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Introduction

OBJECTIVES OF THIS STUDY

This paper has two main subjects: 1)
low-viscosity epoxy consolidants that
can be soaked inte 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 campounds
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 abte 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
conservalion as any suggested herg,
but it was felt to be impartant to make
the basictechnology known tothe 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 resing. Subsequent sections of
this papar 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
Woed consolidants and patching com-
pounds can permit deteriorated original
woodwaork of historical value to be re-
conditioned and retained in place,
sometimes even serving aload-bearing
tunction (figure 1). Efficient consoli-
dants and patching compounds are
teing developed concurrently with a
philosophical trend toward conserving
‘historic architectural fabric, rather than
replacing 1. Such conservation in situ
is the most important chjective inusing

these materials. However, some other
objectives are equally well served. One
is the elimination of chronic trouble
spots in wooden buiidings. For exam-
ple, wocd inchronically 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 waod
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-
seumn objects, buildings cannct nor-
mally be putin storage under controlled
cenditions. Their exteriors are under
constant attack by the weather, and, in
crder to maintain the building’s security
against the weather, defective portions
must-either be replaced or recondi-
ticned. In the case of woodwork that is
rotting or admitting rain, the choice is
farced: either replace the element ar
consolidate and patch. If the woodwork
has historical value as part of the build-
ing's early fabrig, replacement is usu-
ally the least desirable of all aiterna-
tives, because it diminishes the amount
of surviving historic fabric. Admittedly,
replacement with a reproduction may
be the best choice for a woaden ele-
ment of great delicacy and exceptional
valug, if the original can realistically be
expected to be given proper and per-
manent storage as a museum cbject
after it is removed. For example, an
antique wooden weathervane wouid be
such an element. However, the record
in architectural conservation clearly

Figure 1. Section of structural cak post con-
solidated with epoxies. Insect damage had
converted this past to a holiow, powdery
shell. Wax and clay were used to stop up
cracks and holes in the exterior surface white

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 palicy of removing and
replacing woaden elements has been
adopted in a rastoration project, the
number of pieces removed usually pe-
comes too large for proper accession-
ing and storage, and some future main-
tenance personis aptto throwthe 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 projeciwere preliminary. Gnly 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 determing 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
differantly 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 far-
mulations according to information
gained from testing.

In agdition, 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 buitdings 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 failurg)?

RESULT OF RESEARCH AND
TESTING

If research ang 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 praperties 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 Scciety for the Preservation of
New England Antiquities.

How good is good enough? The ar-
chitectural conservator and the con-
servatar of museum objects might an-
swer this guestion differently. In
architectural conservation, cenain
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 restare 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 applieg
in large quantity at reasonabie cost, In
arder to meet such requirements, an
architectural conservator may have to
use materials that would not satisfy a
museumn 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-
tarials must be used. When confronted
with rot, cracks, or holes in wood, the
architectural conservator surveying the
range of practical treatments now availl-
able for exterior woodwark finds that
none are perfectly tested and groven
in service. There ara some proprietary
epoxy consolidants for ratted wood, but
none have been thoroughly tested as
materiais for consarvaton. 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
proprigtary products-—are much more
suitable for building canservation than
the materials now in comman use. Thus,
inthis case. "good enough to use ™ sim-
ply means material as good as, or batter
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 whenthe only practical
alternative is completely replacing a
valuable piece of woadwork, 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
hopeas that same of them will serve well,
and that they will be refined through
further research and testing, and
through critical observat:on of their per-
formance in actual service.



Wood Consolidation

BASIC APPROACH

The basic approach used in consoli-
dating fragile architectural woodwork
15 10 impregnate the wood with a ma-
terialin higuid form, thatis able to solidify
inthe wood. Awide variety of materials
can be used. For most architectural
woodwork, synthetic resins are gener-
ally the maost 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" arg ex-
amples of terms that are somewhat
ambiguous chemically but quite spe-
cific in regard to physical properties.
The term “resin” lkewise describes
physical properties more than chemicai
properties: resins generally have no
significant crystalline structure or dis-
tinct X-ray diffraction pattern; they tend
ta 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 anes. 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 consalidate museum
objectsinsituations wherelittle strength
is required in the end product. The
greater strength potentially attainable
inresins makes them generally tha most
useful materials for consolidating
woodwark that is to remain in service
as par of a building.

“Palymer” is another term that re-
quires clarification. Robern Feller de-
fines a polymer as "a compound in
which a large number {poly) of identical
or similar atoms ar groups of atoms
{reprasenting the monomer) are united
by primary chemical bonds™ (figure 2}

Most resing are polymers—as are most
rubbers. waxes, and many other ma-
terials used in conservation. About res-
ing, 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 preteins are properly
called natural polymers, while other
substances, natural and synthetic,
are siill designated simply as
resing.2

REQUIREMENTS FOR WOOQOD
CONSOLIDANTS; CHARACTERI-
ZATION OF EPOXIES

In designing a product for a specific
purpose, itis ugeful 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 afluid state inorder
tc be absorbed into a2 poreus material
such as wood or stona. 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 cocling.
Hot-melt systems are impréctical for
mast on-site architectural carpentry,
although hot-wax impregnation is used
for porlable wooden objects by labo-
ratories having the appropriate
equipment,

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

H /H
C= ethylene (a monomer
{ C\H y )

polyethylene
{a potymer)

I-O-1T

T-O-X

I-O-T

I-O-T

I-O—I

I—-0O—T
4

Figure 2. Monamer and Folymer.

"Robert L. Feller, Nathan Stolow, and Eliz-
abeth H. Jones, On Picture Varnishes and
Their Solvents, rev. ed. (Cleveland and
London: Press of Case Westermn Reserve
University, 1871}, p. 119.

2bid.



Wood Consolidation

systems, coalesces). Although salvent-
loss systems are used in wood con-
solidation, they have several disadvan-
tages. One is the shrinkage that gen-
erally accempanies the loss of the
solvent. In a fragile piece of wood, this
shrinkage can lead to contractile
stresses. Asecond disadvantage isthat
afluid 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
sclvent. Athird prablem arises when the
evaporation of the solvent produces a
porous structure. The resuit may be
weaker and more susceptible to mais-
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-mett and solvent-loss
systems in that conversion to solid oc-
curs by a chemical reaction. Because
there is no solvent to evapeorate, sclid-
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 congolidated material. The
chemicai reaction involved in solidifi-
cation may take the form of linear po-
lymerization: the formation of chainlike
linear pelymers from monomers (figure
2). For example, the acrylic monemer,
methyimethacrytate, 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 malecular weight: that is, rela-
tively shert 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 ancther 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 objsct
before chemical sclidification has had
time to oceur.

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 rasin 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 s intended to harden
principally by a chemical reaction rather
than by salvent 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 facters 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

R
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 diglycidy! ether of bis-
phencl-A, commaonly abbreviated
DGEBA. It has the following idealized
structure, where the value of "'n” can
vary:

1
P [y v n L Sy no@
adt-codf W& \—oi-lf:-ci‘:fo‘v —ed Y are-d-bom
"MK i - R L

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 cn
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 atomns with an epoxy group at each
end, which can serve as a linkage point
with other molecules. DGEBA resins
caontribute high strength, adhesion, and
insclubility to epoxy formulations.

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

H
g
H

or an abbreviated form may be written
as:

CH,

or, hydrogens net 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 flunc-
tional greups in other molecules. In
epoxyformulations most usefui for rcom
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 ccolorless or brownish-yellow
liquids having the generai formula

i i
Fl—fl\l or B—N or R;—N
H

R, above, is a generalized symbol for
other portions (“radicals™} of the mo!-
ecule, usually carbon and hydrogen
chains (alkyl radicals) or rings. A com-
pound with two amine groups per molk-
acule is called a diamine, with three a
triamine, and so on. A simple amine is
ethylene diamine:

)
H,NfCI—(!J—NHz
H H

Amines of the structure RNH, are
called primary amines; B;NH amines
are called secondary amines; and RN
tertiary amines. A widely used curing
agent containing hoth primary and sec-
ondary aming groups is diethylene
triamine;

HaN(CH, J,NH{CH,),NH,

The name of this compound indicates
that it has three amine groups (a "tr-
aming”) and two ethylens groups (“oi-
ethyieng'’; the ethylene groups are the
(CHy), groups). Thus triethylene tetra-
mine, ancther common curing agent
has three ethylene groups and four
amire groups:

HN{C Hy o NH{C Hp )aNH{C Ha )N H,

In epoxy curing reactions with pri-
mary and secondary amines, the nitro-
gen of the aming group forms a bond
with ong of the carbons of the epoxy
group. In that process, the three-
membered epoxy 1ing is opened and
the nitrogen of the amine group loses
one of its protons (H* ions), so that, in
the end, the nitrogen stit 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:

0
! I |

RN HH—CoC—Ri- R ¢ CR
H

H H H H H

The numper 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 hydragens. Figure 4 is a sche-
matic representation of a diepoxide
cross-linked with a primary diamine
(HaN-R-NH;}. Note that since each pri-
mary amine group has two “active” hy-
drogens, ang since each amine mole-
cule has two amine groups, each ofthe
primary diamire 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 te link at beth ends
rather than just at one end. Thus it must
be at least a diepoxide. If it has only
one epaxy droup, it can be tied at only
one end and thus is useless as a con-
necting iink (figure 5}. In the same way,
amines must be able to form at least
two bonds to serve as connecting links,

In tigures 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 erthe 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 & 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 (R;N) are used
as curing agents, the curing mecha-
nism is quite different from that atready
described. Different theories exist con-
cerning the details of tertiary amine cur-
ing.? In general, itis fel{ that the tertiary
amine mgiecules do not act principally
as links themselves but rather cause
epoxy molecules to ¢ross {ink with each
cther 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 N\
-"'.'L-"‘" { ™~ monomeric
N B WY [~ uns
\ 4 ’
chaing*~L~"  \ 7
\ o —

Tl

a. Linear polymer (polymeric chains
not interconnected).

i
i ‘-4 MONCMeric units
S\
/ ‘4
g :
b. Cross-iinked polymer (polymeric
chaing linked together).
Figure 3. Linear and cross-linked pofymers.

amine molecules

<

o £POXY Molecules

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

amine molecules

—

e ROXY Molecutes

Figure 5. Monofunctional epoxide reacted
with & primary diamine. No cross links are
formed.
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been propused as shown below.*
First the tertiary amine apens the
epoxy ring:

(reaction a.) o

Q 0
AN ) [
RN + CHy—CH— —R,N-CH,-CH-~

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.)
,O\

@ ) ®
ByN-CHy CH -+ Chy—CH— — ByN-CHy CIH
!
0 s
g 7
- CH—CH -

Q
=]

It can be seen from the above reaction
thatin homopalymerization 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.® 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-amine-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 ta 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
tayers 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
pasitive and negative charge) and may
therefore be less stable under some
conditions than if it were non-ionic. This

6

ionic character is due to the fact that
a tertiary amine has no active hydrogen
thatit can loss to compensate for a new
covalent bond on the nitrogen. Having
formed a covalent bong with an epoxy
molecule, for example, 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
evenifthe positive charge is neutralized.

I

c

|
o
1]

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.

Epcxy/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 it allows plenty oftime
far 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 e to have a slow curing rate to
allow the deepest passible penetration.
Typical commercial epaxy consclidants
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 controt that can be exerted
over curing rates through selection of
different resins, curing agents, and
accelerators.

Durability

The architecturai conservator and the
museum conservatar 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 rasistance to photochemical
degredation since he is principally con-
cerned with objects that are kept dry.
Most epoxy farmulations are subject to
deterioration principally by yellowing,
under the influence af 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 usuaily do not have in mind
for their products the extremely long life
spans that conservators of museum
objects expect from the matesial§ they
use. Little work has been done in at-
tempting to predict the behavior of
epoxies after a century'saging crmore.
Cenrtain acrylics, by contrast, have been
subjected to the most careful scrutiny
for use as varnishes for valuable
paintings.$

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

C H
e \\\(1:/
C
e \C,// \‘H
|_|.| Benzene
abbreviated notations

of aromatic ring
4bid.

Sibid, p. 39.

SFeller, et al., On Picture Varnishes, pp.
117-218.
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{In industrial literature the aromatic ring
is sometimes improperly denoted by a
plain hexagon ((})

Some epoxies lack this particuiar ring

structure and are therefore, by defini-

tion, classed as aliphatic compounds.

H H H H
H——(|J—C—(|3—C—H n-Butane
Vi
straight-chain aliphatic
structure

—H Isobutane

branched aliphatic
structure

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

"O* -

examples of cycioaliphatic 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 commonty considered that an
aliphatic structure gives improved re-
sistance ¢ photochemical deteriora-
tion. Accordingly, this writer attempted
to produce good epoxy consclidants
and patching compoungs using only
currently available and weli-known ali-
phatic resing ang 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 praduct in most room-tem-
perature-cured systems (judged by
strength and resistance to water}. Morg
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 equat 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 commaonly used
epoxies when dealing with wooden ob-
jects of great aesthetic value. Un-
painted woodwark might also offer many
0CCasions ta use acrylics, since color
retention would be ofimportance. When
consalidating 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
LS. firm offering custom impregnation
with acrylic monomers is ARCO (see
appendix). Where strength is not im-
portant, pre-polymerized acrylic resins
dissoclved in solvents can be skillfulty
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 anly the surface zone
of an object needs consoclidation.
Acryloid® B&7 in mineral thinner and
Acryloid® B72 in aromatic hydrocarbon
solvent, both Rohm and Haas products,
are two acrylic sclutions of great color
stability, which can be thinned with ad-
ditional sotvent and then brush applied
as penetrating surface consclidants.

