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PREFACE

The 1980 symposium on "Wood Adhesives--Research,
Application, and Needs" was cosponsored by the Forest
Products Laboratory, Forest Service, U.S. Department of
Agriculture, and the Wood Technology Section of Washington
State University, Pullman. It was held September 23-25, 1980,
at the Wisconsin Center Building on the campus of the
University of Wisconsin.

-3

" The purpose of this symposium was to exchange infor-
mation and ideas, and to stimulate new research and de-
velopment among researchers, producers, and consumers of
adhesives for use in the wood industry. Adhesives are
some of the most important raw materials used in the wood
industry today. With the ever increasing need to produce
large pieces of wood from small pieces, to use materials
now considered residues, and to use our timber resources
more efficiently, the important role of adhesives in wood:*
processing continues to expand.

This symposium followed only 5 years after the

1975 symposium on "Adhesives for Products from Wood"
which had been the first meeting of this kind since

1960. This increasing frequency reflects a growing need
to exchange information about new technology as it de-
velops at an ever increasing rate in efforts to keep pace
with industry and consumer needs.
")The 1980 symposium stressed the use of renewable
materials in adhesives but also reviewed current bonding
practices, research needs, unsolved problems, and pro-
vided a forum for discussing approaches to problem solu-
tion. Important topics included the status and forecast
for the future of wood adhesives, the use of renewable
resources, specialty adhesives, formaldehyde emissions

from bonded wood products, isocyanate adhesives, structural
applications, and durability,

These proceedings of the 1980 symposium contain all
the papers presented and, consequently, they should provide
a good overview of recent developments and current status
of adhesives for wood. They should also provide background
for future conferences and help fulfill the need for improved
communication and information exchange between all parties

concerned with the development and use of adhesive technology.

W. E. Johns, Washington State University
Robert H. Gillespie, U.S. Forest Products Laboratory
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THE ROLE OF ADHESION AND ADHESIVES

IN THE WOOD PRODUCTS INDUSTRY!

/

By George G. Harra,z Deputy Director
Forest Products Lsboratory, Forest Service
U.S. Department of Agriculture

v

K Madison, Wis.
- ABSTRACT
The phenomenon of adhesion plays an important role in

over 70 percent of all wood and wood-based products,
including paper products. The future of the wood industry

will require an even higher dependence on operations
nvolving adhesion, a trend fostered/partially by the
changing character of the forest resource) partially by the
need to extract greater quantities of wood from the same
forest base, and partially from the newly recognized poten-
tial for producing new wood materials with superior proper-
ties to serve a variety of engineering needs.

The growth of knowledge on the subject of adhesives
and adhesion has produced some exciting scientific and
technical discoveries. More discoveries of equal impor-
tance are possible and can be anticipated, with much of the
driving force coming from the need to find substitutes for
the threstened shortage of petrochemicals.

This symposium and others to follow will help greatly
in accelerating the achievement of this objective.

A

INTRODUCTION

The subject of adhesives and adhesion is
one of the most important knowledge areas for’
the future of the forest products industry.

The phenomenon of adhesion as a physical and
chemical action is invoked in perhaps 70 per-
cent or more of all wood materials in use today,

and the percentage could be higher in the future.

This includes laminated beams, plywood, lamin-
ated veneer products, various fiberboards,
particleboards, overlays, all paper products,
and all paints and finishes applied for pro-
tective or decorative effects. Furthermore,
some special impregnating treatments require

lPaper presented as the keynote address
at "Wood Adhesives--Research, Application, and
Needs" Symposium held at Madison, Wis.,
Sept. 23-25, 1980.

ZIfotlerly Assistant Dean, College of
Engineering, Washington State Upiversity,
Pullman, Wash.
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consideration of a chemical action to bond
the material to the wood substance internally.
Engineers working on new concepts for
more efficient design of wood structures, have
found that bonding components together in lieu
of nailing, or in addition to nailing, provides
increased load-carrying capacity and increased
stiffness in the final structure. The effect
is particularly apparent when sheathing, for
example, is bonded to studs or subfloor to

joists (g).§ Conversely, and perhaps more
importantly, the same load-carrying capacity
and stiffness can be achieved with less wood,
thus contributing to lower cost and conserva-
tion of the timber resource. This trend is
now well-established and is expected to con-
tinue to grow in the future, adding greatly to
the future impact of adhesives and adhesion on
wood use,

2Nunbets in parenthesis refer to refer-
ences listed at the end of this paper.
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While adhesion most often connotes the
use of an adhesive to achieve a bond, this is
not slways the case. For example, the bond
formed between fibers in a paper sheet does
not require an adhesive; rather, the produc-
tion process promotes the formation of hy-
drogen bonds between cellulose molecules on
the surface of fibers in close proximity.
Another example of a different type of bond-
ing lies in a special class of high-density
fiberboard produced by a wet process in which
the natural lignin present on the fiber is
caused to flow under heat and pressure. The
thermoplastic action of the lignin then bonds
adjacent fibers together somewhat as in the
original wood.

This type of bonding without adhesives,
though quite old as a technology, has inspired
an exciting new wave of research activity
vwhich seeks to promote the action by means of
catalysts. In the field of wood bonding it
is difficult to conceive of a more elegant
solution to the problem of shortages of adhe-
sive materials.

Economists and foresters who study the
supply and demand for timber and who can pre-
dict the character of future forests, provide
clear evidence that bonding of wood will be
the dominant operation in wood processing
plants throughout foreseeable decades. The
pattern of small logs and the need to recover
higher percentages of usable material from
the forest, will foster greater use of bond-
ing techniques such as laminating, end and
edge joining, veneer products in the form of
panels and lumber, flake products also in the
form of panels and lumber, and combinations
of veneer and flakes or other types of
particles.

Although the character of the wood raw
material may be the more obvious driving
force toward the greater use of bonding as a
wood processing operation, other factors
contribute to the trend. Perhaps the most
important of these is the fact that highly
desirable technical gains emerge from the
process. For example, the mere act of bond-
ing two or more pieces together to serve as
one piece, results in greater uniformity of
the material from a statistical standpoint.
Furthermore, the control of processing vari-
sbles can insure uniformity of product from
day to day and year to year, and some processes
also permit varying the properties at will.
Hence, a level of reliability--a matter
of great concern to engineers and designers--
can be achieved far exceeding that of random
solid wood products. However, this reli-
ability is almost entirely dependent upon the
quality of the bonds.

A second factor arises from consideration
of long-term impacts of depletable resources
in contrast to the renewable character of th-

forest resource. It is now considered inevit-
able by recognized futurists that certain
resources will be exhausted within a matter

of centuries. In this context, wood will

play an increasingly important role in substi-
tuting for those materials facing extinction
thus conserving them for future generations
while maintaining the standard of living for
more people at a comfortable level. It is
fortunate indeed that the science and tech~
nology of wood has developed to the point

that wood materials with superior properties
can now be assured for the larger role en-
visioned for the forest resource. It is hoped
that national policymakers for materials will
give this fact more serious consideration in
the future when formulating guidelines for best
use of the world's critical resources.

It stands everlastingly to the credit of
workers in the field of adhesives that bonding
operations have kept pace with other technical
developments and will continue to do so. This
symposium and others to follow attest to the
importance of this subject.

HISTORICAL PERSPECTIVE OF WOOD BONDING

While the term "adhesive" refers to a
material, and the term "adhesion" to a
physical-chemical phenomenon, the term "bond"
includes both of these, together with a sub-
strate, or adherend. Thus, two pieces of
like or unlike material are considered bonded
together if they can transmit stress and act
as a single unit. Although this definition
is not totally consistent in actual practice,
it is useful in discussing the technical
aspects of the operation even when no adhe-
sive is used to form the bond.

Historically, early consideration of the
bonding action involved only the substrate and
the adhesive film spread over its surface
(Fig. 1A). This primitive two-component system
required only that the adhesive penetrate the
open structure on the surface of the wood and
then harden. It was an adequate concept of
wood bonding throughout the ages, until about
1919. At that time, more reliable bonding of
wood aircraft parts spurred research on the
basic phenomenon. The idea of the bond having
to be only as strong as the wood won early
acceptance among scientists. It is curious,
however, that the idea that the "glue" could
be made to appear stronger simply by using
stronger wood fuor the substrate took a number
of years to be discovered. It is also curious
that in those days an adhesive material became
a "glue" when used to bond wood.

The early history of research on adhe-
sives and adhesion forms a most fascinating
chapter in the development of ideas on this
sub; *ct. Of particular interest is the work
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of several groups of scientists trying to
elucidate the bonding action in terms of
mechanical versus specific adhesion. One
group whose illustrious members included
McBain, Lee, and Hopkins, working in England,
sought to justify the theory that adhesion on
wood surfaces was primarily a mechanical
action (10,11). A second group working in
the United States believed that for good adhe-
sion, a chemical action had to occur between
wood and adhesive which they called specific
adhesion. This group included Truax, Browne,
and Brouse at the Forest Products Laboratory
in Madison, Wis. (1,2,18). Although both
groups practiced the best available experi-
mental techniques and both exercised due
restraint and diplomacy, it is obvious that
an exciting game of science was in progress
over a period of several years. In the end,
both teams appear to have retreated to an
intermediate position, accepting the possi-
bility that both mechanical and specific adhe-
sion were involved, but still squabbling as
to the definition of porosity with respect to
the wood surface. The published works of these
two groups remain as a classic example of
theories proposed, disputed, purposefully
researched and re-researched to provide
enlightenment for all.

Continuing the historical perspective of
wood bonding, it is useful to review the con-

cept of linkages as proposed by A. A. Marra (8).

In this concept, the bonding action is seen as
a series of links analogous to a chain, the
failure of any one of which would lead to the
failure of the chain. As implied in figure 1A,
early consideration of this subject failed to
perceive the variability of wood as a factor
in 2" sion. When bonding involves two pieces
of wood--as it most often does--adhesion must
occur on two different surfaces before a true
bond is formed. Variability between pieces of
wood to be joined is itself composed of many
factors such as species, moisture content,
grain angles, sapwood and heartwood, propor-
tion of earlywood and latewood, density,
strength, pH, temperature, and many others.

All of these can affect adhesion differentially
with respect to the two pieces of wood. When
recognition of this fact finally occurred, the
bonding action was conceived as having three
links, i.e., the adhesive layer and the two
pieces of wood on either side as shown in
figure 1B. It is immediately evident that on
a purely statistical basis, the chance of a
factor being present unfavorable to the bonding
action becomes at least double, and the tech-
nical demand on the function of the adhesive
can be seen as much more formidsble. Although
seemingly a minor discovery in retrospect,

this three-linkage concept provided wood tech-
nologists and adhesive specialists with an

important tool for progress in bonding opera-
tions and in the performance of the bonds in
service.

Useful as the three-linkage concept wvas
in its time, it proved to be merely a stepping
stone to even greater understanding of the
bonding action. Research now began to concen-
trate on the interface between wood and adhe-
sive where the fundamental adhesive action
takes place. This is depicted in figure 1C
where links 2 and 3 are shown as new additions
to the links in the chain, either of which may
be responsible for inadequate bond performance.

This is now a five-link chain.ﬁ Here, in
links 2 and 3, the physics and chemistry of
the adhesive meet the physics and chemistry of
the wood on a macro, micro, and molecular
scale. Surface roughness and surface porosity
interact with adhesive viscosity and adhesive
fillers, and reactive components of the adhe-
sive meet receptive sites on cellulose and
lignin molecules.

The enormous flexibility and adaptability
required of the adhesive can be seen in the
characterization of the wood surface shown in
figure 2. Excised cell walls (end view)
present opportunities for primary and secondary
bonds to develop between cellulose and adhe-
sive. Unexcised cell walls require bonds to
form between lignin and adhesive. Often, cell
walls are collapsed or shattered, requiring
the adhesive to penetrate and interact with
protoplasmic residues on the interior cell
lumens. These residues are also a part of the
interface in the excised cells. Furthermore,
sloping grain results in openings to cell
lumens on the surface, which then become chan-
nels for the adhesives to escape from tke
action point. The two wood interfaces may
also vary as to earlywood or latewood, or
heartwood and summerwood, each with varying
potential for promoting or denying adhesion.

Other surface phenomena also come into
play. These include contamination, oxidation,
and any extractives that may exude to the sur-
face. A more recent consideration is the so-
called surface inactivation that may occur
during drying, particularly high-temperature
drying. This was a major consideration in the
development of preheat bonding techniques in
which heat sufficient to cure the adhesive is
stored in the surface layers of the wood before
the adhesive is applied (9).

Similar considerations apply to the adhe-
gsive film as the other part of the interface.

ﬁNote that the chain-link concept con-
stitutes a symmetry around the center link (1)
and that while each link has an exact counter-
part on the opposite side, each link carries
its own power to destroy the chain.
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Figure 2.--Sketch of microscopic character of wood surface.

The viscosity of the adhesive is a prime factor, their research results and that occasionally

but this varies with time, and indeed, from experiments produced conflicting data. Low
one surface of the film to the other as assem- shear strength combined with high wood failure
bdly time progresses. In some cases, the method under otherwise good gluing conditions finally
of applying heat and the direction of heat flow led to suspicion that some important factor
also affect the adhesive interface, and the was still at large and running wild. Careful
. effect may vary from one side of the adhesive research finally traced the culprit to the
film to the other, as in preheat bonding. subsurface area of the wood substrate. It was
Finally, the reactivity of the adhesive found that this area can be damaged during the
eventually manifests itself at the interface preparation of the surface either by the
. to create that component of the bond known as cutting action of the tool, or by a combination

specific adhesion. Considerable insight of roll pressure and the characterisics of the
regarding the interface has been obtained by wood at that point. In some cases, damage can
measurement of the contact angle between adhe- occur as a consequence of excessive pressure
sive and adherend, and by measurement and applied to bring the surfaces together. Because
study of surface roughness. early failure at this point constitutes tech-

%ﬁ The five-link chain concept described nical failure of the bond, this subsurface zone

A previously provided a good base for studying was identified as another critical link in the

3; adhesion phenomena, and again better adhesive chain. Figure 1D illustrates this new factor

hicH performance most certainly resulted from the as links 4 and 5.

B new knowledge gained. However, despite the The final links in the chain were fashioned

" gein in experimental precision, investigators after considerable in-depth study of the action

; often found that excessive variability plagued of various components of the adhesive in the
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film. These last two are shown in Figure 1E

as links 2 and 3. Since the adhesive is a
mixture of various molecular sizes of the
adhesive chemical from monomers and dimers

to fairly large molecules, and various sol-
vents and fillers, it was considered reasonable
to expect some movement or stratification of
the components as the polymerization reaction
proceeds. For example, as adhesive and wood
come together, the solvent nearest the surface
is absorbed into the wood, creating a gradient
in the film. Similarly, the smaller molecular
pieces of adhesive material are more mobile

and can diffuse more readily toward the surface
of the film and thus be more available to pene-
trate the smaller interstices of the wood.
Again, this action produces a gradient in the
film. These actions can be both beneficial

and destructive in the formation of bonds for
long-term performance. For example, penetra-
tion of the smaller molecules into the minute
structure of the cell walls promotes specific
adhesion, and repairs damaged cells below the
surface. On the other hand, excessive move-
ments of the adhesive molecules toward the

wood causes the remaining film to become only
an inert layer of filler, incapable of devel-
oping its own cohesive strength. The result
would be an ignominious failure of link 1.

These last two links bring to nine the
number of links in the chain comprising the
bond between two pieces of wood. Although it
seems unlikely that additional links will be
necessary to describe the bonding action, these
nine links are the result of decades of
research, and since research on adhesion is
an activity of continuing importance, it is
entirely possible that new links will be dis-
covered in the future.

It is evident from this brief recitation
of factors affecting adhesion that bonding is
a complex operation. It seems safe to say
that it is the most complex operation in the
processing of any wood product. As a process
on which the future of the wood industry
depends, it is worthy of substantial emphasis
in every wood research laboratory.

STEERING COMMITTEE FOR ACCELERATED
TESTING OF ADHESIVES (SCATA)

Because of the complexity of the bonding
operation, the uncertain relationships between
the various factors and the expected perform-
ance in service, and the difficulty of elimi-
nating this uncertainty, wood bonding eventually
reached a plateau following World War II beyond
which no further progress of significance was
anticipated. Early in the 1960's, three west
coast lumber associations recognized the impor-
tance of adhesive technology for the future
needs of their members in extracting higher

values from the available logs. A meeting was
called by the associations to which industry,
government, and university scientists were
invited to express their views of the curreat
and future prospects for glued lumber products.
The outcome of that meeting was a dismal
assessment, the crux of which was the inability
to predict the long-term performance of any

new glued wood product, and particularly of

any new adhesive developed for the product.

At the conclusion of the meeting, inter-
ested scientists were invited to remain for a
discussion of action needed to overcome the
large gap in knowledge. Although it was recog-
nized that the gap existed because of the fact
that the research task was nearly impossible
to accomplish, and that no one had yet developed
the courage and resources to do it, a small
group of scientists vowed to tackle it in an
unprecedented effort. The group was dubbed
the Steering Committee for Accelerated Testing
of Adhesives (SCATA) and it included one scien-
tist from each university in the Northwest, a
scientist from an adhesive manufacturer, a
scientist from the wood industry, one from
government, and one from an association. This
group of nine met regularly for all-day sessions
and painstakingly worked out the dimensions of
the problem and started to dissect it into
parts for separate but coordinated attack.

The charge was certainly ambitious: To
develop accelerated test methods for predicting
the service life of any glued wood product
under any condition of service, with any adhe-
sive, including "Adhesive X" still in the test
tube, particularly the latter. The SCATA
group considered all types of glued wood prod-
ucts likely to be produced in the future, the
types of environmental exposures they would
have to endure, the stresses (both external
and internal), the biological degradation
influences, the manufacturing processes, and
the range of variability in each category.
Specimen design representative of the variety
of products became a major concern. Methods
of accelerating the aging process were dis-
cussed at length in a search for a.reasonable
sequence that would produce incremental degra-
dation capable of meaningful extrapolation to
some predetermined minimum. Finally, the
selected accelerated test methods would have
to be confirmed by actual exposure of matched
specimens at a number of locations in the
United States and Canada for a period of at
least 20 years.

A number of studies were carried out
under the auspices of SCATA and an early review
was published by Worth (20). Northcott at the
VWestern Canadian Forest Products Laboratory
worked on bond-degrading systems in an effort
to develop a standard degradation pattern for
a number of currently available time-tested
adhesives (12). This was intended to provide
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a background against which to compare the per-
formance of any "Adhesive X" that might come
along. Kreibich and Freeman at the Weyerhaeuser
Company developed a continuous machine for
accelerated testing of new adhesive formula-
tions (7). Strickler at Washington State
University worked on the design of test speci-
mens including a novel idea for a standardized
particle-type substrate to reduce variability
(14). Courier at Oregon State University,
together with Northcott and Kreibich, analyzed
numerous and complex degradative influences
and determined which should be considered in
accelerated testing schedules (13).

This coordinated SCATA work continued for
about 9 years, with the effort culminating in
a grand plan to correlate accelerated testing
with long-range exposure tests. The first
plan called for over 2 million specimens to be
made and tested, while subsequent plans sought
to reduce the number. However, despite the
best efforts, the cost of such a project
appeared to be out of reach. The inexorable
killer in these plans was the fact that the
large number of specimens needed to deal with
normal wood variability itself created an even
larger source of variability due to the neces-~
sarily expunded manufacturing operation to
produce the specimens. The additional speci-
mens needed to cover this source of variability
proved fatal to the project.

About this time, Troughton at the Western
Canadian Forest Products Laboratory (15-17)
and Gillespie at the U.S. Forest Products
Laboratory (4,5) revealed a possible new
approsch to prediction of adhesive performance.
This involved consideration of bond energies,
hydrolysis potentials, and Arrhenius reaction
rates as degradation models, and appeared to
offer a direct route to characterization of
"Adhesive X". It was also obviously low cost
compared to the proposed SCATA approach. For
these two reasons--the high cost of the SCATA
plan and the promise of the Troughton-Gillespie
approach--SCATA activities abated.

CONCLUSION

While work has continued on the "chemical"
approach to the prediction of adhesive perform-
ance, the problem originally addressed by
SCATA nearly 20 years ago still remains. Per-
haps it should be classed as a "mission impos-
sible,” and cannot be solved. Nevertheless,
ways must now be found to make progress in
adhesive development in the absence of com-
pletely evaluated test methods for predicting
long-range adhesive performance. Meantime,
from s research standpoint, it appears that
rate functions under controlled degradative
conditions offers one of the best approaches
to this problem. In addition, fundamental
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studies of fracture mechanics such as those

by Ebewele, River, and Koutsky (3), and those

by White and Green (19) are extremely important

in understanding the interface area and the

contribution of the substrate to bond quality.

Furthermore, a higher order of complexity can

be anticipated when the newer families of com-

posite wood materials are subjected to the same

searching understanding of bond quality and

durability as were solid wood and plywood.
Because of the importance of adhesives

and adhesion to the future of the wood indus-~

try, and in view of the lack of feasibility

of SCATA's grand plan, it is indeed heartening

to participate in another sustained effort to

promote progress in this field. This symposium

should do much to encourage greater emphasis

on adhesive studies in many laboratories, and

I wish it great success to this end.
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industry forecasts.
A

ABSTRACT

’)The past and future growth of wood adhesives and binders is
summarized in consumption, cost, and availability. The origin of
rav materials for wood adhesives and binders is presented with
reflections upon U.S.A. and world-wide demand for natural gas and
petroleum oil. A forecast is presented for the future supply,
demand, and cost of wood adhesives and binders based on up-to-date

]

Before discussing the forecast for wood
binders and adhesives for the near future, it
would be extremely helpful to review the pre-
vious growth of wood adhesives and binders in
the U.S.A.

INTRODUCTION

Because the U.S.A. is no longer 100%
sufficient in petroleum oil and natural gas,
and because political incidents have occurred
affecting the flow of these raw materials
into and within the U.S.A., many wood prod-
ucts consumers have become concerned of the
availability of wood binders derived from
these raw materials. In addition, because
the price of petroleum oil has increased
almost 1000% in the last decade and natural
gas has risen sharply since 1973, the com-
bination of dubious availability and rising
costs has inspired considerable new research
into alternate wood adhesives and binders
from sources of raw materials other than
petrochemicals and natural gas.

In Table 1 we obtain insight into
consumer wood product types, utilizing wood
adhesives and binders produced from petro-
chemical and natural gas derived raw mate-
rials. There are approximately twenty-two
consumer wood product types listed in this

1/ Paper presented at "Wood Adhesives--
Research, Application, and Needs" Symposium
held at Madison, Wis., Sept. 23-25, 1980.

table of which at least fifteen can be clas-
sified as requiring wood adhesives and
binders. These fifteen consumer wood product
types consume over 40% of all the synthetic
thermosetting resins produced in the U.S5.A.
Since urea-formaldehyde and phenol-formalde-
hyde synthetic resins comprise a majority of
the 40% thermosetting resins consumed by

the Forest Products Industries, we will be
referring to them almost specifically in our
comments.

A review of the past growth of urea-
formaldehyde adhesives and binders for the
period 1962 - 1978, with projections into
1983, is presented in Table 2. One of the
largest growth rates ever for a thermosetting
resin was recorded over the period 1962 -
1973 for urea-formaldehyde resins at an
annual rate of approximately 13%. During this
period of time, the cost of urea-formaldehyde
resin barely increased, while consumption
tripled. Consumption slowed, however, after
1973 and only exceeded the consumption rate
of 1973 in 1978.

Melamine-formaldehyde resin parallels the
trend of urea-formaldehyde resin in cost and
growth rate. Concurrently, it required five
years from the peak of the 1973 consumptions
to return urea-formaldehyde and melamine-
formaldehyde binder consumption to their
previous consumption highs. During this
period of time, urea-formaldehyde resin almost
doubled in cost, and melamine-formaldehyde

-.-".'..)"-' ‘v’\‘_‘" > ‘u'.'q' SRS
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Table 1.--Wood products requiring synthetic
resins derived from petrochemicals
or natural gas

Wood Product Type Synthetic Resin or Petrochemical

Softwood Mlywood Phenel -formeldshyde Adhesives

Nerdwood Mlywood Phenol -formal delyde, Urea-formaldehyde,
Malamine-formel dehyds Adhesives

Lamineted Deamy Phenot -formaidehyde, Resorcinol-
formaldehyde Adhasives

Floering & Decking Phenol-lormeldshyde, Melamine-formaldehyde,
Resorcinol -formal devyde Adhesives

Trested Lumber & Poles Pervechiorophencl, C , Diesel OIl

Undart Particiah
(4

Industriel Particlabosrd

Modum Demity Rberb

Wet-formed Herdhoard
Ory~formed Herdboerd

Wet-formed lnsuiation Board

Stvwetwral Panglboerd
Paper Overlep

Low Presure Decoretive
High Prassure Decerstive
Laminstes

Puperboard Produchs

Paper Towsllng
Paper Conting

Femiture FBaldhes

Ofl & Ale Riter Paper Producle

Paper Tubing Produchs
Malded Weod Preducs

Ures-formeldehyde Sinden, Wex Emwvisions
Urea-formaldahyde Bindens, Wex Emulsions,
Polysster Fillens, Phenol ~formeldehyde
Binders, Urethane/leocyanete Binden

Uren-formeidehyde, Melemine-formaldehyde
Binders, Wex Emulsions

Phenol-formaldehyde Binders, Wax Emulsions
Phenol -formel dehyde Sinders, Wax Emulsions

Urea-formeldehyde, Pheno!-formeldshyde
Binders, Wax Emulsions

Phenol -formaldehyde Binders & Adhesives,
Wan Emvisions

Polyaster, Phonol-formeldehyde, Melemine-
formaldehyds & Urea~formoldehyde Seturents

Malamine-formeldelvyde Seturents
Phenol-fermaldohyds, Molamine-
formaldehyde Seturants

Catlonic Urea-formeldaivyde & Polyamide
Wet Strangth Agents, Styrene/Acrytic

10
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Table 2.--Consumption & cost of urea-formalde-
hyde & melamine-formaldehyde
resins in the U.S.A.

S Comeptenat
Uros-formel Ures-formaidehyds  Formeldehyde formaldehyde
Rasin, (Milliors of  Averege Selling  Resira (Millions  Averege Selling

Yow  Lbs., Orybmis)  Price (Dry Basis)  of Lis., Ory Busis) Price (Dry Basis)

1962 340.9 ’ 19 a

1 7™.3 9 199.5 s

1973 1,2%.8 [ 205.0 M

1974 1,000.58 15 204.3 “

1975 909.2 18 1.9 £

1976 1,041.4 1] 108.4 “

1977 1,162.9 16 198.1 L]

17, ] 1,258 14 214 »

9% 1,388 1 1”2 »

1983 1,93 - 258 -

Table 3.--Anticipated growth of urea-formalde-
hyde & melamine-formaldehyde
resins (1978 - 1983) in wood

products
C ption of Mulemine~fermuldeivyds Rmirn in Wood Products
(Miitiors of Uks., Dry Besle)
Orher % of
Paper Trosting Wood Arvwel Totel M-F
V: Lanineles & ﬂ Produch Torels % Growth Markot
e L 7 10 » - kY
1993 0 » 2 ” LM ¥%
Comsumption of Ures—formeldehyde Resire in Wood Products
(Milliors of Lhs., Ory Smbh)
Modlum Annuel % of
Density % Torel U-F
Yowr Particisbowrd FRberbosrd Plywood Totehs  Growth Market
(12 ] ”no 138 ” 1,140 0%
1983 1,090 190 100 1,30 3.3 05.1%
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resins increased by T5% in cost. Both of
these synthetic resins reflect the cost of
natural gas, which was approximately
$0.40/Mcf in 1973, and which was approxi-
mately $2.75/Mcf in 1978. Particleboard
production, which utilizes almost 85% of the
urea~-formaldehyde resin consumed in the
U.S.A., is expected to grow at a rate of only
2-3% annually between 1980 and 1983,

Despite intensifying concern over
formaldehyde emissions, it appears unlikely
that suitable alternate binders will replace
urea-formaldehyde resins in wood applications
during the next five years. Moreover, tech-
nological improvements in both resin manu-
facture and application should continue to
reduce the problem of free formaldehyde. It
appears that the largest market--particle-
board--is reaching a point of maturity and
the growth rate of urea-formaldehyde resins
is slowing down. Moreover, amino-aldehyde
resins in general are established products
that have less potential for developing new
uses and will probably grow at an oversll
rate of only 3-4% annually between 1980 and
1983, only slightly higher than the particle-~
board production rate, as seen in Table 3.

The second of the two most popular wood
adhesives and binders in the U.S.A. is
phenol-formaldehyde resins. Phenolic resins
grewv at a nominal rate of b-5% per year in
the decade from 1953 - 1963. However, in
the next decade, beginning in 1963 and
ending in 1973, phenol-formaldehyde resins
grev at a rapid rate--7-8% annually. One
of the reasons phenolic resins showed an
excellent growth rate during this period was
due to the sizeable increase in production of
fibverglass insulation, bullding and home
construction products, and especially plywood
panels, as can be seen in Table 4. However,
for the period 1980 - 1983, phenol-formal-
dehyde resins are expected to grow 3.5-4.5%
annually, reflecting a somevhat slower
growth rate and reflecting a maturing of the
home and building construction markets con-
suming this type of wood adhesive and binder.

In conclusion, after a decade of very
rapid growth--averaging between 8-13%
annually, urea-formaldehyde and phenol-
formaldehyde resins consumption appears to
be slowing down with both product types
expected to grow at a nominal rate of 3-4.5%
for the next three years.

ORIGIN OF RAW MATERIALS

Now that we have reviewed the past,
current, and future growth demands for wood
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chemicals and binders--primarily urea-
formaldehyde and phenol-formaldehyde binders
and adhesives, the origin of the raw material
base for these chemicals should be reviewed.
Figure 1 shows the origin of urea-formaldehyde
binders to be natural gas which is used to
produce methanol and amrmonia, which are the

building blocks for this product. Methanol
is the starting point raw material for manu-
facturing formaldehyde, which is the building
block for many wood product adhesives and
binders. Ammonia is the starting point raw
material for urea and many other plastics.
Figure 2 shows that 50% of the methanol
produced in the U.S.A. is required for
formaldehyde production. Phenol-formaldehyde
and urea-formaldehyde resin production to-
gether consume 55% of the formaldehyde pro-
duced in the United States. There has been

a real concern that the U.S.A. will deplete
its holdings of natural gas, and this could
lead to a shortage of urea-formaldehyde
resins. However, the deregulation of natural
gas has led to discovery of considerable new
natural gas deposits which has allowed the
U.S.A. to remain competitive in chemical
formaldehyde pricing despite possible impor-~
tation of methanol based on cheap inter-
national natural gas. However, the long-term
world-wide supply for methanol is expected to
be tight due to the increasing demand for
methanol in the product lines other than
formaldehyde. Agricultural urea consumes
the major part of U.S.A. chemical urea and
really establishes the pricing of urea going
into urea-formaldehyde resins. Only 10% of
the chemical urea produced in the U.S5.A. is
required by amino-aldehyde resins, as noted
in Figure 3.

Phenol-formaldehyde resins are affected
by both natural gas and petroleum oil raw
material demands. The statements already
made for amino-aldehyde resins concerning
the natural gas/formaldehyde portion of the
raw material can be reiterated for phenol-
formaldehyde adhesives. Chemical phenol is
derived from benzene, a building block
derived from petroleum, as seen in Figure k.
Several other useful chemicals and plastics
also require benzene as a building block,
most noticeably--polyester resins and
polyurethanes--both of which are very
valuable high growth plastics. About 20% of
the petrochemical benzene produced in the
U.S.A. is used to produce phenol; therefore,
phenolic resins must compete with the other
product lines shown in Figure 5 for raw
material. Since consumption of benzene is
fairly well dispersed, no one particular
market outlet would appear to create any
demand problems. If there is a potential
problem, it is the fact that benzene is pro-
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Table 4.-~Consumption of phenol-formaldehyde SOLVENTS #%
adhesive in softwood plywood
production for the U.S.A.

METHYLAMINES 5%

METHYL METHACRYLATE 7%

s AR S—

You (s, 0.7 WY @i, 0T, 387 Adwsive (Miitions) )

10 7.8 N 0.4y otvexs %

e 2.4 - -

0 14.3 - 0.075

U] - - -

s 153 - -

e 7.5 - -

el .4 ) 2 Figure 2.--Methanol end-uses

] LX) 0.2 1.208 g
1900 20.93 - 129 “
s n.9s 128 1.5% N
L 2.0 - 1.406

(1) 40% N. V., Nominul Susis
@) Barier A - C, 3" 1000 B2

13334112
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Figure 3.--Distribution of chemical
urea in the U.S.A.
Cumene——~——> Phenol——» Phenolic Resins, Nylon Fibers & Resins,
L Epoxy Resins, Polycarbonates
Chlorobenzene ~DDT ——» Insecticide
Cyclohexane » Nylon Resins & Plastics .
BENZENE Ethylbenzene—» Styrene——» Polystyrene Polymers, SBR Rubber, ABS Polyester Resins
Maleic Anhydride————————p Polyester Resins, Alkyd Resins
Alkylbenzene———————p Detergents, Lube Oil Additives -
5
Nitrobenzene— Aniline——p Polyurethanes :“
Figure U.--Major benzene derivatives -
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duced from toluene, as seen in Figure 6. The
markets mentioned previously for benzene re-
quire almost 65% of all the toluene produced
by the petrochemical industry. There is some
real competition for toluene, as can be seen
in Figure 7, since almost 90% of the toluene
produced in the U.S.A. is currently consumed
as an octane booster for the unleaded gaso-
line pool. Another way of categorizing this
is that the gasoline industry uses nine times
more aromatics than does the petrochemical
industry. If one considers that the U.S.A.
is expected to use approximately 75% unleaded
gasoline in the total gasoline pool by 1985,
there could be a potential problem since

only 45% of the total U.S.A. gasoline pool
had converted to unleaded gasoline as of
June 1980, as seen in Figure 8. Unleaded
gasoline requires 20-30% aromatics in the
form of mostly toluene and xylene to maintain
the octane number. Fortunately, other non-
aromatic octane boosters have been approved
and are being injected into the unleaded
gasoline pool to free up aromatics for both
the petrochemical and consequently the Forest
Products Industries. For whetever reason, if
benzene should tighten up, competition would
be rigorous from the other plastics consumers
mentioned previously.

Table 5 shows the distribution of crude
oil into consumer products in the United
States. This table shows that a very low
percentage market volume of chemical raw
materials (approximately 4%) is available to
the petrochemjcal industry with the aromatics
available being only 1.1% by volume. These
aromatics go into thermoplastic resins such
as polyethylene and thermosetting resins such
as phenolics, polyesters, and polyurethanes.
Table 6 shows that there are five basic
thermosetting resins and approximately 12-1k
thermoplastic resins being produced from the
1.0% aromatics derived from petroleum oil.
The thermosets. which include phenolics,
comprise only about 14% of the total syn-~
thetic resins produced in the U.S.A. The
Forest Products Industries rely heavily upon
thermosetting resins in that almost L0% of
all thermoset resins manufactured are used in
wood products of some type. Growth figures
show the consumption of thermoplastic resins
has increased much more rapidly over the last
ten years than that of the thermosetting
resins. In the event of either a petroleum
oil, aromatics, or benzene shortage, the wood

industries can expect thermoplastics consuming

industries to vigorously compete for their
sizeable share of the available raw materials.
Many forecasters are predicting the growth of
thermoplastics to continue at a healthy rate
of T7-8% annually compared to a growth rate
for thermosets of only 3-U4% annually.

Table 7 shows that despite wide-sweeping
price increases for all thermosetting and
thermoplastic resins during the first seven
months of 1980, urea-formaldehyde resins,
particularly, are still a bargain based on
comparison of thermosetting resins as of
July 1980. Isocyanate binders are also
petroleum derived and have an average cost
of $1.03/1b. for wood application and $1.10/1b.
for non-wood application. There has been
recent interest in these as wood binders.
Cost of thermosetting resin varies from a low
of $0.165/s01id 1b. to $1.03/solid 1b. In
almost each instance, the cost of wood binder
adhesive compares favorably with the average
cost of non-wood type thermosetting resins
going into other industries; thus, the L0% of
thermosetting resins being sold into the wood
industries are apparently being marketed at
a fair price.

FORECAST OF PETROLEUM AND NATURAL GAS
DERIVED WOOD ADHESIVES AND BINDERS

Table 8 shows some basic relationships
among natural gas, chemical urea and methanol
in relationship to urea-formaldehyde resin
pricing. This relationship indicates the
approximate increase in cost of urea-formal-
dehyde resin for various costs of natural gas.
Basically, for each (increase of) $0.50/Mcf
of natural gas, U-F resins will increase by
$0.011/s0lid 1v. In the same table we see
the relationship of petroleum o0il, benzene,
phenol, and phenol-formaldehyde adhesive
given a fixed cost of formaldehyde. Ba-
sically, this table shows that once the cost
of petroleum oil reaches $30/varrel, there-
after each $0.0L/1b. phenol increases the
cost of phenolic adhesive by approximately
$0.025/s01id 1b. Table 9 shows that despite
benzene being the main source of refined
petroleum products, which have increased by
299.5% from 1971 - 1979, the corresponding
rise in synthetic resin prices has been only
128.3%.

CONCLUSIONS

Gasoline demand in the United States
peaked in 1979 and began to decline in 1980.
This has relieved considerably the pressure
on aromatics and wood binder materials. The
approval by the EPA of non-aromatic octane
boosters to unleaded gasoline, such as methyl
tertiary butyl ether, tertiary butyl alcohol,
and a substance known as MMT have freed up to
approximately 17% additional aromatics for
use in plastics and other industries such as
the wood industries. The rapid growth of
gasohol plants in the U.S.A. is beginning to
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Table S.--Distribution of crude oil into
consumer products in the U.S.A.

Morket Outlet % By Volume
Gaoline 4.2
Diesel Fuel 21.4
Heoting Fuel n.s
Asphalt, Lubriconts, Waxes
& Misc. 12.2
Alrcra® Fuel 6.6
[[reresbeica iy ]|
1.1
Olefins & Hydrocarbon Solvents 3.0
Total Petrochemicals _4a
GRAND TOTAL 100.0
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Table 6.--Comparison of wood products Table 8.--Effect of natural gas on cost of
adhesives & binders with other urea-formaldehyde resins
synthetic resins

Motk U ot formal deh

Netwral Gas Cost/Mef  Chemical rea Cont/Ton  Cost/Gel,  Resin Cont/Solld Lb.

iitians of
" . Congumed,
s Comtoad Voot poci” oot 52,0 $1% $0.40 10.1540
1 ! . .
TheRmOsETY 179 Oy lhe.) 1979 (Dry Lhe.)  Preduch [ 2. 5100 $0.70 30,169 |
Epony 0.361 -
Mbyeser 114 0.1 $3.00 $190 $0.80 $0.1760
Ures~formaldubyde 1.367 1.1%
Molwsine-fomaldehyde 0.200 0.000 $3.% $200 $0.90 $0.1870
Phonel-lormaidehyde 1700 0.461
Total Thermesens kR -4 e 2.3
THERMOPLASTICS EFFECT OF PETROLEUM OML, BENZENE, AND PHENOL ON COST OF PHENOLIC RESING
Low Denalty Pelysthylane .m
High Dorsi .01
o ty Polyathylene ;“: Petroleum Oil, Pheno!-lormeldes
Acrylinini 119 Avg Cost/Barrel  Benzene Cont/Gol.  Phanol Co/lb,  Adhesive Cost/Solid Lb.
Styrene Acrylinitrile 0.12¢
ol 4.008 $17.00 $0.65 $0.17 $0.208
Shyrene Dutpdiene Latenes 0.607
Othar Styvons Latenes 0.0% $24.00 $1.00 $0.27 $0.273
Styrans Polymens o.1»
Nylen 0.327 [s_ao.oo $1.% 30.35 s0.%2s |
Polyvingl Chleride 6119
Vinyl Acetate Manemer 0.7% $34.50 $1.75 $0.398 $0.35
wa MM 0.1
0.220 $39.00 .00 X .
Totel Themapiantia b &g u w9 -1
Gend Tetols, 33,310 52
Thurmasets & Thermeplastics

Table 9.--Producer price indexes for major
rival materials in the U.S.A.%*
Table T.--Cost of thermosetting resins in the

U.S.A. Product Prics incremss (1971-1979)
SOLID COSTAS, | AUGUST 1980 Refined Petroleum Products 299.5%
. RV. CFWOO0 OuUeT
s oo B
poxy $1.AS, -
Alumi 137.2%
FOLYESTER $0.508, 30,308, M o
e i
UREA-PORMALDENYDE $0.2/8, $0.165 - 80,1758, Glass Contel 165.5%
PHENOL-FORMALDEMYDE $0.40N18, $0.22 - $0. N8,
Carbon Steel 163
ISOCYANATE $1.1018, 1.0,
booral Contolner 160.4
Leather 329.4
Netural Rubber 204

*U, S. Gureay of Labor Stetistics
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have an effect on both fuel quantity and
petroleum oil pricing.

After a decade of phenomenal growth,
most wood products markets using synthetic
resins have matured sufficiently in their
consumption of binders and adhesives so that
the future growth will be nominal, and this
could lead to greater pricing stability and
a secure raw material availability. The
slower anticipated growth of synthetic resins
for the next 3-5 years should allow & reason-
able supply position of product for the
Forest Products Industries.

The cost of most wood binders and ad-
hesives compares favorably with the cost of
similar products used in non-wood applica-
tions. The overall cost of synthetic resins
from 1971 - 1979 was less than the increase
of rival materials.

Most majJor wood adhesives and binder
suppliers are conducting research to utilize
raw materials which are not dependent upon
natural gas and petroleum to supplement the
current adhesives and binders being marketed
today. Naturally occurring products, re-
active residues, extenders, and other
possibilities exist to supplement the supply
of current wood binders and chemicals being
utilized by the Forest Industries. All of
these factors added together give confidence
that the future cost and availability of wood
binders and adhesives is more secure then any
time in recent years.
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MOLECULAR PROPERTIES OF PHENOLIC ADHESIVESL

By J. D. Wellons, Professor, and L. Gollob, Research Assistant
Department of Forest Products, Oregon State University
Corvallis, Oreg.
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ABSTRACT

A study in our laboratory is attempting to relate the
molecular properties of phenolics to their performance as
wood adhesives. As part of that study, gel permeation
chromatography was coupled with laser light scattering to
measure molecular weight distribution of selected laboratory
and commercial vesins. This experiamental approach is
explained briefly with emphasis on application rather than

/

INTRODUCTION

Phenol~foraaldehyde (PF) resins dominate
the American marketplace as exterior plywood
adhesives because, when cured, the glueline is
vaterproof, infusible, and very durable. Phenol
prices have increased significantly in the last
3 years and likely will continue to climb be-
cause phenol is derived from petroleum. Ome
response of the resin industry to high phenol
prices has been to try substituting naturally
occurring phenolics such as lignin from pulping
operations and bark taanins for the petroleum—
derived phenol. But few of these adhesives have
resulted in satisfactorily glued products under
normal use (Hemingway 1979). The reasons for
failures in both PF and substituted resins often
are unknown because of the lack of a sound
scientific understanding of the relationships
between polymer properties and glueline perform—
ance.

Molecular perameters of resin polymers,
such as molecular weight distribution, average
molecular weight, vesidual reactivity, and de-~
gree of branching are believed to be primary
variables that influence resin bulk properties
such as 1liquid viscosity and rheology, gel time,
and ability to flow and penetrate in a glueline.

lPaper presented at the Symposium on Wood
Adhesives, Madison, Wisconsin, September 23-25,
1980. Portions of the research reported here
were conducted while J. D. Wellons was on sab-
batical with Monsanto Chemical Company, St.
Louis, Missouri. Dr. A. S. Kenyon and Mr. Phil
Gillhan are gratefully acknowledged for that
support.

These molecular parameters should influence both
gluing process variables as well as quality of
the resulting boad.

The technology is currently available to
quantify these molecular parameters of resins
and provide a sound scientific basis for resin
synthesis. Some of the instrumentation, par-
ticularly high-performance gel permeation chro-
matography (GPC) in series with low-angle laser
light scattering, only recently became acces-
sible to the resin chemist for determining molec-
ular weight distribution. This presentation
focuses on succegsses at applying the GPC-light
scattering system to molecular characterization
of phenolic resins.

GPC-LIGHT SCATTERING SYSTEM

GPC has been used extensively to separate
phenolic polymers by size. A sample solution of
phenolic polymers is injected into a solvent
stream and pumped through columns packed with
porous particles. In theory, the porous par-
ticles separate the molecules by size because
the smaller molecules penetrate more pores,
requiring more time than large molecules to tra-
verse the columns. As the phenolic polymers
exit the columns (largest molecules first), the
amounts of separated fractions are determined by
ultraviolet (UV) spectroscopy or differential
refractometry and recorded as a chromatograa.

A GPC separation, based on the hydrodynamic
volume of the molecule, wmay or may not represent
the true molecular weight distribution of that
sample. 1In a good solvent, a molecule will be
highly extended, have a large hydrodynamic
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volume, and elute rapidly; in a poor solvent,
the molecule will be less extended and elute
slowly. But if the solvent is so poor that
molecules aggregate, they will have an artifi-
cially large hydrodynamic volume and elute
rapidly; conversely, if molecules are attracted
to the porous packing materfal, they will elute
slowly, as 1f smaller than they really are.
However, except for aggregation, these dif-
ficulties may be overcome by inserting a light-
scattering detector into the GPC system in
series with a UV detector or differential
refractometer. The response of these detectors
as polymer elutes from the GPC columns may be
ugsed to calculate the actual molecular weight of
those polymer fractions (fig. 1). No external
standards are needed. The calculated molecular
weights are not dependent on elution time and
so are unaffected by branching, differences in
hydrodynamic volume, or temporary adsorption to
the packing material.

GPC

SOLVENT PUMP INJECTOR COLUMNS
SAMPLE —j
UV DETECTOR LIGHT -
S:L‘\?LET o] OR e—| SCATTERING

DIFFERENTIAY DETECTOR
REFRACTO-
METER

T 7

N, /s
\\ /,
ICOHPU-TER i‘--lﬂtCOﬂDERl

Figure l.——Flow diagram for GPC-light scattering
systen.

The light scattered by a polymer solution
depends primarily on the concentration of the
molecules and their weight-average molecular
weight. 1f a laser is used as the light source
so that the scattered light may be measured at
small angles (2-7°) from dilute polymer solu-
tions (~ 107* g/ml), then weight-average molecu-
lar weights may be calculated froa

KC ol 4 2a5C (1)
Rg My
wvhere: K = polymer optical constant
C = concentration

excess Rayleigh scattering at
angle 6

bl
-]
[}

ﬁ" = weight-average molecular weight
Ay = second virial coefficient.

. _\’

et -y - -
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The concentration, C, is determined from the UV
detector or differential refractometer and the
excess Rayleigh scattering, Rg, from the light-
scattering detector. The other constants in Eq.
1 are obtained empirically. The polymer optical
constant, K, is calculated from measured optical
properties of the polymer solution by

k=27 02 da? (5 4 cos2e) (2)
N xa dc

where: n = refractive index of solvent

dn . change in refractive index of sol-
de vent by dissolved polymer '

N = Avogadro's number

A = wavelength of incident light.

The second virial coefficient, Ay, is determined
by measuring Rg for a series of solutions of
known concentration and calculating the shape
for a graph of KC/Rg versus C. Details of this
analysis may be found in Ouano 1976 and Wellons
and Gollob 1980.

To calculate a molecular weight distribu-
tion such as that shown in figure 2 from
GPC-1ight scattering data requires that the GPC
system separate the polymer into fractions of
reasonably similar molecular weights. Under
ideal conditions, the polymer fraction in the
light-scattering detector at any instant will be
narrow in molecular weight distribution (fig. 2
inset). Under those conditions, the weight-
average molecular weight (My) can be used to
estimate the number-average molecular weight
(My) for each successive fraction, allowing
calculation of the true molecular weight distri-
bution for the whole sample.

