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INVESTIGATION OF THE RELATIONSHIPS BETWEEN LIGNIN STRUCTURE
AND ITS MECHANICAL AND ADHESIONAL BEHAVIOR

SUMMARY

The effects of lignosulfonate adhesive viscosity and surface tension on
the bonding strength of layups prepared from aged southern pine veneer have been ex-
amined in the adhesional phase of the program. The viscosity of electrodialyzed
lignosulfonic acid (ELSA) was increased to the level of the reference formulated ad-
hesive by several methods while maintaining essentially constant surface tension. The
obJect of this unit was to compare the bonding strength afforded by ELSA with that pro-
vided by the formulated adhesive under conditions of nominally equal penetration énd,
hence, surface availebility. The bonding strength resulting from the high viscosity
ELSA was roughly twice that of the unmodified ELSA control but the level of strength
attained under these conditions was notably less than that provided by the formulated
adhesive. A limiting value to bond strength from the ELSA alone was indicated to
fall in the range of 120-130 pounds per inch. The type of failure obtained from ELSA

at the maximum strength level was predominantly cohesional.

Decreasing the surface tension of the high viscosity (autoclaved) ELSA
through incorporation of surfactant tended to decrease bonding strength as was found
previously with the low viscosity material. On the other hand, reduced surface tension
had little or no effect on the bonding strength provided by the formuleted adhesive,
in which case the predominant failure was within the wood. These results are interpreted
in terms of the amount of surfactant required to effect the desired surface tension

level. Other potential means to improve bonding are described in the discussion.
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The cohesion of an adhesive depends on its ability to distribute an applied

stress. The viscomechanicel properties of an adhesive should relate to its cohesive

nature.

Attempts to isolate the cured LSA adhesive for direct mechanicel measure-
ments were of only limited success. Since the mechanical behavior of a cured-adhesive-
saturated glass fiber mat is due mainly to the adhesive, this system was used to
measure the viscomechanical and tensile properties of LSA adhesives, to determine their

solubility, and to relate these date to plywood bonding.

The first series of adhesives examined were: (1) an ammonium base LSA,
R-2, (2) ELSA R-ik, (3) R-44 and hexamine (2:1) for cross-linking, (4) & methanol-
soluble ELSA, low molecular weight, (5) & methancl-insoluble ELSA, high molecular

weight, (6) R-blh and glycerin (4%) as & plasticizer, (7) R-4k in 0.01M FeCl, and acry-

3
lamide (5%) for graft polymerization, (8) R-l4L heat concentrated, and (9) phenocl-formal-
dehyde plywood adhesive. Loss tangent values (ratio of energy lost to energy stored)
were celculated from vibretional date of reeds cut from the gless fiber mst. Stress-

strein date were obteined on specimens using the Instron Tensile Tester. The solubility

of the cured adhesive in boiling water was determined by a weight loss.

All of these materiels, except the low molecular weight fraction, showed
approximately Hookean behavior. This exception suggests that the curing conditions
were probebly not sufficient to cause much increase in the molecular weight of ELSA.
There is a very general trend of loss tangent increasing with elongaetion to break, as

+arRr dr +he Vldpamrdiiames Poam NV vmm Ve eed m e TV e md e ad oY o S an I .
sugoesTeT L Toe _TTerLTUrT ITT LLLITLY VIDULIILLIULD Lallilads. L ad LuuCwud Wiy VG

phenol-formeldehyde, & good adhesive, and crosslinked ELSA have the high values and the

FeCl3 system and LSA, a usually poor adhesive, have the low value with the others in

between. The difference between extremes is small, however, suggesting that neither
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ELSA nor LSA is too different viscomechanicelly from a good adhesive. The glycerin
did not increase the loss tangent as expected and the Fe+3 did not appear to effect
graft polymerization, probably due to interaction with ELSA. The solubility data
support the extent of cross-linking suggested from the above viscomechanical results,
with ELSA 100% soluble — low cross-linking, ELSA-hexamine 80% soluble — intermediate

cross-linking, and phencl-formaldehyde 3% soluble — high cross-linking.

The second set of adhesives examined were those used in the plywood bonding —
adhesion studies. The range of values of loss tangent for the "nonformulated" adhesives
is very small, while those for the formulated adhesives is sbout as the first set.