Reversibility; thermoplastic and
thermosetting resins

In the conservation of museum objects,
a high premium is placed on the re-
versibility of all ireatments, 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 remaving the resin would be by
dissolving the cured resin in a solvent
and then washing it out of the object or
possibiy volatilizing it. Cured epoxies
are not redissoluble to any practical
extent,

Related to the problem of reversibility
isthe 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. Thermoselting resins are gen-
erally of the network or cross-liinked
type and once cured, cannot be melted
ordissoived. Epoxies are thermosetting
resins, Most acrylics are thermoplastic;
cerlain ones such as Acrytoid® B72 are
particularly vaiued as removable pro-
tective vamishes{or paintings.

Removal of a thermaplastic resin by
dissolution becomes much more diffi-
cult when, rather than serving only as
a sutface coating, the resin is diffused
through a three-dimensional cbject,
such as a piece of wood. Moreover, the
practicatity 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. Cenain 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 reguires a fair propor-

7
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tion of its original strength. Epoxy con-
solidants can be formutated to provide
high strength to theroughty rotted wood.
(The term strength is used loosely here
to include various concepts such as
elastic madulus and hardness.)

There are many cases in which an
extreme valug of strength is not desir-
able. Where consclidated wood must
be nailed, planed, sanded, orotherwise
worked, excessive strength can cause
inconvenience. Furthermore, where onily
a partion of a wooden member is un-
sound and reqguires impregnation, ex-
cessive strength in the consclidated
portion may induce stresses in nearby
unconsolidated wood. It must be re-
memberad that an impregnant almost
invariably alters the mechanical prop-
eries of wood, such as its character-
istics of expansion and contraction with
changes in humidity and temperature.
if orne portion of a woodenitem is made
extremely strong by impregnation, and
then respands differently from the un-
treated partion to changing loads or
environmental conditions, the relation-
ship betweean 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 anly
a portion of a piece of wood is to be
impregnated, itis probably a good gen-
eral policy to keep the strength of that
portion below that of the untreated,
sound portian. 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
isto 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 oramine 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 praduce 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-inked structure is more
rigid can be understood by a simple
architectural analogy: a wooden frame
with shaort timbers bracing each other
at frequent intervals is stronger than a
frame with long timbars less frequently
interconnected.

A high order of flexihility, 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 ars flexible because
their molecular chains are nat anly very
long but also highly “kinked' or crocked.
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 achievad 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-
ihilize” 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 enter intothe molecular structure
of the cured resin; these are in a sense
separate from or external to the malec-
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 b a
plasticizer molecuie 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: shart chain seg-
ments frequently cross linked. High
cross-link density.

plasticizer
malecule

B6b. “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.
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other reasons for using plasticizers are
to control viscosity, cure rate, and ather
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-farming materials.
Although intimately dispersed through
the cured resin, they remain as free lig-
uids and might eventually evaporate
from the resin, or migrate out in the lig-
wid 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 scme perform well,
the purchaser does not know the pre-
cise composition of such products and
can evaluate therr comparative perfor-
mance only by long-termtesting of each
product.

Al 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 ngid with time, since that
which is considered the curing period
is not long enough for all passibie cross
links to be formed. The process of
cross linking or curing goes on tor 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 encugh 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 consclidants
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 untraated wood.

Low viscosity
it little or no solvent is to be used to
“thin down'' a liquid resin used as an

impregnant, the resin itselt must have
low encugh inherent viscosily to permit
easy penetration of deteriorated woed.
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 consolidanis have been made
“thin” encugh to peneirate deteriorated
wood easily.

In tormulating for low viscosity, the
approach has been 10 start with a
DGEBA epoxy resin of lower molecular
weight {and therefore lower viscosity)
thanthe most common grade ot 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
thart resins, since they do not generally
produce goed 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, istheirgreat
advantage over olher 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 diluenis 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 matierial 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 1o
nothing else. Butyl glycidyl ether is a
common monofunctional diluent:

Q
C}-ig(CH,):,OCHEC/i-/i—\*CHz

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

ends and thus participate in the for-
mation of a cross-linked system. Forthig
reasen they do not weaken a cured
product as much as monofunctional
diluents and can be used in much
higher proportions without danger of
rendering the final product overly weak,
cheesy, or water soluble. A typical di-
functional reactive diluent is 1,4-buta-
nediol digiycidyi ether {Ciba Araldite®
RD2}):

Q
7N N\
CHz_C HCHzO(C Hg)4OC ch H‘_CHg

Low toxicity

Uncured epoxies and amines must not
beingested. 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 wormn
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 suggeste‘d 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 repont, no tests were made to eval-
uate the paint-holding abifity or com-
pleteness of cure ofthe suggested con-
sokdants, but the two formulations now
in actual service appear to be holding
paint satisfactorily.

PROCEDURES

Formulation
The foregoing sections have discussed
9
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the ways epoxies, amines, and accel-
erators can be chosen and combined
to achieve desired properties, bath 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
evary potential bond is to be formed,
epoxies angd amines must be mixed to-
getherin such propartions that there will
be one active amine hydrogen forevery
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 favar of either the epoxies
or amines will merely result in some
epoxy malecules or amine molecules
being tied into the structure by fewer
than the maximum number of bonds.
In same cases, a non-stoichicmetric
ratio results in a more complete reaction
than a stoichiometri¢ ratio; many factors
affect the extent to which reactions are
driven to completion. A non-stoichio-
metric ratio in which some moleculas
remain anly 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 differant
cured resins, and such comparison
would be less meaningful if some for-
mulations were morg nearly stoichio-
metric thar others.

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

The calculatons usedto achieve stoi-
chiometry are simple. Epoxies all have
a cernain "epoxide equivalent weight”
(EEW), or "weight per epoxide” (WPE),
which is the malecular 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 meolecule is
380, and ifit contains two epoxy greups,
the weight per epoxy group is 380=-2
or 190.

The same measure is applied to
amines. The "amine equivalent weight”
(AEW) is the molecular weight diviged
by the number of active hydrogens.
Thus, if an amine molecule has a tctal
molecular weight of 230, and if it has
four active hydrogens, the molecular
weight per active hydrogen is 230+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 hydragen.
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 aslong as the same
unit is chosen for both epoxy and
amine. Thus if an epoxy has an EEW
of 180 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 biended, the follawing av-
eraging process is used to determine
the averall EEW of the mixed epoxies
or AEW of the*mixed amines. The equa-
tian below demonstrates the averaging
of EEW's for two epoxies but works in
the same way for any number ofepoxies
or amines.

EEW of mix =

Total Weight
Weight ofepoxy A | Weight ofepoxy 8
EEW of epoxy A EEWofepoxy B

Any nan-reactive materiats premixed
with either the epoxy or amine com-
ponent of a formutation must be in-
cluged 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-
nedicl diglycidyi 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-
crously mixed to insure that each epoxy
group “finds" an amine group. A two-
minute thorough mixing with a spatula
is not excessive for a smalltest 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
o the job in two containers, and a sim-
ple ratic given for the mixing of these
two fractions of the formulation by vol-
ume of material rather than by weight.
Such velume ratios can be derived by
specific gravities from the weight units
in which formulas are normally written.
Specific gravities are usuatly given in
the manufacturers’ literature.
Waight/volume conversicns canalsobe
made easily on a balance. Although
simple volume ratios are convenient on
the job, the accurate measurement of
matarials present in small proponions
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 atlow 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 simpie procedure is used to save
time in weighing out a formulation.
Some balances have a “targ" weight
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that permits the balance to be zerped
with anempty container on the piatform.
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 1ctal 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 materiai that should be
premixed and stored is governed by the
rate it is used and by the so-called
"shelflife” of the most unstable material
in 2 mix. The shelf life of most epoxies
and amines is good, but the formulator
should study the manufacturer’s liter-
ature on each proguct. 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 inthe container.
Storage at a steady and not too cold
temperature helps minimize this tend-
ency. If crystallization oceurs, these
resins can be melted by warming. Once
diluted with reactive diluents or cther
epoxy resins, they Iose their tendency
to crystallize.

Application

The essence of successful application
ofaconsolidant stogetitintothe wood
as effectively as possible. Conditions—
and pleces of wood—vary so much that
there can be no complete manual of
instructions in such a brief study asthis.
Paul Stumes discusses some applica-
tion technigues (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 10 introduce a liquid consoli-
dant is on the end grain where cap-
larity pulls it along through the cells
of the wood. When alang pigce must

be consclidated, one cannot expect
to get all the resin in through one end
or the other. In this case one can dril}
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 resinis absorbed
{figure 7). The holes thus act as res-
ervoirs. The holes should be drilled
across the grain and should be stag-
gered s0 as to expose the maximum
amount of end grain with the mini-

mum number of holes. Holes can be
slanted across a piece af wood at an
cblique ang'e in cases where this will
extend the maximum length of each
hole, exposing mare end grain. Where
penetrationis found to be difficult, the
holes in one staggered row can be

made 10 overlap those in the next.

. Avoid trapping air. Generally one

should work from one end of a piece
to the other, since resin entering a
piece otwood fromtwo ends cantrap
air inside the grain between the twao
advancing fronts of liquid. This air
can then prevent resin from pene-
trating further.

. Preventleakage. A consolidant may

occasionally flow out of pre-existing
hcles or cracks in a piece of wood.
Holes ar cracks can be plugged with
modelling clay. melted wax, or any
ot anumber of other matenals. Melted
wax can bea brushed over a whole
piece where there are many holes,
and later scraped off. (Wax shouid
not be used on a piece that must be
painted because the residue will in-
terfere with the adhasion of paint.} It
is best to plug hcles before wetting
the piece with resin, since it may be
difficuit to make the plugs adhere to
a wet piece.

. Be prepared for ““‘exotherm.” The

reaction of epoxies and amines lib-
erates heat. Chemical reactions pro-
ducing heat are called exothermic
reactions, and, inthe epoxy industry,
the phenomenon is referred to as
“exotherm.” When epoxies and

amines are mixed and used in small
guantities, the heat is rapidly dissi-
pated. In larger guaniities the tem-
perature may build up to high leveis.
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 fe-
action, heat build-up is a vicious cir-
cle and can lead 1o 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. Usewood preservatives correctly.
Water-rgpellent wood preservatives
contain waxes or other waier-repel-
ient 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-repelients. A solution of 7% (by
weight) arthophenylphenol in ethanol
has been used.

Fungicides can be added directly
to epoxy consolidants. Git-Rot®, a
well-known commercial epoxy con-
solidant, contains p.c;rﬁac:hlorophr—znol,7

RESULTS OF TESTS ON
CONSOLIDANTS

Consolidants cured at room tempera-
ture were tested for visible ar meghan-
ical deterioration after a week of soak-
ing in water. Both the consolidant itseff
and rotted wood treated with consoli-
dant were soaked. Weight gain during
soaking was not measured since no
emphasis was placed on reducing water

UJ.S. Patent 3,389,037; June 18, 1969.
1
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absorgtions to really low levels: in ser-
vice, painted woed is not expected to
be soaked.

The flexibility was only roughly as-
sessed, by manual flexing. All formu-
lations were cured at roomtemperature,
and some samples of each were then
pastcured in anaven 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 temperaiures.

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

Propably the most important test re-
maining is some test of paint adhesion
under extericr conditions. If unreacted
epoxy or amine is present in any of the
formulations it could stain or chemicalily
attack paint layers. The extent to which
allingredients in & test farmulation have
reacted should ideally be measured.
Adjustments could then be made inthe
proportions of materials used in order
to effect more compiete reaction. Two
of the consclidants (strong consoli-
dants Nos. 1 and 2) have beenin actual
service for about & 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 resuits. The suggested
formulations are those which passed
the simple tests described above. A
much larger number af samples were
rejected.
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Figure 7. Pattern for holes dritied into rotted wood.
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FORMULATIONS

Strong consclidants

Although not nearly as strong as epox-
ies can be, these consolidanis 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. Theyare rec-
ommended as practical materials sub-
ject to observation of their long-term
performance.