0

WEIGHT FRACTION —e
—

MOLECULAR WEIGHT —»

Figure 2.--Molecular weight distribution of
polymer sample and ideal distribution (inset)
of a separated fraction. Hu = number-average
molecular weight; My = weight-average molecu-
latr weight; My = Z-average molecular weight.
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GPC~-LIGHT SCATTERING OF PHENOLICS
IN TETRAHYDROFURAN

Most previous studies of the GPC of pheno-
lic resins used either mixtures of dimethylfor-
mamide (DMF) and water (Armonas 1970) or tetra-
hydrofuran (THF) as the chromatographic solvent.
Mixed solvents are usable for light-scattering
measurements only if all solvents have the same
refractive index; thus, the DMF-water system is
not usable.

Phenolic resins are not soluble in THF
unless neutralized. When we neutralized phe~
nolic resins in water and allowed them to pre-
cipitate, a significant portion of the resin
gsolids did not redissolve in THF (Wellons and
Gollob 1980). When we neutralized the resins ia
THF-water mixtures, no precipitate appeared, but
the chromatographic columns were gradually
plugged by microgel particles of undissolved
resin. When PF resin samples were collected
during resin manufacture (as reaction time
increased), neutralized in THF and water, and
injected into the liquid chromatograph, the por-
tion of the sample ultimately reaching the UV
detector decreased to about 1/6 of the injected
sample after the resin had been cooked only 60
minutes (fig. 3). Presumably, the higher molec-
ular weight fractions were lost. 1In addition,
the light-scattering response was very low
because the change in refractive fadex of

LTS

PEAK AREA PER UNIT WEIGHT (em?/g)

o ke . L f I § L A e
] 0 20 3 40 50 60 Tc 80 90
REACTION TIME (MINUTES)

FPigure 3.-—Area of UV peak per gram of resin
injected into chromatograph. Phenolic resin
was acetic acid neutralized and pumped {n 100-
percent Tﬂs at a rate os 1 al/min through
u styragelZ columns (107-500-500 A)to a
UV(zao nm) detector.

Zu styragel is a registered trademark of the
Waters Company, Milford, Massachusetts.
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the solvent (dn/dc) is very low for the THF-
phenolic system. These studies convinced us
that THF is not an adequate solvent for either
GPC or light scattering of phenolic resins.

To improve the solubility of the phenolic
resins in THF, we prepared acetate derivatives
(Wellons and Gollob 1980). Unfortunately, the
total sample did not acetylate sufficiently to
be THF soluble with any procedures available.
Furthermore, when different procedures were used
to acetylate rthe same PF resins, each sample
produced a very different light-scattering re-
sponse when injected in the GPC-light scattering
system. The light-scattering response was sig-
nificantly reduced when acetic acid, HAc (Fig.
4a), was used i{n place of hydrochloric acid, HCl
(Fig. 4b), to neutralize the sample before ace-
tylation. Because these acetylation procedures
may not have been free of artifacts, we felt
this approach may be of questionable value.

Many other solvents, including dimethyl
formamide with with and without LiBr, alcohols,
ethers, and ketones, were evaluated, but only
one-~hexaf luoroisopropanol (HFIP)--was found
that dissolved phenolics readily.

GPC-LIGHT SCATTERING OF PHENOLICS IN HFIP

A number of experimentsi with HFIP have
convinced us that this solvent 1is very effective
for GPC-light scattering measurement with pheno-
lic resins. All resins studied, even highly
advanced plywood resins, are soluble in HFIP,
provided the resin sample 1is neutralized in a
water-dioxane solution so that no precipitate
forms, and then freeze~dried before being
dissolved in HFIP.- Variations of the neutrali-
zation procedure all result in the same molecu-
lar weights, which are consistent with expected
values. HFIP is especially valuable for light-
scattering experiments because its low refrac-
tive index (1.2649) changes substantially
when phenolic polymer is dissolved in it, thus
increasing the responsiveness of the light-
scattering photometer.

To use the GPC-light scattering system for
phenolic resin solids, we needed values of the
refractive index increment, dn/dc, and the
second virial coefficieant, Aj. Because the
freeze-dried solids contained not only phenolic
resin solids but also sod{um acetate and

énnpublished results from our laboratory.

Y0ne part (by weight) of liquid resin is
diluted with 1 part water and 1 part dioxane.
After thorough mixing, the resulting solution is
neutralized to a pH of 7 by dioxane containing
4-percent acetic acid and freeze-dried.
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Figure 4.-—GPC and light scattered from (a) ace-
tic acid (HAc) neutralized and (b) hydro-
chloric acid (HC1l) neutralized PF resin ace-
tates. Neutralized phenolic resin was freeze-
dried, acetylated, and pumped in 100-percent
THF at a rage of l.g al/min through u styragel
coluans (10°-10%-107-500~500~100 A).
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residual amounts of acetic acid, dioxane, and
water, we could not measure the dn/dc of pheno-
lic resin solids by comparing the refractive
index of pure HFIP with a solution of the
freeze-dried solids. Instead, for selected
samples, we had to determine the exact amount of
those other ingredients in the freeze-dried
solids and prepare watched solutions of HFIP
plus freeze-dried solids and HFIP plus equal
amounts of all ingredients in the freeze-dried
solids except the phenolic resin solids. The
difference in refractive index between these
pairs of solutions per gram of phenolic resin
solids is the dn/dc of those phenolics in HFIP.
The consistency of the results at various levels
of golids (table 1) attests to the reliability
of this method. The second virial coefficient,
A, was determined empirically (by the method
previously described) to be ~ 1 x 107%; such a
low value indicates further that HUFIP is almost
a 0 solvent for phenolic solids and is ideal for
light-scattering measurements.

To evaluate HFIP as a GPC-light scattering
solvent, we analyzed both laboratory-synthesized
resing at various cook times and commercially
available resins. Experience with polyesters
and with nylon had indicated that polymer asso-
ciation in HFIP could be avoided by dissolving
0.08 percent by weight of sodium trifluoroacetic
acid (NATFAT) {in HFIP.2 The results reported
here were obtained in HFIP containing 0.08~
percent NATFAT,— although subsequent research
suggests that this much additive may not be
necessary. GPC (fig. 5a) and light-scattering
(fig. 5b) curves for a resin at various stages
of cooking illustrate that the chromatographic
system separates the sample into fractions to
which the light-scattering detector respoands
strongly.

The gradual shift of the peaks from near the
total permeation volume (Vp) of the columns
toward the exclusion volume (V,) is expected.

As molecular weight increases during the resin
cook, larger molecules should elute earlier,

Spersonal communication with Dr. A. S.
Kenyon, Monsanto Chemical Cowmpany, St. Louis,
Missouri, 1980.

Sthe GPC~light scattering experiments con-
sisted of injecting 10 to 20 ul of a 1l- to
2-percent solution of phenolic resin solids into
a solvent stream of HFIP + 0.08-percent NATFAT
(Waters liquid chromatograph model ALC/GPC-201).
That solution was pumped through a series of
u styragel GPC coluans (106-10 -104-103 L) at a
rate of 1 ml/min, then through a Chromatix KMX-6
laser light-scattering detector (9 = 6~7°, A =
632.8 nm) and a Waters R-401 differential
refractometer.
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Table l.—Refractive index increment (dn/dc) z L .
of phenolic resin solids in HPIP 2 -
= | .
g} :
Sample Total solids Phenolic solids dn/dc - :
T 1 :
1 6.06 3.46 0.287 S osl :
2 8.72 4.97 0.285 3 !
3 12.16 6.93 0.284 w r :
4 14.83 8.46 0.285 zZ | COOK TIME
5 17.48 9.96 0.286 < / 85 MINUTES <<eerr
5 | 130 MINUTES ——
z 160 MINUTES — — —
1.e., nearer to V,. The molecular weight distri- © 1 ]
butions calculated from the data in figure 5 are 00 |- A=t .
shown in figure 6 and the average molecular 1 - Al ) + -+ .
veights reported in table 2. The smoothness of 102 10° 10* 0 o® 0 .

thegse distributions and their steady shift to

higher molecular weights as cook time increases
are consistent with theory and suggest no arti-
facts. These results were quite reproducible. tions of phenolic resin solids after various

- Similar measurements on commercial resins (table cook times.

3) resulted in number-average molecular weights -
that agreed reasonably with results obtained
when the manufacturers used osmotic pressure.

MOLECULAR WEIGHT
Figure 6.--Cumulative molecular weight distribu-

Table 2.-~-Molecular ueightsl of phenolic
resin after various cook times

% a Cook time ﬁN My ﬁZ
z
v min
S COOX
2| e : 2
E ::,‘ 130 MINUTES —— , 45 - - -
L 10 \nuTES - - \ 85 2,400 5,600 14,200
it 130 6,600 42,400 138,000
H] 160 11,900 99,200 335,000
i . -
$ ¥ vy - number-average molecular weight;
< b My - weight-average molecular weight; My -
o 2 Z~average molecular weight.
y [-]
;’ & 2700 low to measure.
3 b
§ 3
8 T
B g Table 3.--Molecular weights of commercial
X : phenolic resins
N : .
,: ¢ Y A Resin type ﬁN My N

ELUTION VOLUME ———*

-
- -
-
b

Particleboard 4,600

Figure 5.-~(a) GPC and (b) relative
the light scattered froa phenolic
tions as a fuanction of cook time.
resin was acetic acid neutralized
dioxane, freeze-dried, and pumped

PRI

intensity of
resin solu-
Phenolic
in water-
in HFIP +

0.08~percent NATFAT at a rate gf 1 ml/

through u styragel columns (10

in
-105-102-103).

Rardboard
Dry process
Wet process

3,100
9,400

Plywood 84,500
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The GPC-light scattering analysis of pheno-
lic resins in HFIP has two major shortcomings.
First, HFIP is expensive (~ $300/liter) and very
volatile. However, it is readily recycled so
that oanly 5 to 10 ml are consumed per sample.
Second and more importantly, HFIP cannot be used
on_y styragel columns of pore size less than
103 A; thus, molecules smaller than 500 Daltons
are not effectively resolved from each other.
Furtheraore, the light-scattering detector is
not able to detect such small wolecules even if
they are chromatographed effectively. Notice in
figure 5a that although the GPC signal is large
near Vp, the scattered light (fig. 5b) 1is negli-
gidle in this same region. The large GPC peak
at Vqp 1s primarily due to sodium acetate from
the resin neutralization and to residual dioxane
froa the freeze drying—not just to phenolic
resin solids. Subsequent studies using a UV
detector verified that oaly 10 to 15 percent of
the total resin solids are included in that
large peak at Vp. Thus, these analyses do
exclude as much as 15 perceat of the resin
sample from the calculated molecular weight
distributions._ That exclusion could signifi-
cantly affect My but would have little effect on

ﬁ,ot Hz.

We are now developing techniques to assign
wolecular weights to those low molecular weight
fractions with elution volume rather than scat-
tered light. These refined calculation methods
should provide better molecular weights. In any
event, results such as these already give the
resin chemist a rapid means for determining how
resin synthesis variables influence the molecu-
lar properties of particular resins.
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ACID-CATALYZED PHENOLIC BONDING OF UOODl

By Alfred W. Christiansen, Chemical Engineer
Forest Products Laboratory, Forest Service
i U.S. Department of Agriculture
Madison, Wis.
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N ABSTRACT

Strong acids cculd be used as catalysts for several
wood adhesives, including some from renewable resources.
In the past, however, strong acids were found to migrate
from the cured glueline and attack the wood nearby, thus
destroying the joint. Because of the potential usefulness
of acid-catalyzed adhesives, two concepts for potentially
reducing the acid attack were tested: Chemical entrapment

of phenolic-like acids in the growing adhesive molecules,
and physical entrapment of bulky acid molecules--including
polymeric acids--within the cured resin matrix. The
kinetics of these acid catalysts were determined and com-
pared to resins containing standard catalysts. Other tests
assessed the amount of acid that could be extracted and the
durability of actual panels bonded with acid-cured glue-
lines. Present results indicate that acid migration has
not been decreased by either of the two methods.

A

INTRODUCTION

For more than 20 years exterior-durable
and waterproof adhesives for wood products
have been either alkaline-catalyzed phenolic
resins, resorcinol resins, or phenol-resorcinol
resins. The alkaline-catalyzed phenolic adhe-
sives have been used in hot pressing opera-
tions, mainly for such wood panel products as
plywood and particleboard, where heat transfer
is quick enough to promote fast cure of the
resin. The significantly higher-priced resor-
cinol and phenol-resorcinol resins are used
mostly for thicker laminations where their
greater reactivity compensates for the cool or
only moderately warm bonding conditions.

Chemicals are added to these resins to
make them cure in the desired temperature
region for the manufacturer's convenience.
Phenolic resins for wood are predominantly
catalyzed by alkali. Alkaline phenolics are
usually formulated to have pH values of 7 to
11, which is not high enough to damage wood

lPlper presented at "Wood Adhesives--
Research, Application, and Needs" Symposium
held at Madison, Wis., Sept. 23-25, 1980.
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structure (§).g However, the rate of reaction
only increases with more alkali up to addi-
tions of one mole of caustic per mole of
phenol (5). Additional caustic only helps
improve resin solubility and storage stability.
Resins having resorcinol as the active portion
are generally reacted at pH values of 6 to 9,
and are therefore harmless to wood substance.

Acid-catalyzed phenolics were used for
wood products commercially in the 1940's and
1950's, until durability problems appeared
(2,7). The problems of glueline failures were
associated with wood's susceptibility to
degradation by acids, i.e., hydrolysis. The
usual acid range for reasonable room-
temperature cure times of phenolic resins is
from a pH of 1.0 and down (4,9). Little and
Pepper (9) found pH 1.0 to be a barrier pH,
so-called because the setting or curing time
rises sharply as the pH values of resins
increase from below 0 to nmear 1.0. Unfortu-
nately, acids at pH values of 2.0 and below
attack wood (8). After reviewing the litera-
ture on this problem, Chugg and Gray (3)

gNumbers in parentheses refer to litera-
ture cited at the end of this report.
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recommended working at pH values between 2.5
and 11.0. Thus at the pH region of real use-
fulness for cold-setting applications, the
wood degradation problems are very serious.
Becauge of the long-term degradation problems,
most uses of acid-curable resins for structural
components ceased in the 1950's, although some
workers in the U.S.S.R. were doing active
research on this problem in the mid 1970's.

With the 1973 oil embargo and subsequent
dramatic rise in oil prices, wood products
manufacturers and scientists began to look for
cheaper ways of producing products which
depended on petrochemicals, such as phenolic
and resorcinolic resins. In a wood-composite
product such as particleboard, glue began to
make up a substantial portion of the manufac-
turing cost. There are two approaches to
reducing costs that can be attained by changes
in the adhesives: (1) Cheaper processing,

(2) cheaper glues; or a combination of these.
The process could be made cheaper by raising
the production rate (by speeding up resin cure)
or by lowering energy consumption (lowering
the temperature threshold for reaction).
Alternatively, the more expensive resorcinolic
glues could be replaced by less expensive,
durable, low-temperature curing glue; or new
glues could be produced from cheaper raw mate-
rials, such as certain renewable resources
attainable in the United States. To maintain
lower overall costs, the new glues would need
to be used in processes nearly unchanged from
traditional phenolic glues.

All of the above benefits might be
obtained by using acid-catalyzed adhesives.

Acid catalysis can cure phenolic
resins much quicker at high catalyst
concentrations than can alkaline
catalysts, because on the acidic side
reactivity is proportional to the
hydrogen ion concentration (5,6,10),
even at high concentrations.

As noted above, at pH values of 1.0
or below, acid phenolics will cure

in hours at room temperature, and so
might replace the much more expensive
resorcinol and phenol-resorcinol
adhesives.

Two types of resins that could be
produced from renewable resources
and are possible durable adhesive
candidates are the furans (derived
from hemicellulose) and lignin poly-
mers (obtained from pulping wastes).
Both of these systems are catalyzed
by acid.

Still missing is a way to stop hydrolysis of
the wood. Two general techniques are avail-
able for use with presently available acid-
curing phenolic resins: (1) Decrease the
migration {diffusion) of large amounts of the
acid catalyst to the wood; and (2) neutralize
the acid, after the resin is cured and before
much damage is done. This work reports on
experiments using the first of these two
techniques.

There seemed to be two ways of decreasing
the migration of acid: (1) Tie the acid chemi-
cally into the resin structure, e.g., by using
organic acids which possess phenol-like struc-
ture and reactive sites; and (2) trap the acid
physically within the cured resin structure,
by using bulky acid molecules.

Certain requirements need to be met by
any acid used as a nonleachable catalyst for
phenolic resin. The addition of aqueous solu-
tions of acids such as sulfuric, hydrochloric,
or acetic, causes the resin to precipitate
(12). Consequently, the more compatible sul-
fonic acid derivatives of aromatic hydrocar-
bons, such as toluene sulfonic acid, are used.
Such a strong acid is used because less of it
must be added, in comparison to a carboxylic
acid, to achieve a given acidity for catalysis.

To compete against present resins, the
acid-catalyzed resins must be able to be cured
faster than the hot-press alkaline phenolics
or to cure nearly as fast as the room-
temperature-curing resorcinol resins.

Because pH is a logarithmic function of
acid concentration, a nominal ten-fold decrease
of acid concentration is required to change the
resin pH from 1.0, which is common for a just-
catalyzed room-temperature curing liquid resin,
to values greater than 2.0, near which value
wood becomes resistant to attack by acids. To
accomplish this ten-fold decrease in effective
acid concentration requires that less than
one-tenth of the acid be extractable from the
cured resin.

The final requirement is that the acid
performs its function in service, providing
strong, durable bonds for wood in use.

MATERIALS

" The resin for trials was a commercial
acid-catalyzed phenolic resin containing
70 percent solids, with a pH near 7.8. The
viscosity of an as-received batch of resin
measured 440 cp. An alkaline-catalyzed

phenolic resin (pH 11.4), used at the Forest
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Products Laboratory to bond structural flake-
board, was used in a comparison of cure speeds.

The selection of acids was guided by the
two techniques for trapping acids. For poten-
tial chemical entrapment, simple, phenolic-like
acids were chosen: phenol sulfonic acid (PSA)
and hydroquinone sulfonic acid (HSA). For
physical entrapment there were two categories:
polymeric and bulky monomeric acids.
f-nsphthalene sulfonic acid (NSA) was chosen
as a bulky monomeric acid. The first choice
for a polymeric acid was an experimental lig-
nosulfonate. This had been dialyzed to obtain
the more acidifiable low molecular weight frac-
tion, nominally below 3,500 daltons. Even
after acidification and concentration of this
material, when 22 pph of it was added to the
resin the mixture pH was 3.50, not nearly low
enough for an acid cure. The next choice was
8 commercial polystyrene sulfonate available
in the acid state and in several molecular
weight grades. The two grades used in this
work had nominal weight-average molecular
weights of 70,000 (PSS-70) and 120,000
(PSS-120) daltons, and were obtained as 2.06N
and 2.09N aqueous solutions, respectively.
These grades contain about 2 percent residual
sulfuric acid as contaminant.

The chemical structures of the catalysts
used are shown in Figure 1. Paratoluene sul-
fonic acid (TSA), which has been used exten-
sively in the past for catalyzing acid pheno-
lics, was used as a control.

SULFONIC ACIDS USED AS CATALYSTS
TOLUENE S.A. (TSA)
PHENOL S.A. (PSA)

HYDROQUINONE S.A. (HSA)

SOsH
NAPTHALENE S.A.(NSA) so,n
—4CHg—CHy 3=
POLYSTYRENE S.A. (PSS)
SOyH

M 148 730

Figure 1.--Chemical structures of the acid
catalysts used.
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The monomeric acids were generally made
up to 2.00N solutions, usually in methanol.
The PSA was obtained as a 65 percent solution,
and it was diluted to 2.00N with methanol.
Solutions at the desired concentration were
also made from crystals of NSA and of the
hydrate of TSA. The potassium salt of HSA
was acidified in an ion-exchange column and
then brought to 2.00N in water solution.

METHODS
Differential Scanning Calorimetry

The altered rates of the cure reaction
were determined by differential scanning calo-
rimetry. With the wide differences in reaction
rates obtained, the simplest measurement was
the temperature corresponding to the peak of
the curing exotherm (T k) obtained during a
constant-rate temperatgre scan from 27° to
200° C. The scan rate was 10° C/min. A drop-
let, 10 to 20 mg, was sealed in a capsule con-
sisting of two stainless steel pans and an
O-ring. This arrangement prevented any sig-
nificant evaporation of volatiles from this
resin up to vapor pressures around 300 psi,
e.g., of water below 200° C. In the initial
experiments a sample of resin was stepwise
acidified with a chosen acid, stirred, and
its pH measured. At chosen pH values a drop-
let was transferred to a capsule for a DSC
scan. Meanwhile, the resin sample was being
further acidified for the next chosen pH value.
For later work involving the best candidate
acid and the control acid, set amounts of acid
were added to a small sample of resin, the pH
read, and a drop taken for a DSC scan. A new
sample of resin was used for each acid
concentration.

Extraction of Acid

The amount of acid that could be
extracted from the cured resin was measured on
ground-up resin cakes. After a one-shot addi-
tion of the precalculated amount of acid to a
weighed portion of liquid resin, the sample
was stirred vigorously for 1 minute with a
paddle, usually divided into approximately
10 g samples in aluminum pans, weighed, and
then put into an oven at a preset temperature.
After the selected cure time, the samples were
taken out, cooled 5 minutes in a desiccator,
and weighed. If these were to be stored there-
after, it was always in a resealable polyeth-
ylene bag that was then kept refrigerated to
prevent further cure. Next the resin cakes
were ground in a Wiley mill to pass a 40-mesh
screen, i.e., smaller than 0.42 mm. This gave
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particles whose diameters approximate the
thickness of a plywood glueline. The grinding
was done in successive short periods to keep
the sample from getting too warm. A weighed
sample of the ground resin was put in a vial,
and a volume of distilled water equal to

10 times the resin weight was added. The
capped vial was put on a shaker, and the pH
of the mixture was monitored at 1- to 3-day
intervals. As soon as the pH readings on
successive measurements agreed within *0.01,
the extraction was considered complete. Then
the contents were filtered and the vial and
solids washed with distilled water. The acid
content of the liquid extract was determined
by filtrating with 0.0992 N sodium hydroxide
solution.

Strength Durability Tests

Durability of acid-phenolic-bonded wood
laminates was evaluated by shear testing after
accelerated aging at 60° C and 67 percent rela-
tive humidity. The adherends were rotary-
peeled yellow birch veneer, 3.2 mm thick, 150
by 150 mm panels, equilibrated at 6 percent
moisture content. Resin containing an added
10 percent by weight of walnut shell flour was
acidified, stirred, and brushed onto both
pieces of three pairs of panels. After 10 min-
utes open assembly time and 15 minutes closed,
the panels were individually pressed under
selected temperatures and times at 1.0 MPa
(150 psi). From each panel 14 single lap shear
specimens, 18.0 mm wide by 62 mm long with an
overlap distance of 10.0 mm, were cut. Ten
specimens were randomly chosen for each aging
time from among the total of 42 specimens
derived from each resin mix. Besides samples
tested in the initial condition, others were
tested after being aged for 14, 28, or 56 days.
The aging specimens were hung on small racks
inside jars containing saturated sodium ni-
trate solutions at the bottom. When these are
sealed and put in ovens at 60° C, the rela-
tive humidity inside the jars is 67 percent.

Before testing, all specimens are put
through a vacuum-pressure-soak cycle, 1/2 hour
for each condition. The specimens were tested
wet in tensile shear at ambient temperature
until the maximum force was determined. Data
from 10 specimens were averaged, and the stand-
ard deviations were calculated.

RESULTS AND DISCUSSION
Rates of Reaction
A typical series of DSC scans on pheno-

lic resins having different levels of acidity
is shown in Figure 2. This figure shows that

3
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Figure 2.--Typical series of DSC scans on
phenolic resins at various pH levels.
Acidic resins contained TSA as catalyst,
the alkaline resin was a commercial adhe-
sive. The heating rates were 10° C/min.

TSA-catalyzed phenolic resin reacts faster
than the alkaline phenolic only at pH values
below about 2.5. .

The exotherm peak temperatures plotted
against pH values allow comparisons of the
various acids' ability to increase the cure
rate of the phenolic resin. For monomeric
acids, this comparison is made in Figure 3.
Phenol sulfonic acid (PSA) and hydroquinone
sulfonic acid (HSA) showed essentially identi-
cal behavior of the exotherm temperature as a
function of pH. The naphthalene sulfonic acid
(NSA) showed better catalytic activity than
the first two acids. However, the control
toluene sulfonic acid (TSA) showed better cata-
lytic activity than any of the other monomeric
acids tried, except that NSA appeared to gain
a slight advantage at pH values near 1.0.

The results for the two polymeric acids
and the control are compared in Figure 4. The
PSS-70 did not give nearly the reactivity to
the phenolic resin as did the TSA at high pH
values. But at the lower pH values near where
an acid catalyst would be used in practice,
their catalytic abilities seemed to come much
closer. The higher molecular weight PSS-120
consistently provided much less reactivity than
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TSA. Based just on reactivity at a certain
pH, only NSA and PSS-70 would be competitive
with TSA.
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Figure 3.--The effect of pH on the DSC exo-
therm peak temperature for phenolic resin
catalyzed by four different monomeric acids.
The heating rates were 10° C/min.
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Figure 4.--The effect of pH on the DSC exo-
therm peak temperature for two polymeric
acids and the TSA control. The heating
rates were 10° C/min.

One other element is important to the
question of catalytic reactivity: The amount
of acid needed to reach a given pH and, there-
fore, to achieve a certain reduction in the
exotherm peak temperature. At the same concen-
tration (normality) of the acid solution, it
takes about as much NSA or PSA to reach a given
resin pH as it does TSA. But larger quanti-
ties of the polymeric acids are necessary,
quite possibly because the acid groups on a
polymer chain cannot disperse as widely as
can monomeric acid molecules. This limitation
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creates a bigger discrepancy between the effi-
ciencies of PSS-70 and the control TSA, as
shown in Figure 5. In this case, each point
represents a separate batch of acidified resin.
This plot indicates a fairly consistent 20° C
disadvantage, i.e, higher temperatures are
required to produce equally speedy cures for
PSS-70 relative to TSA at the same concentra-
tion levels. For comparison in terms of pH
rather than concentration batches of resin,
each with a measured pH of 1.28, correspond

in this figure to the TSA point at a concen-
tration of 0.14 meq/g and to the PSS-70 point
at 0.23 meq/g.
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Figure 5.-~The dependence of the DSC exotherm
peak temperature for phenolic resin cure on
acid concentration in the liquid resin for
PSS-70 and for TSA. The heating rates were
10° C/min.

Extraction Results

Usually extraction experiments were run
with three acids concurrently, two of the trial
acids and the control acid, TSA. This seemed
necessary after preliminary results indicated
that the fraction of acid extractable from
cured resin could vary considerably for the
same acid and same cure conditions in several
supposedly similar batches. Though an expla-
nation for this has not been discovered, this
variability does not invalidate the overall
conclusion.

Table 1 shows the resuts of two sets of
experiments. In the first set, all three
acids were added in concentrations to give
essentially equal pH. The two polymeric acids
did not set hard at room temperature in the
7 days allowed for cure at room temperature.




. Table 1.--Extractability of various acid
catalysts from phenclic resin

Percentage extractedg/
Acid
23° C Cure 150° C Cure
neq/g>’

R TSA 0.134 /g9 £/ 106
2 PSS-70  0.133 4. /94
PSS-120  0.133 d/.. £/9g

il
;ﬂ TSA 0.186 /3 LU
) PSA 0.186 /3 1
' NSA 0.186 /29 L

; a/ Based on concentrations of acid per
4 unit weight of solids. The numerator is
e ¥ based on the total weight of sample extracted.
A\ The denominator is the amount of acid added
beyond that needed to neutralize initial
alkali.
b/ Total meq of acid used per gram of
4! total initial solids in the acidified liquid
¥%: resin.
" ¢/ Cured for over 4 months before
i extraction.
d/ Not hardened after 6 days.
e/ Cured for 3 weeks before extraction.
£/ Cured for 30 minutes.

x Using the results only for the high tempera-

ture cure and comparing acid levels for equal
weights of resin solid, the calculated values
indicated that almost all the acid was
extracted, and that the two polymeric acids
extracted as easily as the control.

‘ A comparison of two other monomeric acids

r N with the control is shown in the lower half of
: table 1. Here the fraction of acid extracted

is less, but still much higher than the

10 percent that had been set as a maximum

limit. Once again, the trial acids were

extracted as much as TSA.

One question resulting from this latter
experiment was the possibility that lower
temperature cures might allow less extraction
than high temperature cures. This question,
as well as the effect of longer cure times,
was checked in experiments using four cure
temperatures and different periods of cure
time. Table 2 shows the results of those
experiments. There is no obvious effect of
temperature on extractability, and a large
incresse in cure time did not seem to signifi-
cantly decrease extractability. The amounts

SRR P o \I
Table 2.--Effect of curing conditions on
extraction of toluene sulfonic
acid catalyst from cured
phenolic resin
Acid Cure
Test SO0 YT Cure Acid
group per time extracted—
tra- a-
tion ture
"""""" 3 /2
meq/g- °c Pct
A 0.186 23 3 weeks 39
B 0.185 65 2 hours 56
B 0.185 65 18 hours 57
c 0.185 65 2 hours 42
(o 0.185 65 18 hours 45
C 0.185 105 12 minutes 46
C 0.185 105 60 minutes 46
C 0.185 150 6 minutes 44
B 0.185 150 30 minutes 55
B 0.185 150 30 minutes 57
B 0.185 150 30 minutes 52
A 0.186 150 30 minutes 57

a/ Based on concentrations of acid per
unit weight of solids. The numerator is
based on the calculated weight of solids in
the sample extracted. The denominator is the
amount of acid added beyond that needed to
neutralize the alkali present.

b/ Units are total meq of acid used per
gram of total initial solids in the acidified
liquid resin.

of acid extracted in all these cases were still
much higher than the 10 percent maximum set as
a guide. The present results agree with those
of earlier studies. Plath's experiments (11)
showed that from 30 to over 60 percent of TSA
was extracted from thin films, and other scien-
tists (1) report that the equivalent of 70 per-
cent of the TSA added beyond neutralization of
initial alkali was extractable from a resin.

Accelerated Aging

The extent of degradation of acid-
catalyzed bonds was a direct consequence of
the amount of acid that was added to the
liquid resin. Figure 6 shows that 0.189 meq/g
of TSA added to the phenolic resin did not
cause any noticeable degradation of strength
during 4 weeks of accelerated aging, but that
an additional 50 percent acid caused consid-
erable loss of strength in bonds made from
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=0 Figure 7.--The effect of two acid concentra-
Figure 6.--Effect of accelerated aging at tion levels and two press temperatures on
60° C and 67 percent relative humidity on the strength of TSA-catalyzed phenolic joints
the strength of TSA-catalyzed phenolic during accelerated aging at 60° C and 67 per-
joints, at two concentration levels. cent relative humidity.
another glue mix. (The difference in press
temperatures would tend to lessen expected 10
differences, if it had any effect.) s I | | |
b5 9 = o -
t:; Both TSA and PSS-70 show the progressive % 271 meq/g (T,=140°C)
A deterioration of bond durability as a function ~ 8 m
'J of acid strength. The acid levels were chosen - o 7 _
._i for both acids to span a range from where acid .6
‘3 levels had little or no effect to levels esti- E 6 ~
mated to give a pH near 1.0 in the liquid resin. @ 0.335 meg/g (Tp=140°C)
. Figure 7 shows accelerated aging experiments ’6 SH =
4 a on three sets of panels bonded with TSA- al _
Y catalyzed resin. The 0.229 meq/g TSA sample s
a had a measured pH of 1.08, and the two at W 3 -
g 0.262 meq/g had measured pH values of 0.90 %
and 0.91. The set catalyzed with just 2+ -
il . . 0.229 meq/g did show degradation, but less H
than with 0.262 meq/g. The different press z I -
-5 temperature used for the two sets at o 1 1 L | 1
. 0.262 meq/g made little difference in strength 0 0 20 30 40 50 60
' retained after 8 weeks. Panels bonded with
PSS-70 catalyzed resin behaved similarly, AGING TIME (days)
Figure 8. The three PSS-70 samples had meas- M 149 737
by ured pH values of 1.88 for 0.271 meq/g, 1.57
for 0.293 meq/g, and 0.92 for 0.335 meq/g. Figure 8.--The effect of three concentration
‘ Higher levels of this acid led to progressively levels on the strength of PSS-70-catalyzed
§ greater degradation after accelerated aging. phenolic joints during accelerated aging at
These durability tests confirm the problem of 60° C and 67 percent relative humidity.
3 excessive acid migration indicated by the
¢ extraction tests.
"y
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SUMMARY

None of the acids specially chosen to
provide desired better entrapment in the cured
phenolic resin performed better than one of
the standard commercial catalysts for acid-
catalyzed phenolics, i.e., toluene sulfonic
acid. This acid speeds the cure of a phenolic
resin as well as any other tried, and less TSA
is needed than of the polymeric sulfonic acids
to reach the same low pH values or reactivity.
In comparison tests the extractability of TSA
was no worse than any of the other acids tried.
In the phenolic resin used, bond durability
after 8 weeks accelerated aging at 60° C and
67 percent relative humidity shows definite
deterioration by TSA concentrations in the
resin as low as 0.229 meq/g of solids. The
PSS-70-catalyzed resin behaved similarly.
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EFFECT OF RESIN TYPES AND FORMULATION ON INTERNAL BOND

STRENGTH AND DIMENSIONAL STABILITY OF HARDWOOD FLAKEBOARD

By Chung Yun Hse, Principal Wood Scientist
Southern Forest Experiment Station, Forest Service
U.S. Department of Agriculture
Pineville, Louisiana

¥ \
% N ABSTRACT
' |

..;‘&.

A series of experiments was conducted to develop
effective and economical resin systems to improve dimen-
sional stability of southern hardwood flakeboards. First,
boards 0.5 inch thick were made from 3-inch-long flakes of

ADP0024718

i _ nine species of southern hardwoods. Dimensional stability
e was measured following S5-hour boil, vacuum-pressure soak,
'}5 and 50 to 90 percent RH exposure test. Within the range
r of the experiment, all species except white oak and post

oak yielded boards of acceptable dimensional stability
at board density of 44.5 pounds per cubic foot or
less.

""‘ﬁ'

—~To improve dimensional stability, a resorcinol modi-
fied phenolic system was developed and tested, Although
resorcinol adhesives have outstanding dutabiiéty under
severe test conditions, a resorcinol modified phenolic
system resulted in little improvemeptfih dimensional sta-
bility of hardwood flakeboard. - ~

fsr}o produce a flakeboard of acceptably high durability
from wood of high density species, a phenolic alloy of
phenol-formaldehyde resin and polyisocyanate was developed.
The key to this alloying process is to first apply minor
amounts of polylsocyanate before application of major
amounts of phenolic resin on wood furnish. Next would be
to react to the combined adhesive in situ to obtain an
improved thermosetting adhesive resin suitable for hardwood
flakeboard. The performance of the new phenolic alloy is
superior to phenolic resin under high flake moisture con-
tent, low resin content, and low panel density. The inter- N
nal bond strength of all white oak and southern red oak
panels with application of polyisocyanate before phenolic
resin is more than 500 percent greater than the one with
phenolic alone. Since IB is one of the most critical
factors controlling the acceptable minimum panel density,
the substantially greater IB is considered a
favorable factor for reducing panel density to improve
dimensional stability.

INTRODUCTION
The market for reconstituted wood panels tories, government agencies, and trade associ-
for structural exterior application is poten- ations, (See Literature Cited.)

tially very large. Interest in the develop-
ment of such panels has generated much recent
research by corporations, university labora-
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The Pineville, Louisiana, laboratory of
the Southern Forest Experiment Station has
concentrated its research on making panels of
flakes cut from southern hardwoods. This
paper is one of a series describing efforts
to develop an effective and economical resin
system to improve dimensional stability of
such southern hardwood flakeboards. The study
involves three experiments: (1) Dimensional
stability of flakeboards made from southern
hardwood; (2) formulation of resorcinol-
wmodified phenolic resin adhesives; and (3)
development of a new adhesive system to
improve internal bond strength and dimensional
stability.

Experiment 1.--Dimensional stability of
Flakeboards from Southern Hardwoods

Physical and mechanical properties of
wood vary widely among hardwood species;
dimensional stability of flakeboard as affected
by wood species is therefore an important con-

] ﬂé slderation. Nine hardwood species were
R selected on the basis of their abundance and
] wide range of properties. Flakeboards were
A produced from them and linear expansion and
ﬂgu thickness swelling were determined. Details
Al of the results were published previously (lse
A
Iy 1975a).
NN
Sy All boards were prepared in the labora-
tory with flakes 3 inches long, 3/8-inch wide,
2 and 0.015 inch thick. The flakes were from
;7ﬁ;4 rotary-peeled veneer cut to thickness on a
;ﬁﬂ” metal-working lathe and then accurately
§ % clipped to length and width.
27 The general conditions for board manu-
facture were:
;;¢$ Panel size: 19 x 20 inches
Fats Flake moisture content: 3 percent
ey Resin content: 4 percent of liquid
332 phenolic resin based on ovendry
oy weight of flakes o
Plhisely Hot press temperature: 335°F
Hot press time: 5 minutes
égq Ranges of average thickness swelling in
;{ the three exposure tests were:
B
o < 50 to 90 percent RH---13 to 32 percent
kA S~hour boil--~20 to 112 percent
- VPS---20 to 57 percent
A R
g{‘, Thickness swelling varied from test to
A test. The 5-hcur boil consistently resulted
§ . in the greatest swelling, followed in order by
ngz the VPS and 50~ to 90~-percent RH exposure test.
AL
3
2
il
o *
-":
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In 5-hour-boil and VPS tests, swelling
for all species increased as panel density
increased. This result was anticipated, since
increase in density is achieved by increasing
compaction.

In the 50- to 90-percent RH test, there
was little difference in swelling between
panel densities of 39.5 and 44.5 pcf. Swelling
increased slightly as panel density increased
to 49.5 pef.,

White oak panels swelled significantly
more than those of other species. They were
also notable for their substantial interparti-
cle delamination after the 5-hour boil. In no
species could a relationship be found between
initial bond strength and swelling.

Ranges for average linear expansion in
the three exposure tests were:

50 to 90 percent RH---0.068 to .351 per-
cent

5-hour boil---,045 to .443 percent

VPS---.027 to .480 percent

On average, the low-density species were
slightly more stable than the high-density
ones. As in the test of swelling, white oak
panels were the least stable.

All 49.5-pcf boards, except hickory and
post oak, expanded more than either 44.5- or
39.5-pcf boards of the same species. Red maple,
sweetbay, and sweetgum were the most stable of
the 44.5-pcf boards. Among 39.5-pcf boards,
sweetgum, and sweetbay were the most stable.

The Forest Service Task Group charged
with setting performed targets for structural
flakeboardl specified a maximum of 0.250 per-
cent linear expansion as determined by a 30-
to 90-percent RH exposure test. In the three
exposure tests reported here, all 39.5-pecf
boards met the specification. In the 44.5-pcf
class, post oak and white ocak failed. In the
45.5-pcf group, five species failed--post,
white, and southern red oak, white ash, and
black tupelo.

1ySDA Forest Service Task Group on Panel
Product Specifications (John Zerbe, Chairman).
1973. (The national program has been des-
cribed by Schaffer, E. L. 1974. Forest resi-
due into structural particleboard: A Forest
Service national program. Paper No. 74-1548,
presented at 1974 Winter Meeting, Amer. Soc.
Agric. Eng., Chicago, Ill., Dec. 10-13, 1974.
21 p.)
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board densities meeting strength requirements.
Therefore, the objective of this experiment was
to determine if a resorcinol modified phenolic
system could be developed for hardwood flake-
board to improve dimensional stability. Resor-
cinol was chosen because it satisfies the
highest requirements for glued assemblies of
wood. Resorcinol adhesives have proved to be
very durable under extreme test conditions and
are widely used in marine plywood.

Optimizing Reaction Conditions

Basic resin formulation variables for the
phenolic resin in the experiment were:

. \ \’y.ﬁ*-‘.‘\f\\\ "’"“;- b, . ‘n.. - "(' (Y “. .._:'._‘... et ta \_..--_

W Table 1.--Dimensional stability properties of flakeboard as measured by vacuum-pressure-soak, 5-
}& hour-boil, and RH tests
Species Board Internal Vacuum-pressure soak 5-hour-boil 50-90% RH
4% weight bond Thickness Linear Thickness Linear Thickness Linear
] ;" swelling expansion swelling expansion swelling expansion
ﬁ) psi  —--—-—- Percent -
e Sweetbay 39.5 109 27.8 0.127 36.9 3.067 20.3 0.094
44,5 260 29.3 .047 47.8 .061 16.4 .088
jf'ﬂ 49.5 236 30.1 214 47.1 .168 21.1 .153
‘Afj Red maple 39.5 97 20.3 .134 20.5 .145 13.3 .156
:. 44,5 284 27.1 .027 31.5 .053 13.9 .090
o 49.5 315 27.8 .144 47.6 .146 20.8 .176
._\'.4
o Sweetgum 39.5 81 23.6 .059 32.0 .095 21.6 .068
44.5 171 31.9 .093 47.1 .045 20.8 .083
W 49.5 196 42.6 .126 58.2 .164 31.8 .195
"o
3¢Tj ) Black tupelo 39.5 113 22.3 .130 24.2 .128 15.4 .154
?t‘; 44.5 239 23.4 .222 31.2 .177 14.6 .219
Ra¢ 49.5 385 25.7 .225 39.2 .199 21.6 .252
P14, White ash  39.5 83 21.2 .198 23.3 .194 13.7 .204
= 44.5 148 21.4 .149 28.1 .181 13.5 174
49.5 273 24.6 .227 40.0 .204 22.2 .259
C-ﬁ Red oak 44.5 55 20.7 171 26.4 .173 14.9 .169
Ny 49.5 146 27.4 .253 51.5 .175 23.2 .251
3 Hickory 44.5 65 22.1 .245 27.3 .238 15.7 .212
A 49.5 107 23.0 171 33.5 .213 16.0 172
Post oak 44.5 58 27.5 .296 63.7 .241 14.6 .270
. 49.5 119 28.0 .306 65.2 .189 18.9 .268
Al White oak 44.5 51 48.5 .379 80.1 .314 20.1 .296
b ) 49.5 88 56.8 .480 112.3 443 25.6 .351
d :.Y
r 5',}
‘: Experiment 2.--Formulation of Resorcinol Modi- Formaldehyde to phenol molar ratio—--1.9
3.5y fied Phenolic Resin Adhesive Sodium hydroxide to phenol molar
40 ratio---0.45
%Y It was noted in the previous experiment Reaction ccncentration---47.5 percent
;:' that satisfactory dimensional stability ({.e.,
o linear expansion) of panels fabricated from Resin preparation and testing procedures
Tyt several hardwood species was not attained at were generally the same as in the previous

study (Hse 1975b). To modify the phenolic re-
sin, the selected methods of resorcinol addi-
tion were:

(1) Phenol and formaldehyde added at
beginning of cook, then resorcinol was added
1 hour later.

(2) Resorcinol and formaldehyde added at
beginning of the cook, then phenol was added
45 minutes later.

(3) Phenol, resorcinol, and formaldehyde
all were added at beginning of the cook sche-
dule.

The total substitution of phenol by resorcinol
was 10 percent.
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General gluing conditions for fabri-
cation of the three-ply, 3/8-inch southern
pine plywood were:

Panel size---20 x 20 inches

Glue spread---80 pounds per 1,000 sq ft
of double glueline

Closed assembly time---25 minutes

Hot press temperature---285°F

Hot press time---2.5 minutes

Specific pressure---175 psi

Average percent wood failure was as
follows:
Percent

Method of resorcinol addition wood failure

1. Phenol and formaldehyde at
beginning of the cook, then
resorcinol was added 1 hour
later 71

2. Resorcinol and formaldehyde
added at beginning of the
cook, then phenol was added
45 minutes later. 79

3. Phenol, resorcinol, and form-
aldehyde all were added at
beginning of the cook sche-
dule. 85

These results indicate that blending all
the phenol, formaldehyde, and resorcinol at
the beginning of the reaction results in
slightly better performance than adding either
phenol or resorcinol separately.

Effects of Resorcinol Content on Glue Bond

Because resorcinol costs almost five
times more than phenol, the amount of resor-
cinol in the phenolic resin strongly affects
manufacturing economics of modified phenolic
resins. In the subexperiment, three levels of
resorcinol content ({.e., 5, 10, and 15 per-
cent) were tested. Also included in the ex-
periment were two formaldehyde to phenol
ratios (i.e., 1.9 and 2.5). All the phenol,
resorcinol, and formaldehyde were blended at
the beginning of the reaction. Panel pre-
paration and testing procedures were similar
to those of the previous experiment.

Resorcinol content, formaldehyde to

phenol ratio, and average percentage wood
failure wore:
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Molar ratio Resor- Bond Quality
formalde- cinol 2.5 min. 3.5 min.
hyde/phenol content Cure time Cure time

Percent Percent wood failure
1.9 0 83.4 90.5
5 75.9 87.9
10 78.3 83.4
15 78.8 83.0
2.5 0 87.1 90.5
5 90.7 92.9
10 85.0 91.1
15 88.6 92.4

Variance analysis indicated that the
percentage of wood failure differed signifi-
cantly (0.05 level) with two of the three pri-
mary variables, i.e., cure time and molar
ratio of formaldehyde and phenol. The signifi-
cant interaction involved molar ratio of form-
aldehyde to phenol and resorcinol content.

As expected, bond qualities of the resin
with longer cure time were significantly
higher (89.0 percent average) than those with
shorter cure time (83.5 percent).

On the average, 2.5 molar ratio of form-
aldehyde to phencol yields better glue bond
(89.8 percent) than 1.9 molar ratio of form-
aldehyde to phenol (82.7 percent).

Resorcinol content interacted with form-
aldehyde to phenol ratio to affect bond quality.
At a ratio of 1.9, resin without resorcinol
performed better. But at ratio of 2.5, small
gains in bonding accompanied resorcinol addi-
tion--the sole exception being the 10 percent
resorcinol substitution of phenol. These re-
sults are graphed in figure 1.

Ll 25 CHy0 /PHENOL
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PERCENT SUBST.TUTION OF PHENOL
BY RESORCINGL

Figure 1.--Interactions of wood failure with
formaldehyde to phenol ratio and resorcinol
content.
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Although a ratio of 2.5 formaldehyde to
each phenol is not a common choice in manu-
facturing standard phenolic resin, it improved
bonding quality of resin subjected to resor-
cinol modification. The conclusion was that
blending phenol, resorcinol, and formaldehyde
at the beginning of the reaction and 2.5 molar
ratio of formaldehyde to phenol should be
used for subsequent experiments.

Effects of Resorcinol Modified Phenolic Resin
of Dimensional Stability

Resorcinol-modified phenolic resins were
tested as possible binders for hardwood flake-
board to improve dimensional stability. In
addition, resorcinol resin was formulated and
applied as mixed resin system in situ with
phenolic resin. Variables considered in the
experiment vere:

1. Resin factors

a. Phenolic resin without
modification

b. Phenolic resin with 5% of phenol
substituted with resorcinol

c. Phenolic resin with 10% of

" phenol substituted with resor~

cinol

d. Mixed resin of 50% phenolic
resin and 50% resorcinol resin

e. Mixed resin of 75X phenolic
resin and 25% resorcinol resin

2. Wood species

a. Southern red oak (Quercus
falcata Michx.)
b. White oak (Quercus alba L.)

3. Flake moisture content

a. 3%
b. 7%

Resin Preparation

For phenolic resin, the molar ratio of
formaldehyde to phenol was 1.9, reaction con-
centration was 47.5 percent, and molar ratio
of sodium hydroxide to phenol was 0.45.

Preparation procedures for the resor-
cinol modified phenolic resins were generally
the same as described in previous experiments,
Molar ratio of formaldehyde to phenol was 2,5,
All chemicals (i.e., phenol, resorcinol, and
formaldehyde) were blended at the beginning
of the reaction.

The basis formulation variables for
resorcinol resin were:

1. Molar ratio of formaldehyde to
resorcinol---0.6

2. Reaction concentration---46%
3. Initial reaction pH was 4.1 and
final pH was 7.1

To prepare the resorcinol resin, all the form-
aldehyde, resorcinol, and water was placed in
the reaction kettle. Sodium hydroxide was
added to gradually increase the pH from 4.5

to 7.1 in 60 minutes. Reaction temperature
was maintained initially at 75°C and increased
to 90°C at 60 minutes. When viscosity reached
Gardner-Holt viscosity G (= 300 centipoise),
the reacticn was terminated by rapidly cooling
the mixture to 25°C.