The range of values of elongation to breek is also small. The nonformulated.specimens
show & slight trend of loss tangent increasing with elongation to breek, the cross-
linked samples having the high velues and ELSA the low velues. The autoclaving and
surfactants have no noticeable effect on viscomechanicel behavior. The formulated
adhesive was only 15% soluble, indicating reasénably high cross-linking. The tensile
strength, Young's modulus, and loss compliance show a general ranking with ELSA low,
cross-linked ELSA middle, and formulated adhesive high. These data, however, appear
to depend somewhat on the amount of adhesive present, as was observed also for the

first set of adhesives.

In view of the genersal trend of these viscomechanicel data, the cbserved
serious loss in plywood bond strength with surfactant and with cross-linking is unex-

pected. The role of adhesive penetration on this enigme is discussed.

Futnre wark wonlA (1) establish the role of venetration on bonding strength,
(2) intr&duce cross~links to improve viscomechanical behavior end insolubility, and
(3) clarify the role of wood meal as viscosity control, penetretion control, cross-
linking evenue, and/or agent for stress redistribution. Such information would aid

in improving lignosulfonic ascid formulations for plywood adhesives.
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ADHESIONAL PROPERTIES OF LIGNOSULFONIC ACIDS
INTRODUCTION

Results given in Progress Report Ten reveeled that lowering the ELSA surfece
tension through incorporation of surface-active sgent tended to reduce rather than
increase bonding strength in layups made from aged southern pine veneer. This was
tentatively attributed to preferential sorption of the surfactant at the veneer-ad-
hesive interface or possibly to reduced viscosity. The effect of viscosity on the
depth of penetrastion of & liquid adhesive into & porous substrate is shown by the

fellowing equation.

2 = /Igt Coe © (1)

an

where 2 is the distance penetrated in time, t, Yy is the surface tension of the liquid,
8 is the contact angle formed by the liquid on the solid surface, and n is the coeffi-
cient of viscosity of the liquid. Differentiation of Equation (1) with respect to

time gives the corresponding rate of penetration egquation

df _ yr Cos 6
at = In 2 (2)

Equetion (2) is an idealized equation which is valid only when the contact
angle is acute, when laminar flow exists, and when air resistance, gravitational,

and inertiel effects may be excluded or neglected. In spite of these limitations,

Ecuations (1) and (2) are neefnl 4n Ascrwihine monetwetion vhenomens. T+ Iz opporont
that both the depth of penetration and the rate of penetration are inversely propor-
tional to the viscosity. It will also be noted that & reduction in surface tension,

in itself, should reduce penetration but this effect is usually counterbalanced by

PO SRS
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2 concomitant decrease in contact angle and, hence, an increase in Cos 8. Therefore,
the net effect of reducing adhesive surfece tension on penetration will depend upon

the relative changes in viscosity, surfece tension, and contact angle.

Addition of surfectant was previously shown to reduce ELSA solids content
and viscosity and since reduced viscosity could lead to excessive penetration of the
adhesive and poor contact in layup formetion, it was decided to examine the effects
of ELSA viscosity on adhesion before proceeding with the effects of reduced surface
tension. The following summerizes results obteined in examining the effects of these
factors on plywood adhesion in systems bonded with ELSA and the reference formulated

adhesive.
EXPERIMENTAL

The Effect of ELSA Viscosity on Bonding Strength

The viscosity of ELSA (Run 38, 66-2) was increased by three methods:

1. by freeze drying and then reconstituting to 5i% solids,

2. by heat treating (autoclaving) for a totel of five hours at
230°F., and

3. by adding & smell amount of & high molecular weight polymer.

The viscosity resulting from the first two methods wes approximately

that of the previously tested formulated adhesive containing wood flour and phenolic

resin whereas the viscosity resulting from incorporation of polymer was somewhet higher

“hon dthot ~f +he rmalifd el TTQE Wt 1Awer than that of the formuleted adhesive.

In freeze drying, approximately 85 g. of LO% ELSA was reduced to the solid
material. The freeze-dried product was then reconstituted to 54% solids by slowly

adding distilled water with thorough mixing. Heat treatment consisted of autocleving
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80 g. of the LOZ ELSA for & total time of five hours at 230°F. in approximately one-
hour intervals. The stepwise treatment was necessary to establish the effect of time
on viscosity. Viscosity was increased in the third case by incorporating 1.8% of

an experimental high molecular weight polymer into ELSA. The polymer, known to pe

steble under acidic conditions, was added as a 3% agueous solution.

The viscosity of the modified ELSA samples was measured at 27°C. with a
Brookfield viscometer. Surface tension was measured in duplicate at 73°F. with &
calibrated du Nouy Interfacial Tensiometer and the average values were adjusted for

the Harkins-Jordan correction factors (1).