Strong consolidant No. 1:

This formulation cures 1o a service-
able product in about three days at

Commercial Pts. by Pts. by R L
Material Designation Weight Volume room temperamre. culing and‘ rigidifi-
cationthen continue fera long time. The
PART A Low-viscosity epoxy end resutt is a rather rigid material,
resin Dow DER 332 100 6 Much faster cures can be obtained with
Low-viscosity epoxy mitd heating or by the use of acceler-
diluent Ciba-Geigy BD2 50 q ators, such as Jefferson Accelerator *
A398.
PART B Flexibilizing amine  Jetferson Jeffamine
curing agent D230 55 4
Strong consolidant No. 2: This formulation is similar to No, 1 but
Commaercial Pts. by Pis. by T;;f flexiplﬁaPostfching 5.';2300*: _folr
: ‘ . ‘ ours yields a fairly rigid material,
Material Designation weight —~ Volume — dicating that it should probably be
PART A Low-visCosity epoxy considered a “strong” consolidant.
resin Dow DER 332 100 1 The velume proportions given here,
Low-viscosity epoxy althcsugh convenient to use, are only
diluent Ciba-Geigy RD2 100 1 approximate conversions from the
weight proportions. The weight propor-
PART B Flexibilizing amineg Jefterson Jeffaming tions a_lre _more nearly cprrect in respect
curing agent D230 75 1 to stoichiometry. |r_1 using the VQIL_Jme
proportions there is some possibllity
that excess amine wili be present and
will remain unreacted.
Semi-fiexible consolidant: This formulation cures in about three
. days, but, like the strong consolidants,
Material gggg:gt?;l 5‘}:@% could be accelerated. it exhibits sig-
nificant flexibility even after postcuring
PART A Low-viscosity epoxy at 230°F for 12 hours. Aithough low tem-
resin Dow DER 332 100 peratures drastically reduce the flexi-
Low-viscosity epoxy bility of the cured product, the flexibility
dituent Ciba-Geigy RD2 200 achieved is probably‘greater than is
needed for most applications. At pres-
PARTB  Flexibilizing amine  Jefferson Jetfamine ent the strong consolidants are being
curing agent D230 120 used in preference.

13



Patching Compounds
For Wood

BASIC APPROACH
All the materials suggested as conso-
lidants are transparent. This is generally
true of arganic polymers, whether they
are resing, rubbers, or cther physical
types. Opacity is usually imparted to
polymer formulations by solid fillers and
pigments. For example, the rubber of
autcmobile tires is black and opaque
only because of btack pigment.
Epoxy patching compounds forwood
are made by adding to an epoxy resin
various filers. These filiers lower cost
and impart certain desired properies,
creating a paste in the uncured state.
The basic points made in previous sec-
tions about epcxies 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 withcon-
solidants, the subject will be ap-
proached by cutlining 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 almeost
in half, The fillers suggested here are
common in patching compounds and
other compaosite materials. Woodflour
(pulverized wood) was used in most of
the test formulations, although by the
end of the investigation it was felt to be
unngcessary. The other fillers used
were “microballoans” of phenolic resin
and of glass. These are hollow spheres
ranging in diameter from about .0002"
toabout 005", If purchased inbulk they
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 ot
of space, saving resin. The first of these
reasons is that their round shape aliows
them to roll on each other so that patch-
ing compounds de not beceme stiffand
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 surface of a given
volume of filler.

Low shrinkage

Significant shrinkage during solidifica-
tion is mest undesirable in patching
compeounds usedtofill 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 evaperates this material shrinks
badly. A principal reason why salvent
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
litle as a result of the chemical reac-
tions by which they cure. However,
epoxies have low shrinkage on curing—
generally lower than unsaturated poi-
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 highes vis-
cosity than those suitable as impreg-
nants, Alsa, 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 befere applying the patching
compound. Shrinkage-compensating
ingredients, such as materials that pro-
duce gas bubbies, could be investi-
gated as a means of eliminating shrink-
ageinmany types of patching systems.

Controllable curing mechanism

Just as with consolidants, the binder in
a patching compeound 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 for a patching compound and
is an established property of epoxies.
Their good adhesionis the result of sev-
eral chemicai 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" cut
of the wood. Fertunately, the patching
compounds suggested here, although
not redissoluble, are mechanically re-
movable: they are easily cut with a knife
ar 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
practicat importance. By contrast many
commercial epoxy patching com-
pounds set so hard thatthey are difficuft
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 biade or
sandpaper readily breaks the walls of
the microballocns. The cured patching
compounds have little tendency to gum
up sandpaper.

Durabiiity; 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 woed putly 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 puity.

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 protectionagainst
this, it is not a problem for painted
woodwork, However, pigments or fillers
that absorb uliraviolet light can be in-
corporated into a patching compound
as a second line of defense. The patch-
ing compounds described here made
with gtass microballoons all contain
lamptlack in the proportion of about
2%, by weight, of the total binder (epox-
ies, cunng agents, diluents). Pigments
should net be stirred in as dry powder,
since they cannot be properly dis-
parsed in the medium without milling
equipment and will remain in the ma-
terial as agglomerates, or clumps. Pig-
ments can be purchased predispersed
inepoxy resin orin plasticizers such as
dioctyl phthalate. Since these disper-
siond are concentrated, only small
amounts are needed. Thus the effect
of the dispersion vehicle can be ig-
nored. Two suppliers of concentrated
dispersions are CD! Dispersions and
Daniel Products Company (see
appendix).

The incorperation 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.® Inthe case of epoxy/glass
composites, such as the patching com-
pounds described here, the coupting
agent is usually an amine-functional si-
lane or an epoxyfunctional silane. As
the names suggest, the molecules of
these substances incorporate sitane
groups capable of bonding well to glass

or other silica, and alsc pcssess epoxy
groups of amine groups capable of re-
acting with amines or epoxies, respec-
tively, in the polymer formulation. Silane
coupling action greatly increases the
water resistance ofthe bond of the poly-
mer to glass. A common aminotunc-
tional silane is Dow-Coming Z-6020:°

NH,CH,CH,NH(CH,)sSi(0CH; )

The inconvenience and sometimes
technical difficuity of using stlanes is a
disadvantage ofglass balloons ascom-
pared to phenolic ones, which require
no coupling agents. However, nc com-
parative tests were made to assess the
relative durahility of systems made with
the two types of microbalicons.

Adjustable strength

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

Figure 8. The epoxy patching compounds
descabed in thig 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
compeund (the dark colored portion of the
shaving). (Photo: Author)

imposing stresses on it. As already dis-
cussed in reference to consalidants,
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 desirabie: this refers to the

8Lawrence J. Broutmann and Richard H.
Crock, Composite Materials, vol. 6, edited
by Edwin P. Plueddemann, Interfaces in
Polymer Matrix Compaesites (New York and
Londen: Academic Press, 1974), passim;
Edwin P. Plueddemann, “Catalylic Effects
in Bonding Thermosetting Resins 1o Sik-
ane-Treated Fillers,” Advances in Chem-
istry series, no. 134, pp. 86-94; Dow Corn-
ing Corporation, “Silane Coupling Agents,”
brochure, 1870; Dow Corning Corpora-
tion, "Dow Corning Organosilicon Chems-
icais,” bulletin 23-181, 1874,

SCow Corning Corporation, "'Dow Corming
Organosilicon Chemicals.”
15
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ratio between impesed stress and ob-
served strain (deformation) of the
patching compound. Fartunately, wood
expands and contracts slowly, so that
rapid deformation of patching com-
pounds is nat 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-
certtage of the length of a sample
before stressing. High elongaticon is not
required in patching compounds, be-
cause they are not recommended for
use in actively moving jcints where flex-
ing takes place over a large distance.
In these instances elastomeric seatants
are more suitable.

Creep is a typical characteristic of
linear or lightly cross-linked polymers.
As a pelymer creeps, the polymeric
chains slip and slde relative {0 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 alsc generzlly 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 maore rigid at low temper-
atures than at high temperatures. High
temperature facilitates chain slippage
In 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 cempound enly
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 rcoms or attics.

Apart from the flexibility of the poly-
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mer used as bingder 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 rigidify
polymer systems are avoided. Angular
mineral fillers are also avoided. The
roundness of microballoons insures
that they will bave little ar no reinforcing
eftect, especially since their thin walls
render them individually flexible.

Good working properties

The suggested patching formulations,
in the uncured state, have outstanding
working properties. Pelymers 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 designad not to move
at ai under a load which is below a
certain threshold value. Thus, once
placedinahole inavertical or overnead
location, these compounds are net 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. Thisinverse dependence ofvis-
cosity on applied force is called thix-
otropy. It is imparted mostly by the
fumed silica (Cabosil® 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 handiing care as consclidants, but
are safe if handled properly. Fumed
silica and microballoens should not be
inhaled. (A particle breather is neces-
sary when mixing these two compo-
nents into the formulations.) Once mixed
in, they are harmiess since they can no
longer drift into the air.

Ability of compound to “breathe”
The ability to pass water vaporis a fea-
ture that has riot been achieved in the
present formulations. As explained later
in this paper, vapor-permeability is
probably not important f the matenal
is used where it cannot irap 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 o those of
wood. This will be discussed further,
and test results are given which indicate
that the mare 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

inthisreportindicate that paint adheres
well to the general types of compounds
suggested.

EPOXY/POLYSULFIDE BLENDS

A number of proposed patehing com-
pounds are blends of epoxy resin and
polysulfide rubber. Because these
camgonents 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. Pgolysulfides used as flex-
ibilizers have permitted highly flexible
compounds 10 be made without some
of the difficuities encountered when



Patching Compounds
For Wood

using high proporions of certain other
flexibilizers. Such problems are high
viscosity or a siow rate of cure.

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

Basic description of system

The first liquid polysulfide (LP) rubber
was marketed by the Thiokol Chemical
Corgoration in 1943,°. 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,

H5-{CaHi~0-CH,p-0-CyHy-5-8) - CyH,-O-CH,-0-CiH,-SH

The value of n varies to give different
molecular weights and viscosity grades.
Thiokot 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 polysuflide rubbers react
with epoxies, they serve asinternal flex-
ibilizers, rather than inert plasticizers.
Several reaction mechanisms have been
described!®'®. These reactions can
occur together in epoxy/polysulfide
systems. They will be summarized here
in greatly simplitied form.

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

H H
R N H +HS R-SH — R %-H + O R-SH

H

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 1ing:

2

AN
R—CH—CH, + ®3~R'—8SH —+ R—(H—CH,~5—R—SH

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 ammaonium ion formed by
the reaction of an amine and a
mercaptan:
E)Q H

R—CH—CH,—S8 —SH+ ¥ — R'—CH—CH,—SR—SH

Inthe final forrnula above, one SHgroup
is shown unreacted. This can feact in
exactlythe same way to produce a con-
tinuous chain of epoxy and polysulfide
units:

?H ?H
~ R—CGH—CH—-5—R'—8—H,C~HC—R"—
However, some of the epoxy groups
can react with the aming, preducing a
terpolymer incorporating epoxy, amine,
and polysulfide units:

oo f
—R'—S=CHy—CH—R"—CH—CH~N—

Thus, in the above reactions, the
amine serves a dual role. First, it ca-
talyzes the pelysutiide/epoxy reaction
by abstracting a praton from the mer-
captan group. Second, it canenterinto
the final cured polymer in the conven-
tional way. Many factors influgnce the
reiative 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 t blend of polysultide/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 '

The amine most commoenly recom-
mended for epoxy/polysulfide systems

is a tertiary aming, 2, 4, 6-tris (dimethyi-
aminomethyl) phenol.?s

OH

(CH,).NCH, CH;N(CH;),

CHN{CH;}

Thisis sold by Rohm and Haas as DMP-
30, and by Thiokel as EH 330. Its pop-
ularity in these systems is based on
several factors. It provides rapid curing.
As an aromalic compound, it has been
found to produce more stable mixtures
with uncured polysulfides than do many
aliphatic amines. In addition, DMP-30
is paricularly effective in promoting a
complete reaction of polysulfides with
epoxies, inthe 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.'s

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

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

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

2Gaylord, High Palymers, pp. 195ff.

13l ae and Neville, Handbook of Epoxy Res-
ing, pp. 162111,

4bid. p. 16:22.

15Thigkol Corporation, " Thiokoi EM 330," bul-
letin TD455-J, 1974,

18_ee and Neville, Handbook of Epoxy Res-
ins, p. 16:22.
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at points where the amine ig reacted.
Accordingly, itmay be preferable to use
primary amines as curing agenis for
epoxy/polysulfides, Aromatic primary
amines are mere faverably recom-
mended for this purpose than alinhatic
ones, since mixtures of polysulfide rub-
ber and primary alighatic amines can
develop problems of separation if al-
lowed to stand along time before use.'?
Coupling agents can sometimes be
used to prevent this separation.’®

Formuliation of epoxy/polysulfides

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

stoichiometry—Since typical poly-
sulfides have {ow 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/polysuliide blend
without added amines. In amine-
cured epoxy/polysulfide systems,
the praportion of amine is generally
chosen without regard to the effect
of the mercaptan groups on stoichi-
ometry.'?
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When using tertiary amines, a
somewhat empirical approach is
often used to determine the best
propartion 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 polysuifide tend to reduce the
cure rate; to compensate for a high
pclysulfide 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 porion of
patching compounds. Seme of the pol-
ymers used in the patching compounds
can be used in proportions deviaing
significantly from stoichiometry. Close
adherence to stoichiometry is not im-
portant in epexy/colyamide blends,?0
In epaxy/polysulfide blends and
epoxy/butadiene-acrylonitrile biends,
the proporicns 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.?’

propartion 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 te the substrate. Anin-
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 binderffiller
systems, the proportion of filler is often
expressed by the pigment volume con-
centration, or PYC. 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 usetul. It is that PYC at which the
amount of binder present is just suffi-
cient to fill the spaces between the par-
ticles of pigment or filler. Abave the
CPVC, air spaces exist in the maierial,
vapar permeability increases, suscep-
tibility to damage by water usually in-
creases, and many mechanical and
other properties change drastically.