Panel Preparation

All panels were prepared in the labora-
tory with flakes about 3 inches long, 0.015
inch thick, and variable in width. Both
southern red oak and white oak flakes cut on
a Koch shaping-lathe headrig were dried to an
average moisture content of 3 percent and 7
percent before adhesive was added. General
conditions for panel preparation were:

Panel size: 1/2 x 16 x 21 inches

Panel density: 45 1lbs/cu ft

Resin content: Resin solid equaled 5%
of the ovendry weight
of the wood furnish

Hot press temperature: 335°F

Press closing time: 45 seconds

Hot press time: 5 minutes

Replication: 3

Sampling and Testing

Boards were trimmed to 19- by l4-inch
panels before cutting into 2- by l4-inch test
specimens. Two specimens each were selected
from each panel for vacuum-pressure-soak,
dimensional stability, static bending, and
creep tests. After static bending test, the
speclmeng were cut to yield two 2- by 2-inch
samples for tensile strength perpendicular
to the face (internal bond).

The dimensional stability test measured
changes in length and thickness when the speci-
mens were brought from equilibrium at 90 per-
cent RH at 80°F,

The vacuum~pressure-soak test consisted
of soaking specimens in water under vacuum
(25 in Hg) for one hour and then under 85 psi
pressure (at room temperature) for 2 hours.
Lengths and thicknesses were measured before
and after soaking.

A speclal optical linear micrometer as
described by Suchsland (1970) was fabricated
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in the study for measuring the length. The
device is a modified microscope featuring two
microscope tubes with eyepieces and objective
lenses, a stage with specimen support, and a
dial gage reading to 1/10,000-inch (fig. 2).

Figure 2.--Optical linear micrometer showing
two microscopes, dial gage, and specimen on

stage with knobs for lateral X-Y stage move-
ment.

Results and Discussion

Table 2 summarizes average internal
bond (IB) strength, linear expansion, and
thickness, and resin variables.

Thickness swelling.--Average thickness
swell ranged from 20.1 to 95.4 percent in the
VPS and from 15.2 to 84.2 percent in 30-90
percent RH test. The VPS consistently caused
more swelling than did the 30-90 percent RH
test, the exception being resins with 5 or
10 percent resorcinol substitution at 30-90
percent RH with 7 percent flake moisture con-
tent.

On average, resorcinol addition, whether
as direct substitution of phenol or as mixed
resin in situ resulted in greater thickness
swell, the sole exception being the white
oak panels with mixed resin system. These

results are graphed in figures 3 and
4.

As shown in table 2, the panels fabri-
cated with flakes at 7 percent moisture con-
tent consistently yielded smaller thickness
swell than did those fabricated at 3 percent
moisture content. It is possible that
higher moisture content of flakes provides
more favorable conditions for wood to quickly
set in a deformed shape due to plastic flow
during pressing. This deformed set, in turn,
results in less springback and better thick-
ness stability.
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Figure 3.--Effect of resorcinol substitution
of phenol on thickness swelling.
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Figure 4.--Effect of mixed resin in gitu
system on thickness swelling.

It is also possible that higher flake
moisture content enhances resin mobility and
penetration. A study by Haygreen and Gertje-
jansen (1971) indicated that impregnating
flakes with phenolic resin produced greater
dimensional stability than the same percentage
of resin applied entirely as bonding resin.
When the impregnating phenolic resin was
applied to green flakes, the dimensional
stabilizing effect was greater than if sprayed
at lower moisture contents.

Linear expansion.--Average linear expan=-
sion ranged from 0,246 to 0.607 percent in the
VPS and from 0.070 to 0.578 percent in 30-90
percent RH test. The VPS consistently re-
sulted in slightly more swelling than did the
30-90 percent RH test.
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4 Table 2.--Effect of modified phenolic resin on dimensional stability of flakeboard
s - e ———
»f}. Vacuum-pressure-soak 30-907% RH
: Thickness Linear Thickness Linear
IB swelling expansion swelling expansion
- 3 7 3 7 3 7 3 7 3 7
';\' percent percent percent percent percent percent percent percent percent percent |
JQF Wood species flake flake flake flake flake flake flake flake flake flake
- and resint  M.C.  M.C. M.C.  M.C. M.C. M.C. M.C. M.C. M.C. M.C.
e e ---
A} Percent-—-—--— -—-
Southern red
4 oak
"\ A 64 29 26.4 26.0 0.251 0.358 22.6 15.7 0.177 0.158
% B 27 49 57.8 29.6 .365 .321  50.7 30.2 .210 .134
. C 9 35 92.9 33.1 .480 .302 81.5 37.6 .527 .132
o D 56 69 43.5 36.0 .356 .289  37.2 33.1 .289 .214
E 71 59 33.7 18.9 .286 .276  32.6 17.9 .282 .113
5 White oak
.-:\,4 -
i A 58 30 42,2 41.4 444 .530 31.9 26.6 .296 .280
s B 30 Delaminated 64.9  ---- 474 - 43.9 -—-- 394 -e--
A c 28 Delaminated 59.2  =-=- .570 - 46.7 -— .488  -—--
D 61 36 40.3 30.3 .327 L334 23.9 22.7 .261 .262
v E 70 Delaminated 34.1 —— .336 -=== 20.5 ——— .287 -——
L
2 i 1Resin A is a straight phenolic resin. Resin B is phenolic resin with 5% of the phenol sub-
LY stituted with resorcinol. Resin C is phenolic resin with 10% of the phenol substitution with
resorcinol. Resin D is mixed resin in situ of 50X phenolic and 50X resorcinol resin. Resin E
) is mixed resin in situ of 75X phenolic acid and 25% resorcinol resin.
By analysis of variance, the effect of Formation of Phenolic Alloys

fortified phenolic resin, either by mixing
resorcinol resin or by partial resorcinol
substitution of phenol at resin formulation,
on linear expansion was not significant.

As in the test of thickness swelling,
white oak panels were less stable than red
oak. Dimensional stability of the white oak
panels made at 7 percent flake moisture con-
tent were not measured because of substantial
interparticle delamination at panel fabri-
cation.

Experiment 3.--Development of a New Adhesive
System

Experiment 2 showed that a resorcinol
modified phenolic system resulted in little
improvement on dimensional stability of hard-
wood flakeboard. Thus, a series of studies
were conducted to develop a phenolic alloy

A commercially available polymethylene
polyphenol isocyanate with functionality of
2.7 and viscosity of 200 to 275 cps at 25°C
was chosen to react with phenolic resin in
situ to form a combined adhesive system. Five
flakeboards were fabricated by each of the
following adhesive blending processes.

(A-1) Applied polyisocyanate before the
phenol-formaldehyde resin adhesive

(A-2) Applied polyisocyanate and phenol-
formaldehyde resin adhesive simultaneously
(A-3) Applied phenol-formaldehyde resin
adhesive before the polyisocyanate.

Both phenol-formaldehyde resin and polyiso-
cyanate were applied by conventional air-
atomizing nozzles in a rotating drum-type
blender. The phenol-formaldehyde resin was

75 percent of the total amount of adhesive
and the polyisocyanate constituted 25 percent.

{’ vhich would not only yield specification-grade All flakes were produced by a shaping-
Ly flakeboard over a broad range of wood species lathe headrig to average 3 inches long 0.015-
‘ and densities at an acceptable panel density, inch thick, and were of random width. The

. but would also tolerate high flake moisture mixed hardwood flakes were 40 percent sweetgum
% content and temperature, high temperature and and 60 percent southern red oak.

o

g;?

-
&

gl

TICES R T AT B P T st
DRI AN & n‘ .‘ 'f\l ..‘-"o. \"4 '-'. N

humidity in the working area, low resin
application, and conditions conducive to pre-
cure,
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The panel fabrication and testing were
similar to that of experiment 1. The general
conditions for panel preparation were:

Panel density---46 pcf

Panel thickness---1/2 in.
Resin content---42

Hot press temperature---300°F
Hot press time---4.5 minutes

Average IB was as follows:

Adhesive Internal
Test blending process bond
psi

A-1 Polyisocyanate before phenolic 127

A-2 Polyisocyanate and phenolic
simultaneously 89

A-3 Phenolic before polyisocyanate 67

These results indicate that an improved
adhesive system can be achieved by applying
minor components of polyisocyanate before the
major component of phenolic resin on wood
furnish and then reacting the combined ad-
hesive in situ to obtain an improved thermo-
setting adhesive resin suitable for hardwood
flakeboard. The polyisocyanate reacts readily
with hydroxy groups or water on the surface of
or among the wood fibers to form strong ad-
hesion. Subsequently, a cross-link reaction
between isocyanate and phenolic resin occurs
to reinforce the properties of phenolic ad-
hesive.

Effects of Polyisocyanate:Phenolic Resin Ratio

Evidence of the superior performance of
an adhesive system in which polyisocyanate is
applied before phenol formaldehyde resin led
to a study to determine the best ratio of
polyisocyanate to phenol formaldehyde resin.

The panel fabrication and testing were
as in earlier tests except the hot press time
was 5.5 minutes and total resin content was
5 percent.

Polyisocyanate:resin ratio and average inter-
nal bond strengths were:

Internal bond

Polyisocyanate phe-

Test nolic_resin ratio B~ _§% _é%
_____ psi--—----
B-1 0/100 72 72 72
B-2 10/90 99 72 72
B-3 20/80 152 97 80

2/B 1s application of polyisocyanate before
phenolic resin. S is application of polyiso- |
cyanate and phenolic simultancously. A is applt
cation of polyisocyanate after phenolic resin,

L I S L IR

B-4 30/70 192 112 83
B-5 40/60 208 125 92
B-6 50/50 216 131 100
B-7 60/40 173 139 113

The superiority of applying polyisocya-
nate before phenolic resin is again apparent.
Also, increasing the ratio of polyisocyanate
to phenolic resin to 50/50 resulted in in-
creased bond strength.

Effects of Flake Moisture Content

To measure the tolerance of applying
polyisocyanate before phenolic resin when wood
furnish has a high moisture content, new test
conditions were chosen. The panels were pre-
pared as previously described, again using a
hot press time of 5.5 minutes and resin content
of 5 percent.

Test conditions and average internal bond
strengths of the panels were:

Flake moisture
content (per-

cent) and Polyisocyanate:phenolic

resin resin ratio IB
Percent psi

4 percent
c-1 0/100 72
Cc-2 10/90 104
c-3 30/70 169
C-4 50/50 208

11 percent
Cc-5 0/100 0
Cc-6 10/90 72
Cc-7 30/70 135
c-8 50/50 174

Results again clearly demonstrate the
efficiency of applying polyisocyanate before
phenolic resin. Flakes having 11 percent
moisture content were satisfactorily bonded
by applying as little as 10 percent of poly-
isocyanate before the phenolic resin. 1In the
conventional phenolic resin system, steam
generated from flakes with high moisture con-
tent causes panel delamination during hot
pressing.

Effects of Panel Density

The high wood density of hardwood species
such as the oaks and hickories makes fabri-
cation of low density panels from these species
difficult. To measure the tolerance of the
new adhesive system to high-density hardwood
species, southern red oak was made into panels,
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Half the panels (D-1, D-3, and D-5)
were fabricated with conventional phenolic-
formaldehyde resin adhesive without polyiso-
cyanate. Panels D-2, D-4, and D-6 were
fabricated by applying polyisocyanate before
phenolic resin. Hot press time and total
resin content were again 5.5 minutes and 5
percent. The panels were prepared and tested
as described previously. Flake moisture con-
tent was 7 percent.

Panel characteristics were:

Panel density Polyisocyanate:phe-

and test nolic resin ratio 1B
Percent psi
41 pcf
D~-1 0/100 21
D-2 20/80 84
45 pcf
D-3 0/100 44
D-4 20/80 124
49 pcf
D-5 0/100 92
D=6 20/80 116

The panels fabricated with initial
application of polyisocyanate had consist-
ently higher internal bonds. Satisfactory
panels were produced even at 41 pcf, which
was not possible with the conventional phe-
nolic resin.

Effects of Resin Content

In the manufacture of flakeboard panels,
resin content strongly affects panel per-
formance and manufacturing economics. Resin
is the most expensive item in manufacturing
cost. To measure the efficiency of the new
adhesive system, resin content was varied
in the series E panels.

The E-1, E-3, and E-5 panels were
fabricated with conventional phenol-
formaldehyde resin adhesive without polyiso-
cyanate; for E-2, E-4, and E-6 panels, poly-
isocyanate was applied before phenolic resin.
The hot press time and panel density were
5.5 minutes and 44 pcf. The panels were
prepared and tested as described previously.

Resin content and internal bond strengths
were:
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Polyisocyanate :phenolic

Resin resin ratio IB
Percent psi

Three percent
E-1 0/100 43
E-2 20/80 71

Four percent
E-3 0/100 56
E-4 20/80 139

Five percent
E-5 0/100 68
E-6 20/80 152

The superiority of the resin system containing
polyisocyanate is again apparent for all resin
content levels in the test.

These tests confirm that applying poly-
isocyanate before phenolic resin is superior
to phenolic resin alone when used at high
flake moisture contents and low resin content
levels. Satisfactory flakeboards were formed
from high-density species such as southern red
oak at significantly lower panel density than
that attainable with conventional phenolic
resin systems.

Effects of Polyisocyanate-Phenolic Resin
System on Dimensional Stability

To examine the effects of polyisocyanate-
phenolic resin system on dimensional stability,
the variables considered in the experiments
were:

1. Resin variables

a. Straight phenolic resin

b. Mixed resin in situ of 50%
phenolic and 50X polyisocyanate

c. Mixed resin in situ of 75% phe-
nolic and 25% polyisocyanate

2. Wood species

a. Southern red oak
b. White oak

Panel preparation, sampling, and testing
were as described in experiment 2. All flakes
were conditioned to 7 percent moisture content.
Panel density was 45 lb/cu ft (basis of panel
weight and volume at 6 percent moisture con-
tent).

Average internal bond strength, thickness
swelling, and linear expansion following
vacuum pressure soak treatment are summarized
in table 3,
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Table 3.--Effect of polyisocyanate on dimen- Hart, C. A., and J. T. Rice. 1963. Some
sional stability observations on the development of a lab-
oratory flakeboard process. For. Prod.
Wood species Thicknesg Linear J. 13(11):483-488,
and resin- IB  swelling= expansion=
- ettt it Haygreen, J. G., and R. O, Gertjejansen.
psi Percent. 1971. Improving the properties of parti-
Southern red cleboard by treating the particles with
oak phenolic impregnating resin. Wood and
Fiber 3(2):95-105.
A 29 26.0 0.358
B 147 27.2 .370 Haygreen, J. G., and R. O. Gertjejansen.
c 158 28.0 .343 1972. Influence of the amount and type
White oak of phenolic resin on the properties of
a wafer-type particleboard. For. Prod.
A 30 41.4 -528 J. 22(12):30-34.
B 176 31.8 .329
c 149 30.8 .375 Heebink, B. 6. 1974. Particleboards from
lodgepole pine forest residue. Res. Pap.
lResin A is a straight phenolic resin. FPL-221. U.S. Dep. Agric., For. Serv.,
Resin B is 50X phenolic and 50X isocyanate mix. For. Prod. lab., Madison, WI.

Resin C is 75% phenolic and 25% isocyanate mix.
Heebink, B. G., and F. V. Hefty. 1969,

2/Vacuum pressure soak treatment. Treatments to reduce thickness swelling
of phenolic-bonded particleboard. For.
Prod. J. 19(11):17-26.

For white oak panels, application of

polyisocyanate before phenolic resin resulted Hse, C.-Y. 1975a. Properties of flakeboards
in substantial improvement in dimensional from hardwoods growing on southern pine
stability. sites. For. Prod. J. 25(3):48-53.

It is noted that the internal bond Hse, C.-Y. 1975b. Formulation of an eco-
strength of all panels with application of nomical fast-cure phenolic resin for
polyisocyanate before phenolic resin is more exterior hardwood flakeboard. Im Proc.,
than 500 percent greater than the one with Ninth Particleboard Symp., Washington
phenolic alone. Since IB is one of the most State Univ., Pullman. p. 127-141.
critical factors controlling the acceptable
minimum panel density, the substantially Hse, C-Y., P. Koch, C. W, McMillin, and F.
greater IB is therefore considered a favorable W. Price. 1975. Laboratory scale develop-
factor for reducing panel density to improve ment of a structural exterior flakeboard
dimensional stability. from hardwoods growing on soutliern pine

sites. For. Prod. J. 25(4):42-50.

LITERATURE CITED Lehmann, W. F. 1974, Properties of
structural particleboard. For. Prod. J.
Anthony, C. P., and A. A. Moslemi. 1969. 24(1):19-26.
Strength and dimensional properties of hick-
ory flakeboards. For. Prod. J. 19(7):54-55. Lehmann, W. F., and F. V. Hefty. 1973. Resin
efficiency and dimensional stability of
Je i Gatchell, C. J., B. G. Heebink, and F. V. Hefty. flakeboards. Res. Pap. FPL-207. U.S.
ool 1966. Influence of component variables on Dep. Agrig., For. Serv., For. Prod. Lab.,
properties of particleboard for extender use. Madison, WI.

For. Prod. J. 16(4):46-59.
Price, E. W. 1977. Basic properties of full-

Gertjejansen, R., and J. G. Haygreen. 1973. size structural flakeboards fabricated with
Effect of aspen bark from butt and upper logs flakes produced on a shaping lathe. In
on the physical properties of wafer-type and Proc., Eleventh Particleboard Symp.,
flake-type particleboards. For. Prod. J. Washington State Univ., Pullman. p. 313-
23(9):66-71. 332.

Gertjejansen, R., M. Hyvarinen, J. Haygreen, and Shen, K. C. 1973. Steam-press process for
D. French. 1973. Physical properties of phe- curing phenolic-bonded particleboard. For.
nolic bonded wafer-type.particleboard from Prod. J. 23(3):21-29.

mixtures of aspen, paper birch, and tamarack.
For. Prod. J. 23(6):24~28.




Suchsland, 0. 1970. Optical determination of
linear expansion and shrinkage of wood. For.
Prod. J. 20(6):26-29.

U.S. For. Serv. 1978. Structural flakebaord
from forest residues. Proc. symp. presented
by the USDA Forest Service, June 6-8, 1978,
Kansas City, Mo. USDA, For. Serv. Gen. Tech.
Rep. WO-5. Washington, D. C.

41

CQa T w w0
~~\ O

RS

e didod  AMNRS ek ool




e )
R AR
LWL V7. LR

T K

1:1
5

e
o

| »

S
S

L
2 A

EANESY

-
Cead

o

3

S

‘4*;

-
—

i

b AR

/Jf‘
A

- Bl At S
A N A NI A A RS A

THE USE OF FOREST AND AGRICULTURAL RESIDUE EXTRACTS IN THE PRODUCTION OF

EXTERIOR PHENOLIC RESIN ADHESIVES.

By Chia M. Chen
School of Forest Resources
The University of Georgila
Athens, Georgia 30602

ABSTRACT

Four types of residue materials, namely:

southern pine

bark, oak bark, pecan nut pith, and peanut hulls, were
treated via sixteen extraction processes, yielding sixty-four

kinds of extracts.

Reactivities of the extracts with formaldehyde were

investigated.

Some of the extracts reacted vigorously with

the formaldehyde and exhibited a high degree of exothermic

reaction.

In plywood and particleboard bond tests, several
copolymer resins having 40 weight percent of the standard
phenol replaced by the natural residue extracts, proved
successful even at shorter press times than these required

for commercial P-F resins.

Some of the copolymer resins

retain their fast curing characteristics even when 60
percent by weight of the standard phenol was replaced by

the extract.

INTRODUCTION

For more than thirty years, we have known
that lignin, tarin, and other polyphenols
obtained from renewable sources can be used to
make resins. In spite of extensive laboratory
research and numerous publications, only a few
actual uses have been developed so far. These
investigations have resulted in the issuance
of numerous U.S. and foreign patents, yet there
seem to have been little in the way of industrial
application of these discoveries on a commercial
scale, Possiblereasons for the lack of
application of this technology are because of
(1) the lignin or residue resins seem to require
excessive cure times, (2) the reproducibility
bonding results is often not good, and/or (3)
economic factors in the basic resin cost.

A series of experiments was carried out
aimed at investigating the practicability of
using several bark and agricultural residue
components as substitutes for portions of the
phenol in phenol-formaldehyde resins. This
work was designed both to study opportunities
for waste material utilization and to explore
possible new sources of raw materials for
resins and glue mixes. The primary criterion
was to develop resins capable of producing
acceptable bond quality as determined by
industrial specifications.
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EXPERIMENTS

Four kinds of residue materials, namely
southern pine bark, oak bark, pecan nut pith,
and peanut hulls, were extracted and treated
via sixteen different treatments producing
sixty-four extracts for study.

The reactivities of different phenols have
been compared by several authors, by measuring
the rate of disappearance of formaldehyde
(e.g., Sprung, 1941), and it was felt that such
information would be a good first step in
evaluating the resin making potential of these
extracts. Therefore, the relative reactivities
of the extracts toward formaldehyde were first
investigated.

Some of the extract components reacted
vigorously toward formaldehyde and with a high
degree of exothermic reaction at the beginning.
On the other hand, some did not show this type
of reaction vigor.

Several bark and residue extracts, which
had been found to consume (i.e., react with)
more than 50% of the available formaldehyde at
the end of 120 minutes of reaction time (at 85°
C), were used to prepare copolymer resins
with phenol and formaldehyde.
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The resultant copolymer resins were
evaluated for their bond quality in southern
pine plywood. The levels of 20X and 40% (weight
basis) replacement of standard phenol were
examined, and furthermore, press time require-
ments vere evaluated for copolymer resins at
the 40X phenol replacement level.

Some copolymer resins, involving replacement
of 20X by weight of the standard phenol and a
moderate level of sodium hydroxide in the
resin, were comparable to the commercial phenol-
formaldehyde control resin with respect to the
bond quality they produced in southern pine

plywood.

Several of the copolymer resins involving
40X by weight replacement of the standard phenol
by extracts proved to be superior to the
commercial phenol-formaldehyde control resin,
especially at short press times. Of particular
interest is the fact that several of these
resins exhibited good bond quality even at a
press time of 2 minutes (3-ply, 3/8" thick
panels, pressed one panel per opening at 300°F
platen temperature).

The commercial phenol-formaldehyde resin
was unsatisfactory at the shortest press time
of 2 minutes, although it provided satisfactory
bond quality at the manufacturer's recommended
3 minutes press time and did very well at the
longer press time of 4 minutes.

The copolymer resins using extracts of
natural products in combination with phenol,
and formaldehyde were also evaluated for their
bonding qualities in particleboardsand in
composite panels involving flakeboard cores with
veneer faces and backs.

In bonding the 5/8" homogeneous southern
pine particleboards, two of the five experimental
copolymer resins, namely those having 40% by
weight of the standard phenol replaced by
the sodium hydroxide extracts of (a) peanut hulls
and (b) pecan nut pith, exhibited better bonding
qualities than the resorcinol resin catalyzed
commercial phenol-formaldehyde control resin.
These two copolymer resins provided more than
200 psi internal bond and 2200 psi MOR with a
press time of 5 minutes at 360° F platen
temperature on 5/8" thick panels, whereas the
commercial control resin needed longer than 6
minutes press time to achieve similar board
properties.

In bonding the composite panels, the most
significant and important result was that the
copolymer resins involving peanut hull extracts
passed the APA 6-cycle test uged either in
composite bonds with oak flakeboard cores
and southern pine veneer surfaces or in oak or

Lot SN Al S ol Lol Il w4 Te
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southern pine flakeboard core materials. In
composite panels, testing involves both the
plywood and the particleboard bonds. Press
times for the 1/4" thick flakeboard core of

as short as 75 seconds were successful. However
similar 1/4" thick boards made with the resor-
cinol catalyzed, commercial phenol-formaldehyde
control resin failed the APA 6-cycle test,

even at the longer press time of 120 seconds.

Two copolymer resins, with more than 50%
by weight of the standard phenol replaced by
the extracts of (a) peanut hulls and (b)
pecan nut pith were evaluated in gluing southern
pine plywood. These copolymer resins retained
their fast curing characteristics, even though
60 weight percent of the standard phenol was
replaced by the extracts of these natural
products.
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CARBOHYDRATE TRANSFORMATION BONDING

OF LIGNOCELLULOSIC MATERIALS'l

By John I. Stofko, Staff Scientist
Research Center, Masonite Corporation
St. Charles, Ill.
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4\\4 ADSTRACT
:: A study has been carried out to assess whether sugars
e and/or starches can be used as binders for wood. It has been
e found that they can be transformed by heat and suitable
- catalysts to solids insoluble in water and this transformation

can be used for bonding wood.

o ~
‘E:f
o INTRODUCTION ‘ As catalysts, several inorganic and
™. organic acids, several acidic salts, and a
% Sugars and starches are being used as combination of acidic salts with alkalis from
o adhesives in special applications where a all three groups--hydroxides, carbonates, and
waterproof bond is not required; mostly for amines--have been examined. ™
p s bonding paper. As agricultural products,
{ § they are abundant and relatively cheap. The It has been found that sugars and
y problem is how to transform them to polymers starches can be transformed by heat and
B resistant to water at sufficiently mild suitable catalysts to substances which either
}S conditions and short time so that they could react with wood or homopolymerize to produce
B, be used as adhesives for wood. bonding of wood (Stofko, 1978). The main
i problem in this reaction is that it takes
It has been shown that sugars and place at acidic conditions and higher tempera-
starches can be transformed into furanes, tures that lead to cellulose degradation
which react with phenols to produce phenol- resulting in reduced wood strength.
furfural resin. I have carried out a rather
large study to assess whether furanes could It appears, however, that there are
be made to react with wood lignin in situ formulations of catalysts and comditions at
in a similar way as with phenol or to homo~ which this reaction can be performed at a pH
i polymerize in the glue line to produce tlose to the pH of wood without serious
ﬁ bonding of wood. hydrolytic degradation of wood. There are also
z methods of producing the necessary heat for this
AN A first, quite logical approach in transformation in a reasonable short period of
ﬂ; pursuing this idea was to try to transform time.
his wood carbohydrates at the interface into
- furanes and couple them with lignin. It was
. found that transformation of cellulosic THE ASSUMED CHEMISTRY OF BONDING
gﬁ carbohydrates requires more drastic conditions
K than transformation of simple sugars or When sucrose, starch or other polymeric
B’ starches. Easily hydroysable sugars such as carbohydrates are heated under acidic conditions,
:;j sucrose, sugar cane molasses or starches such they hydrolyze to monomers. Further heating at
w as vheat flour can be transformed into furanes elevated temperatures results in internal
- much faster; therefore, these carbohydrates dehydration of pentoses to furfural and of
were used in the study. hexoses to HMF (hydroxymethyl-furfural) as shown
o . in Figure 1.
;-4
P4 l-Paper presented at the Wood Adhesives-- HMF is an unstable compound which can
PI} Research, Application, and Needs symposium, rehydrate to levulinic acid (Fig. 2) or
=3~é The Wisconsin Center, Madison, Wis., Sept. 23- homopolymerize to a black, intractable resin,
i 25, 1980. depending on the reaction conditions.
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5 = HYDROXYMETHYL - 2 - FURALDEMYDE

Figure l.--Mechanism for formation of 5-hydroxymethyl -
2-furaldehyde from sucrose (U.S. F.P.L., 1967)
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% CHy=C = CHy = CHy~ C — COOH
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0

{

;}L CHy=C —CH, — CH,~ COOH  + HCOOH
%”é LEVULINIC ACID “ FORMIC ACID
1 OH

1
CHy=C = CHy = CH,~ C = 0.
¢ L,

(LACTOL FORM)

ks Figure 2.--Mechanism for formation of levulinic acid from
S-hydroxymethyl - 2-furaldehyde (U.S. F.P.L., 1967)
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However, if HMF is formed in the presence
of reactive compounds such as phenolics, it is
trapped and homopolymerization to polymeric
hvmines or rehydration of HMF to levulinic acid
is prevented. The reaction of HMF with phenol
under proper conditions to Novolak-type phenol-
furfural resins can be visualized as shown in
Figure 3.

In my system, no phenol was used, but there
- are wood phenolics present on the wood surface,
primarily lignin. It has been reported (Nikitin
1968) that lignin activated by acids is a
reactive substance that, in the presence of
suitable compounds, may react with them. Thus,
in an acidic medium, lignin was found to react
with phenols, alcohols, mercaptans, oxidants,
and reducing agents to form derivatives. In the
absence of acids, the lignin does not react with
these substances. It may be assumed that acidic
catalysts used to catalyze carbohydrate trans-~
formation to furanes also catalyze lignin
activation and coupling with RMF. It would be
very difficult to present the mechanism of
such coupling at the present time.

The necessity of using acidic catalysts in
the process creates a serious prohlem of two-
stage hydrolytic degradation of wood: first,
during pressing and second, a siow, long-term
degradation by remnants of acids present in the
products. Unless such side affects of the
bonding reaction are prevented, the process
cannot be accepted as a viable bonding method.

- CATALYSIS OF CARBONYDRATE TRANSFORMATION

I have examined as catalysts: (1) acids;
(2) acidic salts; and (3) acidic salts in
- mixture with alkalis.

Acids as Catalysts

Acids were used to assess wvhether wood
¢ carbohydrates at the interface could be trans
X ) formed to binders as well as for assessing the
IR difference in bonding strength produced by
' wood carbohydrates and by sugars and starches
added to the interface.
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Figure 3.--Formation of Phenol-Furfural Resin

Two series of three-ply plywood of
ten-inch square size were made from 1/8-,
1/16-, and 1/10-inch Douglas-Fir veneers
of 4 to 6 percent moisture content. Bond
properties were evaluated using standard shear
tesgts in dry conditions and after four hours
boiling in water and tested wet.

In Series I, only acidic catalysts were
added to the surface to be bonded. Veneer
surfaces were sprayed with the solution of
either hydrochloric acid or ferric chloride
go that from 0.2 to 1,2 grams of 100 percent
equivalent was deposited per square foot area
of she surface. Veneers were pressed at
285  to 300°F press platen temperature for
five to eight minutes to plywood.

In Series II, wheat flour as starch
with sulphuric or hydrochloric acids as
catalysts were used. The amounts were 5 to
18 grams of solution containing 2.5 to 9 grams
of carbohydrates and 0,25 to 2.5 grams of
acid per square foot of surface area. Plywood
was pressed at 350°F platen temperature for
five to seven minutes.

The average shear strength in dry
conditions and after boil-dry-boil from 51
(Series I) or 24 (Series II) specimens is
presented in Table 1. Wood failure is not
indicated because it is meaningless. High wood
failure that may have been caused by wood
degradation is not a good indicator of bond
quality.

Table 1.--Bond strength produced by trans-
formation of wood carbohydrates,
sugars, and/or starches

Shear strength psi

After

Carbohydrates Dry Boil-Dry-Boil
Wood Carbohydrates 81 11.5
Wheat Flour 165 67.0
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Table 2.--Shear strength of plywood made of red and white Lauan using wheat flour and sucrose with
NH,Cl catalyst

Wood Species Dry After 3 hrs. so!king in H,0

.';!\7 at 140°F
;Q X n X S n

White and red Lauan psi 140.8 20.05 8 94.6 20.15 8
"4 3-ply - .35" thick TWA 80.0 24.00 8 49.0 36.0 8
¥
:\:‘:% Table 3.--Bond strength of particleboard made of Ocoume wood and sucrose with NHy,NO; catalyst
| _: S n
{ Specific gravity .675 .022 8
\ Internal bond - psi Dry 120.400 8.500 8
2 2 Hr. Boil 21.800 9.950 8
1_ Thickness swelling 2% 24 Hr. Soak 12.400 1.350 8
%3 2 Hr. Boil 22.100 1.810 8
> Water absorption 24 Hr. Soak 34.100 7.320 4
| 2 Br. Boil 117.000 16.000 4
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Bond strength produced by transformation of
vheat flour is more than two to six times higher
than that produced by tranaformation of wood
carbohydrates. This can be explained by
insufficient amounts of Ycarbohydrate binders"
in the bonding surface if only wood carbohydrates
are used. It is very likely that mostly easily
hydrosable hemicelluloses participate in this

been reduced by first-stage degradation in
the press. Series of tests performed after
about 60 days have shown second-stage
degradation from acids retained in the glue
line. The pH of plywood after pressing was
2.5

2;. transformation and their amount per unit area Acidic Salts
of the surface may not be adequate.
S Acidic salts were assumed to react
oy Sugars and starches form a continuous film differently than acids at carbohydrate trans-
La on the wood surface which acts as a "glue line" formation to furanes. First of all, they
s\ and provides a typical adhesive bonding similar act only in a dissociated state. Cations are
"4 to that of conventional adhesives. After press- always present in the reaction medium and
“' ing, the interface is a dark, hard solid. Wood they may, to some degree, protect wood

failure is quite high, 80 to 100 percent, but not
very deep, indicating that tnore is a wood layer
close to the interface which is weaker than the
rest of the wood because cellulose has been
degraded.

Shear strength at dry conditions and after
boil-dry-boil represents a strength which has

48

against hydrolytic degradation. I have
examined ammonium, sodium, and potassium
salts of several inorganic and organic acids.
Three-ply plywood made of 0.04- to 0.094-inch
veneers of red and white Lauan using the
formilation of: 35 percent wheat flour,

15 percent sucrose, and NH,Cl catalyst gave
results shown in Table 2. Results did not
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pass requirements of the Japanese standard that
requires minimum shear strength of 99 psi.

Particleboards of 5/8- and 3/4-inch thickness

were made of Ocoume wood using 8 percent sucrose
(oven dry base) and NH4NU3 catalyst. Properties
are presented in Table 3. These properties were
considered satisfactory. ’

The measurement of pH, according to ASTM
D-1583-61, of solid cured adhesive films of
several formulations gave results shown in Table
4. As seen in this table, ammonium nitrate
produces less acidic glue lines that ammonium
chloride. The examination of other nitrates has
shown that sodium or potassium nitrates cause
less degradation than ammonium nitrate does.

In general, however, although acidic salts were
found to degrade wood less than the acids, some
first-stage degradation does occur. Since pH
of products was lower than pH of untreated wood,
some second-stage degradation should also be
expected in time,

Table 4.--Hydrogen ion concentration in cured
adhesive film (according to ASTM D-1584-61)

Binder solution Solution Cured adhesive film
352 sucrose 3.5 2.4

NH4NO3 catalyst

352 wheat flour 5.65 1.7

152 sucrose

NH4Cl catalyst

352 wvheat flour 5.5 3.35

15% sucrose

NHyNOs catalyst

35X wheat flour 6.85 4.9

152 sucrose
NH4NO3 catalyst
Alkali

Acidic Salts and Alkalis

In order to reduce or eliminate the hydro-
lytic effect of acidic salts on wood, pretreat-
ment of the surface to be bonded by alkali prior
to applying the binder solution was examined.
Such pretreatment was supposed to deposit a
layer of alkali onto the surface which would act
as a barrier to penetration of acidic ions
from the glue line into the wood.

It wvas found that pretreatment as well as

admixing alkali to the binder solution reduces
or eliminates wood degradation. This effect
is demonstrated as the effect of board pH
after pressing on physical properties of fiber-
boards made using 5 percent of sucrose (to
oven dry weight base) at two levels of NH,Cl
and one level of NHyNO3; with alkali and with-
out alkali (Table 5). Impact strength and

MOR are strongly affected by pH, while
internal bond is not. At reduced pH, lower
MOR, tensile strength, and impact were
obtained. It is obvious that NH,Cl reduces
board pH more than NHyNO;. From these and
other data, it appears that if pH of the board
is lower than the pH of wood the board is
made of, some degradation takes place. If
some acid is left in the board, second-stage
degradation should be expected in time. If

pH of the board is equal to or higher than

pH of wood, no second-stage degradation should
be expected, except probably from oxidation

by air oxygen if the board is of higher pH
than 7.0.

However, pH of the board after pressing
is not fully indicative of first-stage
degradation. Dissociation of acidic salts
is reversible. The pH in the board during
pressing might be lower than after pressing.
If pH during pressing drops too low, first-
stage degradation might take place. The only
way first-stage degradation can be detected
is by indirect evidence from the affect on
physical properties.

The addition of compatible alkalis for
the purpose of protecting wood against degra-
dation eliminates or significantly reduces
the first-stage degradation during pressing.
If pH of boards after pressing is close to
the natural pH of wood, there are no
conditions for second-stage degradation in
time.

Table 6 shows shear in tension of
three-ply plywood made of Japanese hardwood
veneers of 0.04- to 0.094-inch thicknesses
using a formulation containing wheat flour,
sucrose, NHyCl and alkali. Bond properties
achieved were considered equal to or better
than properties obtained with phenol as
melamine formaldehyde resins.

Figure 4 demonstrates the affect of the
addition level of molasses solids on basic
physical properties of medium density fiber-
boards. The level of potassium nitrate
catalyst and alkali was kept constant.
Statistical analysis has shown that differences
between 10 and 15 percent add levels as well
as in most properties between 5 and 10
percent are statistically insignificant.
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Table 5.--The effect of pH on basic properties of fiberboards

Internal
Board Specific MOR bond Impact
Additives % O. D. pH gravity psi psei 1d.in./in.
$X sucrose + 1.5% NH‘CI 2.4 .801 1717 77 4.9
w1 5% sucrose + .33% NH,Cl 3.5 .816 1900 108 13.0
(]
. %i 5% sucrose + 11 NH N0, 2.8 .796 1728 109 7.0
B3 5% sucrose + 1% NaNo, 3.9 .810 2080 85 21.0
. 51 sucrose + .52 NH,C1 + alkali 3.8 772 2789 76 15.2
..
,i: 52 sucrose + 12 NH,NO, + alkali 5.2 .788 2823 141 23.0
o
N 5% sucrose + 17 NaNO, + alkali 7.2 .798 3113 117 26.0 .
&
'%.
'. -
i
."hl
E2%
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Table 6.--Shear strength of plywood made of tropical hardwoods using wheat flour-sucrose

with NHACI catalyst and alkali

Shear strength psi

Boiled in Hap 4 hrs.

- Soaked in H,0 Soaked in H Dried at 143°F 20 hrs.
X Dry 77 hrs. at 77°F 3 hrs. at 146%F Boiled in H,0 4 hrs.
5 ~ 3 ) ) ——
,;1 X s n X S n X s n X s n
A
. 397.5 64.26 8 308 48.8 8 266 53.76 8 160.3 58.38 8 .
Wood Failure

<1 79.0 25.30 8 74 38.9 8 80 24.50 8 61.0 33.60 8
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%: . Table 7.--Basic properties of particleboards (single-layer boards of core hardwood furnish
o 3/4", no sizing)
*
% 3 1B 24 hr. soak 2 hr. boil
} MOR psi MOE X 10 psi psi in H20 in sz
f;' Specific Board
y; gravity Dry Boiled Dry Boiled % Swell X ABS % Swell 2 ABS pH
b3 Interior
X .729 1704.0 - 322.0 - 107.0 15.2  65.2 25.1 95.4 4.25
S .022 142.0 - 38.4 - 26.4 6.2 12.1 9.25 22.4
n 5 5 - 5 - 5 5 5 5 5
8X UF
Control .739 1833.0 341.0 114.0 11.3  69.2 0 0 4.45
Exterior
X .698 1179.0 621.0 251.0 134.0 77.0 11.27 63.6 15.08 98.7 4,20
s .032 191.3 103.9 33.9 23.3 23.0 1.11  2.52 2,37 3.38
n 5 5 5 5 5 5 5 5 5 5
5.9% PF
Control .698 1214.0 540.0 234.0 77.0 56.0 9.85 54.17 10.88 S0.8 5.90

In Table 7, properties of one-layer, interior

and exterior particleboards made of coarse, core,
mixed hardwood particles using sucrose, wheat
flour, NH,RO3, and alkali are shown. Interior
particleboard formulation produces a bond which
does not disintegrate in boiling water, but
retention of strength after two hours boiling is
not sufficient. Exterior formulation does
produce a boil-resistant bond and about 50
percent retention of MOR and MOE (modulus of
elasticity) after two hours boiling.

CONDITIONS OF APPLICATION

Since this bonding system is only in the
process of development, definite conditions and
parameters cannot be presented at this time.
However, some aspects of bonding reaction can be
discussed here. Because of the lack of evidence,
I am not in a position to say whether the
original assumption of furanes coupling with
lignin 1s valid or not. It appears that bonding
taking place is chemical in nature and there are
some reasons to assume that wood constituents
do participate in bonding reaction. Bond
formation by carbohydrates added to wood is
effected by catalysts, alkali, temperature, and
time, but also by chemical composition of wood
itself. Because of differences in chemistry
smong wood species, more adjustments of the basic

Because at dehydration of sugars to
furanes, three molecules of water are
eliminated from one molecule of sugar: this
bonding reaction is more sensitive to moisture
than phenol formaldehyde resin. Little bonding
is developed at high moisture content--above
16 percent. The lower the moisture content,
the higher level of bonding achieved. In fact,
wood particles or veneers covered with bonding
solution can be dried to very low moisture
contents, close to zero, prior to pressing
and still obtain good bonding. Moisture
contents of 3 to 5 percent prior to spreading
and 10 to 16 percent after spreading produce
satisfactory results.

Amounts of bonding solution to be used
have not been definitely established, but it
appears that 1.2 parts of carbohydrate binder
solids can be substituted for about one part
of phenol formaldehyde resin solids. About 30
grams of binder solution containing about 21
grams of solids per square foot of double
glue line was found producing satisfactory
results in plywood. The pH of the solution is
between 5 and 9, depending on the formulation,
and pH of the product, between 3.8 and 5.5,
depending on the formulation and pH of wood.

The most important difference to
conventional adhesives is the curing tempera-

* formulas of wood species is necessary than ture. At pH levels which are acceptable from
WA with conventional adhesives.
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A the standpoint of degradation, transformation of LITERATURE CITED

‘fb sugars or starches to binders tesuites temper-

o atures of 350° to 420°F. At 400°F, transformation Nikitin, W. M., 1968. Khimiya drevesiny. 2:61.
', is completed in about two minutes. At high

e temperatures, curing is achieved at times which Stofko, J. I., 1978, 1980. Bonding of solid

, are not higher than conventional pressing times. lignocellulosic materials. U. S. Patent
f? There are methods of pressing producing such Nos. 4,107,379 and 4,183,997.

acceptable press times.
U. S. F.P.L., 1967. Procedures for the chemical
Plywood glue line produced by this process analysis of wood and wood products.
is of dark brown color, and the color of particle-
board is brown, which is darker than that of
phenolic particleboards.
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CONCLUSION

It has been found that sugars or starches
can be transformed in situ by heat and suitable
catalysts to solids insoluble in water, and this
transformation can be used for bonding wood. If

- a suitable acidic salt in the presence of a
compatible alkali is used as a catalyst, bonding
reactions are completed at pH levels close to
the natural pH of wood without significant wood
degradation. Application of the process to
bonding plywood, particleboards, and fiberboards

e, gave quite promising results.
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By K.C. Shen and L. Calvé
Forintek Canada Corp.
Eastern Laboratory
800 Montreal Road,
Ottawa, Canada
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N ABSTRACT
R\
Poplar waferboards bonded with ammonium-based spent
sulfite liquor (SSL) binder and properly hot pressed could
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readily meet the CAN 3-0188.2-M78 requirements. The abun-

. dance of SSL at low cost allows the massive use of SSL
ﬁ\ binder in waferboard production, resulting in a better
3’f quality waferboard, yet at a low production cost
A
ooy

<
) INTRODUCTION time. Detailed information may be found in our

previous publications (Shen and Calvé 1979,

2%, The development of wood adhesive from spent 1980, Trivedi, Fung, and Shen 1978).
A% sulfite liquor (SSL or lignosulfonate) has long
Py been a goal for research. There are two major Since 1 the ammonium-based SSL binde
o incentives for this: the abundant availability  sustem has I79, the ammoniun-bas developaent
?}5 of SSL as a low-cost waste product and the need jointly carried out by the Eastern Laboratory

to reduce the pollution caused if SSL is dis-
charged as effluent. The recent worldwide en-
) ergy shortages and price increases for the

g synthetic resin binders commonly used in com-
posite wood products certainly make this goal
more attractive from the economic and environ-
mental points of view.

o
Since the early seventies, research work
. has been carried out at the Eastern Forest
i Products Laboratory (now Forintek Canada Corp.)
;* in Ottawa on utilizing SSL as a binder for
1¥¥ waferboard production. As a result, we have
» developed several SSL binder systems. At the
’z‘ 1975 Wood Adhesive Symposium | presented a pa-

per describing the bonding characteristics of
acidified spent sulfite liquor (Shen 1978).

R The system as reported required a simple addi-

i&t tion of sulfuric acid and was applicable to SSL

sg; of all bases. Since the binder was highly

My acidic some concern was expressed as to its

ﬁ; long term durability. However, subsequent

-— laboratory studies indicated that the acidic
content of SSL binder had no adverse effect on

e its long term durability (Shen 1978).

R %

1n 1977, while we continued work in SSL

k binders, we found that ammonium-based SSL could
A be used as a thermosetting binder without the
i acidification. However, this crude SSL binder
required a much longer press time and a higher
platen temperature to cure. Further improve-
X ment was later obtained by fractionation of

ﬁi} the original SSL. As a consequence, we found

- that the low molecular weight fraction was
more reactive and hence shortened the press

A _a
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of Forintek Canada Corp. and Tembec Inc. This
report summarizes the routine monitoring and
evaluation of raw SSL from Tembec's sulfite
mill as a binder for waferboard manufacture.
Optimum process parameters are being developed
for both SSL binder production and SSL wafer-
board manufacture at pilot plant scale to be
carried out in the near future. In addition,
both the technical and economic feasibilities
of using this new SSL binder system for wafer-
board manufacture are briefly discussed.

PROCEDURES
Materials
1. Ammonimum-Based SSL

Once every month, a few hundred gallons of
raw SSL were collected directly from the cook-
ing digesters of the Tembec Mill at the end of
ecooking operations. The raw SSL was shipped
to Forintek for testing. The raw SSL was first
concentrated by evaporation to about 45-50%
solids. This concentrate could be used direct-
ly as a crude liquid SSL binder or further pro- |
cessed into a fine powder by spray drying
(Shen, Fung and Calvé 1979). One percent of
aluminum stearate by weight was added to the
dried powder as a dust arrester. The powder
was then ball-milled for 2 hours to obtain uni-
form fine particles (90% passed 200 mesh Tyler ‘
screen). The brownish powder normally contains '
4-6% moisture content and has a shelf life of ;
a few years if kept dry. The powder is asose- i
what hygroscopic and readily dissolves in !
water.
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Poplar wafers 1l-1/2-inch (38.1 mm) long,
0.028-inch (0.71 mm) thick and of random width
used in this study were supplied by a Canadian
waferboard manufacturer. Some waferbord were
made with laboratory prepared poplar wafers
2-1/2-inch (63.5 mm) long, 3/4-inch (19 mm)
wide and 0.018-inch (0.45 mm) thick.

Waferboard Making

Waferbdboard of 18 x 18 x 7/16-inch (U457 x
457 x 11.1 mm) and density of 659 kg/m3 (41
pef) were made from industrial and laboratory
prepared wafers. SSL binders varying in con-
tent from 4 to 12 percent in powdered form were
used. FPor comparison, a commerical powdered
phenol formaldehyde (PF) resin was included.
This phenolic resin is currently being used in
Canada for waferboard manufacture. Two percent
of slack wax (Esso 778) was sprayed on the wa-
fers before they were blended with the powdered
resin. The moisture content of wafers vas
controlled at 3% before resin blending. For
board pressing, a 24 x 24-inch (610 x 610 mm}
hydraulic press heated with steam to platen
temperature of 210, 220 and 230°C (410, 427
The closing pressure was
500 psi (3.45 MPa) and the press was closed to
stops.

