action as only a 
small portion of the bottom of the post 
was in poor condition. It was decided 
that the epoxy repair would be less dif
ficult and less expensive than procuring 
and installing infill wood of the correct 
dimension and supporting the corner 
of the house to permit this process. 
Although a small portion of the sill ob
viously had to be removed and re
placed, the consolidation of other por
tions was tried. Thus, it was concluded 
that the epoxy approach would be a 
good way to conserve the massive, his
torically significant, original framing 
timbers. 

It should be noted that the epoxy also 

Figure 4. Longfellow House, Corner Post and Sill. The conditions near the most seriously 
deteriorated area, after removal of siding and part of the decayed wood, are shown. 
(Photo.Author) 
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could effectively coat and consolidate 
the Portland cement previously applied 
to the corner post. This would have the 
effect of waterproofing the cement and 
providing a dampproof base for the 
post. Since water is prevented from 
migrating through the cement, it would 
not be necessary to remove this ma
terial. It was hoped that this treatment 
of the post and sill would have the long 
term effect of alleviating the chronic 
problem of water collection and sub
sequent damage to this area of the 
building frame. 

Preservation treatment 
After the siding was removed, chemical 
treatment to eliminate any remaining 
insect problems was the necessary first 
step in the conservation process." Se
vere deterioration necessitated the re
moval of a portion of the sill. Next, a 
series of}" holes spaced approximately 
3" on centers were drilled at a down
ward angle through the wooden sill to 
the right of the void (figure 5). Strong 
consolidant No. 1 was introduced into 
the holes using a plastic squeeze bottle. 
Each of the holes was filled with the 
liquid epoxy until the holes appeared 
to hold no more liquid (figure 6). A total 
of j pint of consolidant was needed to 
saturate the right side of the sill. The 
small amount of consolidant used in
dicates that the wood was reasonably 
non-absorbant and sound. As the face 
of the wood was reasonably sound, it 
was not necessary to seal the surface. 

Large holes had been drilled into the 
corner post in the course of the insect 
control work. These were subsequently 
used to introduce approximately Vi gal
lon of the strong consolidant No. 1. As 
the larger holes were not filled with 
epoxy, wood dowels were placed in the 
holes. 

The sill immediately to the right of the 
post (figure 3) was consolidated using 
the slightly less strong, that is, more 
flexible, formulation, than the preceed-
mg one. Approximately Vz gallon of the 
strong consolidant No. 2wasabsorbed. 

4, Termmex 3A3B. a powder post beetle 
and termite control material, was applied 
by the local distributor. 

Figure 5. Longfellow House, Corner Postand Sill. Siding has been removed and chemical 
fumigation completed. In the area to the right of the removed portion of the sill, a series 
of staggered I" holes approximately 3" on centers were drilled downward into the sill. 
Ideally, holes should have been made only in the lower third of the sill and more closely 
spaced. (Photo: Author) 

Figure 6 Longfellow House. Corner Post and Sill. Epoxy consolidant is introduced into 
holes using a plastic squeeze bottle. In this case it was not necessary to seal the surf ace 
to prevent run-off because the wood was reasonably sound. Dark areas on the face 
of the beam are the result of surface absorption of consolidant and slight dripping 
during the filling process. (Photo: Author) 
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This section of the repair area proved 
to be the most absorbant. Figure 7 
shows the application of epoxy using 
the squeeze bottle. Strong consohdant 
No. 2 was used in this instance, al
though no clear rationale for its choice 
can be given. However, since the sill 
rests on a granite foundation, the fact 
that this formulation has more flexibility 
probably will not lead to any problems. 
Both consolidants have more than suf
ficient strength for the job. In fact, since 
the deteriorated structural members 
were, at least for the short run, holding 
up the house, little additional strength 
was needed. Observation of the in situ 
aging of the two different epoxy mate
rials in this instance may enable us to 
better understand how to formulate the 
most suitable materials for future use. 

The final phase in the process of con
servation of this area of the framing in
volved filling the void created in the sill. 
A block of oak shimmed by a series of 
four oak wedges front and back was 
inserted into the opening. These wedges 
assured the tight fit of the oak block 
patch (figure 8). 