Formost ofthe test formulations using
glass microballoons, tha balloons and
woodflour were incorporated together
in a proporiion of two parts microbal-
loons te one part woodflour, and used
together at aconstant 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 afiller (which exciudes
the spaces between filler particles) and
the bulk volume of a dry filler (whick
includes the air spaces between
particles).

In the formulations using glass mi-
croballoons, fumed silica (Cabosil® M5)
was used in the propertion of 5%, by
weight, of the total liguid 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
micraballoons were used more than
glass ones because of the inconveni-

Vibid, p. 16:23.

8Thiokol Corporation, “Polysulfide Liguic
PolymeriEpoxy Resin Systems.” bulietin
TD451-J [n.d.).

?Lea and Neville. Handbook of Epoxy Aes-
ins, p. 16:21.

Potter, Epoxide Resins, p. 67.

2'Lee and Newile, Handbook of Epoxy Res-
ins, p. 16:22; B. F. Goodrich Chemical
Company, "Hycar Elastamers,” brochure,
1975.
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ence of having to use silanes with glass
micragalloons, At the same time more
attention was being given to
epoxy/polysulfide blends. Woodilour
was increasingly felt to be superflous.
Accordingly, phenaolic microbalioons
were used with fumed sitica, and with-
out woodtiour, for some of the
epoxy/potysulfides. No PVC calcula-
tions were made for these blends.
Fumed silica was premixed with phe-
nolic microballoans in the ratio of ane
silica 1o three balloons, by weight. The
two powders were shaken together in
a polyethylene box with ceramic mar-
bles to obtain & uniform mixture, The
mixture of powders was then used in
the amount of 25%, by weight, of the
total liguid binder (4 parts bindar to 1
par powder). The ratio was found to
produce good pastes, but after the test
program, a figure of 24% was adopted.

proportion of lampblack—In formu-
lations containing lampblack, this pig-
ment was used consisiently 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 al a concentration, by weight, of
45% of the total dispersion. Accaord-
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 {iquid binder.

selection and proportioning of sil-
ane—In formulations containing g'ass
microballoons, silane coupling agents
were used consistently inthe proportion
of 0.75% of the total liquid binder, by
weight. No atiempt 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 polymeriglass composites.
Silane coupline agents mixed to-
getherwith polymers and fillers migrate
to the surface of glass fillers during the
cura, The proportion of silane used

should be agjusted so that the layer of
silane deposited on the glass surface
Is thin. A thick layer is likely 1 give a
weaker product than a thin layer.

A wide variety of amino-functional
and epoxy-functional sitaneg 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 ali of the
epoxy-silane will be reacted. An amino-
silane, by contrast, is likely to be fully
reacted, sincethereis morethanenough
epoxy with which 10 react. Because the
polymer/glass interface is a weak point
in the system, it is impontant 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 10 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 storedinone con-
tainer: the one or More epoxy resins,
epoxy-functional reactive diluents, and
epoxy-functional silanes. In the same
way all the curing agents, amines and
aming-functiona! 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
liguid portian of the formulation in twa
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
par 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 mixtura. Pigments used to indi-
cate completeness of mixing have not
been incorporated inta the present
formulations.,

Filiers can be premixed with each
other in dry form and added on the job
as athird component, part C, 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 number of containers carried
to the job. This second alternative is the
one usually employed in commercial
patching compounds and provides
greater convenience al the job site. An
added advantage may be improved
wetting ofthe 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 iike woodfiour 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 1o diminish with time
after the silica is mixed into the liquid
portion of a formulation. This is attrib-
uted to averly thorough wetting of the
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silica. It may occur oniy after long pe-
riods of storage, in the case of most of
the test materials described here, all
liquid campenents 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 marbies in a
shock-resistant pelyethylene container
with a snug cap.

technique for incorporation of sil-
anes—When sitanes are used, they are
presentinvery 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 prablems getting the silane uni-
formtly blended into the formulation,
Three methods can be used to alleviate
this problem. High-viscosity ingredients
canbe warmed to reduce their 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 materals 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 viscasity.

mixing of fillers into liquid compo-
nents—3Solid fillers should be worked
vigorously into the liquid component.
This is especially imporant far the
fumed silica. The Cabot Corporation
advocates the use of high-speed rotary
mixing equipment, such as food
blenders to incorporate fumed silica.
Balimilling is considered to diminish the
effectiveness of Cabosil® M5. If hand
mixing s used, this showd 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 tme.

Mere stirfing 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 bow! 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 proper-
tiong in which it can be used when vig-
orously kneaded into the mixture.
Seemingty encrmous amounts of filler
disappear into smali amounts of liquid.

tinal 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 consoidant, tike a
priming coat in paint terminclogy, may
act as the bonding agent between the
wood and the pateh. If the patch sets
to some appreciable strength before
the consolidant has set, stresses may
cause the pateh to pult away from the
wood.

The liguid binders in most of the sug-
gested patching compounds are of suf-
ficently low viscosity to be used as a
primer when this is falt 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 rapidiy than the
consolidants described in this paper.

overfilling—Some of the fiquid binder
in the suggested patching compounds
will be absorbed into weed during the
cure, especially if the wood is un-
primed. It may be preferable to accept
this disadvantage than to use higher-
viscosity tiquids, 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
woodtlour

Emerson and Cuming glass microbal-
loons |G 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 ballgons 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 balicons and the polymer
would be present in equal proportions
by volume. In each formulation the total
velume 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 microballocns 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-
ballocns in gm./cc. (fhat is, the density
nat counting the space between the
bailoons).

In test formuiations using glass mi-
croballoons, 100 mesh white pine
woodfiour was substituted for a portion
of the microbatloons. K 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, ¥ of the quantity
of microbatloons arrived at by the pro-
cess described above were omitted
and an equal weight of woodflour
substituted.

Description ot tests

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

As with consclidants, 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 spoiledthe weath-
ering tests altogether. Some samples,
however, were painted to test paint
adhesion (figure 9). Others were half-
painted sa that the hifting 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 atkyd resin house paint primer fol-
lowed by two coats of an alkyd resin
finish house paint.

22Emerson and Cuming, inc., “Eccospheres
1G-101," bulletin 14-2-1, 1972.
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Samples were placed out to weather
intwo forms, Blocks of pine were made
asshowninfigure 11, with ahcle drilled
in the flat side {which was also the flat
side of the grain). The holes measured
1"in diameter and either§” 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 1o
what was considered a realistic leval.
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 ontwo sides:
as the wood expands and contracts,
the patching compound can draw in or
buige out on four sides to compensate
for moving with the wood; it can also
draw the wood sticks closer together
or push them farther apan. in the case
of the blocks, the patching compound
is restrained on all sides exceptthe top.
Thus the top surface is the only place
where the compound can deform to
make up forexpansion and contraction
where bonded to the wood.
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Figure 10. Haif-painted block sample. This tast compares paint adhesion on wood with
paintadhesion on patching compound. Hole filled by sample is 17 deep. (Photo:Authar)

Figura 11. Empty "bicck” samples, Holes are
1"wide and either {" or " deep. (Photo: Author}
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Figurg 12. Biock sample after weathering
during winter and spring of 1975-1976. Split
in wood is caused by moisture changes, not
by expansion of patching compound {which
is fiexible). This compound has followed the
expansion of the wood without fosing its
bond at any point. Hole filled by sample is
3" deep. (Photo: Author)

Figure 13. "Stick"” sampie. Straight line is
drawn on sample prior to foading in "creep”
test. (Phato: Author)
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The sticks served not only as an
adhesion test but also as a ftexibility
test. Flexibility was assessed by man-
ually flexing the sticks (figure 14). Creep
was opserved 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 hreak:
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 posteured at 230°F for 12
hours ar more in order to make a rough
assessment of the reduction of flexibility
o be expected after long-term aging.
These postcured samgles were cocled
well below freezing to observe the de-
gree of stiffening by ¢old.

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 cbserved for approxi-
mately one year, from the fall of 1975
to the fali 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 atthis stage, because most
of the samples creep under a steady
Inad, and because the rate of creep is
dependent on temperaturs.

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 cbservation and man-
ualinspection. 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 sampies have
performed at least as well as the more
flexibte ones in respect to retention of
bend. Thus, the efforts to achieve a high
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Figure 14. Some formulations are very flexible even after aging some months.
{Photo: Author)

Figure 15. Bend in line indicates extent of
creep of “slick” sample. This is dependent
on size of load, tength of time load is appfied,
temperature and formulation of sample.
(Photo:Author)
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degree of flexibility—and the sacrifices
in respect 1o curing rate—were prob-
ably unnecessary, excapt as exercises
1o 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 orless than the semi-rigid
ones described in this paper. More so-
phisticated formulation, and the use of
lower proportions of flexibilizers, 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 ar as fast
as when unpainted. It is felt that there
will be no problems in harmal service
where wood is kept painted and where
woodmembers have few surfaces which
face directly upward and do not drain

Figure 16, Weathering rack or-v the roof of the SPNEA Muse

k] s

well. After seme months, allpainted and
half-painted samples appeared to be
performing well in respeci 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 hausehold wood patch-
ing compounds, which were similarly
tested. Thus their usefulness for filing
holes is virtually cenain. Also, it is an-
ticipated that they will find higher levels
of usefuiness than simply filling holes.
Although severely limited for structural
purposes, the good performance of the

um building in Boston. (Photo: Author)

stick samples indicates that the com-
pounds can serve a nonstructural but
self-supporting function. On the test
rack the 1" cube of patching 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
1o fill in small pieces of moulding and
in other self-supporting roles.

FORMULATIONS

Semi-rigid patching compounds
Aithough flexible when warm, these for-
mulations are fairly stiff at or below room
temperature. Compared with most
epoxy formulations they are very flexi-
ble. More rigid systems would be easy
1o design. As described earlier, the
semi-figid 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: Preparation
Commersal parsuy 18 nasens e oe onc o e
Material Designation [
sl ignato Weight Alternatively, parts Aand B can be pre-
PART A Epoxy resin Dow DER 331 100 mixed by weight and then (on the iob)
mixed with each other in equal pars by
PART B Polysulfide rubber Thiokol LP-3 96 volume. The weight proportions given
Amine curing agent Thiokoi EH 330 10 above are adjusted so that A and B
have the same volume. Part C should
o . . be used in the proportion of 24% of the
PART C Phenclic microballoans Ugglgé Carbide BJC- " weight of A and B combined. Part C
can be divided into two equal portions,
Thixatroping siica Cabosil M5 12 one portion premixed with part A and
one portion with part 8. The formulation
Pot Life: About 20 minutes. can pe stored in this paste form and
Cure Rate: Medium—can be sanded mixed in a one-to-one ratio by volume
after about 16 hours at the time of use.
ou ours. 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
6% fluid cunces of Pan C
{untamped).
General evaluation; possible
impravements:
This formulation has the advantages
that it is pregared 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: General evaluation; possible
Commercial Parts by improvements: _ |
Material Designation Weight The objective of making this formulation
—_— was to use a pnmary amine, rather than
PART A Epoxy resin Dow DER 331 100 a tertiary amine, as a curing agent in
] an epoxy/polysulfide Llend. Although
PART B POlySUifide rubber Thiokol LP-3 100 the perfOrmance appears 10 bhe goodl
Amire curing agent Trigthylenetetramine 11 an aromatic primary amine might have
o i ) been preferable to TETA,
Aminosilane Union Carbide A1100 2
Lampblack dispersion CDf 4585 11
PART C Thixctroping sitica Cabosil M5 11
Glass microballoons Emerseon and Cuming
1G101 36
Woodflour 100 mesh white pine 18

Cure Rate: Medium-—can be sanded
after about 16 hours.
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Semi-rigid patching compound No. 3: Commercial Parts by General evaluation; possible
Material Designaticn Weight improvements:
. This formulation would be far more use-
PART A Epoxy resin Shell Epon 828 100 ful if it could be altered to cure faster.
Flexibilizing epaxy Dow DER 732 43
PART B Fiexibilizing amine Jefterson Jeffamine
cunng agent D400 34
Amine-type acceierator  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
G101 37 Cure Rate: Low—cannot be sanded
Woodflour 100 mesh white pine 19 betore at least 48 hours.
Semi-flexible patching compounds
These are intermediate in flexibility be-
tween the semi-rigid formulations and
the fuilly flexible. They are suitable for
mbst 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 taster cures and
greater rigidity.
Semi-flexible patching compound No. 1: General evaluation; possible
Commercial Parts by improvements: . .
Material Desianation Weight Even after several days’ cure, this ma-
9 gt terial is still slightly subject to damage
PART A Epoxy resin Shell Epon 828 100 by soaking in water. It was not deter-
Flexibil o Now DER 744 400 mined whether the resin itselt was af-
erbrizing epoxy ow fected, or possibly the bond of the resin
lL.ampblack dispersion CDI 4585 27 to the glass. This effect does not seem
to be seripus, since the material is
PART B Amine curing agent Dow DEH 58 48 weathering well. Tests using phenolic
Aminosilane DDW COrnan 26020 4 mICTObaHOOI'E WOUld pe WO!’Thwhlle
The formulation is currently performing
PARTC  Thixotroping silica Cabosit M5 27 well in actual service, with phenolic
microballoons used in place of the
Glass microballoons Emerson-Cuming glass balloons and woodflour.
IG101 102 Formast uses a more rigid and faster-
Woodflour 100 mesh white pine 51 curing material might be better. in-
creasing the proporiicn of Epon 828
{with appropriate adjustments to main-
Cure Rate: Medium—can be sanded tain stoichiometry) would improve the

product in these respects.
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Semi-fiexible patching compound No. 2:

General evaluation; possibie
improvements:

Commercial Parts by A faster cure rate would improve this
Materal Designation Weignt material. This could be achieved, in
PART A Epoxy resin Dow DER 331 100 part, by decreasing the proportion of
Lampblack dispersion  CDI 4585 9 Jeffamine D2000, which would also.
have the effect of making the material
PARTB  Flexibilizing amine Jefferson Jeffamine more rigid.
curing agent D4Q0 38
Flexibilizing amine Jefferson Jeffamine
curing agent D2000 25
Amine-type accelerator  Jefferson A398 10
Amirosilane Union Carbide A1100 1.4
PART C Thixotroping silica Cabosil M5 9
Glass microballcons Emerson Cuming
1G101 33
Woodflour 100 mesh white pine 17
CureRate: Low—can besanded after
36-48 hours.
Semi-flexible patching compound No. 3: General evaluation; possible
Commercial Parts by ;_r:pr?vemlen_ts: dbut
Material Desigriation Waeight is formulation was not tested but is
- - closely related to one that was. The
PART A Low-viscosity epoxy objective of this formulation is to achieve
resin Dow DER 332 100 good fiexibility by using a high propor-
Flexibilizing epoxy tion of a polyamlide. Since V_ersamiq
diluent Dow DER 738 67 V125 is h]gh|y viscous and !5 ‘used in
a high proportion, DER 736 is included
s . . ‘ to help maintain a low encugh viscosity
PART B Flemblhzmg polyamide  General Mills Versamid for easy working. The DER 736 aso
curing agent V125 167 serves as an additional flexibilizer. A
Aminosilane Union Carbide A1100 25 low-viscosity grade of DGEBA rasin
. . {DER 332} is used to help reduce
Lampblack dispersion CDI 4585 17 visgosity.
‘ . The cure rate could be increased and
PART C Glass microballoons Elrg?rg;m Cuming 66 the viscosity further reduced by the use
of an accelerator, such as Monsanto
Woodflour 100 mesh white pine 33 Mod-Epox, (triphenyl phosphite).
Cure Rate: Medium to low--can be

sahded after about 36
hours.
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Semi-tiexible patching compound No. 4:  Commercial Parts by General evaluation; possible
Material Designaticn Weight improvements:
PART A Epoxy resin Shell Epon 828 100 The objective of t.hus forrnulation was to
gain some experience with Epon 871.
FIEXIbIl\Zir‘Ig epoxy She” Epon 871 67 The Sys[em seems promfsing_
PART B Flexibilizing amine General Mills Versamid
curing agent V140 167
Aminosilane Urion Carbide A1100 25
Lampblack dispersion CDI 4585 17
PART C Thixotroping silica Cabosil M5 17
Glass microballons Emerson Cuming
G101 66 ) .
Cure Rate: Medium—can be sanded
Woodflour 100 mesh white pine 33 after about 24 hours.
Semi-flexible patching compound No. 5: General evaluation; possible
\ : improvements:
Commerciat Parts by ' ) ,
) ) ; ) This formulation was not tested but is
h
Material Designation Weight closely related to one that was. The
PART A Epoxy resin Dow DER 332 100 purpose of this formulation was to ex-
. ) . ) plore the use of Hycar ATBEN as a flex-
Reactive diluent Ciba-Geigy RD2 100 ibilizer. It was found that significantly
Epoxy silane Dow Corning 76040 3.4 higher proportions of Hycar than that
L black di . shown above made trial formulations
ampblack dispersion  CDI 4585 23 unduly viscous and hard to mix unless
) ) heated. Even in the formulation shown
PART B Rubber-aming B.F. Goodrich Hycar above, all the other liquid components
ATBN 200 had to be low-viscosity materials to
Flexibilizing amine Jefferson Jeffamine bring the over-all viscosity of the for-
curing agent D230 27 mulation down to a good level. This is
Accelerating amin inoethvipi in the reason for the incorporation ot a re-
!. ng N € n-aminoetnyipiperazne o7 active diluent and for the use of DER
cunng agen 332 (a low viscosity DGEBA resin) as
. . " . opposed to the more common 331,
PART C Thixotroping siica Cabosil M5 23 An epoxy-functional silane mixed into
Micrebatloons Emerson-Cuming the epoxy component is suggested in-
IG101 93 stead of an amino-functional silane be-
Woodflour 100 mesh white pine 46 cause ‘?‘ th? difficulty of premixing an
aminosilane into the very viscous Hycar.
Cure Rate: Medium to low—can be Hycar has a very high amine equiv-

sanded after about 36
hours,

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: Jeffamine D230 and n-amino-
ethy!piperazine. 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.
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Highly flexible patching compounds
These compounds are very flexible,
even at low temperatures and after
postcuring at high temperatures. They
are too rubbery far most practical ap-
plications in patching woodwork, but
they may be useful for other purposes.
The ingredients used in these formu-
lations could ali be easily recombined
in different proportions to obtain faster
cures and greater rigidity.

Highly flexibie patching compound No. 1:

General evaluation:

Commercial Parts by This is a more flex b[e {arjd less prgc-
Material Designation Weight tical) version of sem\'ﬂexllbie patching
: : compound No. 1. it has interest be-
PART A Flexible epoxy resin Dow DER 741 160 cause itis a highly flexible material that
. ] has been weathering well, in spite of
PART B Amine curing agent Dow DEH 58 8 the fact that it is definitely affected by
Aminosilane Union Carbide A1100 0.75 water soaking. (it is more seriously af-
. . fected by soaking than semi-flexible
Lampblack dispersion CD! 4585 5.4 patching compound Na. 1).
PART C Thixotroping silica Cabosii M5 5.4 .
Glass microballoons Emerson Cuming
1G101 20
Woodflour 100 mesh white pine 10
Cure Rate: Medium to low—can be
sanded after about 24
hours.
Highly flexible patching compound No. 2: Genera! evaluation:
Commercial Parts by This matena] is mcl;;de_dllbeca}:ﬁe it 5
Material Designation Weight combines exrreme lexibi 1ty_ with Qoo
nerformance in the weathering tests.
PART A Fexibilized BROXY resin Ciba-Ge%gy Araldite Scme means to increase the cure rate
508 100 while retaining these good properties
would be desirable. Also, Araldite 508
PART B Flexibilizing seems very promising for use in mare
amidoamine curing Ciba-Geigy Araldite rigid patching compounds, made with
agent 9130 21 a proportion of a DGEBA resin. Such
Aminosilane Union Carbide A1100 1 a patching compound would cure much
faster.
Lampblack dispersion CDI 4585 B
PART C Thixctroping silica Cabosil M5 6
Glass micropalloons Emerson Cuming
G101 23
Cure Rate: Extremely siow—a matter
Woodflour 100 mesh white pine 11 of weeks.
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Limitations and Precau-
tions in Using Suggested
Consolidants and Patching
Compounds

STRUCTURAL LIMITATIONS
Emphasis has been placed on the im-
portance of flexibility in caonsolidants
and patching compounds, except when
an entire piece of wood is to be con-
solidated. To some extent this fiexibility
must compromise the usefulness of
consolidants, and especially patching
compounds, for structural purposes or
in respect to nail-holding power. A con-
soiidated area ora patch made flexible
enough not 1o stress surrounding un-
treated wood is unlikely to equal the
wood in structural usefulness.

The softening effect of heat on Hlexible
epoxy patching compounds used
structurally may lead to early failure in
afire, long hefore the surrounding wood
bums through. Patching compounds
rigid encugh to resist this may break
lcose from the wood for reasons already
explained. The structural use ofepoxies
with wood—especially old, weakaned
wood—involves problems of chemical
formulation and mechanical design that
were beyond the scope of this study.?®

For all these reasons, most of the
materials suggested here may not be
useful when placed in structural shear
or sending. 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 throughaut. In thoroughly con-
solidated wood, temperature and hu-
midity expansion values probahbty ap-
proach those of the epoxy consolidant,
rather than those of the original wood,
making the treated wood mechanicalty
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 than 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 proporiion of solvent, and
was highly permeable to both water
vapor and kquid water. The amount of
volatile solvertt 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 i it were
non-porous. Water repellent porous
patching compounds might be inves-
tigated, More workis 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 successiully used in
wood construction are no more perme-
able than the suggested formulations.
Resorcinolformaldehyde waterproof
glue is a perfect example; high-grade
elastomeric cauiking compounds are
another. There are many such im-
permeable materials that have created
no probiems when used on exterior
woodwaork that is kept painted—espe-
cially vertical or downward-facing
woodwork where rain water cannot
stand in holes or cracks.

The risk of trapping water is much
more sericus 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 paiching com-
pound, the safest route isto 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 itseif prevent water
damage.

INABILITY TO CHANGE VOLUME
When untreated wood expands ang
contracts because of variations in the
level of humidity, it changes total vol--
ume. Patching compounds, or argas of
wood saturated with a cansolidant, wilk
not change in total volume under these
conditions, but will only change shage
in order to follow the movement of the
wood. When a material that only
changes shape is bonded to ane that
changes total volume, their movements
may be incompatible. This is easily
seen in figure 17a which shows, in
cross-section, a hele in a piece of wood
filled with a patching compound. The:
sketch on the left shows the hole before
expansion ofthe wood; that onthe 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 ils total volume in grder to do
s0. 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 Systermns,”
Butletin of the Association for Preservatior
Technology, voi. 7 (no. 3, 1975). 2-35.
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tions in Using Suggested
Consolidants and Patching
Compounds

other place. This can oniy be atthe iop
surface, where a cupped deformation
is shown in the right-hand sketch. This
cupping leads to high stresses where
indicated on the sketch; faiiure 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, abserved, as would be ex-
pected, were lass 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

F.r'gure 17.

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 afe weil known
and widely applied to the design of
caulking joints.2* 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 iarge holes are tc 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 adhasives to
hold roughly fitted wood patches. Wood
inthe hole will probably supply acertain
amount of desirable volume change

perhaps matching fairly well the maove-
ments of the wood in which the hale
exists.

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

22 John P. Cook, Construction Seafants and
Adhesives (New York: Wiley-Intersciencs,
197Q), pp. 27-39.
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Other Uses for Materials
Studied

The following are only a few ofthe many
possible uses of epoxigs in architec-
tural conservation.

PLASTER CONSOLIDANT

One of the consolidants described in

this paper (strong consalidant No. 2)

has been used effectively to consoli-

date ornamental gypsum plasterwork
damaged by fire. Penetration up 1o 13"
was obtained by brush appiication.

FLEXIBLE ADHESIVES

Many of the epoxies and curing agents
described in this study are commonly
found in conventicnal 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.

Flexipility, adiustable 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 latier materials
are rigid and even rather brittle.

CLAMP-FREE ADHESIVES

The commoniy used rescrcinol/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 uniess pressure is
maintained on the joint by clamps or
cther 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 immoebilize
the joint during cure. In awkward lo-
cations an a building itis a convenience
to be able to use pieces of wire or ather
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 donot offer high strength.

ELASTOMERIC SEALANTS

Rubbery blends of epoxy and polysul-
fide have been used in elastomeric
sealants.?5 As with adhesives, thefillers
used in elastomeric sealants are gen-
erally of much smaller particlesthan the
microballoons advocated here for
patching compounds. However, a
knowledge of epoxy/polysulfide rub-
bers based on experience with patch-
ing compounds is directly applicable
1o sealants.

GLAZING COMPOUNDS

With certain modifications same of the
more fiexible patching compounds de-
scribed here would probably make ex-
cellent glazing compounds. They would
be more flexible than typical com-
pounds based on medified drying olls,
and vastly mare 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 decompasition preducts of
polysulfides should be investigated.

SOIL CONSOLIDANTS

The proposed wood consolidants would
make expensive, but excellent, con-
solidants for soil having-pores large
encugh 1o admit the material. Epoxies
have been used for this purpose.

%uhid, p. 78.
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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, smal!
amounis such as a gallon must be pur-
chased through distributors. These are
found by contacting the home or re-
giona! 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 microballocns fram Union Carbide
Corporation, and Cabosil from Cabot
Carporation. Sources of woodfiour 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
COI Dispersions and Daniel Products
Company.

Approximate costs

Prepackaged epoxy consclidants and
patching compounds sold in marina
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 hig 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 Io. pails. microballoens in 10 |b.
batches, etc.) total material costs forthe
consolidants should run around
$20-$30per gallonand forthe patching
compounds perhaps $15-$20 per gal-
lon, Substantial labor costs in prepa-
ration of patching compounds must be
anticipated.

34

COMPOSITIONS AND
PROPERTIES: POLYMER
COMPONENTS

B. F. Goodrich Hycar ATBN (1300 x
16) is an amine-terminatad
butadiene/acrylonitrile rubber de-
signed as a flaxibilizer for epoxies, It is
both an amine curing agent and & rub-
ber. Its structure is represented as
follows:28

" —_— HOH M, H Mo g_u.ﬁ Bl

Y Y
N(CHy—N T [ M—IG)y —N
{ wh b, ee .

lﬂ-l b

Where x = 5,y = 1, andm = 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 rcom
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 oy hand atorbelow 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 embrittement than
some other materials consicdered in this
study.