Leyups were subsequently prepared from eged southern pine veneer utiliz-
ing the modified and unmodified ELSA as the adhesive. The veneer was aged 2-3 weeks
at T3°F. and 50% R.H. prior to layup formation. Under these conditions the critical
surface tension of the veneer has been shown to decline to approximately 28 dynes/cm.
The procedures followed in preparing and testing layups were the same as those described
previously. Bonding strength results, together with pertinent surface tension and

viscosity data, are recorded in Table I.

Bonding strength attained with ELSA as a function of (Y/T])l/2 [refer to
Equation (1)] is shown graphically in Fig. 1. Viscosity in this case was apparent

viscosity as measured with the Brookfield viscometer.

The Effect of ELSA Adhesive Surface Tension on Bonding Strength

It is epvarent from Table I that increamsing the wicracitr nf WTCA 4onded
to increase in bonding strength regardless of the means taken to achieve the higher
viscosity. With this informetion serving as background, & second series of layups

vas prepared which pursues the effect of lowering the adhesive surface tension to
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Figure 1. The Effect of ELSA Viscosity on Bonding Strength
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a level approaching that of the critical surface tension of the aged veneer while
maintaining a viscosity epproximating that of the formulated adhesive. In addition
to changes in surface tension, the second series examines the effects of a cross-
linking agent and a plasticizer on the bonding afforded by ELSA. The cross-linking

agent employed was hexamethylenetetramine and the plasticizer was glycerin.

The apparent viscosity of ELSA (Run 38) was adjusted to the level of the
fo%mulated adhesive by autoclaving at 230°F. This method was selected on the basis
that it does not materially affect the solids content and, hence, the amount of adhesive
available at the surface in layup formation. In order to arrive at an approximately
equal viscosity level in the presence of the cross-linking agent and plasticizer which
produced & marked reduction in viscosity, it was necessary to autoclave the ELSA a
total of 9-11 hours to an initisl viscosity of 2506 cp. The autoclaving was carried
out in intervals of 1 to 3 hours each and, after each interval, the ELSA was cooled

to T3°F. for a viscosity measurement.

Because of a limited supply of the reference ELSA (Run 38) it was necessary
to substitute a similar material for preliminary surface tension determinations. A
second electrodialyzed ELSA was supplied by PMRL for this purpose. Candidate surface-
active agents were selected on the basis of known properties such as stability in
strongly acidic media and ability to reduce surface tension at low concentrations.
The agents selected were in addition to those described in Report Ten (2). The surfac-
tants were prepared as 10% stock solutions in distilled water. Metered amounts of
the stock solutions were added to 100 grams of the substitute ELSA to provide surfactant
concentrations of 0.01, 0.05, and 0.1%. The resulting surface tension was measured

at T3°F. as previously described and the results are recorded in Table II.
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THE SURFACE TENSIOK OF ELSA IN THE PRESENCE OF SURFACTANTS

Surfactant

None
(ELSA Control)

Tergitol 12-M-10
Tergitol 12-P-6
Neutronyx 656
'Aﬁlas G-123k

Triton X-200

Type

Ronionic

Ronionic

Nonionic

Nonionic

Anionic

Pulp Manufacturers Research League

TABLE II

Supplier

Union Carbide Corp.

Union Carbide Corp.

Onyx Chemical Co.

Atlas Chemical Ind.

Rohm & Hass Co.

Concen-
tration,

0.01
0.05

0.01
0.05
0.10

Project 2k21

Surface
Tension,

dynes/cm.

bT.7

k3.7 -
0.2
39.8

37.6
33.7
32.5

ho-h
38.3
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(SRS =
OO W\

wwWww
W=
won



Pulp Manufacturers Research Le&gue Page 11

Project 2421 Report Eleven
The dete in Table II indicate that Tergitol 12-P-6 and Triton X-200 would

reduce surface tension to a desired level of 30-35 dynes/cm. at concentrations of

0.05 to 0.1%. However, when the same amounts were incorporated into Run 38 ELSA,

the resulting surface tension was 5-10 dynes/cm. higher and, hence, & greater amount

of surfactant was needed. In general, a surfactant concentration of 0.1% was required -

or, in effect, about the same amount as previously found for the nonfluorinated surfac-

tants described in Report Ten.