Board Evaluation

The boards were tested for mechanical prop-
erties: modulus of elasticity (MOE); modulus
of rupture (MOR, both dry and wet); torsion-
shear (TS, both dry and wet); and physical
properties such as thickness change, spring-
back and water absorption. The wet strength
was obtained from the specimens after immersion
in boiling water for 2 hours followed by im-
mersion in cold water for one hour before test-
ing. The boil test is specified by CAN
3-0188.2-M78 as an accelerated aging test for
exterior grade composite panels (Canadian Stan-
dards Association 1978). 1In addition, the wet
strength was measured by torsion-shear and is
presented as an indication of the degree of
resin binder cure. Thickness change and water
absorption were also obtained from the boiled
torsion-shear specimens. The springback, known
as permanent set, was derived from the boiled
MOR specimens after being tested and recondi-
tioned.

The pH of waferboard was determined in a
solution of 10 g of board (milled to 40 mesh
particles) in 100 ml of distilled water. The
solution was boiled for 4 hours, cooled, and
the pH determined.
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RESULTS AND DISCUSSION
Bonding Efficiency of the Crude SSL Binder

The table shows the general bonding effi-
ciency of the 6 batches of SSL binders collect-
ed from Tembec's mill during 1979-80. Each
figure represents test results from 72 wvafer-
boards equally divided into 2 press temperature
and 3 press time groups. Statistical analysis
indicates no significant difference in either
mechanical or physical properties of wafer-
boards, produced under similar pressing condi-
tions, attributable to the 6 batches of the
raw SSL.

TABLE Poplar waferboards bonded with 4% powdered SSL resin
Batch - Prase Density MOR e Torsion-5Shear  Thick Water
Temp Time (pef)e (psi) 1,000 tsn-1b) Exp. Avsorp,
(®)  min) Dry Wet (psi)  Dry wet

L] 42.2 2940 o 655 6.1 ] -] D

1 210 10 43.90 3100 1090 (31 69.1 12.7 64 165
12 4.0 3220 1640 640 12.7 20.0 54 157

s 42.6 3080 150 753 6.1 10.9 62 166

1 220 10 42.5 3470 1630 691 70.0 26.8 41 147
12 42.5 2920 1500 664 .9 .8 16 135

L] Q.1 3270 540 639 65.4 0 o ]

2 210 10 42.8 3370 1280 631 65.9 14.7 57 164
12 42.6 2910 1660 655 76.5 24.5 52 153

L] 42.6 2640 1360 §90 65.9% 1.4 57 165

2 220 10 42.0 3480 1000 ne 70.) 25.8 L1 144
12 4.7 2700 1630 703 3.9 3.4 L1 14

] 3.5 3310 400 9 67.1 o o 1

3 210 10 4.0 3630 1660 m n.e 17.4 61 169
12 4?2.2 3430 1760 59 4.4 2.4 %0 143

L] 4.2 3350 1790 198 $2.2 1.9 73 172

3 220 10 42.1 27110 1740 $02 51.6 22.7 “ 147
12 42.% 3120 1970 709 €0.6 n.) 4 140

L] 43.3 340 L (1] 6.7 [ [} D

4 270 10 4.4 2920 1350 691 5.2 .5 72 163
©o12 2.0 2020 1430 664 69.3 15.7 52 162

e 4al.4 2030 800 €8¢ 5.3 30 o D

L] Ero) 19 €2.9 2940 1670 e 9.4 20.6 49 158
12 42,3 710 1730 ol 60, 3o.0 38 140

[ ] 40.0 2670 480 693 67.1 [} o

$ 210 10 42.2 010 1660 nl 7.8
12 1.7 2650 1760 59 4.4

] 43.2 3350 1790 799 3.4
s 20 10 42,1 2710 1720 603 69.8
12 2.9 3120 1970 109 1.6

61 169
50 141
€1 152
41 142
37 135

~ -~
5o
-a

[ ] 4.4 2750 L (311 sS4
L] 210 10 4.2 2400 1080 538 83
12 43.6 3010 16%0 95 50

[} 41.5 2440 1080 560 £
6 220 10 2.5 2350 1620 640 s¢
12 a.s 2400 1770 625 63

CSA NINIMUM 2000 1000 400 350

77 181
4% 162

61 166

" ~ - -
$@o awo OB W
—a

°

L]

48 138

¢ Density based on condition weight and volum..
** CBA cequires & minimum 1B of 40 pei or equivalent to 35 in-lb torsion shear.

Press temperature and time appear to have
no effect on dry boarl strength but they have
great influence on wet strength and dimension-
al stability. Longer press time and higher
platen temperature always yield waferboard with
greater wet strength and improved dimensional
stability. Each of the 6 SSL binders reacted
in a similar manner to press time and tempera-
ture.

All these 6 crude SSL binders applied at a
4% level require a minimum of 10 minutes press
time at a platen temperature of 210°C (410°F),
or a minimum of 8 minutes press time at a plat-
en temperature of 220°C (428°F), to cure a
7/16=inch (11.1 mm) board that would withstand
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the boiling test. Incidentally, all the 72
boards made with these 6 crude SSL powders con-
siderably surpassed CAN 3-0188.2-M78 require-
ments with the exception of those boards hot
pressed at 210°C (410°F) with the shortest
preas time of 8 minutes. A separate study in-
dicated that press time could be further short-
ened if a higher platen temperature of 230°C
(446°F) were used., With this high platen tem-
perature a press time of 7 minutes is adequate
to cure a 7/16-inch (11.1 mm) board that will
pass the boiling test.

Unfortunately this inexpensive crude SSL
binder may not be practically suitable for use
in some of the existing Canadian waferboard
mills because it requires a long press time or
a higher-than-conventional platen temperature
[210°C (410°F)]. However, for a new waferboard
mill to be designed and built specifically to
accomodate this slower curing SSL binder, the
economic advantage is indeed very attractive.

Waferboards Bonded with Higher Resin Contents

Figures 1, 2, 3 and 4 show the mechanical
and physical properties of poplar waferboards
made with laboratory wafers of 0.018-inch
thickness and bonded with both powdered pheno-
lic and SSL resin at various levels of loading.
The phenolic bonded boards were made with 2.5,
3.5 and 4.5% resin and pressed at 210°C (410°F)
for 6.5 minutes. The SSL bonded boards were
made with 6, 8, 10 and 12% binder and pressed
at 220°C (428°F) for 8 minutes. Since wafer-
board quality is directly related to the amount
of resin used, the overall properties of wafer-
board improve as resin content of both phenolic
and SSL increases. There appears to be a lin-
ear relationship between resin content and
board property; in the range studied the more
the resin, the better the board.

The overall properties of waferboards bond-
ed with 6% SSL were better than the boards
bonded with 2.5% phenolic resin and were close
to those bonded with 3.5% phenol. It is in-
teresting to note that phenol-bonded boards
ylelded higher Modulus of Rupture and lower
Modulus of Elasticity relative to boards bonded
with SSL binder. However, the dimensional
stability measured by thickness change and
springback of SSL bonded waferboard after boil-
ing was much better than that of phenolic bond-
ed boards. This superiority in dimensional
stability may be attributed, apart from the
combined effect of higher resin content and
more rigorous pressing conditions, to the na-
ture of the binder. Ammonium ion is well known
for its high diffusivity and plasticization
which may result in uniform penetration of SSL
resin into wafers, thus plasticizing the mat
under heat and pressure during hot press opera-
tion. The penetration of SSL binder into wa-

fers may allow us to speculate that the bonding

efficiency of SSL binder is relatively lower
than phenol-formaldehyde resin commonly used
in conventional waferboard manufacturing.
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Figure l.--Effect of Resin Content on MOE
(lab wafers 0.018").
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Figure 2.--Effect of Resin Content on MOR
(lab wafers 0.018").
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figure 4.--Effect of Resin Content on Dimen-
sional Stability (lab wafers 0.018"),

Board pH
The pH of the finished board ranged from
4.6 to 5.0 for phenolic waferboards and from
3.7 to 4.4 for SSL waferboards, for comparison,

two commercial waferboards and one commercial
red cedar, urea resin-bonded boards were in-
cluded in this study.

Figure 5 shows the relationship between
board pH and resin content in board bonded
with both phenolic and SSL binder. Since both
phenolic and SSL binder (raw SSL pH 1.0) are
acidic, board pH appears to directly relate to
the amount of binder in the board: the higher
the resin content, the lower the pH.

High acidity in the board could have a
long term effect on the strength of composite
products and also a corrosive effect on nails
and other hardware used to fabricate the pan-
els. For these reasons, some users specify a
minimum pH of about 3 for composite panels
(MacFarlane 1964). Others state that acidity
at a pH above 2 has little degradation effect
upon wood (Hoffman 1972, Kollmann 1936). This
is consistent with the practice of using wood
tanks to store acid. Since western red cedar
and oak are known to have a pH of 2.5 and 3.5
respectively and a Canadian commercial urea
formaldehyde particleboard made from western
red cedar is known to have a pH of 3.3
(Campbell & Bryant 1941), ammonium-based SSL
boards with a pH above 3.3 may not have any
long-term adverse effect on wood or metal.
However, further study of this is being
planned.

50
PHENOL COMMERCIAL
O WAFERBOARD
A"
45 A
.
] . COMMERCIAL
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3.5~
RED CEDAR
PARTICLEBOARD
3.0 [ O | 1 1 ]
"1 25 45 60 80 100 120
RESIN (%)

Figure 5.--Relationship Between Resin Content
and pH of the Finished Boards. (The pH of
three commercial boards are also included for
comparison).

Economics

Conventional Canadian waferboards are being
made with about 2.5% to 3.0% powdered phenolic
resin, currently priced at about 70 cents per
pound., Ammonium lignosulfonate in liquid form
(50% concentration) has been sold in the U.S.
in the past few years at 3.0 to 3.5 cents per
solid pound. According to Tembec [nc., the
licensed Canadian Manufacturer of this new SSL
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binder, the crude powdered SSL binder will be
marketed at about 10 cents per pound. Based

on these figures, a simple comparison between
the conventional phenol resin system and the
SSL binder system demonstrates considerable
saving on resin cost. Conventional waferboard
bonded with 2.5% phenolic resin requires 50
pounds of resin at an approximate cost of
$35.00 to produce one ton of waferboard. For
the new SSL system, which requires 6% SSL bind-
er or 120 pounds SSL binder, the cost is $12.00
to make one ton of waferboard. The difference
in resin cost between these two systems is
$23.00 per ton of waferboard. Similarily, the
saving in resin cost between the application
of 4.5% phenolic and 12% SSL binder would be
$39.00 per ton of waferboard. Another advan-
tage of using higher SSL binder content is the
relatively lower consumption of wood furnish

in waferboard production. Theoretically, there
is about 9.5% difference in wood consumption
between waferboard bonded with 2.5% phenolic
resin and 12% SSL binder. This saving in wood
consumption can certainly be considered econom-
ically attractive. Of course, these figures
must be adjusted slightly downward to reflect
the extra consumption of energy required by the
SSL binder system due to its longer press time
and higher platen temperature.

CONCLUSLON

Ammonium-based spent sulfite liquor from a
sulfite pulping mill was evaluated as a thermo-
setting binder in powdered form for bonding
waferboard. The six raw SSL were found to have
similar bonding characteristics and quality.

The crude SSL is slow in curing and re-
quires a minimum of 10 minutes press time at
210°C (410°F) or 8 minutes at 220°C (428°F) to
produce a 7/16-inch (11.1 mm) waferboard to
pass the CSA boiling test. However, higher
platen temperature appears more effective in
reducing press time and in stabilizing boards.

Since the SSL is very lnexpensive, it is
economically feasible to use higher resin con-
tent to produce a waferboard superior in me-
chanical strength and dimensional stability.

Based on this initial laboratory evalua-
tion, the raw SSL produced at Tembec's mill has
the potential to be fully developed as an in-
expensive thermosetting binder for industrial
production of waferboard. As part of commcer-
cialization of this new binder system, contin-
uing tests and evaluations are underway. Pilot
plant production of this SSL binder and full-
scale waferboard plant trials will be carried
out in the near future.
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WATER DILUTABLE FURAN RESIN BINDER FOR PARTICLEBOARDl

By Robert H. Leitheiser, Ben R. Bogner, Frank C. Grant-Acquah
The Quaker Oats Company
\\ Barrington, Illinois
M

FaRezZ§'B-260, a water dilutable furan resin, can be used as
a binder for particleboard. Board properties obtained were
comparable to those obtained with commercial phenolic bind-
ers. Board costs can be significantly reduced by using low
cost ammonium lignosulfonate as a resin extender. Also to
be considered is that furan resins are derived from renew-
able agricultural residues, hence will be relatively unaf-
fected by future actions of the OPEC countries.

The forest products industry in the
United States consumes approximately one bil-
lion pounds annually of urea-formaldehyde and
phenol-formaldehyde resins. Scarcity of
quality round wood is forcing greater usage of
bonded wood products, especially for exterior
grade applications. This increased exterior

Furfuraldehyde is prepared from agricultural
residues such as corn.obs, rice hulls, oat
hulls or sugarcane bagasse by digestion with
acid followed by steam distillation. Agri-
cultural residues are rich in C5 sugars;
hence, they are preferred raw materials.

use of bonded wood products will require the Agricultural .4 St 0

use of larger gquantities of more moisture Residue —_— s:am "

resistant resin binders in the future. : CH
The oil embargo of 1974 and the recent Furfuraldehyde

rapid escalation of crude oil prices of OPEC
nations, as well as the current political
instability in many of the oil producing
countries, appear tu nandate the development
of alternate resinous binders not dependent
on uncertain supplies of increasingly more
costly crude oil. The objective of this work
was to demonstrate the suitability of furan
resin binders which are derived from renewable
resources such as agricultural residues.

Puran Resin Chemistry. The starting

material for furan resins is furfuryl alcohol
which is prepared by the hydrogenation of fur~
furaldehyde.

Q—El L, T onpon

Furfuraldehyde Furfuryl Alcohol

l?apet presented at "Wood Adhesives--
Research, Application, and Needs" Symposium
held at Madison, Wis., Sept. 23-25, 1980.
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Furan resins are prepared by the homopoly-
merization of furfuryl alcohol or by the co-
polymerization of furfuryl alcohol with formal-
dehyde under mildly acidic conditions (pH 2.0-
2.5).

L ) cuyon
S - Furan Resin
(!1 CHaOH + CHy0 ———

Note: Under strongly acidic con-
ditions furfuryl alcohol can poly-~
merize with explosive violence.

Since resins prepared in this fashion
contain low levels of hydroxyl (v 6%), they
are relatively nonreactive and require a cross-
linker such as furfuryl alcohol or furfural-
dehyde to effect cure, especially at room
temperature.

The commonly accepted mechanism for the
polymerization of furfuryl alcohol is initial
protonation of the furfuryl alcohol followed
by the splitting off of a molecule of water
to give a carbonium ion.
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Nucleophilic attachment via the 5-position of
a second furfuryl alcohol molecule gives a
higher homolog of furfuryl alcohol and regen-
eration of a proton as shown below.

@-§®+ Q—cnzon ___@.cuz—@- cHyon + H®

This process is repeated to give increasingly
higher homologs until the reaction is termi-
nated by neutralization of the acid catalyst
when the desired viscosity is reached.

It is readily apparent that this reaction
scheme is too simplistic to explain the poly-
merization of furfuryl alcohol if one prepares
3 TIC (Thin Layer Chromatographic) plate of a
conventional furan resin.

Type I Compounds
Type I1 Compounds
Type 111 Coapounds

Type IV Compounds

00¢5

By using a Kontes Model K-4 95000 Densi-
tometer, the amount of the various types of
compounds is determined to be as follows:

Type I s 108
Type II 5%
Type III » 45%
Type IV . 40%

By using larger samples, sufficient quantities
of the various types of compounds can ' sepa-
rated by Column Chromatography and each type
can be further separated by Gel Permeation
Chromatography or Size Exclusion Chromatogra-
phy so that identification of individual oligi-
mers can be made by using NMR (Nuclear Magnetic
Resonance), IR (Infrared) and other analytical
techniques. Identification of Type I through
IV is as follows:

Homologs of Difurylmethane

G-y

T/pe I1  Homologs of Difurfuryl Ether
CH,0-CH
(NS w
n=1,2,3
Type III Homologs of Furfuryl Alcohol

(RS

n=0,1, 2, 3

Type 1V Polyfunctional Resin
This material 4id not migrate
from the origin because of high
polarity; therefore it could not
be separated into components for
characterization. Based on NMR,
IR and other data, it is be-
lieved to consist primarily of
polymer terminated on both ends
by hydroxyl groups such as:

Hocuz@- C“z)-n—@— CH,0H

or
HWHZ@CHZ-O-CHZ = CH,0H

The Type IV polymer contains
some carbonyl groups suggesting
opening the furan ring to make
derivatives of levulinic acid:

~CH2 -@- CH20H —= -CH2-C~CHCHGO0-
0 0

These results confirm the work of Wewerka,
Loughran and Walters (1971) who separated and
identified compounds of Types I, II and II1
from acid-polymerized furan resins. While
these linear condensation reactions accom-
plished under mild acid catalysis generate
liquid thermoplastic resins, subsequent cross-
linking under strong acid catalysis gives a
highly intractable, solvent-resistant resin.
Schmitt (1974) postulated that ring-ring
interaction occurs through double bond poly-
merization as well as methylene bridging be-
tween the 2 and 3 positions on the furan rings
to give polymers of the following structure:

e a8 4 4 4 o

WY

Ly




b AR A TN ‘Bl B Bl
LAY RO AR R AR g o hACRMTAATA I A S 2l e v Bowy s 0 A Sae- e an B the +

0 0
—C C—CH2—C C—CH,—
[ [ 2
HC—-CH ?-——-cu
| e
HC —CH C—— CH~— CHOCHy—
é Il o
—_— C—CK.—C CH
£
No” \/

Conventional furan resins, whether homopoly-
mers of furfuryl alcohol or copolymers of
furfuryl alcohol with formaldehyde, give the
same type of TIC analysis.

Recently, a proprietary procedure was
developed at The Quaker Oats Company for
making reactive, self-polymerizable resin
which contains approximately 16% hydroxyl
by reacting furfuryl alcohol and formaldehyde
under proprietary conditions. This resin is
quite different in composition from a con-
ventional furan resin as is illustrated by the
separation of the resin using technigues
described above. A TIC chromatogram shows the
following:

Type I  Compounds
Type Il Compounds
c> Type III Compounds

(:::) Type IV Compounds

There is an absence of non-functional, non-
polar Type I and Type II compounds and only
5~-15% of the monofunctional furfuryl alcohol
homologues. The majority of the resin (85-
958) consists of the highly polar, polyfunc-
tional Type IV compounds.

As a result of the high hydroxyl content,
a unique property of this type of resin, being
offered commercially as PaRez® B-260, is its
ready dilutability with water. The resin
itself is not soluble in water; however, up to
508 water by weight can be stirred into the
resin, resulting in a dramatic red.iction in
viscosity as shown in figure 1.

Particleboard Screening Studies. The
ready dilutability and chemical reactivity of
FaRez® B-260 resin suggested its use as a par-
ticleboard binder. FaRez® B-260 resin was
evaluated for use in this application at the
Washington State University and in the labora-
tories of The Quaker Oats Company. Initial
screening studies showed that FaRez® B-260
resin could be easily applied from a water solu-
tion by spraying onto chips in a rotating drum
and the resultant chips could be molded into a
board with acceptable internal bond strength
and water boil resistance (table 1).

A number of latent catalysts were studied.
The catalysts of choice, from a safety handling
and performance point of view, were 50% water
solutions of either maleic or oxalic acid. As
can be seen from table 1, IB's, MOR's, wet
MOR's, (2 hr water boil), % swell and & MOR
retentions were comparable to the phenolic
resin controls. One item to note is the last
example in table 1 where properties, especially
water boil resistance properties, were dramat-
ically improved as a result of better resin
distribution on the chips by increasing air
atomization pressure. This effect of resin
application efficiency needs further study.

Initial screening studies at WSU demon-
strated that addition of 10% ammonium ligno-
sulfonate (50% water solution of Orzan A from
Crown Zellerbach) to a water dilution of
FaRez® B~260 resin gave a dramatic improvement
in board properties as compared to the use of
FaRez® B-260 resin alone without added cata-
lyst. Although subsequent studies showed that
the use of other acid catalysts such as maleic
anhydride and oxalic acid gave similar in-
creases in board properties, there was con-
tinued interest in the use of ammonium ligno-
sulfonate as catalyst and extender because of
its low cost. Consequently, a series of boards
were made using different ratios of ALS to
FaRez® B-260 resin. As can be seen in table 2,
up to 14% of the FaRez® B-260 resin can be re-
placed with ALS without any significant effect
on properties, and up to 21% can be replaced
with minor effects other than a reduction in
IB. At 29% replacement, initial MOR shows
little decrease, but IB and moisture resistance
are significantly reduced. Water resistance
is still much better than that of UF bonded
boards in that the samples survived the water
boil test.

Effect of Press Time. The enhanced chemi-
cal reactivity of FaRez® B-260 type resins sug-
gested the opportunity for higher production
rates and lower press temperatures than is
achieved with commercial boards bonded with
phenolic resins. 1In order to verify enhanced
production rates a series of boards bhonded




A - s o aom ot sy aaay o - ua g - o dieadiis Jhert By it die v T St Ty il Bt '.“:\‘:r'.-—‘;‘::'.r‘.'—‘:".‘f" Tavot ':"»"' *‘TA"' "'.": .'.'.-.":‘,"T N
-« v
I. .l
'
‘e
5 \f
o4 TABLE 1
P "-i
' PaRez® B-260 Boatds
a4y X
. PaRez B-260 M.C. to Spec. HOB‘ 2 hr WD ) % MOR Data
1 ] Catalyst [ Press Grav. 1B x10 MOR Wet MOR Swell Ret. Source
]
31 7 -- - - - 2 -~ 850 - - -- wsy
¥ <
.| ? a2 - -~ 130 .28 1840 688 -- 39 wSsv ‘
)
i 7 mi? s 10.0 .68 84 -- 2531 1067 I} a2 0
‘ -
o 7 . 1 9.9 .67 124 - 2557 961 a“" 38 Q0
7 oxf? s 9.8 .67 95 -~ 2358 1046 39 “ Q0
7 . 1 9.9 .69 101 - 2226 992 35 45 Qo
4
o 74 m? 1 9.8 .68 135 -~ 2762 18719 20 68 Q0
Y
¢
.
A Borden (¢} - - - -~ 108 - 23;1 1032 as '} o
2 -
M Geo. Pac.!?) - - -- - 100 - 2551 1027 .0 4 o

M) 50/50 ma/rcHO

{2150/50 masH,0 .
3 59/50 Oxalic Acid/Mater

“’Ato-tunon pressure increased to give better resin distribution on wood chips.

‘s)nordcn - Cascophen PV-65

6)Georgia Pacific - GP 91749

EAFLHAAA

TABLE 2
ER
FaRez® B-260/ALS* Boards K
ﬁ FaRez B-260 ALS M.C. to Spec. Wet 1) $ NOR Data
[} s Press Grav. (] MOR MOR Swell Ret. Source
6.3 0.7 - - 120 2300 - - - wsy

jg' 6.0 1.0 - - 147 1965 710 - 36 nsu

i
}; 6.0 1.0 9.6 .68 97 2518 1072 46 42 Q0
b 5.5 1.5 9.9 .69 64 2364 1220 56 52 Qo
’

v 5.0 2.0 9.6 .69 58 2233 608 [} 27 Qo
5.

._] * 509 solution of Crown tellerbach Orzan A in water .
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with FaRez® B-260 resin were run at varying
press times., Preliminary results from this
study being done at WSU are given in figures

2 to 5. As in the previous studies, press
temperature was kept at 350°F but the press
time was varied from 2.5 to 6 minutes. In
earlier experiments press times were kept
constant at 7 minutes. Two viscosity levels
(200 cps and 75 cps as achieved by dilution of
FaRez® B-260 resin with water) were tested.

As can be seen from the figures, significantly
better results were achieved with the 75 cps
resin solution, presumably because of better
resin distribution on the chips. From these
results a press time of 4 minutes would appear
to be optimum with only IB increasing after 5
and 6 minutes and wet MOR only after 6 minutes
in the press.

Figure 6 data suggest a minor edge
effect on manufactured particleboards as shown
by the results of IB tests for a 16" x 16"
board.

Conclusions. Based on results obtained to date
we have reached the following conclusions:

1. Furan resins can be used to
make exterior grade particle-
board.

2. FPaRez® B-260 resin seens
uniguely suited for use as a
particleboard binder because
of ready dilutability with
water to give low viscosity
solutions for spray applica-
tion.

3. 1Initial results indicate that
FaRez® B-260 resin and com~
mercial phenolic binders give
comparable board properties.

4. Ammonium lignosulfonate is
usable as a low cost catalyst/
extender for FaRez® B-260
resin. The usable level of
ALS will be determined by
level of water resistance
needed in the final board.

S. PaRez® B-260 resin can be
easily applied using conven-
tional equipment.

6. 1Initial results suggest that
a shorter press cycle can be
used with FaRez® B-260 resin
compared to that used with
phenolic binders.

7. PFuran resins are derived from
renewable resources rather than
petroleum and will be less
affected by pricing and supply
policies of the OPEC countries.
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ADHESIVE REQUIREMENTS FOR OVERLAYING PLYUOODl

By David E. Baker, Senior Specialist, Plywood and Overlays, and
Douglas E. Honeyford, Senior Polymer Chemist
Simpson Timber Company, Research Center
Redmond, Washington

ABSTRACT

This paper discusses: ‘Lg) Development of phenol formaldehyde
based adhesives for bonding medium density overlays to veneers
of Douglas~fir, lauan, meranti, and southern pine. .(2)
Requirements for application of the adhesive to tRe overlays.
‘LJ§ Conditions for bonding the overlays to veneers; and LAQ;)
Performance and testing of the adhesives.
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INTRODUCTION

Plywood is covered with resin-impregnated
papers, called overlays, to improve the surface
characteristics of the plywood (Seidl 1955).
The overlays are used to improve the print
performance of siding products, the surface
finish of concrete poured against overlaid
plywood, or decorative prints are used to
surface plywood used in cabinets and boat
bulkheads (fig. l). Many interstate highway
signs are fabricated from overlaid plywood
that is either painted or covered with reflec-~
tive tape (fig. 2).

Figure 1l.--Decorative print and cushion
BACKGROUMD sheet used for boat cabinets and
bulkhead.

Medium ‘density overlays have been used
for approximately 40 years to upgrade the
surface performance of plywood. The weight
of the overlay is sixty pounds per thousand
square feet, exclusive of glue line. When
made by the saturating process, the overlay
contains a minimum of 22 per cent resin, more
usually 27 to 33 per cent resin. When applied
to the plywood by hot pressing, the thickness
of the overlay is 0.012 to 0.014 inch,

JACKSON 4!

lPaper presented at "Wood Adhesives--
Research, Application, and Needs' Symposium
held at Madison, Wis., Sept. 23-25, 1980

gi.

Figure 2.--Overlaid plywood highway sign.
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Medium density overlays are also used
between the decorative print and the plywood
to improve smoothness and to reduce the
transmission of defects and repairs through
the decorative print. The decorative print
contains enough resin to be self bonding to
the medium density overlay. Sufficient flow
must be left in the decorative resin and
medium density overlay resin to achieve a
bond between the two overlays. Medium den-
sity overlays used under the decorative
prints are commonly referred to as cushion
sheets.

FORMULATION OF THE ADHESIVE

Medium density overlays are not self-
bonding and require an adhesive to bond the
overlay to the plywood. Generally, a glue
line is coated and dried on the back of the
overlay, allowing the overlay to be stored
until needed. Other methods of bonding the
nedium density overlay to plywood include
use of a paper glue line or an application
of an adhesive to the face veneer.

Figure 3.--Overlay face showing glue line
bleed-through from rivuleted coating and
dense summer wood.

Application of the adhesive to the
overlay may be accomplished by the usual
paper coating techniques such as use of a
roll coater, air knife, or a die fountain
coater. For a direct roll coating applica-
tion, the viscosity of the adhesive 18 generally
controlled at 1000 to 4000 cps. measured at
the application temperature. Lower viscosity
adhesives will promote excessive penetration
into the overlay. The result of excessive
penetration is a glue starved glue line and
a poor bond between the overlay and the
veneer. Higher viscosity adhesives applied
by direct roll coating yield a rivuleted and
nonuniform coating. Poor bonds are found
between the rivulets. The rivulets penetrate
the overlay and "bleed through” to the sur-
face of the overlay during hot pressing
(fig. 3). This causes an unsatisfactory
overlay surface with poor adhesion to paint
films or discoloration of concrete poured
against the overlay.

A die fountain coater is an excellent
way to achieve uniformity in the film thick- Figure 4.--Contrast in smoothness of the die
ness of the adhesive (fig. 4). fountain coater application and the direct
roll coating application.
The drying and advancement or "B" staging
of the resin is more easily accomplished
with a uniform fila thickness when compared
to the drying requirements of a rivuleted
film. The solids of the adhesive formula-
tions may range from 45 to 70 solids content.
The drying rate must be controlled to prevent
disruption of the film by the removal of the
wvater and the solvents.
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:J The adhesive film must be dried to the Steam heated hot presses are used to

.*d point where the overlay will not block when bond the overlay to the plywood. The hot

- rolled up or stacked in sheet form. Plow presses contain a number of openings, usually

tests are used to monitor the degree of "B"
staging and prevent over-curing of the glue
line. The relationship between the quantity
of adhesive applied and the flow properties
of the adhesive must be established before
the flow test can be used to determine the
proper curing or staging of the glue line
(f1g. 5). To prevent undercuring of the
glue line, a hlocking and a hot pressed bond
test are used.
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Oven Dry Glue Spread Cm./Ft.2
F-3

2,0 2.4 2.8 3,2 3.6 4.0
Flow - OGm./FPt.2

Figure 5.--Spread weight versus flow.

16 to 24, allowing 16 to 24 panels to be made
at each pressing.

Thinner plywood constructions with an
overlay on one face may be pressed with two
panels in each opening.

The press time and temperature are re-
lated to: (1) the cure of the overlay, (2)
the cure of the overlay glue line, (3) the
thickness of the panel, (4) the resulting
rate of heat transfer to the plywood glue
lines, and (5) the cure rate of the plywood
adhesive. Press temperatures vary from 275°
F. to 300° F. depending on the thickness of
the panel, moisture content of the veneer and
the amount of water in the plywood glue line.
Excessive moisture combined with higher press
temperatures will cause steam pockets which
rupture the wood in the panel when the press
is opened. Press times usually run from 5 to
10 minutes, depending on the press temperature
and thickness of the plywood.

Hand loaded presses may take as long as
two to three minutes to load. Thus, the
overlay glue line may be in contact with the
hot press platen for as long as 3 minutes
before the application of pressure. This
interval is known as the precure time and is
the longest for the panel loaded first.

The rate of cure of the overlay glue
line must be fast enough that the glue line
is fully cross linked at a 7 minute press
cycle at 275° F. or a 5 minute cycle at 300°
F. The cure rate of the glue line must be

slow enough that there is sufficient flow
after exposure to 3 minutes of precure to
bond to the veneer. In practice, the best
glue line we have developed has slightly over

A

-

’ + e ll®,

Storage requirements for the coated
overlay include wrapping the overlay bundles
with a vapor barrier material such as a poly-
ethylene film to prevent absorption of moisture
by the overlay and coating. Absorption of
moisture by the overlay may cause the overlay
to stick to the press platen when hot pressed.
Absorption of moisture by the overlay and
glue 1line will cause blocking of the glue
line to the adjacent overlay face. Storage
temperatures for the phenolic glue line should
he room temperature or less. High storage
temperatures will result in advancing the
cure of the glue line to the point where it
will not have sufficient flow to bond to the
veneer. Storage life of the glue line is
approximately one year at 70° F. The appear-
ance of the phenolic glue line is changed
from a pink or brownish color to a purple
color when the atorage life of the glue line
has been exceeded.

2 minutes precure resistance at the 285° F.
press temperature.

The industry requires an 85Z% average
wood failure for the bond of the overlay to
the wood substrate. The size of the test
specimen 1s 1 square inch. The number of
test specimens per panel varies from 5 to 16
for each panel face. The samples are sub-
jected to a vacuum~pressure and a boil test
to stress the bond by swelling and shrinking
the wood. These tests are described in U. S.
Product Standard PS 1-74.

The face veneer must be solid. Xnot
holes and splits must be repaired. The face
veneer must be relatively smooth to insure
contact between the overlay glue line and the
veneer at the pressures used, usually 175 to
225 psi. Rough veneer causes poor bonds,
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even delamination, and an unsightly surface
(fig. 6). Table 1 compares the influence of
roughness and moisture content on the bonds
achieved with a low flow glue line.

Figure 6.--Overlay glue line delamination
caused by dry, rough veneer and a low
flow glue line.

The moisture content of Douglas-fir
veneer should be within a range of 2Z to 7%.
With a glue line containing sufficient flow
to bond rough veneer, higher moisture content
causes over penetration of the glue into the
wood, giving a glue starved glue line and a
poor hond (Bergin 1965). lLower moisture
content causes a reduction in the flow of the
glue, giving poor, shallow bonds. Variations

PN LT PN - fadt 9 ST L N VLN

in veneer density contribute to either over-
penetration in low density wood or shallow
bonds in dense woods.

The formulation for bonding the overlay
to Douglas-fir veneers also works well with
veneer of southern pine, lauan, meranti, and
mersawa (fig. 7).

Figure 7.--Overlay bond to meranti{ veneer,
100% wood failure.

The main component of the adhesive for-
mulation 18 a thermosetting phenolic resole.
This is an alkaline catalyzed condensation
product of phenol and formaldehyde. The mole
ratio of the formaldehyde to phenol is lower
than the 2 moles of formaldehyde to 1 mole of
phenol found in the typical plywood resin.

Table 1.--MDO Bond Quality After Vacuum-Pressure Cold Soak Test on 3/8" MDO 2-Side Panels
% Wood Failure (Dunbar 1976)

Face Veneer

Face Veneer Moisture Contet

Surface 0.5-0.9%
Smooth 83%/81%
Medium 68%/67%
Rough 42%/40%

4=57% 9-9.52
93%7927 82%/83%
58%/63% 822/77%
50%/70% 82%/80%

Wood faillure results are averages of 3 panels at each conditiom,
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Sodium hydroxide is used as the catalyst. The
amount of sodium hydroxide that can be used
as catalyst is limited due to the hygroscopic
properties imparted to the glue line on the
overlay and the resulting tendency for the
glue line to block in hundle form.

A stroke cure test is used to relate the
cure time of the resin to the required press
time of 7 minutes at 275° F. (Chow 1975).

The stroke cure test consists of placing a
sample of resin on a hot plate set at 285° F.
A spatula is used to stroke the resin until
the resin gels and the resin strings break
when the spatula is lifted from the hot plate.
A resin with a stroke cure time of 40 to 45
seconds will meet the required press cycle of
7 minutes at 275° F. Resins with shorter
stroke cure times will reduce the precure
tolerance and the storage life of the glue
line. Resins with a longer stroke cure will
be undercured in the lower temperature, shorter
press time press cycles.

The cure rate of the resin is determined
by the ratio of the formaldehyde to phenol
and the ratio of the catalyst to the phenol.
The cure time of the resin is a function of
the cure rate and the degree of advancement
of the resin. The resin is advanced in the
reaction vessel by cooking at a specific
temperature to a predetermined viscosity.

For a given charge of sodium hydroxide, phenol
and formaldehyde, the solids content remains
constant. The reaction rate of the resin may
also be determined by plotting the viscosity
of reactants versus the reaction time. The
following graph (fig. 8) demonstrates the
change in rcaction rate obtained by changing
the ratio of formaldehyde to phenol, using
equivalent amounts of catalyst.

The resin must be advanced far enough to
react the lower molecular weight fraction
which otherwise will cause excessive pene-
tration into buth the overlay and the lower
density veneer (Herscher 1962). Another
problem with the low molecular fraction is
the tack found f{n the glue line and the
increased propensity for blocking. Lower
reaction temperatures favor a more uniform
molecular weight distribution.

The resin must not be advanced to the
extent that is it no longer dilutable by
water, although addition of a small amount of
one of the lower alcohols will improve the
dilutability. Dilution is required to achieve
the viscosity range in the mixed adhesive for
the roll coating application. The die foun-
tain coater will sllow use of higher viscosity
adhesives.
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Figure 8.-—Determination of the phenolic
resin cure rate obtained by plotting the
resin viscosity versus the reaction time
in a reaction vessel.

The other components of the mixed adhe-
sive include flow promoting additives, higher
molecular weight thermoplastic resins such
as acrylics, polyacrylamides, polyamides,
polyvinyl acetates and polystyrenes, extenders
and fillers.

Flow promoting additives such as
ethylene glycol, polyethylene glycol and
polypropylene glycol improve the wettability
of the adhesive on dry veneer.

The high molecular thermoplastic resins
reduce the penetration of the glue line into
the overlay, increase blocking resistance by
migration to the glue line surface, and
improve precure resistance.

Starches, wheat flours and other amy-
laceous materials contribute some adhesive
properties while preventing over-penetration
of the adhesive into the more porous veneers.

Bark, wood and nut shell flours are
used as fillers. The fillers do not con-
tribute to the adhesive properties of the
glue line but help prevent penetration into
the overlay and veneer.

Spread weights vary from 4 grams to 6
grams per square foot on a solids basis.
The higher spread weights are useful in
bonding rough, dry veneer and more absorptive
veneers and contribute to precure resistance.
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For a two-step operation, where the panel is
made and sanded before the overlay is bonded
in a second pressing operation, less glue is
required.

TESTING THE ADHESIVE

Testing the overlay bonds at the ply-
wood plant is accomplished by cutting at an
angle through the overlay and into the face
veneer. Another cut is made an inch away
from the angled cut. A knife is slipped
under the angled cut, and a section of the
overlay and part of the face veneer is
removed. The wood is removed from the back
of the overlay and the bond is evaluated.
Testing right out of the hot press can detect
excessive precure times or incorrect press
temperature settings.

The American Plywood Association stan-
dard for overlay bond quality is 85% wood
failure. Two tests are used, a vacuum-
pressure and a boiling test. Both tests
involve stressing the glue line by expanding
and contracting the wood. Five samples are
obtained from each panel tested. The samples
are kerfed just through the overlay one inch
from the edge of the sample. For the vacuum-
pressure test, the samples are placed in a
pressure vessel and covered with cold water.
A vacuum of 25 inches of mercury is drawn
for 30 minutes followed by a 30 minute appli-
cation of 65 to 70 pounds per square inch of
pressure. The boiling test consists of
boiling 4 hours, drying for 20 hours at 145°
F., and boiling for an additional & hours.
The samples are then cooled in water and the
wood rsmoved from the back of the overlay
sampley. The samples are dried and the wood
failure is estimated (APA 1980).

Observation of the samples will indicate
the causes for adhesive failure. Precure
failure or lack of pressure is indicated by
a darkened glue line which does not transfer
to the veneer (fig. 9). Wet or porous veneers
are detected by excessive transfer of the
glue to the veneer (fig. 10). The face of
the veneer is discolored by the adhesive
with little adhesive remaining on the overlay.
When the glue line has not changed color and
there is glue on both the overlay and veneer,
undercure is indicated (fig. 11).

Samples exposed to the Weatherometer
and exterior exposure demonstrate that the
vacuum-pressure and boil tests are good
indicators of long-term durability for pro~
duct performance in the field.
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Figure 9.—Overlay bond to Douglas-fir veneer
of samples precured for 2, 2-1/2 and 3
minutes. The wood failure is estimated at
85, 25% and 20%.

FUTURE REQUIREMENTS

In the Pacific Northwest, the old-growth
Douglas—fir is being replaced by second-
growth Douglas-fir approximately 80 years old.
The result is a reduction in the supply of
smooth face veneers. Steaming the blocks
before the peeling of the veneers does gain
some improvement in smoothness and an increase
in the yield of face grade veneers (Lickess
1957). Additional volume can be gained by
two~-stepping; two-step panels are much more
labor intensive and, under past market condi-
tions, are not an economically feasible way
to go. The panel blanks are repaired and
sanded before the overlay is applied in a
second pressing operation.

Use of lauan, meranti, mersawa, and
other Asian veneers as faces offers further
opportunities for market expansion. Superior
smoothness is obtained by the use of these
Asian veneers.
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Figure 10.-—Delamination caused by wet veneer.

Use of press chargers upgrades product
quality by eliminating fall-down from precure.

Areas of improving the performance of the
adhesive include: (1) longer precure toler-
ance, (2) better specific adhesion to different
species of veneers, and (3) reduced penetration
of the adhesive into the overlay.
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Figure 11.-—Delamination caused by undercure.
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ALTERNATIVES TO SOLVENT-BORNE ADHESIVESl

By Walter C. Kania
National Starch and Chemical Corp.
Bridgewater, N. J.

. ABSTRACT

\
Yoy Rapidly escalating costs of solvent borne adhesives
"‘S have now given water borne adhesives a significant economic
N advantage to further advance the environmental and OSHA
5 forces already acting to reduce solvent usage.

“Swater borne adhesive systems based on chloroprene to
polyvinylacetate copolymers are contrasted to solvent borne

ADP002423

o adhesives in areas of application processing, end use per-
g{: formance and economics.
g \
Wl To understand the rapidly escalating cost
3!!‘\ of solvent-borne adhesives, one needs only to veIcAL
recall the last time you filled up your gas comperinon
EN tank. Figure 1 shows the price of gasoline “r
" over the past 20 months.
150
‘* . g ”s
X E 7™ 40% INCREASE SOLVENT
e ]
Lo e GASOL I PIUCES £
199
'y
(1} 1% 3
{" .m'.';:m
" AT INCREASE 10 ¢ SOLIDS
_l' -
3 b 100 |
JF M AN J J A S O NDUIF M ANIIAS OND
. o 1979 1980
‘ »
%
e e TR LR VAR LTI Figure 2.
" 1979 oon
1 GLUE LINE ECONOMICS
Y Figure 1. -
Centact cement is the dominant solvent- o et
] borne adhesive system we see in the wood //;gﬁiﬁ/” :
", products industry. The rising costs of sol- e vt mammang i
WX vents used in tlese adhesives is seen in : .l
o, Figure 2; note the slope similarity to gaso- e i
3 R . PR g <
g line prices. Then you translate this into .. :
% glue line costs, Figure 3, we see a similarly v :
increasing slope. The twin lines representing " ;
flammable solvent costs reflect both the upper O w b
and lower tier of the market. s §
lPaper presented at "Wood Adhesives-- L S r i e oo o o o o P o
Research, Application, and Needs' Symposium 1979 1980
held at Madison, Wis., Sept. 23-25, 1980. Figure 3.
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When we superimpose onto Figure 3 cost
of a water borne contact cement, Figure &4, one
can see we are at the economic threshold at
both tiers. Since we know o0il price increases
aren't a question of whether, but how much,
the need for a more cost effective adhesive is
an economic necessity.

se GLUE LINE ECONOMICS
.s ,,—/""’
e

ot
-
.0

SOLVENT FLAMMABLE

$900

WATER BASED

/ .00

¢ PER $Q FT. GLUE LINE

E 2]

SOLVENT FLAMMABLE 300
20

JFMANJJASONDJIJFMAMIJASOND
1979 1980
Figure 4.
What are our alternatives? Obviously,

water borne systems are a first consideration.
Systems based on polyvinyl copolymers are
available and well known and won't be dis-
cussed here. Another alternative is hot melt
in film form (heat activated) or in molten
form. In brief, hot melt's economic and per-
formance levels are rather limited and will
not be considered in this paper. Since the
contact cement (neoprene based) systems domi-
nate, we'll restrict this discussion to the
water borne version of contact cement as the
most probable alternative.

The cost of water borne contact adhesives
have not been stagnant in our inflationary
world today, but as Figure 5 shows, there's a
radical difference on a relative scale when
compared to solvent borne. Water borne adhe-
sives are much less sensitive to petrochemi-~
cal escalation. Though your dollar per gallon
price tag, water vs. solvent, is much higher,
it is so because of its composition. Figure 6
shows there's more adhesive in a gallon!

When adjusted for coverage, Figure 7,
and a given §$/gallon price tag, the cost to
cover a common area is, in this example,

16% more. One could readily use other price
tags to position your particular operation.

$.GALLON SOLVENT SASED CONTACT CEMENTS
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CONTACT CEMENT ADHESIVE
e COSTS
150
)
8
z
w
]
g
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Figure 5
ADHESIVE COMPOSITIONS
WATER SOLVENT
L
SOLVENT
17
ADHFSIVI
soums
Figure 6.
ADHESIVE COSTS
COVERAGE TRUE
$/IGALLON FACTOR CcOostY
SOLVENT: 4.30 2.23 $9.59
WATER BASED: 0.25 1.00 $8.25
DIFFERENCE $1.34
Figure 7.

When you add the dollar impact of current
and future EPA regulations, OSHA, and insur-
ance costs, the cost effectiveness of non-
solvent borne adhesive systems becomes rather
apparent.

The water borne contact adhesives
(neoprene based) differ in use from solvent
form in several ways:

In the area of application, they can be
sprayed, roller coated cr curtain coated. The
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latter two methods are not too common with sol-
vent borne, mainly due to viscosity control,
penetration and high amounts of wet film thick-
ness used. These problems are virtually non-
existent with a water borne system and now can
often be a more effective application method.

Spraying equipment needs to be modified
via rust resistant plumbing. Nozzles and tips
are also different, but readily available.
Atomization and fluid pressures are about a
third of those encountered with solvent.

The quantity of dry adhesive needed to
make a proper adhesive bond is slightly hihger
(about 20%) for the water borne. This is most
evident on a water absorbant surface as par-
ticleboard.

To properly dry a water borne contact
cement, additional oven capacity will be
needed. Current technology, namely in high
intensity infra-red ovens, permits drying
3-4 wet mils of water borne adhesive in less
than one minute at line speeds of 16-24 feet
per minute. The added expense of these ovens
would be offset by savings in the cost of the
adhesive, plant insurance and easier and less
costly compliance to EPA and OSHA regulations.

The combining (nip roll) operation isn't
different and requires no special comment.

End Use Performance of currently avail-
able water borne contact cement can meet '
virtually all needs which are presently being
handled with solvent borne.

Historically, water borne contact cements
have been around over twenty years. These
earlier versions had poor mechanical stability
(pumping ease), misted badly when sprayed, and
had no metal adhesion. The recent technology
has solved these problems and now can produce
a "pebbly" surfaced spray pattern not unlike
one now achieves with solvent. The latter
characteristic insures better surface contact
when dealing with irregular surfaces.

The advanced water borne contact cement
technology (catalyst added; 48 hr. pot life)
has shown a significant improvement in heat
and water resistance which, of course, spells
durability. 1In addition, good deflection and
recovery values can be achieved so that vir-
tually every construction and end use needs
now serviced by solvent borne contact adhe-
sives can be handled.
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ADHESIVE TROUBLE SHOOTING IN THE WOOD INDUSTRY

By Dr. Robert F. Snider
Franklin Chemical Industries
Columbus, OH
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A\ 4 ABSTRACT

\iMany of the problems encountered in using wood
adhesives are related to effect of moisture on wood,
effect of water in structural adhesives and substrate
A quality control progrus can reduce
the adverse effect of bonding problems.

R
-
A
R

’h

Many of the problems involved in wood
gluing are caused by the lack of recognition
of the importance of the effect of 1)
moisture on wood, 2) water content of wood
adhesives and 3) condition of the surface to
be glued.

EFFECT OF MOISTURE ON WOOD

In contrast to many substrates, wood
is more heterogeneous than most, In the
range where most gluing is done, wood changes
in dimension unequally in each of the three
directions - radially, tangentially and
longitudinally upon the absorption or loss
of water.

Figure 1.
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Figures 1 and 2 show the effect of
moisture loss on the dimensional stability
of wood in the tangential and radial
direction. Since the shrinkage in a
tangential direction is almost twice that
in a radial direction, moisture change
affects the cross-section depending on
its relative location in the log. Cupping
and bowing are a result of the differential
dimensional effect due to difference of
movement with moisture change. This also
sets up severe stresses in a board or post
as shown in Figure 2 so that, in some cases,
the internal strength of the board is
exceeded, causing a split.