Ciba-Geigy Araldite 508 has been de-
scribed as a mixture of a standarg
DGEBA resin and an epoxidized
poiyal 2’ Expoxidized palyols are typi-
fied by Dow DER 732 and 736.2% The
exact structure and melecular weight
of the Ciba-Geigy product were not as-
certained for this report.

Ciba-Geigy Araldite 9130 is a modified
amidoamine that serves as both a flex-
ibilizer and curing agent.2® Its compo-
sition was not ascertained during this

project. its approximate AEW is 88, See
the discussion of General Mills Versam-
ids for a description of amidoamines.

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

0 0
{0 /N
H,C—CHCH,O{CH,),O0CH,CH—CH,

Its epoxide gquivalent weight is 134.3¢0
Its purpose in the suggested consali-
dants is to reduce viscosity and, being
afiphatic, to increase the flexibility of the
cured resin. One of its advantages is
its lower vapor pressure than some
other common reactive diluents: can-
sotidants 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 diethylanatriamine
and bisphencl A, having an amine
equivalent weight of 30.3' Amine ad-
ducts have higher reactivity than maost
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
4,000-8,000 cps at 25°C).** For similar
products offered by other manufactur-
ersseethe Epoxy Resin Manual by Dow
Chemical Company. The epoxide
equivalent weight of DER 332 averages
approximately 174,

2B, F. Gooedrich, "Hycar Elastomers.”

'L ee and Neville, Handhook of Epoxy Res-
ing, o. 4:58.

2hid, p. 16:3.

BCiba-Geigy Corporation, "'Araldite Hard-
ener 9130, provisional data sheet {n.d.}

39Ciba-Geigy Corporation, "Araldite RD2.”
provisional data sheet [n.d.].

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

82Dow Chemical Company, "Dow Liguid
Epoxy Resins,” brochure, 1969.

#¥hid.
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Dow DER 732 and 736 are polypro-
pylene glycol diglycidyl ethers:
o TR 4 4]
cp«,_\-:H_cH,-O+CH,-CH-D+CH,-CP--C-C|1,-(:’FL\(:H,‘,

The value of nis higher in the case of
DER 732. The average EEW of DER 736
is 190; the average EEW of DER 732
is 320.2* Both materials are commoniy
used :n epoxy formulations, serving
pboth as flexibilizers and viscosity
reducers.

Dow DER 741 is described as being
related in chemical structure to Dow
DER 732 and DER 736.35 I is recom-
mended in preference ta 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 amino-func-
ticnal silane, n-(2-aminoethyl)-3-
aminopropylirimethoxysilane .2

(CH;0)S1(CH,)aNHCH,C HNH,

Dow-Corning Z6040 is an 2poxy-func-
tiona! silane, 3-glicidoxypropyl-
frimethoxysilane.??

0
/N
(CH;0);8i{CH, xsOCH,CH-CH;

Jefferson Accelerator A398 s a pro-
prigtary blend of amine-type acceler-
ators recommended faor use with Jef-
famines. It has an effective amine
equivalent weight of 6538

Jefferson Jetfamine D230 is a pol-
yoxypropylengamine of the structure

NH,CH{CH,C H;;—“—OCH;CH(CH:,HTMNHZ
L %

where x = approximately 2.6.3? ts mo-
lecular weight averages 230, (the prod-
uct's numerical designation). its amine
equivalent weight averages approxi-

mately 58. As a long-chain aliphatic

aming, it serves as a flexibilizer. Higher
maotecular weight versions are avaiable
{with higher values of x) offering greater
ftexibility in cured products. However,
they have moderately higher viscosities
and are slower-acting as curing agents.

Jefferson Jeffamine D400 has the
same structure as Jeffaming D230 ex-
cept that the value of x equals approx-
imately 5.8, the molecular weight ap-
proximately 400, and the amine
equivalentweight averages about 101.4°

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
500.41 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 10 commercially as
fatty polyamides. A typical faity poly-
amide structure is as follows*?

O
I
(CH CNHCH,CH,NHR

0
CH I
CH{CHz); CNHCH,CH,NHR

_CHCH,CH=CH(CH,)CH
H

?H
&
]
(CH;)CH,
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 (NH,) exists; oth-
erwise a secondary amine group exists.
Fatty polyamides react with epaxies by
means of their amine groups.*® 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 fram
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 fiexibilizers
and curing agents for epoxies. As the
designation number of the Versamid
increases from 115 to 125 and 140,
melecular 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. 4 When polyamides are used
atlow 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 graduai foss of fiexibility or other
changes in a cured material.

34Dow Chemical Company, "Dow Fiexible
Epoxy Resins,” brochure, 1969,

#sthid.

38Dow Corning Corporation, "Dow Corning
Organosilicon Chemicals.”

ibid.

*8Jetferson Chemica! Company, "Acceler-
ator 398, bulletin, 1975,

23 Jaffarson Chemical Company. *Jeffaming
Polyoxypropyleneamines,” advance lech-
nical data sheets, 1975

“Uhid,

ibid.

*2|_ee and Neville, Handbook of Epoxy Res-
ns, p. 10:6.

43Potter, £poxide Resins, p. 67.

*4Lee and Neville, Handbook of Epoxy Res-
ns, p. 1Q:7.
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Menthane diamine is a cycloaliphatic
primary diamine having the structure

CH,

CH
HENY [
N,

CH,

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

N-aminoethylpiperazine {available
from many chemical supgly houses and
resin suppliers) is acycloaliphatic amine
having the structure

H,NCH,CH,—N  NH
N

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

Shell Epon 828 is a standard DGEBA
resin.4s
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Shell Epon 871 is a diglycidyl ester of
a dimerized linoleic acid.*® Aithough it
is an epoxy rather than an amine, its

structure, shown below, issimilarto that
of General Mills Versamid curing agents.

I A
(Chyly—C—0—CH—CH—CH,
]
CH )
H? “CH—{CH)— € -0—GH,—CH—CH,

HC\\ /,CH —CHy = CH = CH—(CHL—CH,;
CH-~{CH, )y —CH,

As with Versamids, a possible concern
aboui Epon 871 s the presence of car-
bhan-to-carbon double bonds, where
oxidation or other reactions may be
likely to oceur over long periods oftime,
producing gradual loss of flexibility or
ather changes in a cured material.

Thikol EH 330 is a tertiary aming, 2, 4,
B-tris {dimethylaminomethy!) phenol.4”

QOH
{CH;)}NCH,

CHN{CH;},

CHN(CHa),

Thisis sola by Rohm and Maas as DMP-
30.

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

A5-{C;H,-0-CHg- 0. C;H,-8 5} -CiH,-0-CH-0-Cal -5k

where n averages about 8 and the mo-

lecular weight about 1000.48

Triethylene tetramine has the follow-

ing structure:
HaN(CH,)a NH(CH, ).NH{CH, ). NH,

Union Carbide A1100 is y-amino-
propyltriethoxysilane:

NHz(CH;)sSi(OC,Hs)5**

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

HoNCyHs O, H, OC,H{OCHeNH,

Its amine equivalent weight is 55.50

*&Shell Chemical Company, “Epon Resin
828, technical builetin SC:69-77, 1969.

463hell Chemical Company, “"Epen Resin
871" technicai bulletin SC:54-52, 1964.

“TThiokol Corporation, “Thiokol EH 330"

“8Lee and Neville, Handbook of Epoxy Res-
ins, p. 16:21. .

*2nion Carbide Corporation, Chemicals
and Plastics, Physical Properties,
19751976 catalog, p. 42.

5eUnion Carbide Corporation, "Bakelite Lig-
uid Epoxy Hardener ZZL-0822," product
infarmation sheet F-44996, 1975.
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Introduction

Recently, developments in epoxy
polymer technology have been used to
advantage in the conservation and
preservation of wooden members of
historic buildings. Properly formutated
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 wocd and that later solid-
ifies to form a composite wood-epoxy
material. The purpose of the treatment
is to strengthen weakened woaod. Con-
solidation aiso effectively makes the
treated areas impervious to wood's
main enemies: water ang insects. The
process of waod 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 ¢ctherwise would have to be
discarded.

Epoxy wood patching materials or
fillers are pastelike materials that func-
tionally replace traditionai 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
move self-supporting than traditional
materials and are thus more useful in
gap-filling and plecing-in applications.
The epoxy patching compounds have
been formulated to contain no volatile
solvents and therefore shrink very littie
in setting. The epoxy patching com-
poundsthat 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 cutdoor applications.

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

(Part | 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
technicalinformation should referto Mr.
Phillips' paper and his accompanying
references.
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Criteria for Application of
Epoxy Wood Repairs

The tachnigues described in this repon
arg for unreinforced epoxy repairs. The
materiais suggested have been se-
lected to give consolidants and patch-
ing compounds a low modulus of efas-
ticity compared to presently available
epoxy materials. These epoxy formu-
lations were developed in keeping with
the philosophy that materials that pos-
sess some ahility to move with the sur-
raunding wood would produce minimal
stresses on the historic buitding 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
histerical significance of the building
mermber or the building as a whols, 4)
the abilityto obtain reptacemeant pieces,
and 5) whether or not the timber or ob-
ject to be repaired is normaliy exposed
to view.
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STRUCTURAL REQUIREMENTS
Structural reguirements 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 ar where there is
an adeguate margin of safety. The ma-
teriais and procedures to be described
are not for application to members sub-
ject to bending or shear forces, unless
reinforcement is introduced in scme
way. The discussion of various com-
binations of reinforced epoxy structural
systems is beyond the scope of this
paper.' Unreinfarced epoxies should
not be used for the repair of beams
carrying brickwaork, and thus subject to
bending forces, or for the repair of ten-
ons in gins, plates, or joists that rep-
resent points where shear forces act.
However, the base of a post ora portian
of a stil! frequently are acceptable can-
didates for consolidation based on this
criteria.

EXTENT AND LOCATION

Obvicusly, wood that is s¢ 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, aithough
somewhat soft, 1o consaolidate. 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 focation 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 consclidation
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 asis 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 mayge even to splice it with new
wood than to consclidate it. However,
application of the other criteria might
make the epoxy repair the preferred
treatment in such a case. Finally, it

1. For further infermation see Paul Stumes,
“Testing the Efficiency of Wood Epoxy
Reinforcement Systems,” Bufletin of The
Association for Preservation Technology,
vol. 7, no. 3 {1975}, pp. 2-35.
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Criteria for Application of
Epoxy Wood Repairs

would e unwise 1o 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 soorer 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-
diticnal materials, only small holes are
filled entirely with straight epoxy. Larger
voids are usually filled with wood. How-
ever, the gap-filling and self-suppaorting
properties of the epoxy patching com-
pound, together with its low shrinkage,
make it the patching materiat of choice
for virtually all applications.

HISTORICAL SIGNIFICANCE

Epoxy wood repair offers the opportu-
nity to censerve 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 sons of considera-
tiens loomed large involved the con-
solidation of a post supporting the lean-

to at the Fairbanks House in Dedham,
Massachusetts, the oidest wood-frame
house in the United Staies. Frequently
epoxy repairs made to maintain histaric
building fabric are made in conjunction
with other methcds of structural
stabilization.

EXPOSED FRAMING MEMBERS
Many early buildings have hand dressed
framing members that are exposed on
the interior of the building. Freguently,
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 Longiellow 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. Cften, these
elements deserve to be saved rather
than replaced on the basis of historical
considerations alone. Freguently, in ad-
dition, the cost of fabricating replace-
ments makes consolidation and/ar
patching the more eccnomic aiterna-
tive. Certainly, modern replacement
members frequently lose the irregular
and individua! 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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Materiais

SAFETY, STORAGE AND
CLEAN-UP

All chemicals recommended for use
in this report should be handled with
respect. if the cautions outlined are fully
cbserved, no unusual health or safety
hazards exist.

It is recommended that hands be
coverad 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 discamfart,
repeated exposure can lead to skin
sensitization. A rubber respirator must
be wom whenthe fillers for the paiching
compound are handled since care
should be taken to avoid breathing Ca-
bosil, a fJumed silica, and/or
the microbalioons.2

Wark surfaces are best covered with
polyethylene or newspaper while pre-
paring materials to simplify clean-up.
Simitarly, mixing in disposable con-
tainers will save time later in cleaning
up. Clean-up solvents for epoxies are
marketed oy 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.
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Glass jars make excefient storage
containers for the consclidants 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
epoxyfiller or consolidant, they must be
cleaned befare the material sets. Epoxy
solvents and thinners will not remove
cured materials. Materials are best
stored at ordinary room temperatures.

PROPRIETARY PRODUCTS
Aithough the emphasis in this report is
on specially developed materials, two
proprietary (that is, commercially avail-
able and prepackaged) epoxy mate-
rals were used in the course of the re-
pairs illustrated in this work. These
materials, both products of the Allied
Resin Corparation, East Weymaouth,
Massachusetts, are Arcon Seep-N-
Seal® and Arcon E 152, Marine Epoxy
Adhesive. Seep-N-Seal® is a penetrat-
ing consolidant. Itis packaged as atwo
part material which is mixed to form a
very fiuid epoxy for consolidating rotted
wood. It has & working time of approx-
imately ona 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 pastelke
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 {or 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 Margan Phillips’ paper.