Layups were prepared from the sged southern pine veneer in eccordance with
the standard procedures for the unmodified and formuleted lignosulfonate adhesives;
i.e., layups utilizing unmodified and modified ELSA were pressed 30 minutes at 300°F.
and those utilizing the formulated adhesive were pressed four minutes at the same
temperature. The high viscosity (autoclaved) ELSA was used as is and in stepwise
combinations with 0.06-0.1% of Triton X-200, 50% hexamethylenetetramine, and 4% of
glycerin. In cases where the plasticizer and/or cross-linking agent were used, the
surfactant was added lest. The formulated adhesive comprised 200 g. of 30% ELSA (Run
38), 48 g. of 50% phencl-formaldehyde resin, and 30 g. of 200-mesh wood flour as given
in Report Nine (3). The formulated adhesive was used as is and in combination with
approximately 0.1% of Triton X-200 or Tergitol 12-P-6. Bonding strength results and

other pertinent data are summarized in Teble III.
DISCUSSION OF RESULTS

As reflected by the results in Table I, bonding with ELSA tends to increase
writh inoresce In wienacdty hut the level of strength asttained was notably less than
that provided by the reference formulated adhesive (Set 10, Table III). Plotting
bonding strength in the manner shown in Pig. 1 would tend to suggest a limiting wvalue

for strength from the R-38 ELSA in the range of 120-130 1lb. depending upon the means
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Set
No.

10

11

BONDING STRENGTH IN LAYUPS FROM AGED SOUTHERN PINE VENEER

TABLE III

Pulp Manufacturers Research League

UTILIZING MODIFIED AND FORMULATED ELSA ADHESIVES

Surface Tension
of Adhesive (7 ),
Adhesive dymes/cm. =

ELSA Ko. 66-2, Run 38

Autoclaved ELSA

Autoclaved ELSA, 0.1%
Triton X-200

Autoclaved ELSA with 50%
hexamethylenamine and 0.06%
Triton X-200

Autoclaved ELSA with 50%
hexamethylenamine, 4% glycerin,
and 0,1% Triton X-200

Formilated adhesive

Farmulated adhesive, 0.12%
Triton X-200

Formilated adhesive, 0.1% Tergitol
12-P-6

Lk .6

50.7

33.9

33.6

42.3

35.9

Viscosity of

Adheeive, cp.
(Brookfield,

12 r.p.m.)

39.5

650

550

500

650

Bonding

Strength,
1b./in.

4o0.8
61.2

(-
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Average
62.4

115.1

k2.0

250.0

255.5

Standard
Deviation

+21 .4

*19.5

14,3

#17.3

135.3

+20.7

26.6

Project 242l

Predominant
Type of Failure,
apprax. %

Cohesional (within
adhesive) 85

Cohesional, TO

Cohesional, 80

Cohesional, 99

Cohesional, 99

Within wood, TO-90

Within wood, TD-90

Within wood, 80-90
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teken tq attain the given viscosity. The bonding strength value for the autoclaved
ELSA in the second series (Set 6) alsc falls close to this range. In line with the
measured sirength values in Table I, the percentage of cohesional failure tends to
decrease as viscosity increased, i.e., the higher viscosity resulted in & higher percen-

tage of wood failure.

As was found previously, incorporastion of surfectant into the ELSA lowered
boﬁding strength rather than improving edhesion through impfoved surface wetting (Table
III). In those cases involiving the formulsted adhesive (Sets 10-12) incorporation
of surfactant had little or no effect on bonding strength although the percentage
of wood failure was somewhat higher in Set 12. Possible causes for the poor bonding
in the sets conteining hexamethylenetetramine will be considered in the cohesional

section of this report.

As indicated earlier, the amount of surfactant required to lower the surface
tension of Run 38 ELSA end the formulated adhesive to 30-35 dynes/cm. was more then
had been anticipated on the basis of the preliminary work with the substitute ELSA.

In fact, the amounts required were generally in excess of the critical micelle concen-
tration. Hence, the reduced strength in Set 7 may be due to surface excess of the
surfactant or possibly to increased penetration due to lowering of the contact angle.
Since the amount of surfactant required Aiffered in the two ELSA samples, the adhesive
effects found with the Run 38 product mey not apply to all lignosulfonate adhesives.
In the case of the formulsted adhesive, the surfactant may have been adsorbed, in
part, on the wood flour and, therefore, not present in excess at the surface. In

any event, lowering the surface tension through incorporation of & surfactant has

not proved to be ‘a satisfactory approach to improved bonding with the Run 38 ELSA