Critique of treatment 
In overview, the pattern of holes drilled 
into the sill for the introduction of the 
consolidant was probably less than op
timum. If a similar process is to be re
peated, it would be advised that the 
holes be made much closer together 
in the areas where the wood is soft. (See 
figure 1.) This closely spaced hole pat
tern should not be extended into areas 
of sound wood. Thus, the holes shown 
in figure 5 should be much more closely 
spaced in the bottom third of the timber 
and probably no holes at all should be 
made in the sound upper two-thirds. 

Figure 7. Longfellow House Corner Post and Sill. Epoxy consolidant is introduced into 
holes in the left end ot the sill using a squeeze bottle applicator. (Photo: Author) 

Figure 8 Longfellow House Corner Post and Sill. In the most deteriorated portion of the 
sill, new wood infill was used. Oak was used to match the materialolthe original Wedges 
front and back were used to tightly position the wood in place. No adhesive was used 
as the compressive forces really allow no movement of the block once positioned. 
(Photo Author) 
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LONGFELLOW HOUSE, 
CENTRAL PEDIMENT, ROOF 
TIE BEAM 

Existing conditions 
Prior to resisting the roof, it was dis
covered that major structural timbers 
in the roof of the east side of the central 

Figure 9. Framing isometric of the Longfellow 
House central pediment. Note that the dam
aged area includes the tenon that formerly 
connected the rafter to the tie beam. The 
outer pediment plate is supported by the 
cantilevered end of the rotted tie beam. 
Thus, before the repair, the support for the 
outer pediment plate was very poor. 

pediment were rotted. It appeared as 
though water had penetrated through 
deteriorated valley flashings and tun
neled its way via the roof rafter into the 
main tie beam. This completely de
stroyed the tenon of the rafter and the 
upper portion of the pine tie beam, start
ing at the outer end and extending in 
42 inches. The rotted area measured 
approximately 6" by 6" at the outer end 
and narrowed down to a much smaller 
section 2 feet into the beam. Figure 9 
diagrams a portion of the pediment 
framing. It should be noted that the 
outer plate for the pediment is com
pletely supported by the cantilevered 
end of the deteriorated tie beam and 

the corresponding one at the other end 
of the pediment. The rot (that is wood 
practically reduced to powder) oc
curred directly over the point where the 
cantilevered end of the tie beam is 
supported. 

Repair criteria 
A repair was effected without the need 
for obtaining new large members and 
with minimum dismemberment of the 
sound parts of the structure. New wood 
was introducted into a cavity that was 
partly consolidated and partly sound 
old wood. Epoxy adhesive allowed lam
inated small wood infill members to be 
installed. 
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Preservation treatment 
The initial phase of the repair entailed 
removal of a section 6" by 6" by 42" of 
the tie beam (figure 10). The cavity was 
reinforced with Allied Resin Seep-N-
Seal", a strong two-part epoxy conso-
lidant. Seep-N-SeaP was chosen be
cause it sets rapidly, thus enabling the 
roofers to proceed without undue delay. 
Checks along the side of the beam were 
caulked prior to this application to pre
vent the epoxy from flowing out through 
the channels in the wood, then the con-
solidant was poured into the cavity. 

Two pieces 3" by 6" by 42" of long-
leaf yellow pine were laminated to
gether with Allied Resin E 152 Marine 
Epoxy Adhesive. These were then dated 
and inserted into the cavity that had 
been lined with the same adhesive (fig
ure 11). An epoxy adhesive shrinks very 

Figure 11. Longfellow House. Central Pedi
ment, Roof Tie Beam. Two 3" x 6" x 42" 
sections of long-leaf pine yellow pine, lam
inated with Allied Resin E 152 epoxy ad
hesive, were placed into the rafter cavity 
which was lined with the same adhesive. 
Care was taken to identify the new wood with 
the year of insertion. (Photo: Author) 

Figure 10. Longfellow House, Central Pediment. Roof Tie Beam. The pediment siding, 
as well as a portion of the roofing, were removed to allow access to the rafter and tie 
beam. Here we see the outer end of the very soft area on the top of the beam. The cavity 
(6" x 6" x 42" long) was made as regular as possible, avoiding the removal of too much 
reasonably sound wood, to best receive the new wood. (Photo: Author) 
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little. This enables a good bond to be 
made even when a thick bed is spread 
over a somewhat irregular surface as 
in the present instance. The bottom of 
the roof rafter was then shimmed with 
pine to replace the rotted lower section. 
Figure 12, photographed from inside 
the pediment, illustrates not only the tie 
beam infill, but also the new rafter base. 