CONSOLIDANTS

Formulation

The formulations for the two wood con-
solidants follows. Both may be classed
as strong consolidanis and demon-
strate good water resistance. The con-
solidants are prepared from two chem-
ical ciasses of materials, epoxies and
amines. The epoxy-funciional compo-
nents are by convention called part A
while the amines or curing agents are
called part 8.

2. A good regpirator is the Dupor rubber
respirator bulb valve No. 4, available at
most hardware sioras.



2 Materials
Strong consolidant No. 1: Properties:
i ty—pourable
Parts Total V'SC.DSf
Material Manufacturer by Volume Part A potllfe.-—abou! 2 hours a
- cure time—3 days at 70°F
PART A DER 332 (gpoxy Dow Chemical (will holg shape after 24 hours)
resin) Midiand, Michigan 6 physical characteristics—hard and
RD2 (epoxy resin Ciba-Gei rigid, can be nailed into, hi_ghlyvyater
(epoxy ) Ardsley %}éw York 3 3 resistant, cuts and sands with difficulty
Typical Uses: strengthening framing
Parts Total members in compression, consoli-
Material Manufacturer by Volume Part B dating the shell of rotted framing
PARTB  Jeftamine D 230 Jefferson Chemical members prior to infill of new wood,
(amine-functional Company repairing trim such as columns, bal-
curing agent) P.Q. Box 4128 usters, silis.
Austin, Texas 4 4
Strong consolidant No. 2: Properties:
Parts Total viscosity-—very pourable,
Material Manufacturer by Volume  Part A penetrates very quickly
potlife—about 2 hours
PART A DER 332 (epoxy Dow Chemical cure time—3 days at 70°F
resin) Midtand. Michigan 1 {will hold shape after 24 hours}
RD2 (epoxy resin)  Ciba-Geigy physical characteristics—slightly re-
Ardsley, New York 1 2 siliant, can be nailed into, somewhat
' iess water resistant than No. 1.
Parts Total Typical Uses: strengthening framing
Material Manufacturer by Volume Part B members in compression, consoli-
PART B Jeftaming D 230 Jefferson Chemical dating the s_hell of rotted framing
(amine-functional Company members prior to infill of heavy wood,
curing agent) P.O. Box 4128 repairing trim such as columns, bal-

Austin, Texas

usters, sills.

Preparation and Application

It is most usetful to premix the two in-
gredients of part A, This aliows the
craftsman to arrive at a job with only
two containers, one contaming 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 RD2Z, produces a low
viscosity fluid epoxy mixture (part A),
The shelf lile of the mixture can be re-
garded as at least several months and
probably 1s 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 saurces, such as
hair dryers, shouid be used with great
caution.

The twa ingredients of part A should
be carefully measured according to the
recipes given. A metal or giass con-
tainer may be used as a measure. The
storage container should be marked
indicating that itis part A of strang con-
soiidant Nos. 1 or 2 and the preparation
date noted. The epoxy materials should
be blended either by vigorousty shak-
ing the closed container or stirring with
an propelier-shaped blade mounted on
an efectric drill. The drili 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 shouid be carefully noted
for strong consolidant No. 1that 9 parts
by volume ot-part A are mixed with 4

parts by volume of part B. The strong
consolidant No. 2 combines 2 parts by
volume of pant 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
o produce an averlapping absorption
pattern (figure 1) It is recommended
that holes be drilled at an angle and
spaced approximately 2 inches on can-
ters in staggered rows. The holes should

43



2

Materials

be approximately 3" diameter and
placed so that the top of one is in line
with the bottom of the next. This will
exploit the superor 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 arule ofthumb, badly deteriorated
wood will absorb a volume of consaii-
dant that is approximately cne half of
its total volume. Of course, stronger
wood will absorb lass.

Wood to be consolidated should not
be perceptably wet. Generally, atimper
dry encugh 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 befare 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
consclidation. This preservative should
not contain a water repellant as thismay
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.
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Figure 1. Pattarn for holes drilled into rotted wood for the introduction of consolidant.



2 Materials
Semi-rigid patching compound No. 1: Parts Parts Prgip;i?:i;s; rick paste
. ah -
Material Manufacturer by Volume by Weight potlife—20 minutes’ |
PART A DER 331 {(epoxy Dow Chemical cure time—sets to workability over-
resin} Midland, Michigan 8 100 night at 70°F
physical characteristics—semiflexi-
PART B LP-3 (polysulfide Thickal Chemical bie, may be carved, planed, sanded.
polymer) QggaLcc;wer Ferry Typical Uses: all applications now
served by conventional wood pastes
9
Trenton, New Jersey 7 6 and putties, restoration of carved and
EH 330 {amine tumed trim elements.
curing agent) 1 10
PARTC  Cabosil M5 Cabot Corporation
{Filler) 125 High Streat
Boston,
Massachusetts 1 12
Phenclic Union Carbide
Microbailoons 270 Park Avenue Total weight filler = 24% of total weight
New York, New York 2 36 parts A & B

Praparation and Application

For the semi-rigid patching compound,
both weight and volume mixing pro-
portions have been listed for parts A,
B, and C. Mixing by weight is preferred
far the tillers as the density of these
materials i strongly afactorof packing.
An inexpensive triple heam bhalance
weighing to 0.1 gram, such as the
Qhaus 710T with weight attachment set
{(avaitable from Fisher Scientific and
others), is adequate for this purpose.
It is best to prepare large batches of
part C and put it aside for later use.
(Recall that it is necessary to wear a
respirator mask when measuring or
mixing in the fillers.)

Part B should be carefully measured,
well-mixed. labeled, and stored. The
corresponding amount of part A should
be measured and labeled.

Part C represents the fillers that are
responsible for giving the patching ma-
terial its desirable working qualities. It

is blended into both parts A and B to
produce two pastes. Ideally, the amount
of part C used should be 24 percent of
the weight of the parts A and B com-
bined. Thus, for a batch containing 100
grams of DER 331, 96 grams of LP-3
and 10 grams of EH 330 approximately
48 grams of part C filler are required.
Half, or 24 grams, is biended into the
100 grams of part Ato produce a paste-
like part A with filler. Similarly, 24 grams
of part C filler is added to the liguid part
B to produce a paste. Mixing in the filler
is best accomplished in a shallow bowl
or enamel pan using a small spatula or
putty knife.

If scales are not readily available, an
alternate approach may be adopted.
This would involve preparing parts A
and B by using the volume proportions
listed inthe formulation. Part C may also
be prepared using the volume ratio or
preferably can be premeasured by
weight before delivery to the workmen
in the field. Again the rmaterials should
be placed in labeled containers. Then
the following system may be used to
add equal volumes of parn C to the lig-
vids. The amount of part C to be added

will be limited by the amount that par
Awill accept. Part A wilt wet very slowly
and must be mixed very thoroughly to
accept the filler. After pant A appears
to accept no more material and an
equal quantity of part C has been
added to part B, the materials shouid
be permitted to stand overnight. Part
A may accept more of part C after
standing. An equal amount of part C
must, of course, be added to pan B.
The thorough mixing of the liquids and
filler must be stressed. Part' A should
be rather stiff after it receives the filier.
Parts A and B {containing fillers) may
be stored as pastes for several monihs.
They are then ready for use as patching
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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
unworkaile 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 quaniities 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-
titles may e hiended an a plywood slab
with the aid of a spatula or paddle.
Mechanical mixing is not particuiarly
heloful because of the viscosity of the
pastes.® Fallure to adequately mix the
components will prevent the material
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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 planeg it ievel. Surfaces for
patching should be clean, sclid or so-
ligified (thatis consolidated) wood. Sut-
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 oppoesed 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, L.ong narrow cracks as
well as small holes may befilled. Larger
holes should be filled with new wood.
Holes shiould 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 cutdoor
locations, this offers no complication.

3. An alternative approach has been
adopted successfully by one craftsman.
He takes three containers to the joby;
namely, liguid part A (nofiller), part B {no
filler) and filler. He thoroughly mixes equal
volumes of the twe liguid parts, then
warks in the filler ta produce a stiff work-
ing paste,
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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 partally damaged the
structural integrity of the corner post
near the juncture with the sill at the
southeast corerofthe building. Failure
of the roof valleys of the central dormer
caused damagetoamainrooftie beam
and adjoining roof rafter. Also, rafters
near the chimney gint were damaged.

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

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

LONGFELLOW HOUSE, CORNER
POST AND SILL

Existing conditions

Removal of the clapboarding revealed
that the comer framing consists of a
10" by 10" cak comer 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 2 is a
diagram showing not only the framing,
but alsothe damaged areas. A previous
repair, namely a Portland cement patch
inthe sillunderthe 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 past beetles. The lower
2 feet of the post and 6-7 feet of the
adjoining sill on the southeast side of
the haouse evidenced some degree of
insect/waterdamage. 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 invoived 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 defarmation or failure.

Repairs to Waoaden Trim

Turned Baluster:

Column Capital

Porch Handrail

LONGFELLOW HOUSE REPAIRS

Repairs to Wooden Framing Members

/ Exposed Rafter Consolidation
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Case Studies: Repairs to
Historic Wooden Framing

Members
+ 10" x 10" Oak Comer Post -0 .
{(Corner Brackets Areas Consolidated 2 % oooi o
Not Shown) o % %o ?
Rotted Wood TP, L0
Remaoved P

T
¢ 6o oo
9 o o0 0P

)

8" x 10" Oak Sills

Existing Portiand Cement Patch

Figure 3. Longfeliow House, Corner Postand Sill SE corner, framing iscmetric 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-
tarforation. Consolidation {rather than
replacement) of the post was judged
a desirable course of action as only a
small partion of the bettom of the post
was in poor condition, It was decided
that the epoxy repair would be less dif-
floult and less expensive than procuring
and installing infill wood of the correct
dimension and supporting the comer
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- Figure 4. Longfeilow House, Corner Postand Sill. The conditions near the mast seriously
torically significant, original framing deteriorated area, after removal of siding and part of the decayed wood, are shown.
timbers. (Photo: Author)

It should be noted thaithe epoxy aiso
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could effectively coat and consolidate
the portland cement previously applied
10 the comer post. This would have the
ettect of waterproofing the cement and
providing a dampproof base for the
post. Since water is prevenied from
migrating through the cement, it wauld
not be necessary to remove this ma-
terial. It was hoped that this treatment
of the past and sill would have the fong
term effect of alleviating the chronic
problem of water collection and sub-
sequent damage ta 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 ¢onservation process.® Se-
vere deterioration necessitated the re-
maval of a porion of the sill. Next, a
series of3" 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
liguid epoxy until the holes appeared
to hold no more liquid (figure 6). A total
of 4 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 nct necessary to seal the surface,

Large holes had been drilled into the
comer past in the course of the insect
control work. These were subseqguently
used to introduce approximately ¥z gal-
lon of the strong consolidant No. 1. As
the larger holes were not filled with
epoxy, wood dowels were placedin the
holes.

The sillimmediately to the right of the
post (figure 3) was consalidated using
the slightly less strong, that is, more
flexible, formulaticn, than the preceed-
ing one. Approximately Y2 gallon of the
‘strong consolidant No. 2 was absorbed.

4. Terminex 3A3B, a powder post beetle
and termite control material, was applied
by the Ioca! distributor.

S 4 _ : ; ’ t; é" [
Figure 5. Longfeliow House, Corner Postand Sift. Siding has been removed and chemical
fumigation completed. Inthe areato theright of the removed portion of the sil, & series
of staggered 1" holes approximately 3" on centers were drifled downward into the sill,
Ideally, holss should have been made only in the lower third of the sitf and more closely
spaced. (Photo: Author)
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Figure 6. Longfellow House, Corner Postand Sill, Epoxy consclidant is introduced into
holes using a plastic squeeze bottle. In this case itwas notnecessary to seal the surface
to prevent run-off because the wood was reasonably sound. Dark areas on the face

of the beamn are the result of surface absorption of consolidant and slight dripping
during the filing process. (Photo: Author)
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This section of the repair area proved
to be the mest absorbant. Figure 7
shows the application of epoxy using
the squeeze bottle. Strong consolidant
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 formutation has more flexibility
probably will nat 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 tor the short run, holding
up the house, little additional strength
was needed. Qbservation of the in situ
aging of the twa different epoxy mate-
rials in this instance may enable us to

" better understand how to formulate the
maost suitable materials for future use.

Thefinal phase inthe process af con-

servation of this area of the framing in-
valved filling the void created in the siil.
A block of oak shimmed by a series of
four cak wedges front and back was
inserted into the opening. These wedges
assured the tight fit of the cak block
patch (figure 8).