The relative amount of shrinkage is

shown for various woods in Table I. "4
% Dimensionsl Change per % Molshure Change .:
Species Radisé Tangeniisl Volumelric -
Alder, red A8 24 49 <
Ash, white 18 26 A5 -
Basswood, American 22 1] 53
Beech. American a7 kY 54 ,]
Birch, yeliow 24 N 58
Cherry, black a2 24 38 .
Cherry, Pin 09 4 43 .
Cottonwood 13 El 47 R
Eim, American 4 32 49 4
Eim, Rock 8 27 a7 *]
Eim, Slippery 16 .30 46 .
Hackberry 18 ) 58 R
Hickory, Pecan 16 .30 45 4
Luan, red R)! 27 » <
Mahogany 12 a7 a1 h
Maple. silver 10 24 40 ~
Mapfe, sugar 18 32 .80
Oak, black R 32 A7
Oak. bur A5 2 42
Oak, Southern Red A5 E. 54
Oak. white 18 30 53
Sweetgum 17 3 50
Sycamore, American A7 ;- A7
Teak .08 .14 n
Tupelo, black Ri1 20 K}
Tupelo, water 14 2 42
Wainut, black 18 2 43
Witlow, black .09 21 a8
Willow. Pacific 10 30 48
Poplar, yellow 13 24 41
Table 1.
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It will be noticed that mahogany is one of
the most stable of the common woods and
that beech varies considerably between the
tangential and radial shrinkage. Several
illustrations of the effects of this arxe
as follows:
A change of 4% moisture content in
a table top 36" wide made from tangen-
tial beech boards will change about
1/2" in width.
Gluing a 1" tangential-faced board
to a 1" thick radially-faced board and
with a 47 moisture change will cause a
difference in thickness of 8 mils or 4
mils per side. This occurred in Figures
3 - 5, visually, such a difference

becomes readily apparent.

Figure 3,

Figure 5.
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On the other hand, mahogany in
Illustration 1 would have only increased
in width 1/4" while in Illustration 2,
the difference in board thickness would
have been only 1 mil per side.

It {s important that lumber used in
panels have equal moisture content, Figure
6 shows panels made of boards which had
unequal moisture contents at gluing. When
these boards in the panel equalized to the
same moisture content, (the panel was sanded
to the same thickness) the thickness of the
wettest board became much less than the others.

Figure 6.

Since the average relative moisture
content varies by season and by region, the
moisture content of furniture parts will
also vary in a parallel fashion. Average
moisture content is shown by Figure 7,

reco o377
8% AVERAGE \, ' _
MOISTURE CONTENT \ ,
e -

iy r y

11% AVERAGE
MOISTURE CONTENT
6% AVERAGE

MOISTURE CONTENT

11% AVERAGE
MOISTURE CONTENT

Figure 7,
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Normally, 6-8% is a good moisture In Figure 10, the lumber band is
content for wood from which to manufacture evident as the differential expansion tore

;; furniture. For mobile home sidewalls and_ the face veneer apart, Figure 11 shows a
- floors, a higher moisture content not to failure from bonding end grain to side grain,.
L exceed 157% 1is more suitable.

Shrinkage, with moisture change, in the
direction of the grain is comparatively very
small - between 0.1 and 0.2% for most wood
P species between green and oven dry.

" It can be readily seen that flat bond-
el ing boards cross grain causes a high stress
concentration with moisture change. An

example is shown in Figure 8.

&)
\S
b
. Figure 8.

The chair arm (glued to the post) did
oN not change in length when the post became
& : thicker, rupturing the joint, Figure 9.
;§i
¥

Figure 11.
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Miter joints are also highly stressed Differences in thermal expansion be~
by moisture change as the width changes tween two unlike materials will also set up

dimension while the length does not. An similar stresses.
illustration is Figure 12, The changes occurring from moisture

change are not only evident as visual defects
- - . but, also, from joint strength obtained.
g‘i! T ;‘G The strength obtained in a joint is
. . "

\ that normally registered in a perfect non-
PO .- iow stressed one less the stresses in the joint
. and, also, that due to lack of attaining
e an ideal joint.

Figures 14 and 15 show collapsed boards.
The internal stresses exceeded the cohesion
of the wood and, therefore, cracked, This
collapse was caused by improper drying.
Bonded joints made from this lumber would be
less than that for unstressed lumber. This
would also be true of joints with lesser
internal stress.

Figure 12,

Bonding wood to other materizls with
different moisture absorption and consequent
dimensional change is showm in Figure 13,
Here the honeycomb core did not change in
the same way as the lumber band, which shows
in the veneer facing.

Figure 1l4.

Figure 13,

Figure 15.
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A test for lumber stress can be made EFFECT OF WATER IN WATER-DISPERSED ADHESIVES
as in Figures 16 and 17.

Most structural adhesives used in the
wood industry are water based. They are
dispersed in water usually to make them
liquid at the time of bonding. Water may
also be present to allow a chemical reaction
to occur, In any event, after the bond is
made, the water leaves the glue line. In
other words, an adhesive with 607 solids has
40% water. After the water leaves, this
407 may be evident as voids, In the above
example, in a thick glue line, the adhesive

éigure 16. . ' film covering the substrates will be 100%
solids, leaving less than 607 solids in the
——— center of a thick glue line. This is showm
" in Figure 19, where the dowel did not fit
the hole tightly enough,

Figure 17,

If the fingers are parallel, there is little
residual stress incorporated into the wood.
If, either immediately or on aging 24 hours,
the fingers pinch or bend outward, the
lumber has a built-in stress.

Pocket moisture meters, such as shown
in Figure 18, are valuable for carrying by
a supervisor, so that lumber can be randomly
inspected, particularly at points in the
plant where there is a suspicion of wood
moisture content being out of control.

pa n‘::k

Figure 19.

Dowels should not fit the hole so tightly
that the glue is pushed to the bottom,
neither should they fit as loosely as
illustrated. If a dowel must be hammered
into place, it i{s too tight. Finger pressure
should be adequate, However, it should not
wobble in the hole.

Figure 18,
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Sometimes dowel diameter variation can Inadequate dowel length, even if properly

be due to exposing dowels to the changing glued, will yield weak joints, as in Figures
relative humidity in the environment, Put- 22 and 23,

ting the dowels in a heated box before use

can reduce the size variation. Such an N

arrangement is shown in Figure 20,

Figure 20,

Complete adhesive coverage between the
dowel and hole is important both for speed
of strength development and ultimate strength.
Application to both the dowel and hole
improves this possibility, Too frequently,
application,such as in Figure 21, is obtained,

Figure 21,

Figure 23.
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- W Unfortunately, some automatic dowellers Figures 27 and 28 result from improper
AN apply glue to the bottom of the hole and clamping. The pressure did not pull both

bl o expect the dowel to bottom, forcing the sides of the panel together with equal pres-
' adhesive up around the dowel. Frequently, sure, leaving one side open.

coverage from this application method is

tL4 incomplete, resulting in a joint not as

?ﬁﬁ strong as it might be.

;’, Figures 24 and 25 are caused by inadequate
AT pressure giving a thick bond line.

% ¢

Figure 25.

Figure 26 1s a thick glue line as a
result of a machining problem,

Figure 28.
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Some remedies due to clamping can be
made by re-spacing clamps. Figure 29 shows
an exaggeration of poor clamp arrangement.
The total pressure applied is not as impor-
tant as the uniformity of pressure,

Figure 29.

Open joints on edge glued panels will
frequently show through the face veneer,
defecting the appearance of the face as in
Figure 30.

Open Giue Lines
N

Face Veneers
Figure 30,

When post gluing, it is important that
equal pressure be applied to the bond line.
With high jaw clamps, measurement of the

distance between the jaws ~ top and bottom -

will insure even pressure, See Figure 31.
Figure 32 shows a clamp carrier for post
gluing.

L3
| S
Figure 31,

e -y - Rtar 4 T TTeEIIN T TR LT U L
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Figure 32,

.Torque wrenches and panel hold-downs,
as in Figure 33, will aid the evenness of
pressure, regardless of the operator or his
motivation on a particular day. However,
poor maintenance of torque wrenches may cause
uneven pressure, They should be calibrated
at regular intervals with a compressometer
(Figure 34).

Helicoid Gauge
Fill with S.A.E. 20 Oil
Air Vont in Plug
Piston
Stom
L}
Base WABCO Hydraulic Cylinder
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Since water-based adhesives add water This sunken joint will be more obvious
.y to the wood adjacent to the glue line, the with a shiny finish than a matte one.
<, 7 wood in the vicinity of the bond is swelled The time of seasoning to eliminate
more than the rest of the panel as shown in sunken joints should be at least 24 hours
X Figure 35, and may need to be 72 hours, Seasoning
-?Bi panels in a heated chamber can reduce this
" ‘..3 Glu. time .

EFFECT OF SUBSTRATE CONDITION

The condition of surface of the wood
substrate is important to joint strength.
Wood adhesives are designed to minimize
penetration into the wood in order to
eliminate "starved" joints. Since this
penetration 1is only a few thousandths of an
inch, this outer layer is important, Almost
any preparation method can make good or bad
surface layers, depending on the conditions.

Figure 37 shows a good saw joint made
with a sharp saw mounted on good equipment.

Figure 35..

If the panel is planed smooth immedi-

e ately on removal from the press, the swelled
gi; wood will be planed to the same thickness
s as the drier material. When the moisture Figure 37.

content of the panel equalizes, there will
be a valley at each glue line, (Figure 36).

=

' g Pigure 36.
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Figures 38, 39 and 40 show joints made
with a dull saw. The surface fibers adjacent
to the kerf were loosened but not removed,
These form a weak bond layer. Some of these
surfaces are emphasized visually with a
crayon, (Figure 41),

Figure 38.

Figure 39.

Figure 40,
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Figure 41.

Figure 42 shows a poorly prepared
abrasive planer joint. This is likely to
occur with coarser grits, Wood species and
moisture content also affects the fineness of
grit needed to make a satisfactory glue joint.

Figure 42,
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Burned surfaces are difficult for Sometimes, bleed-through with a veneer, j

conventional wood adhesives to adhere to. as in Figure 45, may cause a finishing ]
Figure 43 illustrates this for a dowel. The problem or difficulty in breaking down a
same effect occurs with edge joints., stack of panels. A change of adhesives,

reduction of spread rate or reduction of
pressure will usually cure the problem.

¥ X,

Figure 45,

)

a!;f"" -~ .r; a 6""“"

Surfaces need to be clean before gluing.
This is particularly true of flat surfaces
to be laminated with face veneer or high
v ok : pressure laminates. Particles left on the
Figure 43, surface will telegraph through,as in Figure 46.

R R, A

.Figure 44 shows a dowel hole with a
poor gluing surface. This can be caused by
advancing a drill too rapidly. . ) . 5 .

Figure 46.

Figure 44,
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A vacuum brush cleaner, as in Figure 47, will MISCELLANEOUS CAUSES OF PROBLEM
) eliminate most particles.

Joint failures can also be caused by a
number of other errors.

Figure 49 illustrates a lack of adequate
pressure to get transfer in the joint.

|
i
|
)
!
]

Figure 47,

Sometimes, wood chips may get into the g8
adhesive and cause trouble., A pump fitting Figure 49,
into the drum and equipped with a filter can

reduce this problem, (Figure 48).
Figure 50 shows a lack of spread to obtain

transfer to the opposing joint face.

Figure 50,
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Figure 48.
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&: Figures 51 and 52 illustrate high Figure 54 shows a wet film from a roller :
e pressure laminate which was cold pressed with coater which would make a good joint if
g‘ only a small area where contact was made, pressed in this condition. ,
- which show up as particleboard and wood -
‘ failure. i
3 |
. :
; i

K}

WHLHIE ;

Figure 54.

Figure 51.

Certain adhesives are swelled by the
solvents in the finish. See Figures 55 and
56. This defect will not disappear with time.
To correct, choose either an adhesive not
affected by the finish or change finishes,

-

>

- en)T

Figure 52.

Figure 55.
Figure 53 shows a pre-dried joint.
- The thicker ridges of glue (made by grooves
in roller coater) were still wet enough to
transfer and make some bond. The thinner
part of the film was dry at assembly.
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» " If the glue fills the wood pores, the
e finish applied later cannot go into the pores,
Y yielding a white appearance under the finish,
\ﬂ' as in Figure 57. To prevent this, it is
t# necessary either to prevent the adhesive from
'\ filling the pores or to sand off this glue

before finishing.

0

2e;
E¥.Y.
o

A

Figure 59,

2N

$ii Figure 60 shows another chalked bond line.

", If a chalked joint occurs, the joint must be
\%i re-made, with the room and wood at temper-
*ﬂ@ Figure 57. atures above the chalk point. .
£ Acid glues pick up a stain from contact

G with iron. This may come from piping, valves

5é} on drums, iron clamps or coffee cans. Lesser .
}¢’ amounts of iron do not discolor the adhesive
T but may stain certain woods such as oak, cedar,

walnut, mahogany, etc. (See Figure 58).

iy " .
Lo A
> | } %
3. ; . =

« f il !‘ %

. i
DG o
s, :
’\5 Figure 60.

The presence of stain in the glued joint
indicates that the joint was open prior to
finishing., (See Figure 61).

Figure 58.
v Gluing with temperatures below the
fe. chalk point with polyvinyl acetate glues will
;*} give a weak, unusually white colored glue
,:, line. Figure 59 shows a glue which has
;aﬁ chalked but would normally dry clear,
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OUALITY CONTROL METHODS

I1f suitable testing equipment is not
available, a chisel test can give comparative
results, but only if used on a minimum of 10
joints per test. Figures 62 and 63 show what
can happen to a chisel test depending on grain
direction,

Figure 62.

Figure 63.

In Figure 62, a panel was sawed in two parts
with the chisel direction in opposite
directions., In one case, 100% wood failure
occurred and in the opposite direction, 0%
wood failure resulted., In Figure 63, the
same process and same result was obtained,

In addition, a chisel was used in the opposite

direction on the part with 100% wood failure

with 07 wood failure observed., Grain direction

is an important factor, in addition to joint
strength, in the amount of wood failure
obtained from a chisel test, Therefore, at
least 10 bonds must be averaged to be
meaningful,

Every woodworking operation doing gluing
should institute a quality control program.
This will allow corrective action to be taken,
1f the bonding operation gets out of control,

before too much defective product is made.

U S E AR e st a A e AT S i S A AR

To make a quality control effective, several
things need to be done:
1. One person needs to assume
responsibility for it.
2. This person should not report to
manufacturing, shipping or sales.
3. Quality control needs to be done
on a regular basis.
4, Suitable tools need to be provided.
We use those in Figure 63 for
trouble shooting. These are
suitable for quality control.
5. Records need to be kept of
a. inspection results,
b. manufacturing processes
(see Figures 64 - 68).
c. product being manufactured.

— .
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Figure 64.
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M. C. LUMBER FROM KILNS—E. M. C. IN PANEL DEPARTMENT
1]{2)ale]s]|e]7]|8]9|10]11]12]13]14]|15}16{17|18|19]20{21]22| 23] 24] 25| 26] 27| 28{29}30|31
£
g 90f
Yeos
:-i‘ 80 HIGH PERCENT
'gn " IGH F
S0
w 3 ug \
> 65
% 6o b y '\ EMC/PERCENT \
g ’ A N 4
55
2 N /
§.'».o 1
348 LOW PERCENT
3
w
s|s[m[v|wlr]F]ls]s|mitIw]|tir]|sisim|T|w|T]F]|S]s|{m|[T|[w|[T]|F]S]|S|M™
Figure 66,
90
e i e e e e e S T Nt R e e S

I Do L S

- - .
AR N




JOINT FAILURE SUMMARY % PRODUCTION IN 1000 PANELS
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Figure 67.
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DAILY REPORT—GLUE AND PANEL DEPARTMENT

(date)
HUMIDITY CONDITIONS IN GLUE AND PANEL AREA: OUTSIDE WEATI:. CONDITIONS:
HYSROMETER READINGS  EQUALS IN LUMBER M.C. TEMP. HUMIDITY
STATION— 1 2 . 1 2 M. Moping
Morniag _.__Mternoon _ e
__Aiternoon i Average L i
Comments: Comments: .
1
GLUE USED:
A 8 c D
MANUFACTURED BY Mitrs. Ne. Cataiyst Extender Water Proportions
Clamp Mo. 1 . o o _
Clamp No. 2 o _ e
Clamp No. 3 e o o
Clamp No. 4 )

i proportions changed from preceding report or through day, state why:

Pounds glue used Equals pounds per 100 sq. ft.

ELECTRONIC PRESS DATA AND OUTPUT ALL CLAMPS:

Clamp N R T ouRs P A HOUR
Clamg No. 1 (Elec.) _
Clamp No. 2 (Elec)
Clamp No. 3 (Wheel)
Clamp No. & (Wheel)
TOTALS 7 AVERAGE

CONDITION OF LUMBER FROM ROUGH MLL:
Morning Comments
MC.
Sow Joinmt
Mierneon
Me.
Saw Joint

Number of ponels

95 of Total poncis plonned for doy

9% of Total poncis gued for doy
Figure 68,
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FORMALDEHYDE FROM UF-BONDED PANELS--1TS MEASUREMENT

AND ITS RELATION TO AIR CONTAHINATIONl

\

By George E. Myers, Chemist

and Muneo Nagaoka,g Research Associate
Forest Products Laboratory, Forest Service
U.S. Department of Agriculture
Madison, Wis.

ADP002425

Eg ABSTRACT

The formaldehyde emission behavior of a variety of par-
ticleboards and hardwood plywoods has been measured using
six test methods: a Dynamic test which measures steady
state air concentrations of formaldehyde under controlled

ventilation rate and board loading, two Desiccator tests, a
Paper Sorption test, the Equilibrium Jar test, and the
Perforator test. Data from all six methods correlate
approximately with one another but, as expected, large devi-
ations occur. The Dynamic procedure is regarded as a pri-

" mary board characterization test since it models actual use
conditions; it is probably too complex for rapid screening
purposes, however. For that purpose a Desiccator test is
considered to be the most satisfactory of the methods

examined
A

/
INTRODUCTION

A major emphasis of the experimental work
at the Forest Products Laboratory on the form-
aldehyde emission problem has been the charac-
terization of board emission behavior under
dynamic (air ventilating) conditions. That
effort has included a quantification of the
effects of ventilation rate and loading (board
area per chamber volume) upon observed air
concentrations of formaldehyde (11,12). It
was our feeling that emphasis upon dynamic
behavior was warranted because such tests
represented an approach toward actual use con-
ditions and, therefore, should constitute a
primary performance characterization of urea-

1

“Paper presented at "Wood Adhesives--
Research, Application, and Needs' Symposium
held at Madison, Wis., Sept. 23-25, 1980.

2

-Supported by Mitsui Toatsu
Chemicals, Inc. Present address is:
Mitsui Toatsu Chemicals, Inc., Hokkaido
Factory Division, Toyonumas 1, Sunagawa,
Hokkaido 073-01, Japan.
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formaldehyde-bonded boards. However, dynamic
tests are too exacting and time consuming to
be employed generally for screening or quality
control purposes. Consequently, we have also
examined several simpler screening or quality
control test methods in order to establish:
(1) Whether the test results from such methods
bear any direct relation to dynamic steady
state formaldehyde/air concentrations, and

(2) whether any of these simple methods offer
obvious advantages over the others. This paper
summarizes the findings from these studies,
some of which are published elsewhere in
greater detail (11,12).

EXPERTMENTAL

Details of the various test methods are
already available and only brief descriptions
are given here. These methods include:

(1) the Dynamic test, (2) the JIS Desiccator
test, (3) the NPA-modified Desiccator test,

(4) the Equilibrium Jar test, (5) the Perfo-
rator test, and (6) the Paper Sorption test.

In the Dynamic test, particleboard speci-
mens, 16 x 50 x 100 mm with sealed edges, were
placed in a glass vessel which was capped and
stored in a temperature- and humidity-controlled
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chamber (11,12). Conditioned air was pulled
through the vessel at a constant rate. The
formaldehyde concentration in the exiting-air
stream was determined at intervals by scrub-
bing through water and subsequently analyzing
the water solution using Purpold or acetylace-
tone reagents (11). After a time, the measured
concentrations varied randomly about a mean
value and this is termed the steady state con-
centration Cs (ppm formaldehyde in air). Such

C' values were determined as a function of air
exchange rate N (ht-l) and loading L (-2 of

exposed board area per 13 free air volume in
the vessel).

In the JIS Desiccator test (7,11), speci-
mens 50 x 150 mm are placed on end in a 9-liter

desiccator which also contains 300 ml uzo in a

crystallizing dish. The desiccator is capped
and allowed to stand at 22.5 t 2.5° C for

24 hours, after which the water in the crystal-
lizing dish is analyzed for formaldehyde using
acetylacetone reagent (7,11). In conformance
with the JIS procedure, nine specimens of
16-mm-thick particleboard and 10 specimens of
< 10 wm plywood were used. In contrast, the
NPA-modified desiccator test (3) calls for the
use of eight specimens, 70 x 127 mm, when the
thickness is < 16 mm; it also employs a 400-ml
beaker in place of the crystallizing dish and

chromotropic acid in place of the acetylacetone.

For the Equilibrium Jar method (5), speci-
mens 70 x 127 mm are placed singly into eight
32-0z, wide-mouth jars. A second jar is placed
mouth-to-mouth over each of the sample jars
and the joint is taped with parafilm. After
standing for 25 hours at 22.5 % 2.5° C, each
jar set is separated, the air from the upper
jar is purged into sodium bisulfite solution,
and that solution is analyzed for formaldehyde
using chromotropic acid. When the formaldehyde
content is very low, all eight upper jars may
be purged into one sodium bisulfite solution.
At sufficiently high levels, each upper jar is
purged and analyzed separately and the result-
ant values averaged.

In the Perforator test (13,14), a number
of 25 x 25 mm specimens are refluxed in toluene
for 2 hours. The condensing toluene is bubbled
through a columm of water which absorbs the
formaldehyde. In this study, the resulting
water solution was analyzed for formaldehyde
using acetylacetone reagent and fluorescence
measurements (11).

The Paper Sorption test (11) intersperses
sheets of filter paper between six specimens,
50 x 150 mm, which are stacked, weighted down,
and allowed to sit at ambient temperature for
16 hours. The central area of each sheet was
then moistened with Purpald reagent; when dry,

the intensity of the purple color was deter-
mined by measuring the reflectance at 540 nm
with a brightness meter.

A wide variety of plywood and particle-
board panels were studied. One group of four
UF and two phenolic particleboards was pre-
pared at the FPL (11). These were character-
ized by the Dynamic, the JIS, and the Paper
Sorption tests. Two of the urea-formaldehyde
(UF) boards were aged at 60° C for 30 days
and retested by the Dynamic method. A second
group of particleboard and plywood panels was
obtained from Mead and Hunt. Weyerhaeuser
Corporation supplied several particleboards
and the Hardwood Plywood Manufacturers
Association supplied a number of plywood
panels as part of a round robin sponsored by
the Formaldehyde Institute. These last three
groups of boards were characterized by the JIS
and NPA-modified Desiccator tests, the
Perforator, and the Equilibrium Jar.

Prior to testing, the specimens were not
pre-equilibrated under a specific air-flow,
temperature, or humidity condition. Since a
major goal was to compare values obtained from
the different methods, the specimens from a
given panel were instead kept under identical
conditions insofar as possible and the various
tests to be performed upon those specimens were
all initiated within 1 to 3 days. The 25 mm-
square Perforator specimens, for example, were
minimally exposed to the atmosphere during
their preparation from panels and then imme-
diately sealed in jars until they could be
tested.

RESULTS AND DISCUSSION

The Dynamic test data are presented and
analyzed first. This presentation is followed
by a brief discussion of the screening methods,
which includes their observed cross correla-
tions and comments regarding their advantages
and disadvantages. Table | summarizes the
linear regression data for the methods' corre-
lations, and table 2 summarizes rather subjec-
tively the relative advantages and disadvan-
tages of the methods examined.

Dynamic Testing

The observed steady state air concentra-
tions of formaldehyde at 40° C/75% relative
humidity (RH) are reproduced from another pub-
lication (12) in figure 1 as a plot of l/Cs

versus N/L, the ratio of ventilation rate to
loading. The lines through the data result
from linear regression analysis according to
equation (1), the form of which has been pro-
posed by several investigators (1,4,6).
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Table 1.--Parameters from methods correlations

Linear Regression Parameters 4

Percentage
g a/ Type of . error in
%, Tests correlated~ Correlation
}& correlation Intercept Slope coefficient, predicted :7“’ |
. i 2 8 . -
i,§ r 100 L X
o y
s, JIS Desiccator vs C_ Cartesian -0.14 4.50 0.965 24
5
5 NPA Desiccator vs
A JIS Desiccator Cartesian . 0.027 0.462 0.990 7
4 Paper Sorption vs C_ Cartesian 70.5 -3.92 0.990 2
Equilibrium Jar vs NPA Double
. Desiccator logarithmic -0.199 0.831 0.964 64
¥ Perforator vs NPA Double
‘é‘ Desiccator (particleboard) logarithmic 0.909 1.041 0.933 8
A Perforator vs NPA Double
_ Desiccator {plywood) logarithmic 0.653 0.914 0.854 15
a
ié a/ Dependent vs independent variables.

b/ 100 x Standard error in predicted mean of dependent variable + observed mean of dependent
-3 variable.

W .1 ,1 N (n 25° C/75% RH for the best of the three parti-
;§ C' c'._q xceq L cleboards, the aged D set. These C' values

i2 . ‘ were calculated using the 40° C/75% RH parame-
:} ters in table 3 plus the fact that Cs is

R This is stated in Hoetjer's terminology (6)

reduced approximately fourfold by changing
from 40° C to 25° C (11). The loading values

of 0.5 and 1.2 I2/l3 generally cover the range
anticipated in mobile homes (2); observed
ventilation rates are in the span 0.2 to about

where ceq is the formaldehyde concentration

: under equilibrium conditions, i.e., in the

?i ) absence of air ventilation, and K represents
. a material transfer coefficient intended to
i characterize the formaldehyde permeation rate

Y through the board-air interphase region. 1.0 hr-l but 0.5 ln'-l is apparently regarded
e - Equation (1) provides an excellent fit as a reasonsble goal (10). If, for purposes
- ! to the particleboard data. The regression of discussion, we set 0.1 ppm formaldehyde as
N parameters are summarized in table 3 and vere a desirable air contamination standard,

gﬁ used to calculate the C. versus N/L curves table 4 indicates that the ventilation rate of
d’r -

» N shown in figure 2. Considering current usage 0.5 hr ! would have to be raised to about

2nd the enersy constraints upen ventilscion | ;2 Brl st the lover loading and to 3.0 at

el rates, the practical limits of the curves in the higher loading. These iE;reused ventila-

figure 2 lie between N/L 0.2 and 1.5 (12). tion rates of 1.2 and 3.0 hr ~ would in turn

g Within that range, however, there is about a about double and quadruple, respectively, the
;E fourfold decrease in c,- infiltration heat losses (10). .
< Assuming such energy losses to be unac- b
G The utility of dynamic testing combined ceptable, what degree of improvement in the

K with equation (1) is illustrated in table & aged D board would be required to meet the

N which presents some calculated C_ values at 8 1 -1

/ s 0.1 ppm standard at 0.5 hr ~ ventilation rate?
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Table 2.--Method evaluation sunnory!/
Method
Dynamic ‘o
Griterion steady state Desiccator Paper l?g::un Perforator
concentration, sorption 3
¢ ar
cccaccmee ceemcccmcsaccses cmmemmncene cmemed e cececcececcacccceecreccecccececccccecaeescac—= -——
ppm pg/ml Bright- ppm mg/100g
ness
Reproducibility ~ 108/ < 100/ <sx¥ ~ 10y ~ 5%
Esse and simplicity 5 1 1 3 2
Conducted under controlled tem- 1 4 3 2 2
perature-RH conditions (changing (nonequi- (affected (affected
board, MC librium) by board by board
nonequi- MC) MC)
librium)
Range of applicability 2 1 3 3 4
Results should be affected by
both free formaldehyde and
hydrolytic formaldehyde 1 2 3 3 5
Proximity to actual use condi-
tions 1 3 3 2-3 5
Correlates with C. e/ 25/ 3 4

a/ Except for reproducibility, expressed on relative scale of 1-5 where 1 is best.

b/ References (11,12).

c/ Reference (11).

d/ Measured for values > 2 ppm.
e/ Not examined for plywood.

The calculations in table 4 indicate the need
for at least s twofold board improvement at

= 0.5 -2/-3 and a fivefold improvement at
1.2 -2/-3.

[ B
] 1]

Screening Methods

Desiccator Test.--Figure 3, which is
taken from reference (11), indicates that
dynamic steady state concentrations, C', at

25° C/75% RH for five particleboards are lin-
early related to the corresponding JIS Desic-
cator values. The correlation coefficient of
the regression is 0.965 and the prediction
error for the Desiccator values is 24%

(table 1). These particular dynamic measure-
ments were conducted at one N/L (0.060 m/hr)
and for C' values from about 0.2 to 7 ppm.

There seems to be no reason to doubt that

96
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Error much larger below 1 ppm.

similar relations would be approximated for
other N/L and other boards, as long as the
boards possessed a formaldehyde supply ade-
quate to maintain steady state values for
periods of days to a few weeks (12). Addi-
tional data would be desirable to confirm
such extensions as well as the applicability
to plywood.

The JIS Desiccator values are also
directly related to the NPA Desiccator values,
as would be expected from the similarity of
the two tests. This can be seen in figure 4
to be true for a variety of boards, with a
correlation coefficient of 0.990 and a predic~
tion error for the NPA values of 7% (table 1).
For JIS values up to 6 pyg/ml, the NPA values
are approximately 46% of the JIS values.
Interestingly, the 46% relationship is within
10% of that calculated from the equations
given by Kubota, et al. (9) for the effects of
differences in board and water surface areas.
The existence of a fixed relationship between

fu'\“\f

i S CRE R SN G
* L A

AT



(T T

R N

R ol

Ly R e Bt

. A L

TR

Y s sT Ve U ,N L, LSRR M A . T - . .
Y
h
_1
L
~ [ Limd/m3) -:‘
Lte | 20-30 09 136 192 2
102-113 [e] o -.‘
209 o wad
bosses)] ' I W O
2 v
3 T T T T T T w
—e—
30 -
1 i |
25~ -
> oz {=©—~-MEAN ¢t ONE SIGMA)
! 0 4, oges % ~
g‘ 1 n 1 i i 1 J \: 0~ -1 R
[ o2 O os .,‘o,‘.,., 10 (24 e I g 1S9 -0.14 + 4.50C .d
d
Figure 1.--Test of equation (1) [N, ventila- > sk —
3
tion rate (air exchange/h); L, loading (-2 —
of panel/-3 free air volume); and C,» steady o ]
state level of formaldehyde contamination in >
air (ppm).] s .
50 o ! J ] 1 L 1 |
Q ] 2 3 4 S 6 T 8

Csppm Cra0 IN AIR (DYNAMIC STEADY STATE, 25% 75% Rn)

Figure 3.--Correlation between JIS Desiccator
and Dynamic methods.
)
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< (NPA) « 0.027 + 0462 (JIS) 7]
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Figure 4.--Correlation between Desiccator
methods.

A X » |
10 124 14

AL (m/he)
Figure 2.-~-Calculsted dependence of C' on N/L

[N, ventilation rate (air exchange/h); L,

loading (.2 of plllel/l3 free air volume);
and C., steady state level of formaldehyde

contsmination in sir (ppm)].
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Table 3.--Parameters from equation gl!!/

Board set K Cc
c—m €9
Ty m/br ppm
. A, unaged 0.109 51.0
.;;.t“ A, aged 0.0%9 43.7
% D, aged 0.098 9.4
A
Pl
a/1 _ 1 1 N
c*c *kc L

(2]
"

steady state formaldehyde
concentration in air (ppm)
ventilation rate (air

exchanges per hour)

loading (-2 board per -3
chasber volume).

[ ]
L]

Table 4.--Calculated air contamination levels
at 25° C/75% RH for aged D boards

Steady state

Loading, L v'::g“;” formaldehyde
’ concentration, C‘

wl/n> he! ppe

0.5 0.2 0.46

0.5 0.21

) 1.2 0.09
’:

oo 1.2 0.2 0.87

o 0.5 0.45

e 3.0 0.09

these two test versions will permit meaningful
comparisons of board quality between Japan
and the United States since the NPA Desiccator
may become the standard quality control test
in this country (3).

The two methods are censidered together
in the evaluation summary in table 2. The
Desiccator tests are distinguished by their
simplicity and broad applicability range.

This is, however, inherently s nonequilibrium
test snd is conducted under rather unrealistic
conditions; some implicstions of these proper-

) ties will be discussed later.
S Paper Sorption Test.--The same dynamic
qw; data employed above also correlate linearly
A wvith the intensity of the purple color devel-
5 oped in the Paper Sorption test. Figure 5,
A
KES
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taken from reference (11), illustrates the
correlation in a plot of spot brightness (low
brightness = high purple intensity = high
formaldehyde) against C. at 25° C/75% RH.

The correlation coefficient of the regression
is 0.987 and the prediction error is 2%

(table 1). This test is very simply performed
snd may offer some advantages in plant quality
control since it could be carried out nondes-
tructively, i.e., with entire panels instead
of small specimens.

Equilibrium Jar Test.--The jar values
from a variety of boards are plotted against
the corresponding NPA Desiccator values in
figure 6. A double logarithmic plot was used
in order to spread out the lower range of the
scale. The regression possesses a correla-
tion coefficient of 0.964 and yields a predic-
tion error in jar values of 64% (table 1).
However, due to the large scatter at the low
end and the lack of dats in the middle region,
this correlation should be regarded as tenta-
tive. Because of sensitivity problems at the
low end and its relative complexity, the jar
test in our judgement is much less satisfac-
tory than the desiccator method (cf. table 2).

Perforator Test.-~The Perforator and
Desiccator data are plotted on a double loga-
rithmic scale for particleboard and one wafer-
board in figure 7 and for plywoods in figure 8.
In figure 7 an approximate correlation exists
for Perforator values from about 0.2 to
50 mg/100 g board despite the fact that values
below about 10 mg/100 g are usually (13,14)
considered unreliable due to artifacts intro-
duced by extractibles from the wood itself.
Nevertheless, the regression line possesses a
correlation coefficient of 0.933 (table 1) and
a prediction error in the Perforator value of
8%. The data point for the waferboard sample
was not used in the regression analysis since
that sample possessed a moisture content of
only 2% compared to values between 6 to 8%
for all other samples. (Board moisture con-
tent has been shown to have a small influence
upon both Perforator (14) and Desiccator (11)
results.) In figure 8 more scatter is seen
in the plywood data which also extend well
below 10 mg/100 g. The correlation coeffi-
cient in this case is only 0.854 and the pre-
diction error is 15% (table 1). Possibly the
reason for the correlations extending to very
low values is an insensitivity of the acetyl-
acetone fluorometric analysis procedure to
wood extractibles, but this has not been veri-
fied.

The Perforator test is believed to meas-
ure the total free (chemically unbound) form-
aldehyde within a board, although a small
dependence upon board moisture content does
indicate that a certain amount of hydroly-
tically produced formaldehyde can contribute
to the Perforator values (13,14). Unlike the
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other methods examined here, the Perforator
method does not directly measure the board's
ability to emit or retain the formaldehyde
contained within it. Consequently, while
Perforator values will be little influenced
by board physical characteristics, e.g., sur-
face coatings or whether the board is plywood
or particleboard, the other methods should be
influenced by such factors and to similarx
extents. For example, in figure 8 it can be
seen that the finished plywoods (filled sym-
bols) generally have a lower Desiccator value
than the unfinished boards at the same
Perforator value. The coating, of course,
reduces the emission rate as well as the mois-
ture uptake and therefore results in a lower
Desiccator value. Moreover, the plywood
regression line is displaced towards higher
Desiccator values relative to the particle-
board line (Figure 7), e.g., at a Perforator
value of 10 mg/100 g board the predicted
Desiccator values are 1.2 ug/ml for particle-
board and 2.4 pg/ml for plywood. Therefore,
it appears that particleboard either emits
its formaldehyde less readily than does the
plywood, or the plywood absorbs moisture
faster than the particleboard.

Thus, comparisons between Perforator and
other test values can provide some insights
into differences in the formaldehyde emission
process. In addition, the Perforator method
possesses the advantages of good reproduci-
bility (cf., table 2), comparative simplicity,
and widespread use in other countries. As
detailed in table 2, however, it suffers from
some serious deficiencies as an exclusive
screening procedure, e.g., there are ques-
tions about its lower limit, it is primarily
sensitive to free formaldehyde, it is conducted
under totally artificial conditions, and it
is only correlated in a limited manner with
board emission behavior.

SUMMARY AND CONCLUSIONS

Dynamic (air ventilating) experiments
were performed on three particleboards over a
range of ventilation rates (N) and loadings
(L). The steady state concentrations of form-
aldehyde in air were fit by a two-parameter
equation, the parameter values being dependent
upon the particular board set. Such experi-
ments are rather complex and lengthy. They
do, however, afford a characterization of the
effect a8 boards's emission behavior has upon
air contamination under conditions which model
those in actual application. Moreover, they
provide a means of estimating the advantages
or disadvantages of changes in ventilation
rate and loading.
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A limited evaluation of several rapid
screening methods has been conducted. These
included two minor variants of a Desiccator
procedure, a Paper Sorption test, the
Equilibrium Jar test, and the Perforator
method. It was concluded that the most satis-~
factory of these is a Desiccator method. This
choice was based upon the fact that such a
method (1) is very easily performed, (2) has
satisfactory reproducibility, (3) can measure
a very wide range of board emissivity, and
(4) should generally, though not always,
respond to board variations in much the same
way that dynamic testing does.

Criterion 4 above implies that there
should be a direct correlation between
Desiccator and Cs values. This was in fact

demonstrated for several particleboards but
needs to be verified for a greater variety of
boards, including plywoods. Interestingly,
all the methods examined here appear to give
results which can at least be approximately
correlated with one another. For some boards,
however, rather large deviations from a corre-
lation are observed. These deviations may be
due to errors in methods, e.g., perhaps
Equilibrium Jar data at low emissivities, or
to the fact that different methods do not
respond in quite the same manner to board
variables. The Perforator test, for example,
appears to measure the total free formaldehyde
content of a board. However, the Desiccator
value reflects the tendency of the board to
lose its formaldehyde content (presumably
free and bound) in the presence of water
which acts both as a strongly attracting sink
for formaldehyde and as a hydrolysis stimu-
lator.

The Desiccator value also represents a
transient condition established in the absence
of air circulation, and may therefore be
influenced by the necessity for formaldehyde
permeation through a stagnant gas layer adja-
cent to the board surface (8). The dynamic
C' measurement is made under steady state con-

ditions at fixed humidity, and the presence
of air circulation may alter the nature and
effect of any stagnant gas layer.

Thus, an exact one-to-one correspondence
between the various methods should not be
expected. Although the simpler tests can be
extremely useful for screening and quality
control purposes, it will be desirable, per-
haps essential, to employ a controlled Dynamic
test for final, critical board emission char-
acterization.
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i REDUCTION OF FORMALDEHYDE LEVELS IN MOBILE HOHESl
:» By Richard A. Jewell, Ph.D.
: Chemistry Department
\3 Weyerhaeuser Company
”E Tacoma, Washington
¥

Xﬁ ABSTRACT

This is a preliminary report on investigations into methods of
reducing airborne formaldehyde levels in existing mobile

homes
Sﬁg;rzi;ective techniques for reducing formaldehyde levels have
been identified. Fumigation of mobile homes with ammonia

ADP002426

29 appears to produce long-term reductions of approximately

o 61-73%. Use of a high capacity air recirculation device in

i which formaldehyde is removed from the air by a filter bed of

By potassium permanganate impregnated alumina pellets produced

;ﬁ reductions of approximately 741 during operation.

a n

.}3

N INTRODUCTION (1978) identified carbon monoxide, carbon

3 In recent years there have been an
}5. increasing number of complaints by mobile
b home dwellers about indoor air quality.

This trend has sharply accelerated since
t& mid-year 1976 when the Federal Mobile
o, Home Construction and Safety Standards
<, became effective, resulting in a significant

tightening up of the mobile home structure.
3 Lower air infiltration rates would be

AL expected from these homes than those manu-
factured prior to the federal standards.

The majority of the complaints are
associated with formaldehyde, although
it should be borne in mind that there
are a number of other indoor air pollutants,
some of which can produce similar symptoms.

- Hollowell, et al. (1979) has identified

o carbon monoxide, nitrogen dioxide, and

~\; radon in addition to formaldehyde as common
A indoor-generated contsminants whose levels
::2 are elevated by decreased air infiltration
A4 resulting from energy conservation measures
~ in residential buildings. Moschandreas

-, 1 .

53 =Paper presented at the Symposium,

Yol "Wood Adhesives - Research, Applications,
}$1 and Needs," Madison, Wisconsin, September 23-
> 25, 1980.
L
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dioxide, nitric oxide, hydrocarbons, alde-
hydes, total suspended particulates and
respirable suspended particulates pollution
levels as often being higher indoors than
outdoors. He discussed their dependence

on infiltration-exfiltration rates and

how they are increased in "tight" houses.
Without minimizing the importance of formal-
dehyde, the indoor air quality problem

in mobile homes is more than simply a
formaldehyde problem and should be addressed
as such by the federal regulatory agencies
involved.

There can be a number of formaldehyde
sources in mobile homes including UF-bonded
particleboards, UF-bonded plywood wall
paneling, furniture with UF-bonded veneers,
certain textiles and combustion processes
such as gas stoves and cigarettes. Inten-
sive R&D efforts by a number of forest
products companies and UF resin producers
are beginning to result in UF-bonded build-
ing materials with substantialiy lowered
formaldehyde emissions. Some of these
have recently begun to appear in the market-
place. Although the outlook for reduced
formaldehyde levels in newly constructed
mobile homes will improve, reliable tech-
niques are needed to reduce the levels
in existing mobile homes where appropriate.
The purpose of this research is to identify
and develop the most effective of these
techniques.
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VARIABLES AFFECTING FORMALDEHYDE LEVELS

The major varisbles determining the
formaldehyde levels in a given mobile
home with a given variety of formaldehyde
emitters are temperature, infiltration
rate (ventilation), relative humidity,
and age. The loading rate or quantity
of UP-bonded building materials is also
a very important factor, but for the pur-
poses of this discussion, only environmental
variables are being considered.

Temperature has a substantial effect
on formaldehyde levels in mobile homes.
Incresasing temperatures incresse the level
of formaldehyde as illustrated by figure 1.
This is a general effect also observed
in test chamber measurements of UF-bonded
particleboards (Neusser and Zentner 1968)
and plywood wall paneling.

HCHO (uL/L)
10 [
0.8 [
0.6 -
0.4 #—
02
0 1 L 1 1 J
16 20 25 30 35
Temperature ("C)
Figure 1

Varistion of formaldehyde levels with temperature in 8
mobile home. Formaldehyde messurements made in 8
8.4 x 14.6 m double-wide mobile home over a two day
period.

o Dsta from a modified NIOSH chromotropic acid method
O Deta from a CEA 566 Analyzer

ul/L is equivalent to ppm (v/v)

The infiltration rate, or fresh air
ventilation rate, of a mobile home is
another important variable. It depends
not only on the tightness of construction
and living habits of the occupants, but

R T O G B
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also on weather factors such as wind velo-
city and temperature. Infiltration rates
are commonly expressed in air changes

per hour and are on the order of 0.5-1.5 air
changes per hour for typical U.S. homes
(Handley and Barton 1973). In & limited
number of mobile homes, we have measured
infileration rates by the carbon monoxide
decay rate method (Goldschmidt 1978) and
found a range of 0.14-0.5 air changes

per hour under calm weather conditions.
The lower figure represents only one air
change every seven hours. This can be
compared with recommended ventilation
rates of 0.4-0.6 air changes per hour

of outdoor air for mobile homes calculated

from AS!'IRAI'-}-g Standard 62-73. Figure 2
shows the relationship for formaldehyde
level with infiltration in a mobile home.

HCHO (uL/L)
wor

09 |
08 -
07 |
0.6

05 [
04 |
03 |-
0.2 r
0.1

infiltration
(Air Changes/Hour)

Figure 2

Varistion of formaldehyde levels with infiltration in 8
mobile home. Formaldehyde measurements made in »
4.25 x 20.15 m single-wide mobile home using a moditied
NIOSH chromotropic acid method. Infiltration rates were
determined by a carbon monoxide decay rate method. The
two higher infiltration rates were obtained using exhaust
fans and open windows. The mobile home was sllowed to
remain 24 hours at sach infiltration rate before the
formaldehyde measurement was made.

—2-'I'he American Society of Heating, Refriger-
ating and Air-Conditioning Engineers, Inc.
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Air humidity also has an effect on
formaldehyde level. Andersen (1976) and
others have established that increasing
relative humidity results in higher formal-
dehyde levels in test chambers and rooms
containing UF particleboard. Berge, et
al, (1980) have recently published a mathe-
matical model for relating formaldehyde
levels at different temperatures and humidi-
ties in a climate chamber containing
particleboard.

The age of a mobile home has an influ-
ence on its formaldehyde level. Although
there is little definitive mobile home
data to support this statement, it is
generally agreed that new mobile homes
have the highest formaldehyde levels and
that these levels decrease over time.

There have been few formaldehyde-related
complaints concerning mobile homes more
than three years old.

FORMALDEHYDE ABATEMENT TECHNIQUES
Ineffective Measures

The subject of effective measures
for reducing airborne formaldehyde levels
in mobile homes has been a very confused
one. Many "retrofit" techniques have
been recommended, but very few have any
convincing data to support their efficacy.
For example, there have been a number
of liquid products put on the market that
are sprayed into the air, onto walls and
carpets, or are evaporated from wick bottles
and claim to neutralize or eliminate formalde-
hyde odors in mobile homes. Although
we have not tested all of these, the ones
we have tested were either not effective
in lowering formaldehyde levels or at
best were somewhat effective only for
a fev minutes. We were able to demonstrate
equal or better short-term effectiveness
by misting the air in a room with the
same quantity of water. It is believed
that as a group these materials have no
long-term effect on formaldehyde levels
and act only as odor-masking agents.

Ozone treatment has been recommended
as a formaldehyde abatement technique
by some, but without any data supporting
its long-term effectiveness. Our experience
has been that while ozone may reduce formal-
dehyde levels while actually present,
it has little, if any, effect once the
treatment is finished. The high toxicity
of ozone prevents its continuous use in
occupied homes in any quantities that
might be effective.
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A Rationale for Formaldehyde Abatement

One can attack the problem of formalde-
hyde abatement in an existing mobile home
in two general ways: by lowering the
formaldehyde emission rate or by removing
the formaldehyde from the air after it
has been emitted. Listed below are the
techniques that we are aware of that have
some degree of effectiveness in reducing
indoor formaldehyde levels:

Methods of Formaldehyde Reduction

Reduction of

Emission Rate Removal from Air

Ammonia fumigation Ventilation
Sealing of )
particleboard Absorbent systems

Ventilation has already been discussed.
Ammonia fumigation and absorbent systems,
the two most effective techniques, are
the main subjects of this paper and will
be discussed after particleboard sealing.

A technique that has met with limited
success in long-term reduction of formalde-
hyde levels is the careful coating of
all exposed particleboard surfaces and
edges with a good quality sealer. This
includes the particleboard decking under
the carpets and all particleboard in cabi-
nets and shelving. This is an expensive
treatment and is limited in effectiveness
because the unexposed surfaces cannot
be sealed, the plywood wall paneling cannot
be sealed without altering its appearance,
and there may be other formaldehyde emitters
present.

