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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 putin 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 of 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 and holes in the exterior surface while
the post was filled with penetrating epoxies.
(Photo: Author)
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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 personis 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)?

RESULT OF RESEARCH AND
TESTING

If research and testing to date have
been preliminary and tentative, what
has been accomplished? 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 enough? 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 also that
such materials are likely to be applied
by workmen not trained in conservation,
and must be purchased and applied
in large quartity 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
epoxy consolidants for rotted wood, but
none have been thoroughly tested as
materials for conservation. As for patch-
ing 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; butwhenthe 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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BASIC APPROACH

The basic approach used in consoli-
dating fragile architectural woodwork
is to impregnate the wood with a ma-
terialinliquid 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.?

REQUIREMENTS FOR WOOD
CONSOLIDANTS; CHARACTERI-
ZATION OF EPOXIES

In designing a product for a specific
purpose, itis 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 imprdctical 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

H\ /H

/C=C\ ethylene (a monomer)

H

TR ER eyes
L L L polyethylene

(,:_(F C| C| CI: C|; (a polymer)

HHHHHH

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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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. Asecond 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 achemical 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

4

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
as those 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
/O\
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:

o H CHy HOHOH CHy M 0o
HCCCoOo = 01C-¢-C-0 ¢~ otc-¢-tH
W cry HOOHH CHy MoK

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

|
H—(‘J—H
H

or an abbreviated form may be written
as:

CH,

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 (NH,).
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Most are colorless or brownish-yellow
liquids having the general formula

i i
R_,Tj or R—N or R;—N
H

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 diamine, with three a
triamine, and so on. A simple amine is
ethylene diamine:

i
HzN—?—ﬂZ—N H,
H H

Amines of the structure RNH, are
called primary amines; R,NH 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:

H,N(CH,),NH(CH,),NH,

The name of this compound indicates
that it has three amine groups (a “tri-
amine”) and two ethylene groups (“di-
ethylene'’; the ethylene groups are the
(CH,), groups). Thus triethylene tetra-
mine, another common curing agent
has three ethylene groups and four
amine groups:

H2N(CHz)o:NH(CH;).NH(CH).NH,

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:

| /O\ 7' (IDH
R—ITHH —C{)—(‘:—R'——»R»uN»—C =R

L1
H H H H H

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-NH,). 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 (R3;N) 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.? In general, itis 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

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

,polymeric -

/ .
,’IL‘\ ! / monomeric

z units

P

chains\\{/ \ s/

N

a. Linear polymer (polymeric chains
not interconnected).

I_l

— —

(B ‘i;monomeric units

— — —

b. Cross-linked polymer (polymeric
chains linked together).

Figure 3. Linear and cross-linked polymers.
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<+«wwwp  epoxy molecules

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

amine molecules

—
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amine molecules

epoxy molecules

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