Originally the beam and rafter were 
secured together by a mortise and 
tenon joint. As this connection no longer 
exists, a steel plate, secured with lag 
screws, was made to connect the mem
bers. The plate has the effect of helping 
to prevent any tendency of the rafter to 
thrust outward, although other framing 
members in the area also tend to re
strain it. In this case the steel plate was 

not installed in the manner character
istic of the other roof repairs made dur
ing this project. The preferred tech
nique should have been used here, 
namely, steel plates on both sides and 
one inch through-bolts connecting them. 

Critique of treatment 
In retrospect, an improved technique 
would involve drilling the sides of the 
cavity and using a squeeze bottle to 
inject the holes with epoxy consolidant. 
Ideally the glue should have also been 
thickly spread onto the infill wood. It 
should be sufficiently thick that some 
becomes forced out of the top of the 
joint when the new wood is fitted into 
place. This forces out trapped air and 
helps to insure a long and continuous 
bond. 

Again, it should be emphasized, that 
in this application the primary bending 
and shear stresses are borne by the 
new wood. The epoxy is merely an ad
hesive used to laminate the infill and 
consolidate the useful parts of the old 
wood. 

Figure 12. Longfellow House, Central Pedi
ment. Roof Tie Beam. This interior view 
shows not only tie beam infill, but also the 
piece used to shim the rafter base. These 
have been glued in place with epoxy ad
hesive. It should be noted that the framing 
elements have lost the mortise and tenon 
joint that formerly connected them. (Photo: 
Author) 
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LONGFELLOW HOUSE, 
EXPOSED RAFTER 
CONSOLIDATION 

Existing conditions 
Yet another badly deteriorated roofing 
member was exposed after roof sheath
ing was removed in order to inspect the 
framing in preparation for reslating. A 
roof rafter framed into the chimney girt 
showed an area of extensive water and 
insect damage. Only the shell of the 
rafter remained for 4 feet of its length. 
Fortunately, from below, the exposed 
rafter still maintained an excellent visual 
appearance in the finished room. In 
fact, the rafter was painted to resemble 
wood graining. 

Repair criteria 
One excellent rationale for the use of 
epoxy consolidants is to preserve the 
appearance of structural timbers that 
are exposed on the interior of the build
ing, as occurs in this case. The rafter 
was judged not to be subject to signif
icant stress; it had to support only 
the weight of the roofing material di
rectly above. Thus, although the mem
ber was badly damaged by water and 
insects, epoxy consolidation and infill 
with new wood was deemed practical 
because little structural strength was 
necessary. 

Preservation treatment 
Removal of the rotted section resulted 
in a key-shaped cutout in the rafter (fig
ure 13). The depression was prepared 
for strong consolidant No. 1 by 
using plywood and caulking compound 
to prevent liquid epoxy from flowing 
freely out of the cavity (figure 14). Since 
insects had effectively drilled channels 
through the remaining wood, no further 
preparation for consolidation was nec
essary. The consolidant was applied 

Figure 13. Longfellow House Exposed Rafter Consolidation. View from above after re
moval of roof slates and sheathing. Deteriorated section of rafter has been removed 
producing a key-shaped cavity. A purlin is shown framed into the rafter. (Photo: Author) 

Figure 14. Longfellow House. Exposed Rafter Consolidation. Rafter cavity shown prepared 
for consolidation by using plywood and caulking to close cavity. (Photo: Author) 
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with a brush. Care was taken to coat 
the wood repeatedly until further ab
sorption appeared to cease and the 
surface appeared wetted. Overnight 
setting was required priorto application 
of the non-shrinking Allied Resin E 152 
adhesive. Again, this material permits 
a thick glue line on the uneven surface 
assuring a good bond. New wood was 
also adhesive coated and fitted into the 
cavity. The completed repair, illustrated 
in figure 15, retains all the integrity of 
the interior appearance. 

Critique of treatment 
This approach should be considered 
the method of choice for the conser
vation of exposed interior framing. If 
space had permitted, bolts, and per
haps a longer bottom section of the 
"keyhole," could be added to increase 
the amount of loading acceptable on 
this sort of patch. 