Critique of treatment

In overview, the pattern of holes dnlied
into the sill for the introduction of the
consolidant was probably less than op-
timum. If a similar process is to be te-
peated, it would be advised that the
holes be made much closer together
inthe areas whare 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
infigure 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.
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Figure 7. Longfelfow House Corner Postand Sill. Epoxy consolidant is inroduced into
hodes inthe leftend of the sillusing a squeeze bottle applicator. (Photo: Authar)

Figure 8. Longfeflow House Corner Pastand Sill. In the most deteniorated portion of the
silf, new wood infilf was used, Qak was used lomaichthe material of the original. Wedges
frant and back were :'sed to tightly position the wood in place. No adhesive was used
as the compressive forces realfly aflow no movement of the block once positioned.
{Photo: Author)
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LONGFELLOW HOUSE,
CENTRAL PEDIMENT, ROOF
TIE BEAM

Existing conditions

Prior to reslating the roof, it was dis-
zovered that major structural timbers
:n the roof of the east side of the central

Figure 9. Framing isometric of the Longfellow
House central pediment. Note that the darm-
aged area includes the tenon that formerly
cannected the rafter to the tie beam. The
auter pediment piate is supparted by the
cantitevered 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 fun-
neled its way via the roof rafter intc the
main tie beam. This completely de-
stroyed the tenon of the rafter and the
upper portion ofthe pine tie beam, star-
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 detericrated 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 elfected without the need
for obtaining new large members and
with minimum dismemberment aof the
sound parts of the structure. New wood
was introducted into a cavity that was
partly consctidated and partly sound
old wood. Epoxy adhesive allowed lam-
inated small wood infill members to be
installed.

Removed portion
(6" X 6” X 42“]

MAIN TIE BEAM 11" x 171"

ROOF RAFTER

‘ ‘ ’::4 /

J 7

OUTER PEDIMENT

INNER PEDIMENT PLATE
10" x 107

107 < 1¢7
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Preservation treatment
The initial phase of the repair entailed
removal of a section 8” 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-Seal® was chosen be-
cause it sets rapidly, thus enabling the
roofers to proceed without undue delay.
Checks along the side of the beamwere
caulked prior to this application to pre-
vent the epoxy from fiowing cut through
the chanrels in the wood, then the con-
solidant was poured into the cavity.
Two pieces 3" by 8" by 42" of long-
ieaf yellow pine were laminated to-
gether with Altied Resin E 182 Marine
Epoxy Adhesive, These were then dated
and inserted inte the cavity that had
been inad with the same adhesive ({fig-
ure 11). An epoxy adhesive shrinks very

Figure 11. Longfeliow House, Central Pedi-
ment, Roof Tie Beam. Two 3" x 67 x 42"
sections of long-leaf pine yellow pine, tam-
inated with Alied 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. (Fhoto: Author)
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Figure 10. Longfeliow House, Central Pediment, Roof Tie Beamn. The pediment siding,
as well as a portion of the roofing, were removed to aliow access o 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" Jong) was made as regufar 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
aver a somewhat irreqular surface as
in the present instance. The bottern of
the roof rafter was then shimmed with
pine to replace the rotted lower section.
Figure 12, photographed from inside
the pegiment, dlustrates not only the tie
beaminfill, but also the new rafter base.
Originally the beam and rafter were
secured together by a morise and
tencnjoint. As this connection ne longer
exists, a steel plate, secured with lag
screws, was made to connect the mem-
pers. The plate has the effect of helping
to prevent any tendency af the rafter to
thrust outward, although other framing
members in the area also tend to re-
strain it. [n this case the sieel plate was

nct 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-bols connecting them.

Critique of treatmant

tn retrospect, an improved technique
would invalve drilling the sides of the
cavity and using a squeeze bottle to
inject the hales with epoxy conselidant.
Ideatly 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 inta
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 siresses are bome by the
new wood. The epoxy is merely an ad-
hesive used o laminate the infill and
consalidate the useful parts of the oid
wood.

Figure 12. Longfellow House, Central Pedi-
ment, Roof Tie Beam. This interior view
shows not only tie beam infifl, but also the
piece used to shim the rafter base. These
have been glued in place with epoxy ad-
hesive. It shouid 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 gint
showed an area of extensive water and
insect damage. Only the sheil 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 o resemble
wood graining.

Repair criteria

Ore excellent rationale for the use of
epoxy consotidants is to preserve the
appearance of structural timbers that
are exposed an the interior of the build-
ing, as occurs in this case. The rafter
was judged not to be subject ta 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
insacts, epoxy consolidation and infill
with new wood was deemed practical
because little structural strength was
necessary.

Preservation treatment

Remaoval 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
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Figure 13. Longfellow House Exposed Rafter Consolidation. View from above atter re-
moval of roof slates and sheathing. Deteriorated section of rafter has been removed
producing a key—shaped cawry. A purlfin is shown framed inta the rafter. (Photo. Author)

il b PR BN
Figure 14. Lcngfeﬂow House, ExpOSed Hafrer Consolidation. F?after cavity shown prepared
for consalidation by using plywood and cautking to close cavity. (Phato: 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 wetled. Overnight
setting was required priorto application
of the non-shrinking Allied Resin E152
adhesive. Again, this material permits
a thick glue line on the uneven surface
assunng a good bond. New wood was
also adhesive coated and fitted into the
cavity. The completed repair, llustrated
in figure 15, retaing 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. i
space had permitied, balts, and per-
haps a longer boltom section of the
“keyhole,” could be added to increase
the amount ¢f ioading acceptable on
this sort of patch.

. ey it " - - S
o THR e b W :

Figure 15. Longfeliow House, Exposed Rafter Consolidation. Consolidant was brushed on
the sides of the cavity so as fo saturate jt. After this cured, the cavily was thickly lined with
Allied Resin £ 152 epoxy adhesive. The bottom and sides of the new wood were adhesive
coated and fitted into place to complete the repair. (Phato: 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 tumed trim eiements.
In addition, the patching compound
simplifies all conventional wood repairs.
Typicalusesofthe patching compound
will be detailed using examples drawn
not only from the Longfellow House, tbut
also from work done to restore the fire-
damaged Hyde Mansicn 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 it W : _
Existing conditions PR e ot PR Lo

The east and west piazzas as well as Figure 16, Longfellow House, Turned Baluster. A typical unit shown after paint removai
the roof of the Longfellow House have  prior to repair. There are cracks afong the grain as well as missing pieces. it should be noted
hand-tumed wooden balusters. Many that very well-bonded paint need not always be removed prior to application of epoxy
elements of these balustrades were patching compound.

Figure 17. Longfellow House Turmed Baluster. Semi-rigid patching compound No. 1 is applied to fill the smaller hoies using a putly 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 18 shows the “before”

condition of a typical baluster after initial
paint removal.

Repair criteria

Using epaoxy patching compounds and
epoxy adhesives it was possible 1o re-
cendition the balusters without incur-
ring the high expense of having new
hand-tumed 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
microbailcons added, was used to fill
the areas where the wood was split
along the grain. Although the guantity
of micraballoons added was not spe-
cifically measured, the amount was
governed by the goa! 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
10 work, although this was at the ex-
pense of some degree of bond strength,
Semi-ridgid patching compound No. 1
was used to fill smail holes and surface
irragularities.

This material is less strong, but more
workable than the E 152 adhesive. In
figure 17 this material is applied to fil
surface irregularities, The E 152 ad-
hesive was used to glue new weed into
the larger cracks. Availabte wood scraps
were used for this purpose. Smaller
pieces of wood were laminated with
adhesive to provide larger biocks. Infill
pieces were oversized as final sizing
was accomplished after ¢uring of the
zpoxies. Figure 18 shows the repair
Teady 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
feady for repainting in figure 19.

Critique of treatment
This procedure has provedanexcellent
method to preserve historic fabric with

readily applied conservation techniques,

Figure 18. Longfellow House Tumed Baluster. Larger gaps were filled with new wood
attached with epoxy adhesive. Oversized infill are to be shaped after epoxies have
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Figure 19. Longfellow House, Turned Bafuster. 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 pracedures have been applied
to fill narrow cracks and hotes in bal-
ustrade handraits and porch steps at
the Longfetlow House. We will illustrate
the technique in the instance of the
handrail. Aithaugh 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 histeric fabric.

Preservation treatment

The handrail was removed from the
balustrade and the paint stripped with
the aid of neat. Some of the surface
irregularities were slightly entarged 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
farced 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
woaod 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 microbalioons 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 handrait 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 dane.
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Figure 20. Longfellow House, Porch Hand-
rail. Soft wood was removed from surface
and cracks. Very narrow cracks were siightly
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-
rall. Semi-rigid patching compound No, 1
was used (o fll the cracks. A pulty 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. Longfeliow House, Porch Hand-
rail. Filler on the surface must be tharoughly
removed before painting to prevent water
from becoming trapped below the patch.

properly Incorrect
applied application,
and finished water may
., patch become trapped
N under patch
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LONGFELLOW HOUSE, REPAIR
OF COLUMN CAPITAL

Existing conditions

Sevaral 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
wera 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 anly 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 toa
weak to allow paint removal grior to
consclidation. This is a good example
of a monstructural application of the
epoxy consolidant. The pieces of the
capital were reassembled using the two
part epoxy adhesive, Alied 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
far further piecing and patching result-
ing inthe maintenance of original tuild-
ing fabric while effecting significant
cOst savings.

80
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Figure 24. Longfellow House, Column Capital. Each part of & capital from the pcrch
columns was treated with strong consofidant No. 1 along the inner surface. A squeeze
bottle was usedtc 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 porion of the interior
carved wood comice from the Hyde
Mansion in Bath, Maine. This building,
an elaborate Georgian Colenial Revival
home puilt in 1910, designed by Jahn
Calvin Stevens, is now the main admin-
istration building for the Hyde School.
A fire In 1975 extensively damaged
wood parelling, trim, and decorative
plasterwork. Small sections of the elab-
orate cornice molding shown in figure
25 had Iost detail. Carved brackets suf-
fered similar loss of detail. Voids in door
and window sills required tilling.
Repair criteria

Epoxy repair was guicker and more
econgmical 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.

Figure 25. Hyde School, Wood Trim. Anelaborately carved cornice had lost detall in a
Preservation treatment tire. Epoxy patching compound was applied in areas where wood was fost. An electric
Areas mentioned were carsefully filled hand grinding tool was used torestors deiail.  (Photo: Author)

with semi-rigid patching compound No.
1. Care wastakento follow the hole size
and filling guidelines specified in the
section on “New Materials, Preparation
and Application” of the patching
compound.

Critique of treatment

Craitsmen were uniformly well-pleased
with the warkability of the cured epoxy.
Figure 25 shows the material teing
worked to recreate the proper cornice
profile. A filled hole is being chiseled
level infigure 26. Window sills were
readily filled with patching compound
faster and at a lower cost than woutd
be possible in the case of replacament.
Since skilled craftemen 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 fill a hole in a
gdoar casing. It was chiseled level! after it set.
(Photo: Author)
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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
ofthese 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 develaped wood conservation
techniques.
Criteriafor application ofthese epoxy
" methods stress the convenience as well

62

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 dacu-
mented. It is hoped that interested
craftsmen who try these techniques will
share their knowlgdge and experience
80 that epoxy wood repair will become
a more standard and widely appiied
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 {est of these ma-

terials. The virtues and drawbacks of
the materials still need further eluci-
dation, This will only e 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-
tien should be eased. Possibly, in the
future, these orimproved 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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in Coatings. Federation Series
on Paint Technology. Unit 20.
Phitadeiphia: Federation of So-

cieties for Coatings Technology,
1972.

A brief discussion of epoxies.
Other units in the series treat
other polymers of possible use
in wood consolidation.

Stambolov, Todor, and van Asperende
Boer, J.R.J. The Deterioration
and Conservation of Porous
Building Materials in Monu-
ments, a Literature Review.
Rome: International Center for
the Study of the Preservation and
the Restoration of Cultural Prop-
ery, 1872.

Pages 53-55 in this reference
give a good outline of literature
discussing impregnation of po-
rous materials with polymers.

Artictes and Abstracts

Boenig, H.V. “Polyesters, Unsatu-
rated.” Kirk-Cthmer Encyclope-
dia of Chemicai Technology. Vol.
11, 2nd ed. New York: Intersci-
ence Publishers, 1963, pp.
120-168.

This isa good outhne of polyester
chemistry and technslogy.

International Institute for Conservation.
Art and Archaeology Technical
Abstracts. New York and Lon-
don: New York University andthe
International institute for Con-
servation, published semi-
annually.

Abstracts of numerous articles
on wood consolidation in many
countries are found here.

Luoma, Eino J. “Syntactic Foam.” Mod-
ern Plastics Encyciopedia 50,
New York: McGraw Hill,
19731974, p. 146.

" A brief discussion of several
types of microballoons used as
fillers with various resins.
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Appendix

Manufacturers of Materials
Discussed in this Study

Prepared by Morgan W. Phillips

ARCQ Chemical Company. Division of
Atlantic Richfield Co., ARCO Ra-
diation Process Center, F. O. Box
115, Karthaus, Pennsyivania
16845.

B. F. Goodrich Chemica! Company,
6100 Oak Tree Boulevard, Cleve-
lang, Ohio 44131,

Cabot Corporation, 125 High Street,
Boston, Massachusetts 02110

CDI Bispersions, 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 calor pigments.

Preceding page blank

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.”

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

General Mills, Inc., Chemical Division,
4820W. 77th Street, Minngapolis,
Minnesota 55435,

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

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

Shell Chemical Company, Polymers
Divigsion, One Shell Piaza, Hous-
tan, Texas 77002,

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

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

Wilmington Chemical Corpaoration, P. O.

Box 66, Wilmington, Delaware
19899.
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