Ammonia Fumigation

Ammonia fumigation, in our experience,
is the most cost-effective "retrofit"
measure for reducing indoor formaldehyde
levels. Ammonia fumigation of mobile
homes has the advantage of reaching most
of the formaldehyde emitters, except of
course, combustion sources. Neusser and
Zentner (1968) reported good results from
ammonia fumigations in homes containing
particleboard in Austria and Norway, using
25% aqueous ammonia. No damage was detected
to fittings, armatures or electrical contacts.
Sundin (1978 and 1980) reported that ammonia
gas treatment of homes containing particleboard
resulted in long-term formaldehyde reductions
of approximately two thirds. There have K
been recently developed at least two manufac- .
turing plant ammonia gas treatment processes
for particleboard, one by RY AB in Sweden
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Y . Table 1
o RESULTS OF AMMONIA FUMIGATIONS OF 12 MOBILE HOMES'

After Fumigation HCHO (uL/L)

Weeks
0 4 8 12 18 20 24 28 32
Type of Before Fum. L | ] 1 | 1 ] — J
Mobile Home  Locstion HCHO (uL/L)
1. SingleW Alsbame 1.0 0.28* 0.26 0.24 0.27°
‘ 2. DoubleW Wesh, 1.1 0.20° 0.23 0.20
3.  SingleW Wash, 0.64° 0.07* 0.17 0.19*
X 4 SingeW  Weh 0.8 016 02
5.  Single-W Kentucky 0.65 0.24°
}fg . 8.  SingleW Florids 0.41 o.n
;E?: 7. SingleW Wash, 0.8s* 0.18* 0.32* on
) 8. SingeW  IHinois 058 0310 0.22
Jon) 9. Double-W Oregon 0.88 0.2¢°
% 10. SingleW Ovegon 1.0 0.13
11. Double-W Floride 0.51 0.18*°
x5 12 Floride o4 0.12
‘rmmmm-wuwwwm
3o *Deta Temparsture Corrected According to Figure 1
(Smedberg 1979) and the Verkor ¥FD-EX process. ™ . . bexinni
A These processes are claimed to substantially £ thi ¢ major :“"t‘°“' at the beginning
ol reduce the free formaldehyde content (analyzed of this f“;“? program we:glho: effective
by the Perforator Method) of UF particleboards.= 10 emmonia fumigstion in mobile omes
and vhat precautions are necessary in
. In aqueous solution ammonia reacts order to safely carry out the procedure.
N readily vwith formaldehyde to form hexamethyl- It is believed now that ammonia fumigation
'&i enetetramine, a relatively stable adduct. will in most cases give long-term formalde-
o A nusber of workars in this field have hyde level reductions of approximately
Y attributed smmonia’'s ability to lower two thirds and that the procedure can
& . free formaldehyde contents and reduce be carried out safely by trained personnel
- formaldehyde emissions of UF-bouded wood with no damage to the wobile home. Work
products to this chemical resaction, although is continuing on this procedure to better
the presence of hexamsethylenetetramine dcft?e the optimum fumigation c?ndxtfono,
in ammonia-treated particleboard or other obtain longer-term data and to identify
) products has apparently not yet been any deleterious effects to the mobile
demonstrated. homes.

Ty
.

Weyerhaeuser has ammonia-fumigated
a number of mobile homes during the past

o yeyerhaeuser has developed other, more year in which the occupants complained

“4} cost-effective techniques for substantially of formaldehyde problems. Table 1 shows

'y 2 lowering the formaldehyde emission of ‘h: f°"'1‘_"hyd°_1°"°1; bef‘f’"_f“"’;ﬂ‘““

Ty particleboard and hardwood plywood wall and at various times after fumigation

X4 paneling. for these mobile homes. For most of the

! mobile homes it was not possible to make
all measurements at the same temperature.

ot Since temperature differences can have

; ’ a substantial effect on formaldehyde levels,

i

‘ *‘
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the data in table 1 has been temperature-
corrected according to figure 1 so that

the before- and after-fumigation formaldehyde

levels reflect the same temperature for

any one houe.i Mobile homes 1, 3, 7,

and 8 have formaldehyde data for 13-28 weeks
after fumigation and show long-term reduc-
tions of 61-73X.

The ammonia fumigation procedure
itself involves the use of approximately
3.8 L (1 gal.) of 287 ammonium hydroxide

per 194 n’ (6930 ft7) of mobile home volume.
This is the volume of a typical 4.25x20.15 m
(14x66 ft) single-wide mobile home. The
smmonium hydroxide is placed in shallow
plastic pans in each major room and the
home is sealed for a minimum of 12 hours
with the thermostat set at a minimum of
27°C. Precautions sre taken to protect

the person carrying out the fumigation,
food, clothing, pets, house plants and
light-colored osk. The mobile home is

then thoroughly ventilated. A residual
sammonia odor, initially less than two

parts per millicn after ventilation, dis-
appears completely within several days.

Absorbent Systems

An absorbent system used in combination
with an air recirculation fan appeared
to be a possible solution to indoor formal-
dehyde problems. Mathematics, familiar
to heating and ventilating engineers, indi-
cate that a formaldehyde curve similar
to figure 2 should be obtained when using
a hypothetical formaldehyde-removal device.
The horizontal axis of figure 2 in this
case would be efficiency of removal multi-
plied by the air recirculation rate instead
of infiltration. This behavior assumes
a constant formaldehyde emission rate.
The main point of this is that while it
would not be possible to reach zero formal-
dehyde even with a high-capacity, high-
efficiency device, much can still be done
to lower the formaldehyde levels.

Our first step was to test potential
formaldehyde absorbents and oxidation

catalysts for formaldehyde removal efficiency.

Activated carbon was not tested because
available literature (Stakavich 1969)

S1he ability to temperature-correct formal-
dehyde data for mobile homes is almost

a necessity. It is recognized here that
the use of figure 1 for this purpose is
only an approximation and that further
refinement in this area is needed.
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indicated that it has very low capacity
for retaining formaldehyde in the range
below 1 ppm. The following materials
were tested in a small chamber for gate
of formaldehyde disappearance at 25 C:

Formaldehyde
Materials Disappearance
Tested Rate
Automobile Catalytic
Converter Catalyst I None
Automobile Catalytic
Couverter Catalyst 11 Fast
Hydrocarbon Oxidation
Catalyst None
lmpregnated Activated
Carbon Slow

Potassiua Permanganate
Impregnated Alumina (PIA) Fast

Tungsten Carbide None
Cerium Dioxide None

Slow (Ozone
produced)

Quartz Mercury U.V. Lamp

Quartz Mercury U.V. Lamp
Filtered None

From this screening of potential
candidates, two were selected for scaled-up
testing. The first, catalytic converter
catalyst II, which is a catalyst containing
platinum, palladium, rhodium, and cerium
dioxide, and the second, commercial potas-
sium permanganate impregnated alumina
pellets (PIA).

A prototype air recirculation test
device was constructed in the shape of
a large box on the top of which a 50 m” /min
(1800 CFM) fan was mounted. The four
vertical faces of the box could each
hold a 100x60x3.5-cm filter or could be
closed off as desired. The fan pulled
room sir into the box and forced it out
through the filters.

]
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Pigure 3 shows the results of tests
conducted with this recirculation device
in a 4.25x20.15 m (l4x66 ft) single-wide
mobile home. The device was operated
at waximum recirculation capacity (44 m” /min
or 13.6 air changes per hour) using two
filters containing a total of 36 kg PIA.
Formaldehyde level reductions were approxi-
mately 74X in the early part of the test.

HCHO (uL/L)

05 rﬁ

04 |-

03 |- *

L]
| I Y Y T O Y I |

1
0 20

Figure 3
Reduction of formaldehyde levels in 2 4.25 x 20.15 m
mobile home using the sir recirculation test device with PIA.

Operating Days

The recirculation device wes operated at 44 m3 /min. with two

filters containing a total of 36 kg PIA.
% Control (Device Off) o Device On

Similar formaldehyde reductions were
obtained using the same volume of catalytic
converter catalyst II. However, in this
test an unidentified irritant was produced
in the air and this catalyst was dropped
from consideration. Formic acid seemed
to be a likely candidate for the irritant,
but a test for this was negative.

To give an idea of the approximate
costs involved in this approach, our recir-~
culation device and filters cost $165
for materials. Fabrication costs are
difficult to estimate, but might be an
equal amount. The 36 kg of PIA cost $112
for a total of $442. Other costs would
be for power consumption and replacement
of the PIA when exhausted.

]
40 60 80 100 120 140

CONCLUSION

We have demonstrated and offered
preliminary data on two methods of substan-
tially reducing formaldehyde levels in
existing mobile homes. In our opinion
ammonia fumigation offers the more cost-
effective and acceptable approach. We
are continuing to gather and refine datas
on the effectiveness and the best procedure
for ammonia fumigatiom.
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FORMALDEHYDE TESTING IN MOBILE HOMES:

SOURCE MATERIALS, TEST METHODS AND CONDITIONSl

By James W. Seymour
Mead and Hunt, Inc.
Madison, Wis.

ABSTRACT

The current emphasis on the irritant and possible
health effects of atmospheric formaldehyde in manufactured
housing has placed an additional burden on the industry to
reduce formaldehyde liberation to a reasonable level. The
extensive use of materials containing formaldehyde in manu-
factured housing compounds the problem and demands a broad

) testing program. To meet the needs of this program, a
colorimetric method of determining formaldehyde levels using
Purpald reagent was modified for field testing. This method
produces fast, accurate, on-the-spot readings, which pro-
vides a valuable tool in determining the sources and condi-
tions of formaldehyde liberation in mobile homes.

This test method is described and its advantages and
limits are discussed. Data gathered by this method are also
presented, including the relationship of vapor pressure to
the migration patterns of atmospheric formaldehyde in a con-
ventional mobile home. Extensive testing has also been very

S belpful in determining the effectiveness of various retrofit
2 methods of formaldehyde reduction where complaints exist.
éﬁ The effectiveness of coating or sealing materials, reduction
1) with ammonium hydroxide, and increased ventilation are also
discussed.
. Pa )

&7k T 2
A
)
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e TEST METHODS Although the method is specific and
qﬁ accurate, it requires laboratory analysis

e To date, the most common and universally which is time-consuming and does not offer
- recognized method of determining atmospheric on-the-spot readings. Our firm has had exten-
i formaldehyde is a procedure recommended by the sive experience with another method that we
‘] National Institute for Occupational Safety and have found suitable for field applications.
X Health (NIOSH). The procedure calls for a The method utilizes an alkaline solution of
?{ minimum of 30 liters of air drawn through Purpald which reacts with a carbonyl compound
“Jyg glass impingers containing 20 ml of distilled to form an aminal, which can then undergo sir
’ga water. If other aldehydes are present, 20 ml oxidation to produce a chromophore only if the
- of 1% sodium bisulfite is recommended. The carbonyl is an aldehyde. Under standard con-
. formaldehyde concentration absorbed into the ditions a plot of absorbance versus formalde-
gﬁ water is determined colorimetrically using hyde concentration is linear from 50 to

S chromotropic acid. 600 nanograms per milliliter. This is more

o sensitive than p-rosaniline or chromotropic

N acid (2).
L) The method is based upon one developed at

PR

lPrecented at the 1980 Wood Adhesives
Symposium. Research, Applications and Needs.
Madison, Wis., September 23-25, 1980.
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Georgia-Pacific and patterned after that sug-
gested by HPMA/NPA (3,5).
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This procedure calls for impinging a
maximum of 10 liters of air (one 1/minute) in
the Purpald reagent (0.25% Purpald in
0.5N NaOH) or into distilled water with later
addition of reagent. To further develop the
color, the reagent is shaken in a wrist-action
shaker for 30 minutes. We have had comparably
accurate results by scrubbing with clean air

~¢2 through a second impinger with a Hydroxy lamine
,\f\ Hydrochloride solution, as the wrist-action

shaker was difficult and awkward to use in the
field. The Bausch-Loab Mini 20 spectropho-
> tometer designed for field applications was
used to determine the color absorbance. We
have found it sufficiently accurate for our

N field tests.

e In our laboratory and field tests, we

;ﬂf have periodically run comparison tests with
e the NIOSH chromotropic acid method and con-
. sistently have found the Purpald method to

indicate lower levels of concentration. We
feel this may be the result of the difference

r”? in specific gravity between the Purpald reagent .
53 and distilled water. We have not found this

i to be true when distilled water is used with

-}}3 later addition of reagent. This conversion

N factor has been found to be comnsistent at 1.35.

In sampling levels of atmospheric formal-

dehyde with levels greater than 1.0 PPM, we
e, found that shortening the sampling time was
A much more accurate than dilution. Sampling
(O time as low as one minute (one liter) has
jﬁé been sampled with a minimal loss of accuracy.
:: The formuls for calculating levels of formal-
At dehyde from the absorbance is shown in Fig. 1.

Periodic standardization of the Purpald
reagent is also necessary, especially during

FIG. 2--Purpald Calibration

S lot changes. A sample of the standardization Another test method we have found useful
:&4 curve is shown in Fig. 2. as a screening device is the Lion Formaldemeter.
\{1 The meter uses an electrochemical fuel cell

\2: containing two platinum electrodes. When air

»

is drawn into the fuel cell a swall voltage is
generated which is directly proportional in

i 3

+

PPM (CH20) =AXFX 20X 24.47X760XT
VXPX30.03 X 298

X 1.35

Where:

A - Absorbance
F - Absorbance Factor (From Wet Standardization)
20 - ML of Reagent in Impinger
24.47 - UL of cnzo Gas in one Micromole
@ 760MM hg and 25°C
T - Absolute Temperature in Degrees Kelvin
(K = C° + 273)
V - Volume of Air in Liters

magnitude to the formaldehyde vapor concentra-
tion. This voltage is displayed on a liquid
crystal digital meter and reads in tenths from
.1 to 100 PPM. The unit operates similar to
the breath analyzer used by law enforcement
officials for the detection of alcohol. We
found the unit is not totally specific for
formaldehyde. Literature received with the
instrument states that the presence of metha-
nol, ethanol, phenol, formic acid, furfuryl
alcohol and resorcinol will cause additive
readings. If a person is able to recognize
these interferences and deal with them accord-

3 P - Atmospheric Pressure in MM of Hg ingly, the instrument can be a valuable tool.

(To convert inches of Hg to MM multiply
inches x 25.4)
30.03 - Molecular Weight of CH20

1.35 - Conversion Factor to NIOSH P+CAM125

(4

£

TEST CONDITIONS

SAYIILA

»

One of the most serious problems in
testing ambient levels of atmospheric formal-
dehyde in mobile homes is that formaldehyde
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liberation is directly proportional to atmos-
pheric conditions. "Spot" or "grab" sampling
methods are not representative of average
levels in the home. Wide varistions in levels
are common even in a 24-hour period. Many
State agencies have adopted the practice of
closing up the home for a 24-hour period pre-
vious to testing. This practice is logical
during the heating season, or if the home is
air conditioned, but cannot be considered
representative in the summer when it is normal
to have a few windows open. Closing up the
home can create differential pressures, causing
the source materials to liberate much higher
levels of atmospheric formaldehyde than could
ever be expected under normal conditions. We
feel the most effective method of determining
if a formaldehyde problem exists in a dwelling
is to test levels at the known sources as well
as the ambient. This can be sccomplished by
sampling the air within cabinets and wall
cavities. If these source levels are consid-
erably higher than the ambient, it is logical
to assume that they are the major contributor.

FIELD RETROFITS

Currently it is a popular belief that
particleboard is a major construction material
used in mobile homes and consequently would be
the main source of formaldehyde emission (4).
As this is a logical assumption, field retro-
fits concentrated on sealing all exposed par-
ticleboard in a mobile home. Effective seal-
ants were developed and applied to the decking
and other exposed particleboard in the home.
In many cases the complaints still persisted.
As plywood paneling has been considered another
major source of formaldehyde (1), testing had
concentrated in this area. Air samples drawn
from exterior and partition wall cavities in
sany mobile homes indicated levels high enough
to cause concern, but in most cases sealing or
replacing the paneling would be a drastic step.
Other methods of formaldehyde reduction such
as fumigation of the total home with smmonium
hydroxide or injecting formaldehyde scavengers
into the wall cavities sppear to be effective
methods of ambient formaldehyde reduction.
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POLYMERIC ISOCYANATE AS WOOD PRODUCT BINDERSl

\

By Alexander MclLaughlin,
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D. S. Gilmore Research Laboratories
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S ABSTRACT
olymeric isocyanates are receiving a great deal of
attention as binders for the wood products industry due to
their excellent bonding efficiency, fast press cycles, low

binder requirements, long resin storage stsbility, and
absence of formaldehyde. Polymeric isocyanates, being
solvent-free liquids, may be utilized as is or emulsified
with water in spray or centrifugal blender applications.
Data are presented showing the rate of bond formation,
though minisum press time, with polymeric isocyanate bound
board is similar to that of a urea-formaldehyde binder.
Mat moisture content has little effect on the reaction
stoichiometry although it will change the density profile
of the board significantly. And, the use of Fourier trans-
form infrared shows the presence of both polyurethane and
polyurea in the core of a polymeric isocyanate bound

waferboard.

A

2

INTRODUCTION

Polymeric isocyanates have attracted a
great deal of attention as binders for wood
products. European manufacturers have been
using polymeric isocyanate for a number of
years slthough the North American market, for
the most part, is just beginning to consider
polymeric isocyanates as a viable binder.
These isocyanates offer a number of advantages
over existing resins such as excellent binding
efficiency, fast press cycles, and low binder
requiresent.

A major problem with polymeric isocya-
nates is their tenacious adhesion to the metal
cauls and platens. To avert this problem it
has been necessary to prepare composite boards,

lPaper presented at "Wood Adhesives--
Research, Application, and Needs" Symposium
held at Madison, Wis., Sept. 23-25, 1980

i.e., an isocyanate bound core but a different
resin used in the face layers. This wethod of
manufacture will yield bosards with excellent
internal bond characteristics of the isocya-
nate, but the faces will have the bond and
durability characteristics of the other

resin (8).

To prepare s 100% isocysnste bound board
in single or multiopening presses, it has been .
necessary to release the cauls and platens
prior to pressing. This method has been ade-
quate, but in the event the release applica-
tion is omitted, the boards will have a tend-
ency to adhere to the cauls and platens and
possibly cause s hslt to production.

The Upjohn Company has recently announced
the availability of a novel, self-releasing

polymeric isocyanate, Iaobindoloo that has
been designed specifically for the reconsti-

tuted wood products industry. Ilobindgloo may
allow the manufacture of single or multilayer
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all isocyanate boards without the problems
associated with caul release, provided recom-
mended procedures are followed.

The polymeric isocyanate will react with
a broad spectrum of compounds containing
"active hydrogen,"” such as water, phenols,
alcohols, and acids, all of which exist in one
form or another in wood (1).

The superior properties achievable with
low levels of polymeric isocyanate binders
presumably arise, in part, from the reaction
of the isocyanate with the hydroxyl groups of
the lignocellulosic substrate to form a poly-
urethane.

(0}
u
wood OH + OCN-R-NCO + wood OCNHR-NCO
These isocyanate terminated wood-urethanes

can be joined and crosslinked by water by the
formation of aromatic urea and biuret.

0 0
[ ] L]
wood OCNH-R-NCO + HZO + OCN-R-NHCO wood

o O* 0

] [ [
wood OCNHR-NHCNH-R-NHCO wood

A recent study (3) has shown that the
isocyanates will react with lignin and the
polysaccharides to form wood-isocyanate poly-
urethanes, which confirms the previous
hypothesis.

Our experiments on this area were con-
ducted to determine 1) the minimum press time,
vhich would indicate the rate of bond forma-
tion under press conditions, 2) the possible
shift in reaction towards higher polyurea con-
tent through the use of various moisture con-
tent mats, and 3) the use of instrumentation
to determine the presence of polyureas and
polyurethanes.

To determine the rate of reaction via
minimum press time we used our standard con-
ditions of a 350°F press, a mat moisture con-
tent of 12%, a one minute closing speed (end
of "daylight" to stops), bound the mat with

5% Ilobind‘loo. and placed a thermocouple in

the core of the board to measure temperature

vs. cure. Hammermilled (3/8") Ponderosa pine
was the furnish.

We found the mat core reached 100°C in
70 seconds after entering the press. Removing
a board from the press at 85 seconds, Figure 1,
yielded delsmination. After 90 seconds in the
press 70% of the final properties were realized.

One hundred seconds provided 88% of the final
properties and at 110 seconds, or 50 seconds
after close, the board had reached its final
properties and showed no change with further
pressing.

close

core 100°C
delaminataon

708 of final property
881 of final property
final property

Wet 1.B.
{v-100}

Internal Bonc Strength, psi

g

Y v
100 110 120 130

Total Press Time. Seconds

Figure 1.--Internal bond strength
vs. press time.

This data shows the minimum press time,
under these conditions, to be 40 seconds after
a core temperature of 100°C is reached. This
is similar to the temperature requirement for
a U-F binder to cure but much lower than the
published (2) requirements of 150°C or greater
for P-F resin to cure.

The stoichiometry during board prepara-
tion, e.g. the ratio of isocyanate groups to
available lignocellulosic groups to water, is
difficult to calculate. A mat containing 5%
isocyanate and 5% water contains approximately
0.05 equivalents of isocyanate per 1.0 equiva-
lent of water or 20 times the amount of water
necessary to totally react all of the isocya-
nate groups to urea. The quantity of ligno-
cellulosic groups available under press con-
ditions is unknown but one would assume that
as the mat moisture content was increased, the
reaction would favor the formation of lower
molecular weight ureas and a loss in bonding
efficiency.

To study this, boards were prepared where
the total mat moisture content range evaluated
was from 5% water to 25% water based on the
weight of the dried furnish (Table I). MOR,
MOE, and the thickness change during 2 hour
boil show only slight variation over this
range ~° moisture contents. The MOR values
show a high of 2,800 psi at 5% moisture and a
low of 2,570 psi at 25% moisture, while the
9% moisture to 20% moisture samples fall within
this range. MOE values follow this pattern
with a high of 380 kpsi at the 5% moisture
level and a low of 355 kpsi at the 25% moisture
level.
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% Water total 5 9

% Isobind®100 3 3

Density, overall, pcf 42 42
MOR, psi 2800 2750
MOE, kpsi 380 375
I1.B., psi 370 304
Wet I.B., psi, (V-100) 97 79
Swelling, 2 hr. boil, % 33 33

12 16 20 25
5 5 5 5
42 42 42 42

2660 2600 2570 2570

370 370 365 355

280 264 253 230
65 62 57 55
34 34 35 36

The properties which appear to be influ-
enced by moisture content are the internal
bond strengths, both wet and dry. The dry IB
with 5% moisture content is 370 psi and is
reduced as the moisture content increases to
a low of 230 psi at 25% moisture. Shown
graphically, Figure 2, a decrease of 22% in
IB is realized when the moisture content is
increased from 5% to 9% and a decrease of
approximately 154 is shown by raising the
moisture content from 9% to 16%. The addi-
tion of higher levels of water show a con-
tinuing decrease with a loss of approximately
15% in properties from the 16% moisture level
to the 25% moisture level. Although there is
an obvious decrease in 1B values with increasing
moisture, there was a question of whether the
decrease was due to a loss in bonding efficiency

of Isobind'loo via a change in the reaction
mechanism or to a physical property change due
to a density gradient in the board.

406-‘

350

3004

Internal Bond Strenqth, psi

ISOT

200.

¥ ] L) A
10 15 20 25

w -

Mat Moisture Content, Percent
Figure 2.--Internal bond strength
vs. mat moisture content.

To answer that question, samples were
milled at 0.025 in. intervals to plot a den-
sity profile through the boards (Table II).
As was expected (7), the 42 pcf board con-
taining 5% moisture had a maximum density

114

Table II.--Density gradient vs.
mat moisture content 3/8 inch
board, 42 pcf overall density

% Moisture, Density, pcf Density, pcf

total face core
5 44.0 40.3
9 45.2 37.2
12 46.2 36.2
16 46.8 35.6
20 49.7 34.9
25 50.5 33.1

of 44 pcf and a core density of 40 pcf. As
the mat moisture content was increased, the
variance between high density and low density
increased to a maximum of 17 pcf at the 25%
moisture level, from 50 pcf near the face to
33 pcf in the core. Therefore, the loss in
IB properties is attributed to the lowering
of core density, and any loss in bonding
efficiency is minimal. The anomaly in MOR and
MOE is a function of particle geometry and
furnish.

Instrumental data on the reaction of
polymeric isocyanates with wood has been dif-
ficult to accumulate under press conditions.
One problem with analysis is the small quantity
of binder (1.5% to 5%) used in relationship to
the mass of wood. If a higher binder level
were used it would not duplicate the press
situation and, with excess isocyanate, the
presence of other products such as polyiso-
cyanurate, polycarbodiimide, allophanate,
etc., are possible.

Work has been done on the use of infrared
with wood (4-6) but a problem with analyzing
this data is the close proximity, in the 1500

to 1800 cm-1 region, of polyurethanes, poly-
ureas, and many wood components.
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In order to identify the bonding of poly-
meric isocyanates and wood, through I.R., we
felt the spectra of wood had to be withdrawn
or negated and only the spectra of any changes
shown.

Our initial efforts in this area, using
a Nicolet 7000 Fourier transform infrared with
an ATR cell, were positive. A waferboard was

prepared using 5% IsobindolOO as the binder
under our standard waferboard conditions of a
400°F press temperature, 5% mat moisture con-
tent, with a one minute closing time. After
pressing, the board was trimmed and thin sec-
tions of the core were removed for FTIR scans.
A control board was also prepared.

Once the IRs had been run, recorded and
stored, the control spectrum was subtracted
from the sample spectrum using transmission
subtraction techniques of the Fourier trans-
form and the region from 1485 cm-1 to

1800 cm-l were expanded, Figure 3. As shown,

TRAANSMI TTANCE
£56.30 67.60 68.90 70.20 71.S50 72.80 74.10 7S.
-

abo 1755 1710 1665 1620 1575 1530 148S
WAVENUMBERS

Figure 3.—FTIR, bound core minus
unbound core.

the spectrum shows numerous peaks that would
be expected through the aromaticity of the
polymeric isocyanate plus peaks that would be
expected from both polyurethane and polyurea
present in the sample.

To definitely label these peaks as lig-
nin polyurethane, cellulose polyurethane, etc.,
at this time, would be premature.

. W WL 6 LT TR e e TR e T
R R R I T N

We are continuing our work in this area
and will report our findings when concluded.

We have presented, through operating
parameters and instrumental analysis, data to
further substantiate the reaction of a poly-
meric isocyanate with wood.

Isobind®100 bound products are subject
to system variables as is any other current
binder, but it will process at the speed of
a U-F binder yet yield properties equivalent.
or superior to a P-F binder. Under press con-

ditions, Isobindaloo will reach its final
properties after 40 seconds at a 2 100°C core
temperature, although it must be understood
that large bcards, high moisture content, etc.,
will require a press time adequate to relieve
internal pressures.

The influence of mat moisture on the
stoichiometry of the reaction is minimal
although a significant density gradient at
high moisture levels reduces internal bond
properties. The use of instrumental analysis
as a tool to investigate the products formed

with normal levels of Isobind®100 in a pressed
board is opening a new avenue of amalysis, one
that is being more deeply explored by the
Upjohn Company.
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ISOCYANATE ADHESIVES AS BINDERS FOR COMPOSITION BOARD!

By James B. Wilson, Associate Professor
Forest Products Department, School of Forestry
Oregon State University, Corvallis, Oreg. 97331
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\ ABSTRACT

Comparison of urea- and phenol-formaldehyde adhesives
with various isocysnates and isocyanate-polyols as binders
for composition board indicates that the latter are more
costly but generally result in improved board properties,
as well as increased efficlency of processing.

A

Manufactucers of wood composition boards
continue to search for supplements or replace-
ments for presently used adhesives of urea- and
phenol-formaldehyde. Because of environmental
and health concerns, these manufacturers are
seeking to reduce the amount of free for-
maldehyde emittéd from their products, which
are made by consolidating mats of resin-coated
particles under heat and pressure. Such reduc-
tion can be accomplished by altering resin
cheaistry or by adopting resin components or
new adhesives such as' isocyanates that do not
enit formaldehyde.

Adhesives presently used by board manufac=-

turers include urea-, phenol-, and melamine-
formaldehyde (UF, PF, and MF), and polymeric

isocyanate (PMDI). These adhesives are used in
the following types of coamposition boards:

Board t Adhesive Board use
Particfeﬁﬁhrd UF, PF Furniture stock,

underlayment,
mobile home
decking.
Medium—-density UF, PF, Funiture stock,
fiberboard MF/UF, siding
PF/MF/UF

Structural com- PF, PMDI  Sheathing, under-

posite board layment, siding,
concrete forms
Waferboard PF Sheathing, siding,

(Powdered) underlayment,
decking

lPlper presented at the Symposium on Wood
Adhesives, Madison, Wisconsin, September 23-25,

1980.
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Before adopting a new adi.>ive, manufac-
turers must consider its ease of formulation
and application, its effect on board physical
properties, its effect on the environment and
human health, and its relative costs. The
objective of this study is to compare the use
of isocyanates with that of UF and PF as bin-
ders for composition board on the bagis of
these factors. The types of isocyanates to be
considered include wonomeric (MDI), polymeric
(PMDI), emulsifiable polymeric (EMDI), and a
urethane adhesive of polymeric isocyanate-
polyol (PMDI-polyol), all of which are diphe-
nylmethane diisocyanates.

ADVANTAGES AND DISADVANTAGES

There are a number of advantages in using
isocyanate adhesives:

* High adhesive and cohesive strength——
isocyanates will chemically bond to them-
selves and wood in addition to a number
of other materials, whereas UF and PF
form weaker mechanical bonds with wood.

* Flexibility in formulation--isocyanates
can be made emulsifiable to mix with UF,
PF, or a number of other water-based
adhesives, and they can be formulated
with almost any member of the diverse
family of alcohols to make urethanes,
thus providing a wide range of adhesive
properties and, consequently, end uses.

* Ability to be water-based--unlike UF and
PF resins, isocyanates can be liquids at
100 percent resin, or they can be made
as oll-in-water emulsions.
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* Versatility of cure temperature and
rate-——isocyanates can be cured at room
teaperatures with catalyst or at ele~
vated temperatures; catalysts such as
aaines can be used to accelerate the
cure rate.

% Excellent structural properties-—these
properties are due to the bonding
characteristics of isocyanates and their
ability to be formulated into different
polymers with the potential to crosslink
and become a network.

* Ability to bond with furnish having high
moisture content—isocyanates react
readily with hydroxyl groups in water
and wood during bounding, thus tying up
water molecules and eliminating the ten—
dency of boards having high moisture
contents to blow during hot pressing.
Isocyanate can form suitable bonds with
wood furnish at moisture contents up to
25 percent before strength begins to
diminish, resulting in potential savings
in drying cost.

* No formaldehyde emissions—no toxic
fumes have been detected from isocyanate
curing under normal pressing conditions
or from cured isocyanate-bonded boards.

However, there are also disadvantages that
must be considered when using 1socyanate
adhesives:

* High reactivity——the feature that makes
isocyanates so des{rable as boanding
agents can also cause manufacturing
problems and potential health risks.
Isocyanates can bond to metals (i.e.,
caul plates and presses) and can have a
shorter pot life than UF or PF. They can
also react with moisture on the skin or
with moisture in the lungs if inhaled as
atomized isocyanate or isocyanate-coated
wood dust. The greatest potential hazard
would occur during the period from resin
application to hot pressing. Therefore,
proper precautions are necessary when
handling uncured isocyanates; adequate
ventilation must be provided, and skin
must be promptly cleansed after contact
with then.

* High cost-—in comparison with UF and PF,
isocyanates are expensive. In order to
determine overall costs, however, other
factors should be examined: the ability
of isocyanates to reduce pressing times,
to bond with smaller amounts of resin,
and to reduce drying time of furnish.
Comparative resin costs are as follows:

Adhesive type $/1b of solids

UF .13
PF .30
PF (powdered) .60
MDI 1.25
PMDI .85
EMDI .93

* Lack of tack--some manufacturing pro-
cesses incorporating UF are designed to
take advantage of its tack; therefore, a
tackless PMDI would present difficulties.
PF, however, does not have tack. Thus,
switching from PF to a PMDI would not
present problems as far as tack is con-
cerned.

* Need for special storage--PMDI must be .
stored with a blanket of dry air over it
and at room temperature or slightly
higher.

COMPARISON OF MDI AND PMDI

From the standpoint of cost and ease of
use, PMDI 1is a better binder for composition
board than is nearly pure MDI. Particleboard
formulated with 5 percent resin by weight and a
density of 42 1b/ft3 had a higher internal
bond strength (IB) and modulus of rupture
(MOR) when bonded with PMDI than with MDI (fig.
1). These boards had curing times of about 3
minutes at 350°F. Faster cures could be
achleved by using a catalyst; however, pot life
would accordingly decrease.

COMPARISON OF PMDI, EMDI, PF, AND UF

A similar analysis can be made by comparing
particleboards of idential densities but bonded
with PMDI, EMDI, PF, or UF. Boards bonded with
isocyanate adhesives were dramatically higher
in IB and MOR than were those bonded with
either UF or PF (fig. 2 top, middle). However,
when the specimens were boiled for 2 hours and
tested wet for MOR, the values for those bonded -
with isocyanates were not appreclably higher
than those for boards bonded with PF (fig. 2,
bottom). This loss in durabilicy after
boiling could be a limiting factor 1if we want
to reduce the amount of {socyanate resin in
order to offset its higher cost. Currently,
the durability of an adhesive 1is measured by
how well it retains {ts fnitial dry strength
when wet, not by its absolute strength.

Because igocyanates react with hydroxyl groups
in wood, they adsorb less water; consequently,
linear expansion and thickness swelling are
less than for PF or UF (Wilson 1980).
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USE OF PMDI-POLYOLS

There are several advantages to using
polyols with isocyanates. Polyols of various
molecular weights or functionalities can be
selected, thereby providing adhesives with a
wide range of properties. Furthermore, polyols
can be selected that are cheaper than isocyana-
tes and that can possibly improve the perfor-
mance of the board. Por example, Milota (1981)
found that vwhen particleboard with a density of
40 1b/ft3 was bonded with PMDI-polyol (5 per~
cent by weight) contatning varying amounts of
polyethylene glycol with a molecular weight of
1000 (PEG 1000), maximum IB occurred when be~
tween 20 and 40 percent PEG 1000 was substi-
tuted for PMDI (fig. 3 top). Similar results
were noted for MOR.

(l?ggh T T 4 1 T
|5°_ -, =
1oy el o
/’ \\\
3 J .
$ ool / o
S (069 /o
a ¥
@®
sol. |
(0.38)
b 1 1 1 i
o ) 20 30 a0 30 €0
160
[{R}] 1 ¥
LT
{1.03) B - .
,/
V4
//
140
096) / .
/
- /
s /
130 / A
2 (osol” /
- /
a /
@ /
2ol / B
o8
110 ! -
{076)
1 1 —J
o 3 23 a6
€6 62 PEG 1000 PEG 1450

POLYOL COMPONENT, %

Figure 3.--(Top) internal bond strength (IB) of
particleboard bonded with PMDI~-
polyol containing various percent-
ages of polyethylene glycol (PEG)
1000 and (bottom) with PMDI plus
ethylene glycol 62, PEG 1000, or PEG
1450. (Percentages are on a weight
basis.) Adapted from Milota (1981).
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Molecular weight of the polyol can also
affect adhesive bonding strength. Milota
(1981) also found, for example, that when par-
ticleboard was bonded with PMDI to which polyol
was added at an equivalent weight ratlo of
1:12, IB {increased as the molecular weight of
the polyol increased: from ethylene glycol
(EG) 62 to PEG 1000 to PEG 1450 (fig, 3
bottom). Although IB was siailar for boards
bonded with PMDI plus PEG 1000 or PEG 1450, the
amount of polyol was greater in the foramulation
with 1450, which had a lesser amount of PMDI.
Similar gains in performance would also occur
with EMDI-polyols.

Addition of polyols to isocyanates can
also improve durability. Taki and others
(1979) have reported that a wetted board bonded
with PMDI plus polyvinyl alcohol regains much
of its original streangth after it is redried.

SUMMARY

lsocyanate adhesives have many advantages
over presently used adhesives of UF and PF as
binders for composition board. Their high
bonding strength, ability to cure at room or
elevated temperatures, ability to bond wood at
high moisture contents, ease of formulation,
and freedom frow emission of formaldehyde all
contribute to their potential as useful adhe-
sives. However, the fact that they are highly
reactive can be a disadvantage when considering
production practices and environmental con-
cerns. This reactivity necessitates certain
handling precautions prior to curing. Their
high cost can be offset by the need to use less
resin, faster cure times, reduced drying of
furnish, and by the capability of making higher
priced products. Wet strength of boards bonded
with isocyanates {8 not much higher than for
those bonded with PF adhesives. With some
types of isocyanates, however, much of the
original bonding strength i{s regained once the
board is redried.

PMDI and EMDI are the resins usually con-
sidered for use in formulating composition
board. However, PMDI-polyol or EMDI-polyol
offer greater poteantfal advantages in improved
bonding strength, wet strength, and durability,
and in lower costs. Thus, fsocyanate adhesives
have potential as binders for selected products
when specific types of performance are required
that cannot be met by either UF or PF or when
increased manufacturing efficlencies offsget the
higher adhesive zosts.
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EPI - A NEW STRUCTURAL ADHESIVE!

N

By Horst F. Pagel and Edwin R. Luckman
Ashland Chemical Company
Chemical Systems Division

Columbus, Ohio
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AN ABSTRACT

Ashland Chemical Company is marketing a new family of

structural adhesives under the trademark Hegabond‘% These
adhesives are referred to by the generic term Emulsion
Polymer/Isocyanate (EPI). The EPI adhesives were evaluated
under the recognized ASTM standards for structural durable

adhesives. They meet or exceed the requirements of these
standards which tells us that we do have a new structural
adhesive. Test data are presented which prove the superior
qualities of EPI adhesives in terms of strength, creep
resistance, accelerated aging and working properties. Tuese
EPI adhesives have earned the name fforgiving adhesives.

AL

INTRODUCTION

During the 1960 symposium on adhesives
for the wood industry, the two areas which
received the most attention were the need for
continued research on durability pregdiction,
and the need for better communication and
information exchange between all parties con-
cerned for the development and use of adhesive
technology.

While much good work has been done and
progress has been made along the lines of
these recommendations, the adhesive manufac-
turer commercializing a new structural adhe-
sive is still confronted with essentially the
same questions asked 20 years ago. There is
still a lack of consensus on how to prove
"durability"” short of long term weather
exposure.

Ashland Chemical Company is marketing a
new family of structural adhesives under the

trademark Megabond™. These are referred to
by the generic term Emulsion Polymer/
Isocyanate (EPI) adhesives.

lPapet presented at "Wood Adhesives-~-
Research, Application, and Needs" Symposium
held at Madison, Wis., Sept. 23-25, 1980.
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The EPI adhesives were evaluated under
the recognized ASTM and industry standards for
structural durable adhesives. They met or
exceeded the requirements of these standards
which tells us that we do have a new struc-
tural adhesive.

In the 1975 symposium on adhesives for
the wood industry, R. F. Blomquist stated in
his keynote address, "Although many new adhe-
sive systems have been used in the wood
industry. We are still using the same types
of adhesives for plywood, laminated timber,
furniture, and particleboard binders as before.
There has been a trend to the more durable
badhesives for severe service and many tech-
nical improvements have been made to meet
individual plant production needs. The wood
industry still needs adhesive systems that are
faster curing, simpler to use, more durable
and economical than those currently available.
Identification of specific properties needed
in adhesives for new processes and products
is vital in developing the necessary new
systems." He also stated, "The adhesives
industry has grown extensively since 1960 and
public confidence in bonded construction has
increased significantly." (Blomquist 1976)

Perhaps this lack of actual introduction
of basically new structural adhesives as
opposed to modifications and improvements of
existing systems explains the absence of
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provisions to deal with a truly new system.
There was no immediate and pressing need for
such provisions.

T. E. Brassell in his presentation on
Adhesives for Glued-Laminated Timber stated,
"The current standards for adhesives for
glued-laminated timber do not limit the chemi-
cal formulations of wet-use adhesives. At the
present time, no new adhesives have been made
available to the laminating industry as a
result of these standards. The standards con-
tain a number of performance requirements, but
some additional tests need to be developed for
these adhesives such as for fire resistance,
impact resistance, and durability." He also
stated, "The adhesives used for laminated
timbers are of the same generic types that
have been proved by years of experience.

These are phenol-resorcinol, resorcinol,
melamine-urea and melamine. The currently
used ASTM specification for wet-use adhesives
will permit adhesives of other chemical formu-
lations to be used." (Brassell 1976)

This is true only in theory because when-
ever we contact a new prospective user with
our excellent data, this fact is acknowledged
with a "yes, but" and a long list of more or
less defined "other" specifications and
requirements are enumerated which vary widely
by individuals; among these are:

Have you tested the vibration resistance,
the mold resistance, compatibility with a
myriad of materials or conditions, will pests
like the glue, etc.? The most frequently
asked question however, is something like:
What will the glue do after 10 years exterior
service in Florida or Saudia Arabia?

Again, this problem had been recognized
because in the chairman's wrap~up of the 1975
symposium on adhesives for products from wood,
we find the following: "If we had a new adhe-
sive at 2 cents a pound that worked well in
production and produced high quality bonds
with ease, no one would use it until its long-
term durability were assured." (Gillespie
1976)

In response to the same need, P. Krueger
proposes about 15 durability factors for
evaluating structural adhesives; (Krueger
1980) this is part of his approach to deter-
mine working stresses for structural adhe-
sives which will be presented later in this
symposium. This appears to be the first com-
prehensive approach to include all practical
parameters into a single test method to
classify adhesives in our industry,

EPI ADHESIVES

Here are findings about Ashland's new
Emulsion Polymer/Isocyanate Adhesives. These
EPI's are the result of research directed at
the development of water-based, formaldehyde-
free adhesives exhibiting a high degree of
durability.

While Ashland has a long history of suc-
cess in adhesive technology as demonstrated by
55 patents in this field it has never been a
major supplier to the wood industry. However,
Ashland became a dominant binder supplier to
the foundry core business over the short time
span of only seven years. Our isocyanate
technology revolutionized that industry by
solving several basic problems in providing
extremely fast setting, cold curing and
environmentally desirable binders. The suc-
cessful use of two-component systems in the
foundry core business encouraged Ashland to
acquire the related basic technology of EPI
adhesives.

These new adhesives are in most cases
two-component systems, consisting of a base
emulsion polymer and a crosslinking agent con-
taining a protected polymeric isocyanate. The
crosslinker is mixed with the base emulsion
to provide an adhesive with a working life of
up to several hours. When the adhesive is
applied to the wood, water migrates from the
glueline and the crosslinker is free to react
with components of the base emulsion, the
bound water in the wood, and also with the
cellulosic substrate, forming a highly durable
bond.

EPI adhesives cure at ambient tempera-
tures as low as 40° F. Naturally, the use of
heat will accelerate the reaction. This two-
component system gives the adhesive tech-
nologist an enormous flexibility to formulate
for a myriad of conditions encountered by the
adhesive in the marketplace.

The tested Ashland Megabond™ formulation
meets all the conditions of ASTM D-2559-76,
"Standard Specification for Adhesives for
Structural Laminated Wood Products for Use
Under Exterior (Wet Use) Exposure Conditions,”
the generally recognized standard for struc-

tural durable adhesives (ASTM 1979, Rice 1980).

It is also meeting all the conditions of
D-3110-72 "Standard Specification for Adhe-
sives Used in Nonstructural Glued Lumber
Products,"” the primary standard for nonstruc-
tural adhesives in the wood industry.

(ASTM 1979, Rice 1980)
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APPLICATION

Since 1975, EPI adhesives have been used
in Japan for fabricating stressed-skin panels
for prefabricated homes. Conventional PRF
adhesives were replaced with EPI for greater
flexibility in operating temperatures, more
acceptable appearance of the glueline, ease of
handling the adhesive, and faster production
rates. Approximately 50,000 homes have been
constructed with EPI adhesives with its per-
formance equivalent to PRF in various Japanese
environments--cold and hot weather, high hu-
midity areas etc. EPI bonded panels have per-
formed well in roof, floor and wall applica-
tions for single and multiple story dwellings.

In the USA, EPI adhesives have found
industrial applications in the door industry.
They are used for type I and fire door con-
structions where the adhesive requirements
are high. The "forgiving" nature of the EPI
has reduced reject rates caused formerly by
chalking and precure; it has eliminated sizing
steps on highly porous substrates such as
mineral core; it allows one-step processing of
nonporous substrates such as lead liners for
x-ray doors.

A small scale test for fire doors exposes
samples to 400° F and establishes the shear
strength under this condition. Test data
indicate that some EPI adhesives have an un-
usually high temperature resistance. Average
values as high as 750 psi were measured with
appropriate formulations and substrates.

EPI adhesives have been tested by an
independent testing laboratory against the
California test standard for mobile home
adhesives (CA-25-4) along with several adhe-
sives presently being used in manufactured

home construction. The selected Megabond™
Formulation easily passed all the tests; this
was not the case with several of the other
adhesives. Ed Starostovic's final conclusion
was that "in 25 years of research in the
application of structural adhesives, never be-
fore have I felt so certain that we are about
to confirm that a replacement for phenol re-
sorcinol has been found." (Starostovic 1979)

EP1 adhesives have been used at laminated
beam manufacturing facilities to evaluate in-
plant processing parameters and performance
against daily quality control tests. Results
indicate that the tested EPI adhesive is well
within required limits and comparable to
typical results with PRF.

The tough accelerated aging portion of
the ASTM 1037 particleboard test method was
used, among others, to evaluate COM-PLY lumber

bonded with EPI] adhesive. Southern pine
veneer was applied to the highly porous edge
of thick exterior particleboard in prepara-
tion to the construction of an experimental
house for HUD (U.S. Department of Housing and
Urban Development). The test results are
favorable, however, they have not been re-
leased for publication. (Vick 1980)

EP] adhesives also have a good affinity
to substrates other than wood; presently they
are used for the bonding of aluminum skins to
plywood with or without use of a wash-coat on
the aluminum.

TEST DATA
ASTM D2559-76

Tests were run on EPI adhesives con-
taining WD2-A320 base emulsion with 20 parts
(pph, by weight based on emulsion) of cross-
linker CX-10. Tests were also run on phenol-
resorcinol adhesive (PRF) for comparative
purposes. In all cases, cure was carried
out at room temperature (70-75°) with both
Douglas-fir and Southern yellow pine being
tested. The specific bonding parameters
are included in Table 1. As called for in
D2559-76 (and related method D3535-76) three
different tests were run:

A. Shear strength test for both strength
and wood failure.

B. Accelerated aging test which can pre-
dict the tendency to delaminate
during weathering, and

C. Deformation test to indicate any
tendency of the adhesive to 'creep”
under sustained load.

The shear strength results are given in
Table 2, while delamination and creep test
results are given in Tables 3 and 4, respec-
tively. As can be seen from the test results,
EP]1 adhesives meet and exceed the requirements
of D2559 and perform similarly to PRF adhesive.
These results indicate that EPI adhesive is
indeed structural giving shear strength at
least 90% of the strength of the wood itself
with almost no tendency to deform under sus-
tained load conditions. Also, as required of
structural adhesives in wet use conditions,
EP1 adhesives exhibit excellent durability as
indicated by delamination test results.

The results of two evaluation runs in
industrial glulam plants are shown in Tables 5
and 6. All values are above the requirements
except in plant 2 where one of the beams
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Table 1.--Bonding Parameters in Prepring Specimens for ASTM D2559-76

Wood Species

v
N Douglas-Fir sm2 0.43%, M = 1297
':.:j Southern Yellow Pine Sm2 0.51, M = 12.5%
..H’
iif Emulsion Polymer/Isocyanate Adhesive
Emulsion Megabond WD2-A320
Crosslinker

Megabond CX-10
20 parts CX-10 per 100 parts
WD2-A320 by weight uniformly
blended
* Spread Rate 80 1bs./MSGL applied by hand
roller

Adhesive Mix

Age of Mixed Adhesive before Use 15-45 minutes @ 70-75°F
Assembly Times (70-75°F & 35-50% RH)
- Open Assembly/Closed Assembly 0 min./0 min.

0 min./60 min.
5 min./60 min.

PRF Control Adhesive

Adhesive & Mix Commercial PRF resin with 20 pph

(by wt.) of hardener uniformly
blended

70 1bs./MSGL (Douglas-Fir) and
80 1bs./MSGL (Southern Pine)
applied by hand roller

Age of Mixed Adhesive before Use 30-45 min. @ 70-75°F
Assembly Time Open Assembly - 0 min.; Closed

Assembly - 45 min.

Spread Rate

Pressing and Conditioning Factors

Clamping Temperature 70-75°F
Clamping Pressure Used 125 psi
i Clamping Time 24 hrs.
14& Post Conditioning Time 26 days at 70-75°F and 65% RH
} R
A
i Specific gravity based on oven dry weight and volume.
Y Moisture Content in % based on oven dry weight.
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Table 2.--ASTM D2559 Step Shear Strength Test Results

. Average Average Average Average
. Asseybly Times Step Shear Wood Failure Step Shear Wood Failure
Adhesive (minutes) . .
(OAT/CAT) ! (psi) (%) (psi) (%)
Douglas-Fir Douglas-Fir Southern Pine  Southern Pine
EPI 0/0 1520 89 1671 83
0/60 1498 86 1431 82
5/60 1324 82 1389 78
PRF 0/45 1063 77 1431 68
Minimum Required
per ASTM D2559° 1070 75 1290 75

! OAT = Open Assembly Time (mins.); CAT = Closed Assembly time (mins.).
Minimum Required Shear Strength Adjusted for Moisture Content.