in spite of some evidence in the literamture (k) to show that improved strength in
Douglas-fir plywood with a urea-formaldehyde resin was atteained in the presence of

a surfactant.
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Another approach to the problem of improved bonding is one of incorporat-
ing into the adhesive low molecular weight materials which are capable of cross-
linking or polymerizing and thereby forming an integral part of the ultimste bond.
Consideration was previously given to this approach by enriching the whole ELSA
liquor with the low moleculer weight fraction. However, this fraction represented
only 4% of the total and presumably & substantial amount would be required to effect
the desired decrease in surface tension. Hence, this spproach was not actively
pursued. An alternative means to improve bonding with the existing formulated ad-
hesive would consist in treating the veneer surface prior to gluing to produce an
increase in surface energy. This might be accomplished by an in-line corona treat-

ment of the veneer. The effect of corona treatment on bonding between birch strips
has been reported by Goring (5).
FUTURE WORK

While the results reported in this &nd previous reports indicate that
improved bonding from ELSA mey not be achieved through incorporation of commercisal
surfactants, it is not concluded that reduced surface tension end improved surface
wetting is an impleusible epproach to improved bonding of southern pine veneer. The
earlier surface chemical study revealed that an unfavoreble condition for good adhesion
existed as a result of the high surface tension of the lignosulfonate adhesive relastive
to the critical surface tension of aged veneer. It is proposed therefore to pursue
the study of lignosulfonate surface tension as relasted to bonding strength. Low
molecular weight lignosulfonates, including noﬁelectrodialyzed and possibly chemically
modified materials, woulid be examined for their effects on surface tension and bonding.
The study would not be confined to ELSA elone but mey incorporate the use of viscosity
modifiers and cross-linking agents. The goal of the program would be the development
of commercielly acceptable adhesive formulations tailored to meet the demands of specific

plywood systems.
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MECHANICAL PROPERTIES OF LIGNOSULFONIC ACIDS

INTRODUCTION

The ability of an adhesive to withstand an applied stress depends upon the .
stress distribution within the adhesive. Internal stress redistribution is accom-
plished through molecular relexation, a property which is manifest in the viscome-
chanical behavior of the adhesive (6). It is the goal of the cohesional phase of
this project to relate the viscomechanicel properties of lignosulfonic acid (LSA)
materials to their adhesive strength, particularly in plywood operations. Greater
understanding of the relstionship will eid significantly the development of adhesive

formulsetions.

Previous work (g) has shown that the potentially adepteble vibrating reed
method of measuring viscomechanicel properties of adhesives was possible when & porous
substrate such as paper was used for the reed. However, lightweight paper substrate,
which was Just sufficient to withstand the hot acid conditions of & mild cure, dominsated
the viscomechanical properties of the reed so that the contribution of the adhesive

was Qifficult to discern.

The work presented in this report covers (1) the attempted isolation of
the adhesive for direct viscomechenicel measurements, (2) the viscomechanical and
tensile measurement of adhesives cured in glass fiber mats, (3) the relationship of
the mechanical properties of the adhesive to plywood bonding behavior, and (4) the

extent of hot weter insolubility of the cured adhesives.
EXPERIMENTAL

The Isclation of Adhesives

The electrodialyzed lignosulfonic acid (ELSA) 65-2L-RkL (e sodium-

based, heat-treated whole liquor) was used with Millipore filter (SM 5.0 um. pore
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size, cellulose acetate, Millipore Filter Corp., Bedford, Mass.). The substrate was
(1) saturated with the adhesive, (2) put between aluminum foil, chrome plates, and
finally 1/8-inch wood veneer, (3) placed between heated platens, and (4) cured at
310°F. &t 150 p.s.i. for 30 min. The substrate was found to be severely charred gnd
brittle from these conditions. It was reasoned that any organic soluble substrate
would probably degrede severely under the temperature and acid conditions of the curing

adhesive.

Leyups made with paper in previous work were examined for potential adhesive
isolation. The specimen was placed into concentrated sulfuric acid maintained between
18-20°C. to dissolve the paper without affecting the LSA. The lighter weight paper
(49 1b./TAPPI ream) was removed in several hours from the 65-2L-Rb4 heat-concentrated
ELSA. Although the adhesive layer was coherent (some pinholes) it was too wesk to
be hendled. This adhesive showed only small amounts of cellulose fiber under & polarized
microscope. The formulated sdhesive was similerly isolated and could be handled with

care. In both cases sorme color developed in the sulfuric acid.