Figure 15. Longfellow House. Exposed Rafter Consolidation. Consolidant was brushed on 
the sides of the cavity so as to saturate it. After this cured, the cavity was thickly lined with 
Allied Resin E 152 epoxy adhesive. The bottom and sides of the new wood were adhesive 
coated and fitted into place to complete the repair. (Photo: Author) 
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Repairs to Historic Wooden Trim 
The semi-rigid wood patching com
pound used either alone or in combi
nation with wood consolidation offers 
an outstanding method for repairing 
hand-carved or turned trim elements. 
In addition, the patching compound 
simplifies all conventional wood repairs. 
Typical usesofthe patching compound 
will be detailed using examples drawn 
not only from the Longfellow House, but 
also from work done to restore the fire-
damaged Hyde Mansion in Bath, Maine. 
Figure 2 highlights the areas at the 
Longfellow House where the nonstruc
tural repairs involving epoxy materials 
to be described were made. 

LONGFELLOW HOUSE, TURNED 
BALUSTER 

Existing conditions 
The east and west piazzas as well as 
the roof of the Longfellow House have 
hand-turned wooden balusters. Many 
elements of these balustrades were 

Figure 16. Longfellow House. Turned Baluster. A typical unit shown after paint removal 
prior to repair. There are cracks along the grain as well as missing pieces. It should be noted 
that very well-bonded paint need not always be removed prior to application of epoxy 
patching compound. 

Figure 17. Longfellow House Turned Baluster Semi-rigid patching compound No. 1 is applied to fill the smaller holes using a putty knife. 
Care must be taken to prevent air from becoming trapped behind the patch as this will weaken the bond. (Photo: Author) . 
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split, cracked, rotted, or missing alto
gether. Figure 16 shows the "before" 
condition of a typical baluster after initial 
paint removal. 

Repair criteria 
Using epoxy patching compounds and 
epoxy adhesives it was possible to re
condition the balusters without incur
ring the high expense of having new 
hand-turned units fabricated, while at 
the same time preserving the valuable 
historical fabric. 

Preservation treatment 
Surfaces were prepared by paint re
moval and smoothing out the more ir
regular gaps. Allied Resin E 152 ad
hesive, with a small amount of phenolic 
microballoons added, was used to fill 
the areas where the wood was split 
along the grain. Although the quantity 
of microballoons added was not spe
cifically measured, the amount was 
governed by the goal of obtaining a stiff, 
but still workable, paste. The adhesive 
was needed to prevent further splitting 
of the wood. The microballoons were 
added to make the cured epoxy easier 
to work, although this was at the ex
pense of some degree of bond strength. 
Semi-ridgid patching compound No. 1 
was used to fill small holes and surtace 
irregularities. 

This material is less strong, but more 
workable than the E 152 adhesive. In 
figure 17 this material is applied to fill 
surface irregularities. The E 152 ad
hesive was used to glue new wood into 
the largercracks. Available wood scraps 
were used for this purpose. Smaller 
pieces of wood were laminated with 
adhesive to provide larger blocks. Infill 
pieces were oversized as final sizing 
was accomplished after curing of the 
epoxies. Figure 18 shows the repair 
ready to be clamped for drying. A day 
of drying is required before the final 
planing, carving, and sanding is un
dertaken. The repaired baluster is shown 
ready for repainting in figure 19. 

Critique of treatment 
This procedure has proved anexcellent 
method to preserve historic fabric with 
readily applied conservation techniques. 

Figure 18. Longfellow House Turned Baluster. Larger gapswerefllledwithnewwood 
attached with epoxy adhesive. Oversized infill are to be shaped after epoxies have 
cured. The larger block was clamped for drying. (Photo: Author) 

Figure 19. Longfellow House. Turned Baluster. Baluster has been sanded, planed and 
carved to obtain correct contours. The completed baluster is now ready for repainting 
(Photo: Author) 
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LONGFELLOW HOUSE, PORCH 
HANDRAIL 

Existing conditions 
Epoxy procedures have been applied 
to fill narrow cracks and holes in bal
ustrade handrails and porch steps at 
the Longfellow House. We will illustrate 
the technique in the instance of the 
handrail. Although basically sound, the 
railings were in need of attention to 
smooth the surfaces. 

Repair criteria 
Patching with epoxy patching com
pounds was the method chosen to pre
serve historic fabric. 