Table 3.--ASTM D2559 Delamination Test Results

Assembly Times Average Delamination (%)
Adhesive (minutes)
(OAT/CAT) Douglas-Fir Southern Pine

EPI 0/0 2.2 1.6

0/60 3.9 3.6

5/60 4.0 3.2
PRF 0/45 1.1 1.6
Maximum Delamination
Allowed per
ASTM D2559 5.0 5.0

Table 4.--ASTM D2559/D3535 Creep Test Results

Total Deformation (in.)

Adhesive Species Bonded
160°F 80°F, 90% RH
EPI Douglas-Fir .0110 .0130
Southern Yellow Pine .0085 .0055
PRF Southern Yellow Pine .0040 .0035
Maximum Deformation
Allowed per D2559 . 1390 0.1390
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b Table 5.--Laminated Timber Plant Trial Test Results
*.
) . Average Average Average Average
. Asseybly Times Step Shear Wood Failure  Step Shear Wood Failure
Adhesive (minutes) . .
(OAT/CAT) (psi) (%) (psi) (%)
Douglas-Fir Douglas-Fir Southkern Pine Southern Pine
Plant I
(clamp time 16 hrs)
EPI 5/60 1390 86 -- --
EPI 30/30 1436 81 -- --
PRF (typical) -- 1300 -- -- --
Requirement -- 1170 70 -- --
: Plant II
(clamp time 2 hrs)
EPI 5/15 979 79 1385 80
Requirement . -- 1100 75 1100 75

Table 6.-~Laminated Timber Plant Test Results

Assembly Times Average Delamination (%)

Adhesive (minutes) Cl?ﬂgsgime
(OAT/CAT) Douglas-Fir Southern Pine
Plant 1
. EPI 5/60 16 2 -
o
Eg EPI 30/30 16 1.5 --
A
g PRF (typical) -- 16 2 2
kS -
Plant 11
3
: EPI 5/15 2
ﬁﬂ EPI 5/15 2
s Requirement -- --
?g
-'\"
4
b
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showed low shear values combined with high
wood failure and "0" delamination. This
clearly indicates low wood strength and good
performance of the EPI adhesive.

ASTM D3110-72

Tests were run on EPl adhesives using

Megabond™ base emulsion WD2-A320 with differ-
ent levels of crosslinker CX-10. (Rice 1980).
Tests were also run on crosslinking polyvinyl
acetate control adhesive. Ponderosa pine was
used as the substrate. ASTM D3110 wet use
tests on laminate bonds were run using 10, 15,
and 20 pph of crosslinker. Specific bonding
parameters are in Table 7.

Test results are given in Table 8. It
can be seen that the EPI adhesives met or
exceeded the requirements of ASTM D3110. In
almost all cases, the EPI adhesives gave
superior performance compared to the cross-
linking PVAc adhesives. The crosslinking

PVAc adhesives are of the type used for non-
structural applications in the wood industry.

CA 25-4

The California Mobile Home Standard
CA 25-4 served as the model for a comparative
evaluation of the EPI versus other adhesives
commonly used in the manufactured housing
industry. Again, the EPI formulations surpass
all the requirements by a safe margin and
prove superior to most of the competitive
formulations. Test results are given in
Table 9.

WHI-1980-08-08

This proposed test standard for Adhesives
for Use in Fire Doors by Warnock Hersey Pro-
fessional Services exposes materials quali-
fying for 90 minute fire doors to 400°F
temperatures measured by a thermocouple in
the center of the glueline. The specimens

Table 7.--Material and Bonding Parameters for D3110 Specimens

Wood Species Used

Ponderosa Pine

Moisture Content 9-12%

Emulsion Polymer/Isacyanate Adhesive

Emulsion
Crosslinker
Adhesive Mix

Megabond WD2-A320
Megabond CX-10
Crosslinker level varied from 10 to 20 parts

of WD2-A320 by weight uniformly blended

Phenolic Modified Crosslinking PVAc Control Adhesive

Commercial product designated as xPVAc with 5 pph catalyst, uniformly
blended was used as the control adhesive.

Spreading, Bonding and Conditioning Parameters

Spread Rate

Assembly Time

60 1bs./MSGL applied by hand roller

Open Assembly Time - 0 min.

Closed Assembly Time - 5-20 min.

Clamp Temperature 70-75°F

Clamp Pressure 125 psi

Clamp Time 24 hours

Post Clamp

Conditioning Time

(70-75°F and 65%) 2 6 days
128
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Table 8.--ASTM D 3110 (Wet Use) Test Results on Ponderosa Pine

Crosslinker Dry Boil Vacuum Pressure
Adhesive (or Catalyst) (10 2)1 (10 2)l (10.2.1.2)
Level (pph) : : e
(psi) (%) _WF (psi) (%) _WF (psi) (%) WF
EPI 10 1424 87 697 65 756 60
15 1311 82 634 73 706 70
20 1364 85 640 82 690 75
xPVAC 52 1561 73 543 74 605 9
Minimum Requirement
per D 3110 678 60 565 50 565 50
! Test Description Paragraph No. from D3110-72.
Catalyst Addition Level Recommended by Supplier.
Table 9.--California Mobile Home Standard CA25-4 Test Resultsl
3 Cycl. .
Adhesive  Dry Shear Hot Shear Shear at Soak/0. dry Mold Resistance Creep Res.
- (-] -] -—
ASTM D-905 15 hr @ 150°F  90°/85% RH Control Inoculated Hot  Cold
DF/ply Ply/ply
(psi) (%) WF (psi) (%) WF (psi) (psi) (psi) (psi) (psi)
EPI1 3082 55 2819 67 2011 568 446 3149 3291 Pass Pass
EPIZ 2994 63 1777 58 2379 758 438 2833 2822 Pass Pass
Casein 2752 43 2623 38 2592 529 444 1192 0 Pass Pass
PRF 2352 24 2611 33 2348 792 537 2830 2963 Pass Pass
PVA 2269 18 2186 16 2259 641 413 999 943 Pass Pass
PVA 2528 56 2500 26 2814 732 564 3371 3398 Pass Pass
Required 2800 - 1000 -~ 1000 375 375 90% of Control <.003" <.001"

Samples prepared and tested per CA25-4 Procedure. Press Cure 24 hrs. at room temperature followed by

conditioning 17 days at room temperature and 50% RH.

! Megabond Emulsion WD2-A220 plus 5 pph CX-10.
Megabond Emulsion WD2-A220 plus 20 pph CX-10.

are tested hot in shear in a manner similar
to ASTM D906-76.

Table 10 gives test results of fire door
stile materials bonded with EPI adhesive, the
average value of 763 psi for one of these com-
binations attests to the excellent heat
resistance of EP] adhesives.

Time/Temperature Study

To characterize some of the working
properties of EPI adhesives we are presenting
tests run with EP] adhesive to determine press
time required at various cure temperatures.

Megabonc™ emulsion WD2-A320 with 15 pph
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Table 10.--Test Results of 90 Minute Fire Doors Bonded with EPI Adhesives

Adhesive Test Specimen 400°F Shear Strength
(psi)
EPI1 FR laminated hardboard4 540
Composite FR stile 532
EPI2 FR laminated hardboard 512
Composite FR stile 520
EPI3 FR laminated hardboard 763
Composite FR stile 572
Minimum required: 500
; Megabond Emulsion WD2-A320 plus 5 pph CX-10.
3 Megabond Emulsion WD2-A320 plus 10 pph CX-10.
4 Megabond Emulsion WD2-A320 plus 15 pph CX-10.
FR - Fire Retardant.
Tests conducted per Warnock-Hersey Test Program.
crosslinker CX-10 was used. Testing was done .
according vto ASTM D905 (strength properties Tx:
of adhesive bonds in shear by compression 24 .
loading). Douglas-fir plywood (1/2 inch,
5 ply, A-D sanded) was used as the substrate
with a moisture content of 8-10%. The spread
rate was 50 1b/MSF with combined assembly time
of 10 minutes.
14 o
Test results are given in Figure 1. It
can be seen that EPI adhesives can be used at
temperatures ranging from 40°F to 160°F.
Superior performance of the same adhesive over —
such a wide temperature range is remarkable. v + - v -+ v e
The press times are considerably shorter than 40 80 120 160 OF Temp

these commonly used with PRF adhesives.

Spread Rate/Temperature Study

In order to optimize plant conditions
over the wide range of operating conditions
determined in the time/temperature study,
shear tests were run to determine required
spread rate as the ambient air temperature
varies from 40°F to 120°F. Ponderosa pine
was used as the substrate (moisture content
8-10%). EPI adhesive used was WD2-A320 emul-
sion plus 15 pph CX-10 crosslinker. Spread
rate was varied from 40 to 80 1b/MSGL. Test
results are given in Figure 2. It can be seen
that EPI adhesive can be used efficiently at
ambient temperatures from 40 to 120°F by
simply adjusting the spread rate.
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Press time is measured from the time the glueline reaches the
specified temperature. Specimens were aged 16 hours before
testing.

Terperature Press Time Shear Strength
T " min) “(pst). (EINF
160 0.5 713 89
120 5.0 556 91
70 60 566 €5
40 120 606 85

Figure 1.--Press time vs. temperature,
Megabond WD2-A320 with 15 pph CX-10.
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80 #/MSF Spread

Samples pressed for 30 minutes at 720F after 20 minutes closed
assembly time. Specimens aged 16 hours before testing.

Spread Rate Dry Shear

Boi)
_(1b/MSF) (psi) (3)WF {psi) (%)WF

40 40 1194 40 728 40
75 60 761 40 546 35
100 80 478 67 756 53

Temperature
OoF

Figure 2.--Spread rate vs. assembly tempera-
ture, Megabond WD2-A320 with 10 pph CX-30.

If a constant rate of spread is required,
Figure 3 shows the maximum recommended assem-
bly times for higher ambient temperatures. At
120°F closed assembly times up to 10 minutes
gave good strength values. Because of these
most flexible characteristics the EPI adhe-
gsives are rightfully termed "forgiving
adhesives."

Conclusions

Since adhesives of the EPI type meet the
conditions of ASTM D2559, D3110, CA 25-14,
fire door qualification, and laminated timber
quality control tests, this indicates that we
indeed do have a new structural adhesive
equivalent to phenol resorcinol and cross-
linking polyvinyl acetate adhesives in their
respective applications.

EPI adhesives give the user the added
advantages of shorter press times, no chalking
temperature, low temperature curing, no form-
aldehyde emission, better resistance to high
temperatures and accelerated aging tests than
the xPVA adhesives, environmental attractive-
ness, ability to determine performance by
adjusting hardener level and more tolerance
to variations in process conditions such as
temperature or moisture content.

20 min. CAT

Spread rate was 60 1b/MSF. Samples pressed 30 minutes at 720F.

Closed assembly time (CAT) varied to obtain satisfactory shear
strength.

Maximum CAT Dry Shear

Boil
(min.) {psi) (2)wF (gs?} (%) wF

20 1121 33 730 &5
20 831 73 523 S0
1% 897 78 667 45
10 1064 70 589 23

Temgerature
(°F)

Figure 3.--Assembly time vs. temperature,
Megabond WD2-A320 with 10 pph CX-30.

Still, in our commercialization efforts
to the structural wood industry, we are con-
fronted with the practical side of those
prophetic words about the new two cent adhe-
sive that worked well and produced high
quality bonds and still nobody will use it
until its long-term durability is proven.

The research community for 15 years has
recognized and talked about the need for a
test to assure long-term durability. Still,
there is no generally accepted method for cor-
relating accelerated test data with actual
exterior exposures, thus assuring long-term
durability. Although a method such as the
automatic boil test (ASTM D3434) does a good
job in indicating long-term durability for
glued wood specimens, it does not assure
actual exterior exposure performance.

(Caster, Kulenkamp 1976) We are working with
the industry organization for structural assem-
blies, AITC, and have proposed a test program
to prove structural and exterior qualities of
new adhesive systems. They have responded

well and will work with the adhesives com-
mittee of ASTM, SCATA, universities and

others.

Hopefully, we can merge the many differ-
ent opinions on what measures "durability"
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and "structural"” properties into a generally

acceptable set of rules, which will allow the
introduction of new promising adhesives in a

more efficient way than is now possible.

Summary

Ashland Chemical Company has a new
family of durable and structural adhesives
for the wood industry. We have evaluated our

Megabond™ adhesive formulations by the recog-
nized ASTM standards. We have met or exceeded
these standards. In spite of this, industry
is reluctant to use EPI adhesives in struc-
tural application because we do not have a
long term performance history. Still, EPI
adhesives are used commercially in Japan,
Europe and America on an increasing scale
based on this superior performance. To allow
a more rapid transfer of the fruits of suc-
cessful new adhesive research, a generally
acceptable test method is needed classifying
adhesives as to degree of durability and
structural qualities. This would allow the
fast introduction of such an adhesive with
confidence and a minimum of risk to the user.
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PROPERTIES OF ELASTOMER-BASED CONSTRUCTION ADHESIVE

1

By Robert J. Hoyle
Materials Science and Engineering Department
Washington State University
Pullman, WA
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we expect to observe for wood.
larger at elevated temperature.

at 1608F (71%c),

ABSTRACT

Strength, elastic properties, load duration and creep
were measured following exposure to temperatures and stresses
expected during service life. Temperature-stress exposure
reduced strength properties. High testing temperature reduced
- strength and low temperature raised strength.

modulus was quite stable in the range 10 to 160
but increased markedly at lower temperatures. Long time load-
ing caused a larger strength reduction for the adhesive than
This load duration effect was
Adhesive creep was similar
to wood creep but greater at 70°F (21AC), increasing more

hear elastic
(-12 to 71£¢)

]

Conventional synthetic resin structural
adhesives have shear stiffness properties much
higher than wood. In designing bonded wood
structures, it has been possible to ignore the
elastic properties of these adhesives because
of this high stiffness and the very thin bond
lines. Elastomer-based construction adhesives
form relatively thick bond lines with low

shear moduli. Their shear-slip properties
must be considered in design work.

INTRODUCTION

2

The shear strength of conventional
adhesives exceeds wood shear strength and is
not highly taxed by the design loads applied
to bonded wood systems. The load duration and
creep properties of those adhesives have not
been critical. Elastomer-based adhesives,
being lower in strength, are stressed to a
higher percent of their ultimate shear strength
and it has been necessary to examine load
duration properties and creep.

} PR T i,
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This research examines the effect of
temperature in service on the properties of a

s

lPnpcr presented at the Wood Adhesives--~
Research, Application and Needs Symposium,
Madison, Wisconsin, Sept. 23-25, 1980.
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particular elastomer-based construction
adhesive. We chose this adhesive because it
seemed to have generally desirable structural
properties and good potential, in our inde-
pendent research. We sought and obtained the
financial support of the 3M Company, manufac-
turer of 3M5230 Scotch Grip Wood Adhesive.

Design methods that consider adhesive
elastic properties have been published (2,4,
5,6,7,9,13). Shear strength, shear modulus,
creep, and recovery information at 70°F have
been investigated and results published (3,8,
14). One unexplored question has been the
effect of temperature and periods of stress
in service upon adhesive behavior.

In this study, wood-adhesive bonds were
exposed to a history of temperature and stress,
then tested to determine the shear strength,
shear modulus, and tension strength at -10°F,
70°F, and 160°F. The load duration and creep
behavior were studied at 70°F and 160°F.

EXPERIMENTAL PROCEDURE

Adhesives perform structurally by
resisting shearing loads. The ultimate shear
strength and the shear load-slip properties
are needed for design work. The tensile
strength perpendicular to the bond line is
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also of interest, although to a lesser degree
than the shear properties. Usually shear
parallel and tension perpendicular to the bond
line occur simultaneously. This study was
planned to measure these three properties.

We are interested in these properties for
bond lines which have a history of service,
as well as for those which are made in the
laboratory and tested without any particular
record of service history.

Obtaining test material with a real known
history of service in wood buildings at this
time for this adhesive was not possible.

Based on information found in the building
materials literature (10,11,15), the following
ex osure schedule was devised to simulate the
more extreme stress and temperature periods
which might be encountered in real service.

Tempera- Relative Applied Duration

ture, °F Humidity Stress Hours
X psi

~10 80+ 20 150
0 80+ 35 450
70 65 10 100
120 15 10 450
160 5 10 200

The hours at each condition are continu-
ous., In real service this would occur inter-
mittently, and these would be the cumulative
time at or near the condition., Also, in real
service there would be periods of slowly, as
well as rapidly, changing temperature and
stress. So, there are some legitimate differ-
ences between real and simulated exposure.
Effects are believed to be cumulative.

The stresses applied during the exposure
are values which would occur in such struc-
tural members as stress-skin panels, I- or
box-beams, panel-on-frame systems and possibly
gussets, designed for shear stress of about
35 or 40 psi at maximum load. Such maximum
stress is likely to occur in the winter in
northern regions, At temperatures above
freezing, stresses will seldom be large except
for very short time periods.

Shear Strength and Shear Modulus

Shear strength and shear modulus can be
measured from the same specimen by recording
the load-slip response as well as the ultimate
load. A modified Douglas-fir shear block
specimen, ASTM D143 (1) shown in figure 1, was
used. The adhesive bond was made with the
wood at 122 moisture content (MC) using spacer
shims to control the thickness (0.03 in.).
Shear blocks were cured 30 days or more in a
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122 equilibrium moisture content (EMC) chamber.
Bond line thickness was measured after cure
and used to compute shear modulus values from
load-slip data.

.{‘La&ﬂ

Figure 1,--Shear specimen.

Five groups of ten specimens were made,
conditioned, and tested for shear strength and
shear modulus, as follows:

Test
Temper-
Group Exposure ature
Controls 12% EMC @ 70°F 70°F
TRO Temperature regime 70°F
only, no stress
applied
TS Temperature-stress 160°F
regime
TS Temperature~-stress 70°F
regime
TS Temperature-stress -10°F
regime

Specimens under exposure are shown in figure 2.
Tension Perpendicular to Grain Strength

The tension test specimens were the type
recommended for wood in ASTM Standard Method
D143, modified by a thin reinforcement lamina-
tion to force the failure into the bond line
region. They are described in figure 3. The
specimens were fabricated from shear blocks of
the type described above and exposed to the
same series of conditions, resulting in five
similar groups for tension perpendicular to
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grain testing.

Figure 2.--Temperature-stress exposure chamber,

Figure 3.--Tension specimen.
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Testing Shear and Tension Specimens

Prior to exposure, the specimens were
subjected to ten cycles of load to 50 psi to
produce the initial stress aging described in
the literature (8,14). Elastomer-based
adhesives change their stress-strain behavior
during the early stages of loading, but after
ten cycles they appear to repeatedly follow
the same stress~strain curve. Whether this is
characteristic of all elastomer-based adhesives
or only the few we have tested is unknown.

The rate of loading for the shear speci-
mens was 0.015 inch per minute. For the
tension perpendicular to grain tests, the rate
was 0.1 inch per minute. These rates produce
failure in five to ten minutes, which is the
short-term loading duration commonly recom-
mended (ASTM D143) for wood products testing.
We sought to place the adhesive properties
evaluation in the same context as the wood
properties evaluation for the adherend of the
wood-adhesive systems.

The specimens were loaded to failure
using a universal testing machine. The load-
slip curves for the shear modulus measurements
were obtained with a linearly variable differ-
ential transformer mounted on a yoke attached
to the specimens to constrain the specimen to
parallel movement of the two halves of the
shear blocks.

Load Duration and Creep

The ability of the adhesive to maintain
its strength under periods of constant loads
of various intensities was measured by using
specimens of the type shown in figure 4. By
supporting the outer layers and loading the
central layer, the bond line was subjected to
shear stress, By measuring the slip between
the layers, the shearing deflection was mea-
sured periodically to provide information cn
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Figure 4.--Load duration specimen.
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creep of the adhesive. These specimens were
not subjected to temperature-stress exposures
of the type previously described. They were
made of 12% MC Douglas-fir wood with carefully
controlled bond line thickness, averaging
0.03 inch.

Loading was performed on test fixtures
shown schematically in figure 5.

SUPPOATLID SPECIMENS-~ 10

Figure 5.--Load duration test schematic.

Five groups of ten specimens were placed
under loads in a controlled environment of
70°F, 12% EMC, at bond line stresses of 120,
105, 90, 75, and 25 psi.

Four groups of ten specimens were placed
in a 160°F, dry atmosphere, at 90, 75, 50, and
25 psi bond line stress. Higher loads were
not used because the performance at 90 psi and
160°F indicated that the life at higher stress
would be too short to justify measurement.

In these load duration studies, the time~
to~-failure was recorded for each specimen
until at least six specimens failed or until
at least six months had elapsed. Deflection
information provided a measure of creep. The
median time-to~failure for each group was the
property of interest in constructing load
duration curves of the adhesive.

The degree to which specimens that
survived the tests recovered their slip de-
formation after release of load was also
noted.

RESULTS

Results from the shear and tension tests
appear in table 1.
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Shear Strength

At 70°F the control specimens were
stronger than those exposed to the simulated
service temperature and temperature-stress
histories.

Strength of controls averaged 213 psi.
Specimens exposed to the temperature history
at no load averaged 158 psi, a strength reduc-
tion of 26 percent.

Exposure to both temperature and stress
conditions resulted in 148 psi average shear
strength, a further strength reduction of 5
percent.

These average values showed statistical
significance by t-test at or below the 5 per-
cent level of confidence. Variance was ex-
amined by the F-test. The variances, as indi-
cated by the standard deviations in table 1,
were not significant of a difference at the
2.5 percent level. We are thus assured that
the differences are real and variability is
not changed by the exposures.

The strength of the adhesive after expo-
sure to the temperature-stress history is
especially useful as a basis for allowable
design values. Table 1 lists strengths at
three temperatures within the service range.
These are plotted in figure 6. As might be
expected, high temperature reduces the shear
strength and low temperature increases the
value. The low temperature sample, through an
error in controlling test temperature, provided
some values at +10°F and some at -10°F. This
resulted in an extra point on the curve and
indicated an abrupt increase in strength be-
tween 70°F and 10°F and a uniform strength in
the 10°F to -10°F range. Values at 160°F,
10°F, and -10°F were significantly different
from those at 70°F. The values at 10 and -10°F
were not different. Standard deviations, shown
in parentheses, were a larger portion of the
means at 160°F temperature than at the lower
temperatures. All of these measures of varia-
tion are similar to those for wood properties
(10 to 20 percent of the mean).

Shear failures were largely cohesive,
occurring in the bond line. They were charac-
teristically rough-textured, showing the
cellular anatomy of the adhesive. Failures
at the wood-adhesive interface were occasional,
and seemed to take place when the adherend was
dense latewood (summerwood). Shear surfaces
showing a high percentage of interface failures
were not related to the ultimate strength value.
Equally strong bonds were associated with both
types of failure surface. True "wood failure"
was almost totally absent, probably because
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Table l.--Shear strength, shear modulus and tension strength results.

Shear Shear Modulus Tension
Exposure! No. Stremgth  0-25  0-50 No. Strength

psi psi psi psi
Controls, 70°F 10 213(20)2 58(12) 55(11) 12 236(33)
TRO, 70°F 12 158(11) 57(9) 60( 7) 12 157(39)
TS, 160°F 10 107(20) 52( 7) 53(7) 10 102(27)
TS, 70°F 10 148 (10) 58( 5) 54( 5) 10 125(13)
TS, 10°F 348(35) 57(15) 57(16) -- = —=—-e-e--
TS, -10°F 6 344(28) 174(29) 187(33) 9 229(35)

17R0 = Temperature regime only; TS = Temperature-stress regime.

2Numbers in parentheses are standard deviations.

adhesive shear strength is considerably below
wood shear strength (500 psi or more).

Shear Modulus

The shear modulus was measured for the
0-25 psi and the 0-50 psi stress ranges. Wood
structural systems may perform at loads which
cause shear stress throughout these ranges and
if the strain behavior is not linearly elastic,
we need to know. Linear elastic behavior .in
the working range 1s indicated by agreement
in the two G-values we measured.

The values in table 1 are secant shear
moduli and there is good agreement at the two
ranges of shear stress,.

Shear moduli of specimens exposed to the
temperature-stress history and tested at 10,
70, and 160°F were not significantly different
from one another or from the control group.
The capacity of the adhesive to maintain a
uniform shear modulus over this broad range of
conditions (fig. 6) means that designs will
not be temperature sensitive in terms of the
load-deflection behavior. The higher shear
modulus for the specimens exposed only to the
temperature history did not prove to have any
real significance, when compared to the con-
trols, but was definitely better than those
values for the temperature-stress exposure.
Possibly the improvement at zero stress and
elevated temperature during the exposure was
due to advancing cure. The low temperature
treatment did not impair the adhesive.

A distinct improvement in adhesive stiff-
ness at -10°F was observed. Due to a tempera-
ture control problem, four of the low tempera-
ture test group specimens were tested at 10°F
instead of -10°F. This provided another point
on the temperature versus shear modulus curve
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?fig. 6) and revealed a marked increase in
shear modulus between 10 and -10°F. The
increased ratio of standard deviation to mean
value for the specimens at the two low tempera-
tures is probably due to the reduced sample
size in these groups, rather than any real
change.

4001
v -
a =
», 300f
2
<
i 200t \ ~SHEAR STRENGTH
b
w
S
& 100 t TENSION STRENG

0 SHEAR !V\ODULUS/
-50 0 50 100 150 200

TEMPERATURE - °F

Figure 6.--Shear strength, shear modulus, and
tension strength versus temperature.

Tension Strength

Table 1 summarizes the mean tension
strengths. Control specimens were strongest at
236 psi. Exposure to the temperature history
at zero stress produced a 33 percent loss in
strength. The combined temperature-stress
exposure produced an added 14 percent loss in
strength for performance at 70°F.
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g’ ‘ mance of specimens exposed to the temperature- lower stresses the materials creep but do not
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for shear strength, high temperature reducing
tension strength and low temperature causing
an increase (fig. 6).

Over the range of service temperature the
tension strengths indicate useful allowable
properties can be established.

least not in any reasonable period of time.
In such cases the creep reaches a maximum and
appears to stabilize.

Published load duration information on
wood has usually been for flexural stress in
beams, which includes the effects of shearing

creep since beams in flexure, unless loaded
In terms of physical appearance, wood in pure bending, are also stressed in shear.
A failure was more frequent for the control
o specimens, which were the strongest. Lower Since the adhesive of this study would be
ﬁﬁ strength specimens in the other groups usually used to bond composite beams, among other uses,

ERX

displayed cohesive failure, but a few high
wood failures occurred. Instances of wood
failure were usually associated with strong
tension values and weak wood in the specimens.
Tension perpendicular to grain is not a strong
wood property. The control group, with its
high wood failure results, is a test of wood
properties rather than adhesive properties.
The results are useful since we are concerned
with wood-adhesive system performance.

Load Duration

Some materials experience a loss of

its load duration and creep properties are of
much interest.

The load duration behavior is usually
presented graphically. The time~-to-failure
at different levels of sustained stress 1is
plotted on a horizontal axis, usually on a
logarithmic scale, and the stress is plotted
on a vertical axis. The median time-to-failure
for groups of specimens subject to each stress
level gives points on the load duration curve.

Figures 7 and 8 are the results obtained
at 70 and 160°F in this study. Over half the

‘g strength when placed under stress for long specimens in a group must fail to obtain these
- periods of time. At constant stress levels points. In this study, which was limited to
oY above 50 or 60 percent of its ultimate, as load durations of six to twelve months, there
! measured in short duration tests with contin- was insufficient time to obtain the median
uously increasing load, wood for example, times for specimens at the low stress levels.
AN loses enough strength as time passes to fail.
5 \: Some materials scientists refer to this as The results show that the adhesive loses
{”, static fatigue, to differentiate 1t from the shear strength in shorter time periods than
s more common phenomenon of cyclic fatigue. wood at the same percentages of their ultimate
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Figure 7.--Load duration at 70°F.
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Figure 8.--Load duration

stress. If the stresses to cause median time
to failure of ten years could be determined,
load duration adjustments for adhesive strength
could be established.

While these tests were too short in
duration to provide this information, they do
show that at stresses below 50 psi, creep
seems to stabilize and the ten-year median
times-to-failure would probably be reached.
This is ehown more clearly in the creep curves,
figures 9 and 10.

at 160°F.

Creep is a problem mainly under permanent
stress. Short periods of stress at higher
levels cause creep that 18 partially recovered
vwhen the load returns to normal. In these
creep curves, deflection is the average of the
specimens which have survived up to any point
in time along the curves. When a specimen
fails, the average deflection of the remaining
specimens often decreases.

In most ordinary wood buildings the
permanent load is between 15 and 33 percent of
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Figure 9.~-Creep at 70°F,
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Figure 10.--Creep at 160°F.

the total load for which the building is
designed. Therefore, if a structure is
designed for an allowable adhesive shear
stress of 50 psi, the permanent shear stress
will be 7.5 to 13.3 psi. Figures 9 and 10
show that creep is stable at those low levels.

The effect of elevated temperatures was
to reduce the time-to-failure at any stress
level, or to reduce the stress level for any
given time-to-failure. Creep, at these perma-
nent stress levels, was found to be 100 percent
of initial elastic deflection for the 70°F
condition and 200 percent for the 160°F condi-
tion. These values are comparable to those
customarily accepted for wood, of 50 to 100
percent. Creep data on wood at 160°F is not
found in the literature.

CONCLUSIONS

The shear strength for an adhesive bond
of 0.03-inch thickness, following a temperature-
stress history of the type used in this
research, is described by the equation:

o, = 330 - 661024

Where: o, = shear strength, psi

T = temperature, °F

The temperature-stress history reduced
the shear strength at 70°F by 31 percent,

o e
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compared to controls kept at 70°F and 65%
relative humidity.

Exposure of the adhesive bond to the
temperature regime, at zero stress caused a
26 percent reduction in shear strength com-
pared to controls.

The difference between the effect of tem-
perature regime only and temperature-stress
regime is significant at the 5 percent proba-
bility level.

The tension strength perpendicular to the
adhesive bond displays a similar relationship
to temperature for bonds exposed to the
temperature-stress regime.

o, = 205 - 22,4703

= tension strength perpen-
dicular to bond, psi

Where: c

T = temperature, °F

The temperature-stress history reduced
the tension strength by 48 percent compared to
controls kept at 70°F and 65% relative humidity.
The temperature regime at zero stress caused
only a 31 percent reduction in strength. These
differences were significant at the 5 percent
probability level, or less.

The shear modulus is uniform in the shear
stress range 0 to 50 psi. The shear stress
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versus shear strain curve is therefore linear
in this range, which simplifies its design
use.

This study showed that the shear modulus
was not significantly affected by a temperature
or temperature-stress history of the type
imposed over a range from 160°F down to the
region of about 10°F. Below this temperature
the shear modulus increases very greatly,
tripling in value at -10°F. There is no evi-
dence that the temperature-stress experience
is harmful to shear modulus.

The time-dependent nature of 3M5230 adhe-
sive resembles that of wood in flexure more
closely than that of wood in shear. The shear
strength of wood is not much affected by time
under load, according tJ the information
available to us in the literature (12).
Although 3M5230 behaves scmewhat like wood in
flexure, the reduction in strength with time
under load is larger for the adhesive. Fur~
thermore, the effect is larger yet at the
elevated temperature. This is interesting
because there is little information about the
effect of témperature on the load duration
properties of wood.

Creep of 3IM5230 adhesive is similar to
wood creep but larger. At shear stress levels
for permanent loading, creep at 70°F is about
twice that for wood in flexure, and four times
a8 great at 160°F, Despite these larger creep
effects, the characteristic is manageable,
since the adhesive is such a small element in
the combined wood and glue creep effect in
most structures,

The conclusion about recovery can be
stated very simply. Recovery occurs, It is
in the region of 40 to 80 percent. It depends
on the prior history of loading, the stress
level and the temperature, and probably should
be investigated further if the need for the
information appears to be important.
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STRUCTURAL BONDING OF CCA-TREATED WOOD FOUNDATIONS

By Charles B. Vick, Research Scientist
Southeastern Forest Experiment Station
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These experiments indicate that(C
plywood can be structurally bonded into foundations with a
gap-filling phenol-resorcinol adhesive, providing the wood
surfaces are brushed with a dilute aqueous solution of
sodium hydroxide before applying the adhesive.

Forestry Sciences Laboratory ) ,1[Lva;'¥/
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treated lumber and

Foundation

walls constructed by these bonding techniques withstand
[éxtremely high racking loads, eliminate costly corrosion-
resistant fasteners, and permit more efficient structural

use of wood.

A

INTRODUCTION

Wood foundations, constructed of preserva-
tive-treated plywood and lumber and engineered
to withstand foundation loads, are finding
greater acceptance among builders and home-
owners. Since the first foundations were con-
structed in 1969, approximately 40,000 units
have been built in the U.S. and Canada. Woo.
foundations are now approved by the Federal
Housing Administration, Veteran's Administration,
Farmer's Home Administration, and major building
codes.

Wood foundations must be constructed with
corrosion-resistant fasteners. Approved fas-
teners are stainless steel nails and staples,
silicon bronze, copper, and hot-dipped zinc-
coated nails., Stainless steel fasteners are
the most durable, but they are very expensive
--at least six times the cost of galvanized
nailg. Stainless steel nails greatly increase
foundation wall costs when required nailing
schedules are followed, particularly when walls
must withstand high racking loads. A structural
adhesive offers an alternative means of fastening
walls which can eliminate costly nails and

lPaper presented at 1980 Symposium on
"Wood Adhesives--Research, Applications, and
Needs," sponsored by the U.S. Forest Products
Laboratory and Washington State University, at
the University of Wisconsin, Madison, Wis.,
Sept. 23-25, 1980. Paper also presented at the
34th Annual Meeting of the Forest Products Res.
Society, Boston, Mass., July 7, 1980,
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nailing. A structural adhesive can also impart
much greater strength and stiffness to walls
than nails, thereby enabling foundations to
resist high racking loads from soil backfill
and wind. Finally, the composite action of
adhesive-bonded plywood and lumber makes it
possible for fewer pieces of lumber to effec-
tively share greater loads, thereby reducing
the costs of lumber,

Earlier research (Vick 1973a, 1973b, Zornig
& Vick 1974) demonstrated that an effective gap-
filling structural adhesive could be made from
phenol-resorcinol resin and various thickening
agents, These adhesives exceeded the strength
of untreated exterior grade southern pine
plywood. The surfaces did not require planing
to ensure adequate bonding. However, wood
treated with chromated copper arsenate (CCA)
preservative could not be bonded satisfactorily.
Several resorcinol and phenol-resorcinol formu-
lations were tested on unplaned surfaces, but
none produced bonds equal to the integrity of
CCA-treated plywood.

The literature indicated that CCA preserv-
atives inhibited resorcinolic-type adhesives
from normal bond development. Poor bondability
has been related to hydrogen ion concentration
of CCA treating solutions (Thompson 1961). Even
weakly acidic natural woods have been shown to
affect bondability (Freeman 1959). Surface
aging factors, including surface contaminants,
are known to inhibit wetting and penetration of
these adhesives (Herczeg 1965). Planing these
surfaces improves bondability. Hexavalent
chromium which 1is present in the preservative
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imparts water repellancy to wood surfaces, Its
presence may inhibit water-loss from the adhesive
thereby interfering with the rate and amount of
resin cross-linking (Moult 1977).

These experiences indicated that a chemical
surface treatment might be a solution to bonding
CCA-treated wood with a phenol-resorcinol con-
struction adhesive. The potential benefits from
structural bonding of treated-wood foundations
led to the following three experiments. The
purpose of the first two was to find an effective
chemical surface treatment for the wood. The
third experiment was designed to demonstrate
the effectiveness of the treatment, and the gap-
filling adhesive, as they contributed to the
racking strength of shear walls,

MATERIALS
Adhesive

The adhesive used in Experiments I and II
was a mixture of a commercial phenol-resorcinol-
formaldehyde resin, paraformaldehyde hardener,
and attapulgite clay as thickening agent. By
mixing 100 parts (weight basis) resin, 10 parts
paraformaldehyde and 13 parts attapulgite, the
requisite gap-filling and slump characteristics
were achieved. The adhesive mixture's apparent
viscosity at a very low rate of shear was approx-
imately 500,000 cP. Resistance to sagging was
indicated by extruding adhesive beads 1/4 to 1/2
inch in diameter and 6 inches long on vertical
wood surfaces. No sagging was observed after
10 minutes,

ASTM Specification D 2559 (ASTM 1977) was
used to test the structural capabilities of this
adhesive on untreated southern pine lumber (two
laminates). In these tests, bondlines averaged
0.030 inch in thickness after curing. Average
dry shear strength was 1,301 1bs/inZ with wood
failure of 80 percent. Delamination of bondlines
was 2.3 percent after three cycles of soaking and
drying. When subjected to the static loading
test, joints did not creep after 1 week exposure
to either 90 percent relative humidity, or 1600 F,
These tests indicated the adhesive in thick bond-
lines would be only marginally acceptable for use
in exterior structural laminates; however, in
plywood-to-lumber joints, the adhesive exceeded
the structural capability of exterior softwood

plywood.

In Experiment III, the adhesive formulatisn
was changed to reduce brittleness of the film,
and to improve resistance to spatter when nailing.
The mixture by weight was 100 parts phenol-
resorcinol resin, 10 parts paraformaldehyde, 10
parts walnut shell flour, and 3 parts of a special
grade of chrysotile asbestos. The viscosity,

143

.'\-

O A RN Ao A M~ S A L S it At v St AU B Ak
RO RSy

slump characteristics, working properties, and
structural capabilities were approximately the
same as for the attapulgite-filled adhesive.

Lumber and Plywood

Lumber and plywood were pressure-treated
with CCA-preservative to a minimum retention of
0.60 1bs/ft3, according to specifications of the
American Wood Preservers Bureau Standard AWPB-
FDN. Type C preservative was used in Experi-
ments I, II, and III, except in the second
series of racking tests in Experiment III where
Type A was used,

The lumber was No. 1 southern pine in
nominal 2- x 6-inch sizes. The plywood was
southern pine, 4-ply, Structural I, C-C grade.
The 1/2-inch thickness was used in all experi-
ments, except 5/8 inch was used to construct
racking walls in the first series of tests in
Experiment III.

EXPERIMENT I--CHEMICAL SURFACE TREATMENTS
Design

Preliminary experiments were conducted to
search for chemicals that could improve the
wettability and penetrability of unplaned CCA-
treated wood surfaces. Chemicals were selected
(a) to cause a drop of water to spontaneously
wet the wood's surface, (b) to raise the alka-
linity of the surface to or above the pH of the
adhesive, (c) to dissolve contaminants present
on the wood's surface, and (d) to increase the
amount of resin penetration. Of the many chem-
icals screened, aqueous solutions of sodium
hydroxide, sodium carbonate, and tri-sodium
phosphate seemed to improve resin wetting and
penetration., To determine which of these chem-
icals could best improve bondability, they were
prepared in two concentrations, and applied by
brush to plywood and lumber surfaces. Since
the amount of drying time between applying the
chemical and the adhesive might affect strength,
drying time was included as a third factor.
Experimental factors in this experiment were:

Experimental factors Levels of factor

- . e e « o . .
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Chemicals (1)
(@3]
3
Chemical concentrations(l)
(2)
Drying times (@)
(2)

Sodium hydroxide
Sodium carbonate
Tri-sodium phosphate
1 Normal

3 Normal

1 Hour

24 Hours

This experiment was designed as a completely
randomized model with 3 x 2 x 2 factorial ar-
rangement of the above levels of factors.

P




A
.
_‘:-'_' Procedures where the 3N concentration contributed more to
N strength than the IN.
- A typical test joint was prepared by
N bonding a 1-1/2-inch-wide by 20-inch-long Drying time was not a significant main
- piece of CCA-treated plywood to a similar effect, although it was a component in two
p size piece of lumber with each of the chemical interactions, i.e., Conc x Time and Chem x Conc
\‘.' treatments applied to both surfaces. After the x Time. It was very close to being a signifi-
SO chemical had dried for a prescribed time, the cant influence on wet shear strength. The
AT adhesive was extruded in a bead on one surface, effect of drying time was not clear in this
‘}\ then the pieces of wood were nailed together, experiment.
XN The bondlines were intended to be thick and of
e variable thickness to simulate actual applica- In view of these results, and the impor-
tion conditions. They averaged 0.030 inch in tance of some interactions, more thorough
! thickness when cured. testing of sodium hydroxide in both concen-
-1 trationy with intermediate drying times was
) The effects of the 12 combinations of considered essential.
e treatments were evaluated for shear strength
e and wood failure, in both dry and water-soaked -
™ conditions. These properties were determined EXPERIMENT II--SODIUM HYDROXIDE SURFACE TREATMENTS
from block~ghear specimens that were cut from
¢ the above described joints. All specimens Design
s were tested according to PFS specifications -
‘\‘;1 (PFS 1971). This experiment was designed to test sodium
! hydroxide in two concentrations, with an
AN ] expanded number of drying times, based on an
L Results and Conclusions increased number of experimental units, Factors
included in this experiment were:
o4 The significance of experimental factors
:_n and their interactions, as determined by analy- Experimental factors Levels of factor
A sis of variance, are shown in table 1. Chemical
»O was a very strong main effect which influenced Chemical concen- (1) 1 Normal (40 g/1 N&OH)
"}3 all four strength properties. Further compari- trations (2) 3 Normal (120 g/1 NaOH)
by sons between chemicals (not shown here), clearl
: indicated sodium hydroxide contributed more to Y Drying times 23 (l) “lk:o::s
e improving all strength properties than either (3) 4 Hours
B3¢ -
_:j sodium carbonate or tri-sodium phosphate. (4) 8 Hours
R Chemical concentration was a significant (5) 24 Hours
.;:.‘ factor only in determining dry shear strength, Control (1) No surface treatment
i
) Table 1.--Significance level of experimental factors and their interactions on sheasr stremgth
~ and wood failure of dry and wet specimens, Experiment I
N Dry specimens Wet specimens
1\4‘ Degrees
S, Source of of Shear Wood Shear Wood
g_“ variation freedom strength failure strength failure
" )
N Chemical 2 0324 .0008> .00011 .00071
¥, Concentration 1 .004-1— .866 .141 .821
._.‘::-' ChemxConc 2 .005~ .258 .156 .157
N Drying time 1 .160 .637 .053l .118
N ChemxT1ime 2 .081] .404 .036— .222
o, ConcxTime 1 .003% .672 .093 719
=X ChemxConcxTime 2 .019~ .381 .166 .904
Replication
3 (ChemxConcxTime) 144 .0001 .0001 .0001 .0001
W Determination
'}‘;: (ChemxConcxTimexRep) 312
2 Total 467
&%
T l'.Signific:ant: at or above the 0,05 level of probability.
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Treatments were completely randomized with

2 x 5 factorial arrangement of factor levels.
Each treatment combination was replicated 58
times with a single determinat jon of each phys-
ical property within a replication. Shear
strength and wood failure, in both dry and
water-soaked conditions, and resistance to
delamination were the properties measured in
each replication.

Procedures

The test joints were prepared in the same
manner described in Experiment I, These joints
were also nailed together. The resultant cured
bondlines varied greatly in thickness, and
averaged 0.030 inch as in the previous
experiments.

Block-shear specimens (dry and water
soaked) were cut and tested according to the
PFS specifications (PFS 1971), Delamination
specimens were subjected to cyclic vacuum-
pressure soaking and drying, as described in
Test 109 of AITC 201-73 (AITC 1973). This
procedure is a severe test of an adhesive's
ability to resist delamination under accelerat-
ed exterior weathering conditions in laminated
wood products.

Results and Conclusions

The analysis of variance (table 2) indi-
cated concentration was a highly significant
effect for all five strength properties. The
3N concentration was significantly better than
IN in dry shear strength, dry wood failure, wet
wood failure, and resistance to delamination.
The exception was wet shear strength which was
limited more by the wet rolling-shear strength
of the plywood than by the strength of the ad-
hesive bond under test. All the above effects
can be observed from the average test values
reported in table 3. Note the differences in

property values between control specimens
(without any chemical treatments) and the sur-
face treated specimens. These differences are
shown as statistical comparisons with the con-
trols in table 3.

Drying time had statistically significant
effects on some properties at the 0.05 level
of probability (table 2). These properties
were dry shear strength, wet wood failure, and
resistance to delamination. On close study of
table 3, it is apparent how drying time became
a significant factor. At 0 hours drying time,
test values for dry shear strength, wet wood
failure and delamination clearly differed from
the remaining values at the other drying times.

When results from the 3N sodium hydroxide
treatment (table 3) were compared with the PFS
quality control specification (PFS 1971), the
requirements were easily satisfied. The mini~
mum dry shear strength is 650 1bs/in2, and
minimum wet wood failure is 85 percent.
Although delamination didn't quite meet the
5 percent requirement of ASTM Specification
D 2559 (ASTM 1977), the highest value of 10.6
percent at 0 hours drying time was not severe.
When delamination occurred, it invariably
developed at the plywood-adhesive interface
where wide bands of summerwood covered most or
all of the bonding face of the plywood. Wood
failure within the summerwood bands is virtually
impossible, so stress was relieved at the
summerwood-adhesive interface as delamination.

These experiments indicate that the
bondability of unplaned, CCA-treated wood can
be improved dramatically by surface brushing
the wood with aqueous 3N (120 grams/liter)
sodium hydroxide before bonding. The alkali
may be spread anywhere from a few minutes to
24 hours before applying adhesive, although
best strength and durability seem to develop
after 1 hour of drying.

Table 2.--Significance of main effects and their interaction on shear strength and wood failure
of dry and wet specimens and on resistance to delamination, Experiment II

Dry specimens

Wet specimens

Degrees

Source of of Shear Wood Shear Wood Delami-

variation freedom strength failure strength failure nation
Concentration 1 .007% .0001> .o1st .00071 .0001%
Drying time 4 .025~ .163 .552 .020= 0271
ConcxTime 4 .921 .078 .233 .056 .0081
Error 570
Total 579

1

=Significant at or above the 0,05 level of probability.
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Table 3.--Effects of sodium hydroxide surface treatment on shear strength and wood failure of dry
and wet specimens and resistance to delamination of specimens made from unplaned, CCA-treated

wood, Experiment II

Dry specimens Wet specimens
Drying
Chemical time of Shear Wood Shear Wood Delami-
concentration surface strength failure strength failure nat fon
Normality Hr Lb/in2 Percent Lb/in2 ----- Percent~——-
IN 0 779% 78t 451, 821 15.2,
(NaOH) 1 822T 91T 474T SST 10.3T
4 802T 81T 470~ 80T 9.5~
8 7921- BGT- 464 843- 12.3
24 801T 78T 445 94T 22.7 _ ;
3N 0 788T 9°T 443 BST 10.6l .
(NaOH) 1 859T 89T 447 93T 6'9T
4 834T 90T 437 93T 8'0T
8 829T 9lT 452 97T 8.4T
24 834— 91— 453 92— 5.8~ N
Control - 689 58 436 64 18.8
lNoted shear strength, wood failure, and delamination means are significantly different from
the respective control means. Means are considered significantly different at or above the 0.05
level of probability. 1

Note. Sodium hydroxide attacks hemicel-
lulose and lignin of wood, as well as resorci-
nolic adhesives. Two experiments were designed
to determine if the 3N sodium hydroxide brush
treatment could have any long-term deteriorating
effects on the integrity of these bonds. The
first test measured deterioration by continuous
boiling of specimens for periods up to 600 hours.
The second was a continuous exposure of specimens
to a constant high humidity of 90-95 percent over
a 3-year period. Deterioration was measured by
periodically comparing wet shear strength and
wood failure from specimens that were prepared
with and without sodium hydroxide surface treat-
ments. Continuous boiling up to 600 hours showed
that sodium hydroxide did not cause any unusual
rate of deterioration of adhesive bonds, either
on untreated or CCA-treated wood. The high-
humidity exposure test has not been completed,
but after 1 year no unusual deterioration has
occurred.