Specimens from the heavier paper (149 1b./TAPPI ream) layups were likewise
placed in concentrated sulfuric acid in the temperature range 18-20°C. The paper
never dissolved completely even after 24 hours and the sulfuric acid became very dark.
However, an adhesive layer could be easily isolated from the substrate with the aid
of dissecting needles. This layer conteined many cellulose fibers as seen under the

polarized microscope. The cellulose in the formuletion appeered to be highly swollen.

A sample of AS.OL-RLL sAhecive in e cleoce Fihew motriv vz rloced fnocozmzon
trated sulfuric acid with the temperature held between 18-20°C. The acid became quite
dark, indicating solution of some ELSA. Other cellulose solvents would probably &also

affect the ELSA.
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Layups were made‘(65-25-th at 310°F. and 150 p.s.i. for 30 min.) using

149 1b./TAPPI ream kraft linerboard which had been,tfeated with a low surface energy

agent for éasy release of the adhesive. The treatment consisted of spraying the paper

surface with a silicon spray parting agent (Injection Molders Supply Co., Cleveland,

Ohio) and placing it in an air-circulating oven at 360°F. for 5 min. This treatment

was done twice.

The adhesive bled through the treated paper quite easily in spots vis the
big channels which is quite different from the usual wetting. The paper lamine could
be peeled from the adhesive layer in areas where there was little or no bleed through.

However, the isolated adhesive contained much fiber.

The Glass Fiber Mat System

It had been observed in previous work (3) that a glass fiber mat, saturated
with adhesive and cured, derives most of its coherence from the adhesive. Such a

system could then be used to measure the mechanical properties of the adhesive.

A 5.5-cm. diameter glass fiber mat (93L4AH, glass fiber filter disk, Reeve
Angel, Clifton, N.J.) conditioned at 73°F. and 50% R.H. was weighted. It then was
saturated with adhesive by dropping it from & pipet uniformly over the mat. Five
of these were placed, as shown in Fig. 2, between 6 x 6 inch aluminum foil (Reynolds
Wrap), which had been previously cleaned with acetone and treated with silicon parting
agent (three spray coats, with five minutes air drying between coats and a final drying
at 360°F. for five minutes in an air-circulating oven). The aluminum foil was then
placed between chromed brass plates for flat support, and then between 1/8-inch pine
veneer for temperature modulation. The whole system was then placed between heated

platens for the desired temperature, pressure, and time.
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Figure 2. Disk Arrangment and Cutting Pattern
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The cured disks in fhe aluminum foil were allowed to condition at T3°F.

and 50% R.H. for several days. Three of the disks were removed from the foil and

weighted. Two 0.25 x 2.0-inch reeds and four 0.50 x 0.75-inch tensile tabs were cut

from each disk, as shown in Fig. 2, by means of a razor blade and accurate metal gages.

The cutting duplication was within 1% and the actual area of the specimen was 97%

of the true area (see Appendix I). Each reed and tab was weighted and the average

caliper of each was determined with a thickness gage. The reeds were subjected to

vibrating reed measurements end the tabs to tensile measurements.
The first series of adhesive materials examined were:

) 67-36-R2, an ammonium base LSA, 39% solids

(2) 65-24-Rik, & sodium-base, heat-treated ELSA, 37% solids

) 65-24-RhL with hexemine (hexemethylenetetramine), 2:1
by weight, for cross-linking of phenols

) & methanol-soluble ELSA, low molecular weight

) & methanol-insoluble ELSA, high molecular weight

) 65-24-RLh and glycerin, 4% by volume, as a plasticizer

) 65-24-RLh in O;OlMFeCl3 and scrylamide, 5% by weight for

graft polymerization on the carbohydrate present

(8) 65-24-RLk4 which had been heat concentrated, 38% solids
9) phenol formaeldehyde resin, 50% solution (CR 9357, Catalin

Corp. of America, Chicago, I1l).
All of these materials, except the methanol fraction, had been used in previous
studies (2). These adhesives were cured at 310°F. and 150 p.s.i. for 30 min. All
of them stuck to the aluminum foil to some degree. The phenol formaldehyde was espe-
cially tight but the foil did peel off. The samples with glycerin and with acrylamide

tended to disintegrate in removal so that big enough parts of only two disks from

each were usable.

The second set of adhesives were those employed in the adhesion study (see
Teble III, p. 12, for their description). When cured at the same temperature and

Pressure used ebove and in the plywood layups, the saturated disks squished out into
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distorted shapes. By cutting the pressure back to 28 p.s.i., the disk shape stayed
essentielly intact, so the curing conditions for this set of adhesives was 310°F.

at 28 p.s.i. for 30 min. for the ELSA samples and 5 min. for the formulations. The

time of cure was the same as that used for the plywood layups.