Preservation treatment 
The handrail was removed from the 
balustrade and the paint stripped with 
the aid of heat. Some of the surface 
irregularities were slightly enlarged to 
give larger and more regular surfaces 
for adhesion of the epoxy filler (figure 
20). More regular voids are easier to 
completely fill with semi-rigid patching 
compound No. 1. The material was 
forced into the hole with care taken to 
prevent trapping air behind the filler 
(figure 21). Obviously, a maximum con
tact area between the patch and old 
wood is desired. The workability of the 
dried filler is illustrated well by figure 
22. The patching compound is flexible 
and easily chiselled or planed because 
of the inclusion of the spherical, non-
bonded microballoons in the epoxy 
formulation. 

It must be emphasized that in finish
ing woodwork that is to be exposed to 
the weather, care must be exercised in 
removing all excess patching com
pound from the surface. This is to pre
vent water from becoming trapped un
der the patch. Figure 23 shows a 
schematic section of the handrail illus
trating the correct surface preparation 
for repainting. 

Critique of treatment 
Correct removal of excess epoxy ma
terial on the surface must be strongly 
stressed. Painting to prevent ultraviolet 
degradation must be done. 

Figure 20. Longfellow House, Porch Hand
rail. Soft wood was removed from surface 
and cracks. Very narrow cracks were slightly 
enlarged to make filling with patching com
pound easier and to provide more area for 
bonding the patch. (Photo: Author) 

Figure 21. Longfellow House, Porch Hand
rail. Semi-rigid patching compound No. 1 
was used to till the cracks. A putty knife was 
employed to force the material into the 
openings. 
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Figure 22. Longfellow House. Porch Hand
rail The epoxy patching compound is easily 
planed as well as sanded. (Photo: Author) 

Figure 23. Longfellow House. Porch Hand
rail. Filler on the surface must be thoroughly 
removed before painting to prevent water 
from becoming trapped below the patch. 
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LONGFELLOW HOUSE, REPAIR 
OF COLUMN CAPITAL 

Existing conditions 
Several of the wooden column capitals 
from the Longfellow House piazzas had 
rotted due to the action of water. These 
capitals were, in fact, split into several 
sections. In some cases small pieces 
were missing. 

Repair criteria 
Epoxy repair was the preferred route 
based on both economic and preser
vation criteria. 

Preservation treatment 
The repair in this instance made use of 
not only an epoxy patching compound 
and an epoxy adhesive, but also strong 
consolidant No. 1. Each section was 
strengthened by applying the consoli
dant to the porous inner surface as 
shown in figure 24. The wood was too 
weak to allow paint removal prior to 
consolidation. This is a good example 
of a nonstructural application of the 
epoxy consolidant. The pieces of the 
capital were reassembled using the two 
part epoxy adhesive, Allied Resin E 
152. The checks between the sections 
on the surface of the capital were then 
filled with the semi-rigid patching com
pound No. 1. The surface was sanded 
in preparation for painting. 

Critique of treatment 
This repair shows how the consolidant 
may be used to prepare trim elements 
for further piecing and patching result
ing in the maintenance of original build
ing fabric while effecting significant 
cost savings. 

Figure 24 Longfellow House, Column Capital. Each part of a capital from the porch 
columns was treated with strong consolidant No. 1 along the inner surface. A squeeze 
bottle was used to apply the epoxy. The paint was left on the outer surface as it prevented 
the consolidant from running out at the other side. (Photo: Author) 
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HYDE SCHOOL, WOOD TRIM 

Existing conditions 
Figure 25 shows a portion of the interior 
carved wood cornice from the Hyde 
Mansion in Bath. Maine. This building, 
an elaborate Georgian Colonial Revival 
home built in 1910, designed by John 
Calvin Stevens, is now the mam admin
istration building for the Hyde School. 
A fire in 1975 extensively damaged 
wood panelling, trim, and decorative 
plasterwork. Small sections of the elab
orate cornice molding shown in figure 
25 had lost detail. Carved brackets suf
fered similar loss of detail. Voids in door 
and window sills required filling. 

Repair criteria 
Epoxy repair was quicker and more 
economical because most of the dam
aged material was ornate and hand-
carved. Sills and casings can be re
paired more rapidly by patching than 
by cutting new wood to fill voids and 
then gluing in place. 

Preservation treatment 
Areas mentioned were carefully filled 
with semi-rigid patching compound No. 
1. Care was taken to follow the hole size 
and filling guidelines specified in the 
section on "New Materials, Preparation 
and Application" of the patching 
compound. 