EXPERIMENT III--ADHESIVE-BONDED SHEAR WALLS
Design

This experiment was designed primarily to
show the effectiveness of the gap-filling adhe-
sive, and the alkali surface treatment, as a
means of significantly incressing the racking
resistance of foundation walls, without depending
on mechanical fasteners for strength. Several
methods of adhesive-bonding walls were tested,
and for comparative purposes, walls constructed

146

ST I R TA TG T TR T T TA T T Ty O Ty

by conventional nailing were included. The
racking resistance of 27 wall parels were
measured in terms of load deformation and ulti-
mate load. These measurements were made while
panels were in a dry condition, and also in a
wet condition after being water soaked, dried,
and soaked again. Three panels were tested for
each method of construction, and each moisture
condition, i.e., dry or water soaked. These
methods of construction, as well as conditions
at test, are listed in table 4 alongside respec-
tive test results.

Note in table 4 that two series of wall
panels were prepared. The first series was
fabricated with 5/8-inch-thick plywood and Type
C preservative. In the second series, Type A
preservative and 1/2-inch-thick plywood were -
used. The latter preservative was expected to
interfere more with bond development because
the wood was heavily coated with salt deposits.
Also, the 1/2-inch plywood was not expected to
be as stiff, and its thinner face veneer might
contribute to lower rolling-shear strength.

Procedures

Racking tests were conducted on standard
8- by 8-foot wall panels similar to that speci-
fied in ASTM Method E-72 (ASTM 1974), with two
exceptions. The studs were 2 by 6 inches in
cross-section, and only one stud was used at each
side of a panel., Studs were spaced 16 inches
on-center. In tests of nailed construction,
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2- by 4-inch lumber blocking was nailed between
studs at mid-height to support adjacent edges
of two plywood sheets. In tests of adhesive-
bonded walls, no lumber blocking was nailed
between studs.

As is common practice in constructing all-
weather wood foundations, plywood sheathing was
attached to framing with the face-grain of the
plywood perpendicular to the length of the studs
(horizontal application). The sheathing was
attached by several techniques, For adhesive-
bonded panels, plywood was nailed to studs with
8d double-headed nails, 16 inches on-center.
The nails were pulled before the panel was
tested. In tests where adhesive was not used,
sheathing was fastened with 8d hot-dipped zinc-
coated nails, These nails were spaced 6 inches
on-center along all plywood edges and 12 inches
on-center in the field.

The following routine was used when bonding
wall sections,
120 grams/liter of aqueous solution of sodium
hydroxide was brushed on the edges of the lumber
frame and plywood where the adhesive would be
applied. The surfaces dried about 1 hour at
room conditions. After drying, adhesive was
extruded in a 3/8-inch-diameter bead onto the
frame with quart-size caulking gun. Plywood
panels were immediately placed on the frame,
then nailed, When both panels were nailed in
place, two parallel beads of adhesive were ex-
truded along the two edges of a 4-inch-wide by
8-foot-long splice plate. This plate was nailed
over the joint between the two plywood sheets
to effectively make the two function as one
sheet. When finished, the wall panels were
stacked to cure for 7 days before testing.

Racking loads were applied to wall panels
with apparatus similar to that described in
ASTM Method E-72 (ASTM 1974). However, the
panels were positioned horizontal to the floor,
Loading apparatus, reactions and hold-downs
were fixed to the floor. Roller bearings were
placed beneath the loading beam and hold-downs
to permit free movement of panels in the plane
of load application. Four dial gauges, mounted
on floor stands, were used to measure displace-
ment and deformation of the panels under load.
Loading was applied uniformly at 400 pounds per
minute, while deflections were measured at 200-
pound intervals until failure.

Results and Conclusions

The results of racking tests on 27 wall
panels are summarized in table 4. The alkali
surface treatment effectively increased the
racking strength of panels, as well as minimized
the variability in strength. The adhesive-
bonded panels where alkali was applied to
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After a wall frame was assembled,

bondlines (Group 4) were twice as strong panels
without alkali treatment (Group 3). Without
alkali, the adhesive didn't add much more
strength to panels than nailing them (compare
Group 3 with 1). The alkali treatment also
effectively reduced variability in strengths,
as indicated by the 2,300-pound range in
Group 4, and 8,490-pound range in Group 3,
Note that panels with effective adhesive
bonding (Group 4) were twice as strong as the
nailed panels (Group 1). They were also much
stiffer.

The cyclic soak-dry-soak treatment,
specifically designed for this experiment, was
by far more rigorous than the cyclic water-
spray treatment required in ASTM Method E-72
(ASTM 1974). A more severe test of resistance
to water and dimensional change was needed be-
cause it 1is conceivable that foundation walls
could be thoroughly soaked from ground water,
and at the same time be required to withstand
high racking loads from the pressure of water-
soaked, fluid soils combined with wind. This
cyclic test consisted of 3 weeks of underwater
soaking, with an intermediate week of drying,
and final loading to failure while panels were
soaked (about 70 percent moisture content).
The test caused an average 19 percent decrease
in strength, and a 41 percent increase in de-
flection (compare Group 5 with 4). A similar
20 percent drop in strength occurred among the
nailed panels and average deflection increased
39 percent (compare Group 2 with 1).

One of the more surprising and favorable
findings in this experiment was that the
perimeter-bonded panels (Group 6) actually
averaged 3,230 pounds higher in ultimate load
than panels that were bonded overall (Group 4).
Average deflection was about the same. Bonding
the panels around their perimeters required only
one-half as much adhesive as when bonded overall.

Nine more wall panels were constructed to
further investigate the perimeter-bonding tech-
nique, this time using thinner plywood and Type
A preservative, The racking strength of Group 7
panels averaged 3,850 pounds less than the
strength of Group 6 perimeter-bonded panels.

The strength difference cannot be clearly tied
to the influence of either one of these factors.
However, less wood failure was observed in bond-
lines of the Group 7 panels where plywood and
lumber surfaces were coated with salts.

The purpose of testing the Group 8 panels
was to see if leaving nails in the perimeters
would add to ultimate strength. Apparently the
nails can be of some benefit (compare Group 8
with 7)., The nails appeared to momentarily stop
peeling action of the plywood at each nail near
panel corners as the failure process began.
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Table 4,--Performance of gap-filling adhesive with alkali brush treatments in wall panels under
racking loads, Experiment III

Average Ultimate Average
Area Condition ultimate load deflection
Group Fastening method fastened at test load high-low at failure
No Dry-soaked Lb. In
5/8-INCH PLYWOOD - TYPE C PRESERVATIVE
1 Nailed 6 & 12 In OC Dry 8,750 9,350-8,000 1.814
2 Nailed 6 & 12 In OC Soaked 7,020 7,650-5,950 2.497
3 Adhesive-No Alkali Overall Dry 9,140 13,050-4,860 0.240
4 Adhesive-Alkali Overall Dry 18,770  20,000-~17,700 0.537
5 Adhesive-Alkali Overall Soaked 15,220 15,450~14,950 0.762
6 Adhesive-Alkali Perimeter Dry 22,000 24,650-~20,550 0.563
1/2-INCH PLYWOOD - TYPE A PRESERVATIVE
7 Adhesive-Alkali Perimeter Dry 18,150 20,550-14,600% 0.485
8 Adhesive-Alkali-Nailed Perimeter Dry 19,067 23,900-~14,300— 0.569
9 Adhesive-Alkali Perimeter Soaked 13,000 17,150-10,200 0.522
1

Perimeter-bonded panels tested while water
soaked (Group 9) lost almost 30 percent in
strength from Group 7. Here again, the salt-
covered surfaces seemed to interfere with bonding
in two out of the three panels in Group 9. In
spite of very poor bonding surfaces, the strength
of these panels still was remarkably high after
the severe water-soaking treatments.

This experiment indicates that a gap-filling
phenol-resorcinol adhesive, when used in con-
junction with alkali surface treatments, can
effectively bond unplaned CCA-treated plywood
and lumber into foundation shear walls capable
of withstanding the highest of racking loads
without reliance on mechanical fasteners for
strength or stiffness.
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DETERMINATION OF WORKING STRESSES FOR STRUCTURAL ADHESIVES

1

By G. P. Krueger, Dean of Engineering
Michigan Technological University
Houghton, Michigan

4

bonding problems.
A

ADP002433

for any other structural material.
adhesives which is available to structural engineers, generally is
insufficient and this problem is addressed in this report. Appli-
cation examples are described and a methodology 1s presented for
development of sufficient design data to handle these structural

ABSTRACT

Structural adhesive applications are as sophisticated as those
The engineering design data for

/

INTRODUCTION

Structural adhesives are finding in-
creasingly more sophisticated uses in struc-
tural engineering applications and corre-
spondingly, the needs for engineering design
property data are more important now than at
any time in the past. These needs have been
defined in a general way over the last twenty
years, but to date, supplier and user groups
have not responded in a way that adequately
serves the needs of structural engineers.

In the past few years, some significant
advances have been made in the determination
of engineering design data in response to the
specific needs of some structural engineering
projects. These application projects have
had a significant influence on several inter-
ested adhesive suppliers and these suppliers
have now undertaken test programs which will
yield engineering design data in a systematic
manner.

In this report, several real applica-
tions will be discussed. In the course of
the presentation, the commonality of these
problems with some traditional bonding prob-
lems will be illustrated and the required
engineering design data will be defined.
Finally, a systematic approach for obtaining
the design data will be outlined.

lPaper presented at "Wood Adhesives-~
Research, Application, and Needs" Symposium
held at Madison, Wis., Sept. 23-25, 1980

STRUCTURAL ADHESIVE APPLICATIONS

The Institute of Wood Research at Michi-
gan Technological University has been involved
for a number of years in several projects
which require the design and development of
composite wood structures for the electric
power utility industry. Both the composite
wood crossarm project and the composite wood
utility pole project require interface adhe-
sive designs that are challenging and demand-
ing of the adhesives.

Both structures are subjected to conven-
tional static and dynamic loads as well as
thermal and hygroscopic loads which result
from severe environmental exposures.

The crossarm is essentially made of a
box section with four longitudinal adhesive
joints. The adhesives are subjected to an in
plane shear stress as a result of conductor
loads and an in plane shear stress and tension
normal to the adhesive plane as a result of
hygroscopic loads.

The composite wood utility pole has an
octagonal, hollow cross section. There are
eight longitudinal adhesive joints which are
subjected to flexural shear stresses as well
as shear stress and tension normal to the
adhesive plane from hygroscopic loads.

In each of these applications, a para-
meter study was undertaken utilizing a finite
element analysis of the cross section. The
parameters which were varied were the adhe-
sive shear modulus, the hygroscopic loading
and the adhesive thickness. Reducing the
shear modulus, of course reduces the biaxial

AR 5 KN PR T RS R TP Cavk o R R T I I RN I I IR IO RPN
g e e e e L N I N A A A N ORI




> A

K

o
Baw
&
N

stress intensity. The objective of such a
study is to be able to select the optimum ad-
hesive which will reduce the stresses to a
reagsonable level, yet provide adequate long
term adhesive and cohesive strength.

Some of the more traditional structural
engineering applications are adhesive bonded
gusset plates, shear walls and diaphrams and
tensile lap joints. In the cases of gusset
plates and shear walls, the stress conditions
are usually inplane shear with minimal tension
normal to the bond line. 1In the case of the
simple lap joint, the stress condition 1is a
high intensity tension normal to the adhesive
plane along with shear in the plane of the ad-
hesive. Stress concentration factors as well
as relative values of shear and tension may be
obtained from data presented by Wooley and
Carver. (Journal of Aircraft, Vol. 8, No. 10,
October, 1971, pp. 817-820) These factors are
a function of adherend and adhesive stiffness
ratios, thickness ratios and lap length.

ENGINEERING DESIGN DATA

The engineering designer of these and
other structural applications is concerned
with two concepts, safety and durability. A
safe design 18 a design for which there is not
unreasonable rigsk of death or injury to the
user or to the public. The durability defini-
tion can be taken from the ASTM document E632-
78. (Standard Recommended Practice for Devel-
oping Short-Term Accelerated Tests for Pre-
diction of the Service Life of Building Compo-
nents and Materials) "3.9 DURABILITY-the
capability of maintaining the serviceability
of a product, component, assembly, or construc-
tion over a specified time. 3.16 SERVICE-
ABILITY-the capability of a building product,
component, assembly, or construction to per-
form the function(s) for which it is designed
and constructed."

The engineering design data must then
be sufficient for the designer to satisfac-
torily insure the safety and durability of
the structure,

In the case of wood bonding, the engi-
neer can take one of two possible approaches
in the design of an adhesive joint. 1In the
first case, the adhesive can be assumed to be
stronger and more durable than the adherends
under all load and end use conditions for a
specified time of service. The designer can
then feel secure in designing the adherends
by a working stress (allowable stress) method
as used in wood design, steel design or ma-
sonry design. 1In most cases, however, the
designer does not have this information and
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in fact the basic assumption may very well be
incorrect.

In the second case, the designer may
attempt to generate the necessary information
and in so doing, in fact produce sufficient
data for a general design methodology for the
adhesive in question. The information which
is required for determining the working stresses
for adhesives is much like that required for
any other material.

A basic strength value is required for
shear and tension normal to the adhesive plane
for an extended period of time and under nor-
mal aging conditions. This value should be
reduced to a statistically safe lower bound to
account for variability and engineering judg-
ment. In addition, provisions should be made
for short term strength degradation factors as
defined in ASTM E632-78. "Any of the group of
external factors that adversely affect the
performance of building components and mater-
ials, including weathering, biological, stress,
incompatibility and use factors".

Finally, the designer must know how the
material behaves under combined stress condi-
tions such as tension plus shear which forms
the biaxial stress state in most adhesive
joints, The advantage of this approach is that
the adhesive may very well be weaker than the
adherend and still be quite serviceable for
many applications.

In the event that it 18 desirable to
vary the stiffness of an adhesive in order to
optimize a joint design from the standpoint of
stress distribution or stress intensity, clear-
ly the shear stiffness and creep behavior must
be known as minimum information.

ADHESIVE WORKING STRESS EQUATIONS

A paper titled "Evaluating Adhesives for
Building Construction'" (U.S.D.A. Forest Ser-
vice, Research Paper, FPL 172, 1972) contains
a suggestion for a working stress formula for
adhesives and a suggested formula for stiff-
ness. This paper provided much of the impetus
for the development of the methodology which
is presented here along with the fact that de-
sign stresses are not uncommon to structural
engineers. Elastic design is permitted in
building codes for all structural materials
which are in common use today.

Since wood is an often used adherend,
the method for determining working stresses
for wood were examined in depth. It was con-
cluded that the ASTM procedures for determin-
ing working stresses for wood could form a
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satisfactory basis for the adhesive working

stress procedure. The specific ASTM docu-
N ments which were consulted were ASTM D245-74
(Establishing Structural Grades and Related
Allowable Properties for Visually Graded
Lumber), ASTM D2555-78 (Establishing Clear
Wood Strength Values) and ASTM D2915-74
(Evaluating Allowable Properties for Grades
of Structural Lumber).

Fbs

§

< Based on the considerations in these
ASTM standards and the information in FPL 172,
the following equations are recommended for
strength and stiffness.

Shear strength (Fv) or Tensile strength
(Ft) = (5% exclusion limit for strength) x
(creep rupture factor) x (aging factor) x
(degradation factors) x (factor of safety)

. Shear modulus (g) = (mean modulus value)
x (aging factor) x (degradation factors) x
(creep factor).

DETERMINATION OF WORKING STRESS VALUES

™G
p A series of demonstration tests have
a been run and these tests can provide working
:§ stress values for any structural adhesive.
. It should be noted that the same test informa-

tion is required to support the conclusion
that adhesives are stronger and more durable
than the adherends for utilization of an ex-
clusively adherend dependent design method.

Some of the tests are standard ASTM
tests which are identified by number and some
are new tests that are best suited to shear
modulus measurements, combined stress evalua-
tion and creep rupture testing.

The degradation factors are divided into
three groups: environmental, load related and
parasitic. The environmental factors include
extreme temperature conditions, water soaking
and chemical soaking conditions. The load re-
lated factors include dead load or low level
stresses, fatigue and cross grain effects.

The parasitic factors include: mold, micro-

. biological, fire, insect and rodent effects.
The following tables include all of the test
recommendations with anticipated results.

SUMMARY

The determination and utilization of
working stresses for adhesive design is a
rational approach which is familiar to struc-
tural engineers. The advantage of the method
is that adhesives are regarded as unique, de-
signable materials and they may be used to
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their full potential, but need not be grossly
overdesigned. Interestingly, much of the de-
sign information already exists, and simply
needs to be caste into an engineering format
for design use.

Table 1.--Summary of Basic Tests

Identif- Stress Exposure Adherend
ication Type Conditions Type
ASTM Shear In- 23°C-50%RH Maple
D 905 Plane
ASTM Tension 23°C-50%RH Maple
D 897-~72 Normal to

Plane
Modified Combined Maple
Rail Shear &

Tension

Modified Shear In- 239C-50%RH Maple
Rail Load Plane

Duration

ASTM Tension 23°C~50%ZRH Maple

D 897-72 Normal to

Load Plane

Duration

ASTM Shear In- 150°C Dry Maple

D905 Plane 130°C Dry Maple

Continu- 110°C Dry Maple

ous Rate- 100°C Dry Maple

Process 90°C Dry Maple

Aging 80°C Dry Maple

Identif- Number of

ication Specimens Results

ASTM 60 5% exclusion value

D 905 on faflure stress.
% wood failure

ASTM 60 5% exclusion value

D 897-72 on failure stress.
% wood failure

Modified 60 total 5% exclusion value

Rail (20 each at on failure criteria.

3 tension % wood failure

stress levels)

Modified 3 Replications Stress vs rate of
Rail Load at 5 or 6 load stress graph which
Duration rates (18 tot.) yields endurance

maximum limit
ASTM 3 Replications Endurance limit in
D 897-72 at 5 or 6 load tension perpendicu-
Load rates (18 tot.) lar to the adhesive
Duration maximum plane
ASTM 15 Remaining useful
D905 15 stress at 30 years
Continuous 15 yields a strength
Rate-Process 15 reduction factor for
Aging 15 aging dry
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Table 1 (continued)

Environmental Durability Factors

¢ Short term exposure to high temperature.
This test utilizes the ASTM D 905 shear block
to determine the strength reduction when tested
hot at 150°F. The exposure should be of suf-
ficient length to bring the glue line to 150°F.
Ten replications are tested hot at 150°F and
the results are compared to a control value
for calculation of a strength reduction value.

e Short term exposure to high moisture.
In the event that an adhesive is specified for
dry use, but short duration soaking might
occur, this factor is applicable. The general
procedure of ASTM D1151-72 "Test for the Effect
of Moisture and Temperature on Adhesive Bonds"
should be used with the ASTM D 905 Shear Block.
Conditioning is at 23°C 50ZRH prior to expo-
sure. Blocks are soaked in cold water at 23°C
and tested wet at intervals of time of approx-
imately 1 day, 5 days, 10 days, 20 days with
5 specimens each. Twenty specimens of each
of the adhesives are to be tested.

e Cold Temperature Exposure. Generally
the procedure of ASTM D 1151-72 and ASTM D
2557-72 should be followed. Exposure temper-
atures of -S0°F and -25°F are used. The ASTM
D 905 shear block specimens are to be used
with each of the adhesives. Ten replications
are tested cold at each temperature and the
results are compared to a control value for
calculation of a strength reduction factor.

o Chemical Reagent Exposure. The test
ASTM D 896-66 (72) for resistance to chemical
reagents should be used with the shear block
from ASTM D 905. The reagents which are
recommended are oil, gasoline and salt solu-
tion. Ten replications for each of the ad-
hesives are used. The exposed specimens are
tested wet and the strengths are compared to
control values for calculation of a reduction
factor.

Parasitic Durability Factors

o Fire registance. The test procedure
E 286-69 (75) Test for Surface Flammability
of Building Materials is recommended to assess
a fire resistance factor which is determined
by comparison with the standard red oak. A 2-
foot tunnel is used to evaluate each of the
adhesives. The specimen consists of a cast
film on a non-combustible carrier and there
are three replications of each test. A sup-
plemental test consists of a small wall section
subjected to increased temperatures and a fixed
dead load. The time and temperature to failure
i8 used to classify the adhesive.
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e Microbiological Attack. The test ASTM
D 1174-55 (76) for the effect of bacterial con-
tamination is used initially with the lap shear
specimen from ASTM D 2339, Three organisms in
the test are used with 10 replications of each
at each of 5 exposures. The adhesives are
tested and the strength reduction factor is
either one or zero. An alternate film test
used by Abbott Laboratories 1s acceptable.

e Mold Exposure. The test ASTM D1286-57
(72) for mold contamination is used initially
with the tension shear specimen from ASTM D
2339. Three mold cultures are specified and
10 replications of each are subjected to 5
exposures. The adhesives are tested and the
reduction factor is one or zero. An alternate
film test used by Abbott Laboratories is
acceptable.

o Insect Attack. The test ASTM D 1382-64
(76) for attack by roaches 1s used with dry
film specimens. The adhesives are tested and
the reduction factor is either one or zero.

® Rodent Attack. The test ASTM D 1383-64
(76) for rodent attack is used with dry film
specimens. The adhesives are tested and the
reduction factor is one or zero.

Load Related Durability Factors

® Cyclic Loading or Fatigue. Theoretical-
ly, the adhesive can be stressed any number of
times below the endurance limit and therefore
low frequency cyclic loading should not cause
an additional strength reduction. In order to
check the rate of stressing and indirectly
check the endurance limit, a high frequency
cyclic fatigue test should be run on each of
the adhesives for 1 X 10" cycles at 500
cycles/min. The test method is ASTM D 3166/73
and the single lap specimen of ASTM D 2339-70
(76) 1s recommended. A strength reduction
factor may result which is less than the en-
durance limit, however, these effects are not
cumulative.

e Cross Grain Swelling and Shrinking. In
order to establish a baseline value, the maple
shear block of ASTM D 905 can be laminated with
cross grain instead of parallel grain. Ten
replications of each adhesive should be sub-
jected to the boil-dry cycle of ASTM D 3434-
75. The average shear values of the exposed
specimens can be compared to control specimens
for calculation of the reduction factor.

e Low Level Stress Interaction with Normal
Aging. There 1s some experimental evidence
that low level stresses will accelerate aging
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effects. For this test, a spring loaded jig
was devised which utilizes the single lap
tension specimen of ASTM D 2339-70 (76). This
specimen along with a zero-stress control can
be subjected to the aging exposures of the
continuous rate process. A strength reduction
factor can be determined which can be super-
imposed on to the aging effects.

Table 2,--Summary of Shear Modulus Tests

Stress Number of
Identification Type Exposure Specimens

Modified Rail Shear 23°C-50%RH 10
Modified Rail Shear 23°C-502ZRH Variable

Modified Rail Shear 150°F 5
Modified Rail  Shear o° 5
~250
..500

Modified Rail Shear 23°C-Soaked 10
Modified Rail Shear Rate Process 75

Aging
Adherend

Identification Type Results
Modified Rail Maple Mean Modulus

Value
Modified Rail Maple Modulus vs

Rate of Load
Modified Rail Maple Mean Modulus

Value
Modified Rail Maple Mean Modulus

Value
Modified Rail Maple Mean Modulus

Value
Modified Rail Maple Modulus vs

Aging

Basic Strength

Environmental

Parasitic

<
a

1]
3
-t
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©
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Table 3.--Screening Test Summary

Required for
Major Test Screening Modifica-
Description Complete Modified tions

Basic Shear Yes Reduced no.of
5% Exclusion specimens
Basic Tension No No
5% Exclusion
Combined No No
Stress
Endurance -~ Yes Reduced no.of
Shear specimens.Use
fast rates only.
Endurance - No No
Tension
Dry Aging - Yes Reduced no.of
Shear specimens.Use

higher temper-
atures only.

High Temper-

ature - Shear Yes
Cold Temper-

ature - Shear Yes
Water Soaked -

Shear Yes
Chemical

Soaked-Shear No No
Fire - Tunnel No No
Fire - Creep No No
Microbio-

logical No No
Mold No No
Insects No No
Rodents No No
Fatigue No No
Cross Grain No No
Low Level

Stress No No
Mean Modulus No No
Effective

Modulus Yes
High temp.-

Modulus Yes Reduced no.of

specimens

Low Temp.-

Modulus No No
Water Soaked

- Modulus No No
Aging -~

Modulus No No

~
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ADHESIVES FOR MOBILE HOMES--

RESPONSE FROM THE PRIVATE SECTOR

By Ed Starostovic
PFS Corporation

2402 Daniels Street, RR 5
Madison, WI 53704

S& ABSTRACT

The development of ASTM Standard D-3930, #Scandard specifi~
cation for woodbased materials for construction of mobile
homes,* represents two significant issues. First, it repre-
sents the development of a consensus standard specifying
end-use requirements for adhesives in the mobile home indus-
try. Second, it represents a response from the Private to
the Public sector resulting from a mandate by the Public

sector
cg There are two main points to be made. The first 1s that
1%13 standard represents a significant new type of adhesives-

related standard. This is not simply a Commodity or
Performance Specification standard, but something more. This
standard describes the fashion that adhesives, a adhgsives,
be they phenol-based or elastomer-based, must perfotm:gn an
end-use that may include not just one type of wood-based
product but many types. That end-use is the manufacture of
mobile homes. The significance of this is that previously
excluded elastomer-based adhesives are not only allowed but
are assigned allowable working stress values. This genera

of adhesives, while proven valuable for construction purposes
in the past, has been excluded from consideration in mobile

govern and regulate itself.

this belief.

homes due to restrictive commodity standards

The second point is a personal one. 1'm a firm believer
in the responsibility and right of the Private sector to
I believe that the Private
sector not only should but can do a better job of this
regulation. ASTM Standard D-3930 represents one example of

The title of my talk embodies the two
issues I will talk to today. I'm going to
talk about the development of a consensus
standard specifying end-use requirements for
adhesives used in mobile home industry. And
1'm going to talk about the response from the
Private sector, to the Public sector, that the
Standard's development represented.

There are two points I want to make to-
day. The first is that ASTM Standard D3930
repregsents a new type of adhesives-related
standard. 1It's not a commodity standard that
describes how a particular genera of adhesives
should perform. It's not a performance speci-
fication describing how a particular product
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should perform in service. It's more than
both of these. ASTM D3930 is a standard that
describes in general the fashion that adhe-
sives, any adhesives, be they phenol-based or
elastomer-baged, must perform in an end-use
that may include having them bond a wide va-
riety of wood-based products. That end-use is
the manufacture of mobile homes. The signifi-
cance of this is that previously excluded
elastomer-based adhesives are now not only
allowed for use in a structural fashion but
are assigned allowable stress values. This
genera of adhesive, while proven valuable for

lPaper presented at "Wood Adhesives--
Research, Application, and Needs' Symposium
held at Madison, Wis., Sept. 23-25, 1980

Y '_i

LS XN AR S R L N Ly WL SN




Rt

R

D S

Iy o

L,

MLLLE

4

AT IO

R P

construction purposes in the past, had been
excluded from use by restrictive commodity
standards.

The second point is a personal one.

a firm believer in the responsibility and
right of the Private business sector to govern
itself. I believe that the Private sector not
only should but can do a better job of this
regulation. ASTM D3930 represents one example
of this belief in action.

Before expanding on the first point, I'd
like to make a couple of broad generalizations
that will help set the stage. The fact that
80 many representatives of the wood adhesives
research and industrial community are here
attests to the fact that the industry is
experiencing problems. Increasing shortages

I'm

and much higher costs of traditional adhesives'

raw materials have forced the industry to
look to new sources and new technologies.
One characteristic of the Standard I will
describe is that it incorporates both new
sources and technologies.

During this meeting we will learn about
new adhesives and technologies from different
raw materials. Adhesives from agricultural
regsidues and pulp mill effluents are promising
examples, We will learn more of the fact that
many of the new technologies, no matter how

promising, create problems that preclude their '

use in certain situations. The formaldehyde
emissions problem from certain adhesives is
an example.

One type of adhesive that is becoming
more widely recognized is the elastomer-based.
This genera may be put into the class of Con-~
struction or Structural adhesives. While
Dr. Hoyle spoke about the properties of
elastomor-based construction adhesives at the
start of this session his work with this type
of adhesive began many years ago. He first
published some of his findings in 1976 and
1977 in the Forest Products Journal and Wood
Science. Those findings have served as the
basis for the development and philosophy of
ASTM D3930.

With regard to the mobile home industry,
the gignificance of his work and elastomer-
based adhesives is based on the fact that
while those adhesives could not develop the
high stresses more rigid adhesives could,
elastomer-based adhesives had other properties
valuable from a mobile home construction
standpoint. Let me explain.

As we all know, constructions using wood-
based materials may suffer a number of mala-
dies because wood expands and contracts with
changes in temperature and relative humidity.
These changes cause stress bulldups in parts
of the structure that must find relief in
another part of the structure in order that
the whole system perform satisfactorily. Not

g PP
IR R e’

g

5 TSI T P R N < Y
. o o. \.. .~s,-.‘- N

™

155

LN AP et

only {8 all this true for mobile home struc-
ture but mobile homes suffer from another
factory in one place, put on wheels and trans-
ported over bumpy roads and around corners to
another place. Transportation can cause prob-
lems with rigid structural and semi-struc-
tural adhesives as they may fracture exten-
sively if the roads are bad. Fracturing
causes drastic reductions in the strength
developing nature of the adhesives. With this
fracturing the structure loses some of its
structural integrity and will not serve as
well in the long run.

Elastomer-based adhesives have proved to
be useful in situations where fracturing may
be a problem. Early on Dr. Hoyle showed that
these adhesives are just flexible enough to
allow for some shock absorbing. In addiction
elastomer-based adhesives may develop up to
80% of the strength of more rigid adhesives
in structural and semi-structural applica-
tions such as glue-nailed wall and floor
panels. Other favorable properties include
the ability to lessen stress concentrations
at corners in panelized systems, dampen im-
pact loads, and reduce the construction's
sensitivity to assembly pressure, mating-
surface quality, temperature and moisture
content.

Elastomer-based adhesives suffered in
only one area: they could not pass all the
restrictive requirements specified in the
Commodity standards. As a result these adhe-
sives could not be assigned allowable stress
values. Because of that they were not
allowed in mobile home construction. With
the consensus acceptance of this standard,
however, that situation has changed. Now, not
only will elastomer-based adhesives be accept-
able but they will have allowable stress
values assigned to them. This is a major
breakthrough for the mobile home industry.

Perhaps a few words about the general
types of standards will make this point a bit
clearer, Most of you are familiar with adhe-
sive Commodity standards. These standards
specify the manner in which adhesive products
can be made. Such standards typically define
the minimum qualities an adhesive should have.
For example, an adhesive type may be
described by its permissible reactioms to
extremes of temperature and relative humidity,
its maximum permissible deformation, i.e.,
stiffness or rigidicy, under a given load, its
aging characteristics, etc. Elastomer-based
adhesives cannot develop stresses rigid adhe-
sives can, thus they cannot be assigned allow-
able stresa values. Without these values
engineers cannot design structures using these
adhesives.
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More recent Performance Specifications on
the other hand, specify how products must per-
form in a given situation and not how the prod-
ucts wust be made. Standards specify in-
service performance criteria and test methods
by which to evaluate those criteria. For
example, a Performance Specification for a
type of plywood might state the maximum ad-
verse conditions under which that type of ply~
wood would be expected to perform. A set of
testing criteria would then be given by which
the manufacturer could test the product. This
is a more flexitle approach in that it allows
different products to be fabricated for dif-
ferent situations and it assigns them realis-
tic performance requirements. Before ASTM
D3930 there were no Performance Specifications
for adhesives.

This standard resolved the shortcomings
of both Commodity Standards and Performance
Specifications. D3930 got around the
restrictive, unrealistic characteristics of
the Commodity Standards and it created the
Performance Specifications and test methods
needed by the mobile home industry.

As part of my explanation of why I feel
that it is important that the Private sector
regulate itself I would like to describe
when, why and how D3930 came into being.

Before 1976 the mobile home and motor
coach construction industry was regulated by
state regulations. There were no require-
ments describing the types of adhesives that
could or could not be used. In the early
70's the Department of Housing and Urban
Development had purchased a number of mobile
homes as a part of a disaster relief program.
Either due to faulty construction techniques
or the adverse conditions in which they were
used, or both, some of the mobile homes did
not perform as they should have. Soon after
HUD promulgated the Federal Mobile Home Con-
struction and Safety Standards designed to
regulate the industry. From my point of
view this was an unnecessary and unfortunate
act based on an unfortunate happening.

It was pointed out shortly after, that
this standard was missing the part that spec-~
ified what adhesives could be used and how.
This was a major shortcoming since adhesives
could be used in structural and semi-struc-
tural fashions and were an important element
in such engineered structures. What should
be done? was the question.

In 1976, at a meeting on adhesives here
at the Forest Products Lab, a number of
designers, engineers, manufacturers and
researchers discussed this problem. Robert
Hoyle had reported on some significant
findings from his research on elastomer-based
adhesives. While these types of adhesives,
as I have mentioned, were mandated against by
the strict requirements of the Commodity
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Standards, the adhesives did appear to per-
form well in structural and semi-structural
situations. These would be the types of sit-
uations found in mobile homes.

Engineers noted that because elastomer-
based adhesives were slightly pliable,
it was not possible for them to develop the
high stresses of rigid adhesives. Also,
because elastomer-based adhesives could not be
tested by existing standards there could not
be developed allowable stress values with
which engineers could design using them.
Elastomer-based adhesives did have a number
of characteristics that would make them use-
ful in mobile home constructicns.

It was decided that the Private sector
would respond to this need of an adhesives
standard by creating a standard. It was fur-
ther decided that this standard would be a
consensus standard and that it would, 1if pos-
sible, allow the use of elastomer-based adhe-
sives in structural and semi-structural ways.

Specifically the goal of the effort was
to develop a standard that would provide:

1) an engineering tool to mobile home design
engineers; 2) allowable stress values on
adhesive formulations and not simply maximum
stress values; 3) sufficient tests for adhe-
sive manufacturers to evaluate their products
and such that adhesives bearing numbers re-
lated to these tests could be identified as
to the environmental conditions they could be
expected to perform in.

I've just made two points 1 consider sig-
nificant and I want to reemphasize them. The
first was that it was decided that the adhe-
sive standard would conform to the real-world
needs of the design engineer and manufacturer
and not to requirements found only in a lab-
oratory. All parties agreed that it was
important only that the adhesives perform well
in service. Tests could be designed that
would be sufficiently severe to test any ad-
hesive under the worst possible conditions
likely to be encountered. Also, it was under-
stood that other parts of a mobile home, such
as gypsum board, would develop far less
strength than the elastomer-based adhesives,
but that all the elements working together
would form a structurally sound system. These
were real world users designing for real
world conditions.

The second point is that ASTM D3930 is a
consensus standard. The HUD standard was a
Public mandate. D3930 was made possible only
by a consensus of opinion from all sectors of
the user community. Users included well
known experts from the mobile home industry,
the adhesives industry, the engineering com-
munity and a representative from HUD. By
this progress the committee was assured that
the final product would serve everyone
equitably.
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I volunteered to work on the project for
two reasons. First, I believe strongly that
the Private sector has the responsibility and
right to govern itself. Second, as an engi-
neer 1 knew how important it was that the
standard would be a working and useful one.

In developing the standard cthe first scep
involved 6 drafts that circulated only with-
in PFS Corporation here in Madison. After we
felt we had a good version it was submitted to
individuals cuiside our corporation including
persons from :#{)D. At about that time HUD con-
tracted with an engineer from Boeing to con-
sult with them about the adhesive specifica-
tions. That engineer felt there should be very
strict Commodity standard-like specifications
for the adhesives. To the relief of the
standard's committee, HUD personnel had to
admit there was no data indicating such a
need. It was decided that the standard should
be developed along the lines already set down
in the early drafts.

At that time it was decided that further
standard development should be turned over to
an ASTM Task Force even though this would in-
crease the time for the standard's final ap-
proval. This would, however, assure the devel-
opment of consensus among all potentially
affected groups thereby assuring a more
durable end product. HUD personnel were
urging us all ac that time to proceed as rap-
idly as possible.

After several more years work, 7 more
drafts, and several ballots in ASTM, the stand-
ard was finally accepted by full Society bal-
lot this past summer as ASTM Standard D3930.
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In summary: 1In 1976 it was pointed out
that the new Federally mandated standard
regulating the mobile home industry in the
United States lacked specifications governing
the types of adhesives that would be accept-
able. The private sector took it upon itself
to demonstrate that it was capable of creating
a consensus standard to regulate itself,
Experts from all segments of the industry,
including a representative from the public
sector were involved. The consensus standard
was developed and has been accepted.

In ending, I am happy to be able to re-
port of some recent achievements related to
ASTM D3930. Gordon Krueger has just reported
on his research, sponsored by HUD, regarding
the determination of working stresses in struc-
tural adhesives. This work could be very
important with regard to D3930 and I trust that
the results will be used by the ASTM Task
Force responsible for upgrading the Standard.
This is significant for me in that it shows
that even though the initial effort by HUD was
lacking in one area they are very interested
in sponsoring the research necessary to up-
grade that part of their standard.

Another event of significance to D3930
will be described by Robert Gililespie later
this afternoon. His work in developing a
"rate process' for measuring some aspects of
durability should also prove to be an impor-
tant addition.
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m METHODOLOGY FOR DETERMINING THE
DURABILITY OF SEALANTS
A\ Y
c L. Bogue Sandberg Michael P. Albers
Assistant Professor of Civil Engineering Structural Engineer
c Michigan Technological University Bechtel Power Corp.
Houghton, Mich. Ann Arbor, Mich.
‘::: }N ABSTRACT
'=:: This paper presents the framework for a methodology

for insuring the durability of construction sealants.

The basic approach involves determination of an allow~
able design strain from the product of the ultimate
strain capacity of the sealant and various empirical
reduction factors reflecting expected service conditions.

T

INTRODUCTION

The objective of this paper is to pre-
sent the basis for a rational engineering
approach to the use of sealants and, by exten-
sion, to suggest a procedure for the engi-
neered design of sealant joints. Although
many questions are yet to be answered, the
general framework of this approach will allow
new knowledge to be incorporated as it be-
comes available.

There are similarities between sealants,
wood and adhesives. For each there exists
a bewildering variety of material choices
with a wide range of properties. Sealants,
like wood and adhesives, are subject to
various types of degradation. And they are
often taken for granted during design and
construction.

Sealants differ from wood and adhesives
in one very important respect. Except for
some glazing applications, sealants are not
relied upon to carry load. Rather, they are
expected to seul out the weather in joints
which may b subjected to movements from
various sources. Thus it 1is strain capacity
rather than stress resistance which deter-
mines the performance capability of a sealant.

Within reason, there is no such thing as
a bad sealant. But there is frequently mis-
application of a given sealant. It is just
as inappropriate to make a temporary, non-
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critical seal with an expensive elastomeric
sealant as it is to seal a monumental high
rise with an unidentified compound whose only
known virtue is low price. The best sealant
is the one which will minimize total cost
over the useful like of the stiucture. The
challenge lies in predicting long term per-
formance so that an intelligent selection of
gsealant and joint design can be made. Panek
(1976) and Skeist (1977) provide an extensive
listing of sealant specifications, both domes-
tic and foreign. In the main, these specifi-
cations establish qualitative standards which
are somewhat arbitrary and do not provide the
data necessary to actually design a sealed
joint.

The American Society for Testing and
Materials (1980) lists 35 tests for evaluating
building sealants, caulks, and gaskets. In
addition, there are a number of related tests
dealing with water and air transmission in
windows, doors, and curtain walls. Many of
the sealant tests are concerned with installa-
tion characteristics and appearance and, there-
fore, are not directly applicable to the du-
rability question.

Several problems become evident when the
ASTM tests are considered for possible use in
a comprehensive test program. First, there is
little consistency in specimen configuration
or conditioning in the ASTM tests. Second,
most of the tests are relatively short term
and appear to be aimed at providing quality
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control/quality assurance data rather than
design information. Finally, the tests for
accelerated aging, in many cases, include a
nunmber of aging variables, making it difficult
to identify relative sensitivity to the indi-~
vidual variables.

METHODOLOGY

The most important measure of sealant
durability is strain capacity. Even in so-
called non-moving joints, the sealant must
withstand some movement due to thermal or
moisture induced expansion and contraction.
Also, sealant shrinkage and hardening with
age can result in strains similar to those
caused by actual joint movement. Under adverse
environmental conditions, a sealant must be
able to withstand movements for the life of
the structure or for some acceptable period
prior to replacement.

The determination of an allowable strain
for a sealant joint can be treated in a man-
ner similar to that proposed by Krueger (1980)
for establishing allowable stresses in adhe-
sives. This method, in turn, is based upon
an approach that has been in use for many
years in the engineering design of structures
and components from wood and other materials.
As applied to sealants, the method involves
reducing the basic ultimate strain capacity
of a sealant by appropriate factors to arrive
at an allowable design strain. This allowable
design strain can be expressed as:

€= (5% exclusion limit for basic
strain) X (durability factors)
X (state of strain factor) X
geometric shape factor) X
(substrate factor) X (safety
factor).

The basic strain value can be determined
from short term tests on either shear or ten-
sion specimens. Fryer (1966) defines the 5
percent exclusion limit as a value expected,
with a selected degree of confidence, to be
exceeded by 95 percent of all future values
(3). The durability factors account for the
effects of exposure to water, heat, cold,
chemicals, ultraviolet radiation, fatigue,
and displacement set. These factors can be
obtained from accelerated or long term tests.
While long term tests may be more accurate,
they have obvious disadvantages. The state
of strain factor accounts for differences in
sealant joint behavior under axial and shear
strain conditions. The geometric shape fac-
tor corrects for variations in strain capabi-
lity that occur when the sealant is used in
joint designs with width-thickness ratios or

configurations that are different from that
used for the basic displacement and aging
tests. Finally, the factor of safety accounts
for uncertainties regarding actual behavior,
installation, and service conditions, as well
as reflecting a judgement on how critical

the integrity of the joint {is.

TEST PROGRAM

A testing program was developed to faci-
litate the determination of allowable strains
for several typical sealant types. The tests
used were similar in many respects to standard
ASTM tests. However, specimen geometry and
curing procedures were standardized so that
all the specimens for a given sealant used in
the various tests began with similar material
properties. The specimens used are shown in
Figures 1 and 2.
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Figure l1l.--Dimensions of Gunned Sealant Tension
Specimen
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Figure 2.--Dimensions of Gunned Sealant Shear
Specimen
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All specimens were cured one week at
23°C (71°F) and 50 percent RH followed by
another week at 40°C (104°F). All testing
except for low temperature testing, was done
at 239C and 50 percent RH. The various tests
used to develop the data for allowable strain
determination are summarized below:

1. Basic Displacement Test-Tension.--
Specimens, as shown in figure 1, are elongat-
ed and the ultimate strain is recorded. From
these results, an estimate of the 5 percent
exclusion value for ultimate tension strain
is calculated.

2. Basic Displacement Test-Shear.--
Lap specimens (fig. 2) are pulled in shear to
obtain a 5 percent exclusion value for ultimate
shear strain.

3. Fatigue.--Tension specimens are
cycled in fatigue at various peak strain levels.
The tests are run at 500 cycles per minute.
The data, number of cycles to failure versus
peak strain, are fit with a hyperbolic func-
tion to estimate a strain endurance limit.

4. Water Resistance.--Tension specimens
are immersed in 230C water. At various time
intervals, up to 90 days, specimens are re-
moved and tested wet to determine ultimate
strain.

5. Heat Resistance.~-Tension specimens
are placed in a 70°C (160°F) ventilated oven.
At various times, up to 90 days, specimens are
removed and tested at room temperature to
determine the effects of heat aging.

6. Low Temperature Flexibility.--Ten-
sion specimens are chilled in a freezer for
one week and then tested cold in an insulated,
cooled test chamber. The temperatures used
are 0°C, -15°C, -30°C, and -45°C.

7. Chemical Resistance.--This test is
the same as the water resistance test except
the water is maintained at a pH of approxi-
mately 3.0 by the periodic addition of sul-
furic acid.

8. Ultraviolet Exposure.--Tension spec-
imens are placed in 1 Q-panel exposure unit.
for times ranging up to 1200 hours. After
exposure the specimens are tested to failure.

9. Compression and Tension Set.--This
test measures the recovery ability of a sea-
lant after the specimens are held in a dis-
placed position for various times intervals.
Tests are run at -30°C, 23°C, and 70°C.

10. Substrate Compatibility.--The adhe-
sion of the sealant to various substrates
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which might be encountered are evaluated in
this test. The tension specimen of figure 1
is used.

11. Joint Design Sensitivity~Tension.--
This test measures the effects of different
width-thickness ratios on tensile strain
capacity. It is used to develop the geometric
shape factor.

12. Joint Design Sensitivity~Shear.--
This test is similar to the one above, except
it covers shear joints.

13. Joint Design Sensitivity-Special
Configurations.-~For joint geometries other
than a butt tension joint or a lap shear joint,
special tests must be run to determine the
geometric shape factor. Fillet joints, for
example, may require this additional test.

TEST RESULTS

To illustrate the application of the
test data to determination of allowable strains,
consider a solvent acrylic sealant on wood
and aluminum substrates. The results from
the basic tension and shear tests are shown
in table 1. The strains are very large, par-
ticularly those for shear. As such, they are
really nominal strains. The tensions strains
were obtained by dividing failure displacement
by specimen width while the shear strains were
calculated as failure displacement divided by
specimen thickness, consistent with the usual
engineering definition of shear strain. The
significantly larger strain capacity in shear
was expected (Cook, 1970). The state of
strain factor for tension is 1.00 because all
of the durability factors are derived from
tension data.

The fatigue data for the acrylic is shown
in figure 3. The test was run at 500 cycles
per minute and was a non-reversing (tension
only) cycle from zero displacement to some
peak displacement. A reversing cycle may be
more appropriate in general, but was not used
because of the particular application that
was considered in the study. All of the
acrylic specimens failed cohesively. A hyper-
bolic equation was fit to the data and the
results are shown in table 2.

The 2500 cycle limit is intended to
account for thermal expansion cycling. Assum-
ing three months of severe winter exposure per
year results in 2500 of these cycles (at near
peak amplitude) over a 30 year life. Other
numbers of cycles could be used depending on
the desired life and on availability of data
for actual joint movements in buildings.
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Table l.--Basic tension and shear

A i et Sept i il aufl ek A Bl A E bt Al A I

T .*

Strain/ Mean Std. Dev. 5% Excl. State of Strain
g Substrate Strain X Strain X Strain % Factor
ke -
i' Tension/W 205 49 117 1.00
.; Tension/Al 220 24 176 1.00
Shear/w 837 100 655 5.60
" Shear/Al 880 43 803 4.56
S
g W = Maple substrate Al = Aluminum substrate
kY Table 2.--Fatigue results for acrylic
.)\T" -
%
A Substrate Equation Std. Dev. 2500 Cycle 1 Million Cycle
(in) Factor Factor
v Wood Y = 386/x + .0326 .0072 .172 .0329
Aluminum Y = 823/x + .0202 20097 .316 .0210

b bl

REvem s

Y = Peak displacement (inch)

x = Number of cycles to failure
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The one million cycle limit is suggested
for cases, such as mobile homes, where the
structure will be subjected to transportation
induced dynamic loadings.

To obtain the durability factors for
fatigue, the 2500 cycle and one million cycle
limits were divided by the appropriate mean
strain from the basic tension test. The
results are shown in table 2.

Since the tests for water, heat, and
chemical resistance were conducted in much
the same fashion, they can be discussed to-
gether. The data is shown respectively in
figures 4, 5 and 6. Exponential decay curves
were fitted to these points, but only a few
of the curves were statistically significant.
To obtain some estimate of the degradation,
the data for 50, 70, and 90 days of exposure
were averaged for each exposure type and di-
vided by the mean strain from the basic ten-
sion test. The resulting durability factors
are given in table 3.
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Acrylic Sealant

Table 3.--Water heat and chemical factors

Substrate Water Heat Chemical
Wood 0.02 1.00 0.07
Aluminum 0.22 1.00 0.26

The results of the cold temperature flex-
ibility test are shown in Figure 7. A near
total loss of displacement capacity occurred
at -45°C. Calculation of a durability fac-
tor for cold must reflect actual expected
conditions. For illustration