Vibrating Reed Measurements

The vibrationel measurements of the reeds were obtained as described
in Progress Report Nine (3) by use of an audiooscillator coupled through an amplifier
to & recording head (vibration transducer) with input voltege to the head held constant
st 3.6 volts. To increase the accuracy of the frequency, an electric counter (Hewlett

Packard) was sttached to the recorder head for measurement of the input frequency.

For reeds from the first set of adhesives, the vibrational amplitude was
measured by means of a traveling telescope. A plot of amplitude vs. frequency was
used to determine the resonance frequency, wo» and the band width, Aw, as previously
described (g). The loss tengent is equal Aw/wo. The accuracy of the loss tangent

is + 0.002 and is due in the most part to variations between disks.

For reeds from the second set of adhesives, the wo and Aw were observed
by & method which was much faster and as accurate as the above method. Rather than
measure the reed vibretions by means of a traveling telescope, an oscilloscope was
used as follows: & beam of light from & 6 volt bulb was shown on & photocell, the
output of which was fed to the oscilloscope. The end of the vibrating reed was placed
at & slight angle in the light beam, such that the intensity of the light striking
the photocell was proportional to the vibrational amplitude of the reed. Thus, by
slowly scanning through the freguency range, the point of wo was observed directly,
then the frequencies for amplitude of l//E'times the meximum amplitude were observed,

their difference being Aw.
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Tensile Meesurements

The 0.5 x 0.75-inch tab was placed in_an Instron Tepsile Tester by means
of line clamps with an initial setting of 0.6-inch apart and moved at the rate of
0.002 in./min. The force in pounds required to meintein this strain rate was recorded

as & function of time until the specimen ruptured or pulled apart. See Fig. 3 for

typicel Instron distance-force plots.

Water Solubility of the Adhesive

Fragments of e disk left over from cutting reeds and tabs were weighed
and placed in gently boiling water for & period of three hours. The water level

was maintained constant by periodic addition of boiling water.

Determination of the Weight of Adhesive in & Tab

The weight of adhesive in a disk, MA’ is

M =W -W (3)

where HA and ED are the weights of the disk with and without adhesive, respectively.

The weight of adhesive in & tab, from this disk, QA, is

m, = ¥, (4,/¥,) ()

where EA is the weight of & tadb with adhesive.

RESULTS AND DISCUSSION

In order to achieve maximum sensitivity of observations to adhesive be-
havior, efforts were made to isolate & cured LSA adhesive for direct meesurements
of mechanical and solubility properties. An organic soluble porous substrate (cellu~

lose acetete Millipore filter) degrades under the high amcid and tempereture conditions
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of the adhesive cure, end it is reasoned that more stable substrates will be insoluble.
An adhesive layer was isolated from & paper layup by treatment with cold sulfuric

acid. However, cellulose fibers are contained in the layer and some ELSA dissolves.
Mechanical isolation of an adhesive layer is possible from paper treated to give a

low energy surface, but here too some fibers are contained in the layer.

Preliminary work (;) with adhesive-saturated glass fiber mats showed that
they derive most of their mechanical strength from the adhesive. This system was

thus chosen to study the viscomechanical, cohesive, and solubility behavior of adhesives.

The specimen's loss tangent (the ratio of energy lost to energy stored),
reflecting both fluidlike and solidlike behavior while being independent of sample
geometry, was determined from vibrating reed data. The tensile properties of the

specimen were determined by means of the Instron Tensile Tester.

The first series of materials examined were: (1) an ammonium-base LSA R-2,
(2) ELSA R-Lk4, (3) R-L4 and hexemine (2:1) for cross-linking, (4) a methanol-soluble
ELSA, low molecular weight, (5) a methanol-insoluble ELSA, high molecular weight,

(6) R-b4 and glycerin (L4%) as a plasticizer, (7) R-4k in 0.01M FeCl, and acrylamide

3
(5%) for graft polymerization, (8) R-LL4 heat concentrated, and (9) phenol-formaldehyde
plywood adhesive. (See p. 19 for more detailed descriptions of the adhesives.) These

were cured at 310°F. and 150 p.s.i. for 30 min. Both (6) and (7) tended to disintegrate

when removed from the processing aluminum foil.