Critique of treatment 
Craftsmen were uniformly well-pleased 
with the workability of the cured epoxy. 
Figure 25 shows the material being 
worked to recreate the proper cornice 
profile. A filled hole is being chiseled 
level in figure 26. Window sills were 
readily filled with patching compound 
faster and at a lower cost than would 
be possible in the case of replacement. 
Since skilled craftsmen able to fabricate 
and carve various trims are rare and 
expensive, the value of this restoration 
procedure is great. 

Figure 26. Hyde School. Wood Trim. Patch
ing compound was used to lilt a hole in a 
door casing. It was chiseled level alter it set. 
(Photo: Author) 

Figure 25. Hyde School. Wood Trim. An elaborately carved cornice had lost detail in a 
lire. Epoxy patching compound was applied in areas where wood was lost. An electric 
hand grinding tool was used to restore detail. (Photo: Author) 
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2 Summary 

The preparation of two epoxy consoli-
dants and an epoxy patching com
pound for wood have been detailed. 
Instructions for application of these 
materials have been provided. A study 
of these sections, coupled with the case 
study examples, is intended to provide 
the craftsman, conservator, or historic 
property administrator with a relatively 
complete working knowledge of the 
newly developed wood conservation 
techniques. 

Cnteriaforapplicationofthese epoxy 
methods stress the convenience as well 

as economic advantages of epoxy 
technique for retaining massive, histor
ically significant original building timber 
as well as ornate trim. No special skills 
or equipment are required to repeat 
these procedures. 

It must be stressed that these tech
niques are new. Other applciations of 
the materials are still being docu
mented. It is hoped that interested 
craftsmen who try these techniques will 
share their knowledge and experience 
so that epoxy wood repair will become 
a more standard and widely applied 
conservation technique. 

Testing and research aimed at de
termining the long range durability of 
these materials is only beginning. In
deed, the repairs described in this pa
per represent a field test of these ma

terials. The virtues and drawbacks of 
the materials still need further eluci
dation. This will only be possible after 
we can evaluate many epoxy repairs. 

At present the chemicals necessary 
for making the materials are not widely 
available for purchase in small quan
tities. Certainly, as this technology be
comes more widely applied this situa
tion should be eased. Possibly, in the 
future, these or improved products suit
able for wood repair will be available 
prepackaged. 

Finally, comments and feedback on 
these techniques and materials are 
welcomed. 
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Appendix 

Manufacturers of Materials 
Discussed in this Study 

Prepared by Morgan W. Phillips 

ARCO Chemical Company. Division of 
Atlantic Richfield Co., ARCO Ra
diation Process Center, P. O. Box 
115, Karthaus, Pennsylvania 
16845. 

B. F. Goodrich Chemical Company, 
6100 Oak Tree Boulevard, Cleve
land, Ohio 44131. 

Cabot Corporation, 125 High Street, 
Boston, Massachusetts 02110 

CDI Dispersions, 27 Haynes Avenue, 
Newark, New Jersey 07114. Sup
pliers of dispersed color 
pigments. 

Ciba-Geigy Corporation, Ardsley, New 
York 10502. 

Daniel Products Company, 400 Clare-
mont Avenue, Jersey City, New 
Jersey 07304. Suppliers of dis
persed color pigments. 

Dow Chemical Company, Midland, 
Michigan 48640. 

Dow Corning Corporation, Midland, 
Michigan 48640. See especially 
brochure on "Silane Coupling 
Agents." 

DuPont Company, Plastics Depart
ment, Polymer Products Division, 
Wilmington, Delaware 19898. See 
brochure on "Methacrylated 
Wood." 

Emerson and Cuming, Inc., Canton, 
Massachusetts 02021. 

General Mills, Inc., Chemical Division, 
4620W. 77thStreet, Minneapolis, 
Minnesota 55435. 

Jefferson Chemical Company, 3336 
Richmond Avenue, P. O. Box 
53300, Houston, Texas 77052. 

Monsanto Industrial Chemical Co., 800 
N. Lindbergh Boulevard, St. Louis, 
Missouri 63166. 

Shell Chemical Company, Polymers 
Division, One Shell Plaza, Hous
ton, Texas 77002. 

Thiokol Corporation, Chemical Division, 
930 Lower Ferry Road, P. O. Box 
1296, Trenton, New Jersey 08607. 

Union Carbide Corporation, 270 Park 
Avenue, New York, New York 
10017. 

Wilmington Chemical Corporation, P. O. 
Box 66, Wilmington, Delaware 
19899. 
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