Figure 3 is an example of the force-elongation data from the Instron. The
sample from the methanol-insoluble ELSA are typical of adhesives examined, having
almost Hookean behavior. The slope of the initisal linearlpart of the curve is a macro-
scopic measure of the Young's modulus, E'. A microscopic measure of E' is possible

from vibrating reed data (3), but it assumes the sample is homogeneous and it is very
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dependent on sample thickness. The elongetion to bresk, Eb’ end the force to break

are also noted, with the bresk being sbrupt and usually lo:;ted close to one of the
clamp lines. The only exception was the methancl-soluble material which is not Hookean
and pulls out like taffy (right curve, Fig. 3) suggesting that the curing conditions
were probebly not sufficient to cause much increase in the molecular weight of ELSA.

In order to express the force as & stress, the force was divided by the weight of

the adhesive in the tab. This was necessary since the heterogeneous and possibly
porous neture of the matrix mekes the geometricel cross-sectional area of the specimen

meaningless for stress calculation.

The results are listed in Table IV along with the loss compliance, J" =
(loss tangent)/gj, 8 property dependent on both the loss tengent and Young's modulus,
and the solubility of the cured edhesive in boiling water (3-hr. extraction). (See

Appendix II for the basic data.)

The range of values of loss tangent and € is feirly smell. The loss tangents

b

of phenol-formsldehyde, methanol-soluble, and cross-linked ELSA have the high valuesand

the LSA, FeCl, system, and methanol-insoluble have the low values as might be anticipated

3

from their usual edhesive behavior and their observed flow behavior. It is surprising
+

thet the glycerin did not change the loss tangent. The Fe 3 ion was probably tied

up with ELSA minimizing eny greft polymerization. The tensile strength and E' values

are influenced to some extent by the mass of adhesive in the tab and thus J" reflects

this.

An ebstract of the vaper "The relstimn ~Af the emsll_etmein lncc onw
to the ultimate elongation capability of an amorphous elastomer” by Landel (7) reports

thet for & lineer viscoelastic meterial the relationship

E“/E;/:I_"- (5)



Pulp Manufacturers Research League Page 25
Project 2k21 - Report Eleven

should be valid, where €., is energy dissipated. Since

a

€4 = E' (loss tangent) (6)

when the loss tangent is small as in this case,

g, VE'(Aw/wo) /(Aw/wo)/E' « (loss tangent) (7)

This relationship seems reasonable since the greater the flowlike behavior, the

better the stress distribution, the larger the elongation to break.

Plotted in Fig. 4 is the loss tangent vs. eb for all but the methanol-soluble
material which is not linearly viscoelastic. The wide scatter is probably not too
surprising but it is of interest to note that the phenol-formeldehyde, a good adhesive,

and cross-linked ELSA are at the upper right and the FeCl_ system LSA, usually a poor

3
adhesive, are at the lower left with the rest in between. Also, note that the difference
between extremes is small suggesting that neither ELSA nor LSA is too different visco-

mechanically from a good adhesive.

Other correlations were viewed and the best result was J" vs. € (see Fig.

b
5) with a similar left-right distribution as above. This is encouraging ;;nce J"
includes- both loss tangent and Young's modulus from both microscopic and macroscopic
measurements, respectively. The large value of J" for R-Lk heat concentrated may

be a result of the high adhesive mass with possibly some fracturing making the supporting

"area" smeller than the apparent "area." Plotted in Fig. 6 is J" vs. tensile strength

with little apparent correlation. More will be said of this later.

Cross-linking has been assumed and the solubility data support this as the
ELSA is 100% soluble (fiber mat disintegrated) showing little cross-linking, while

the ELSA-hexamine is only 80% soluble and the pieces remained intact showing measurable
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cross-linking. The phencl-formaldehyde is 3% soluble and the pieces remained intact

showing very good cross-linking.

The method was repeated on the adhesives used in the adhesion studies of
plywood layups (see the first section of this report) for the correlation of visco-
mechaniéal data to plywood bond strength. The adhesives studied were: (1) ELSA R-38,
(2) R-38 amutoclaved (viscosity similar to formulation), (3) autoclaved R-38 with 0.1%
Triton X-200, (4) seme as (3) with hexamine (2:1), (5) same as (4) with 4% glycerin,
(6) R-38 phenol formeldehyde-wood meel formulation, (7) same as (6) with 0.12% Triton
X-200, (8) same as (6) with 0.1% Tergitol 12-P-6. Serious glass mat deformation was
experienced at 150 p.s.i. with these ELSA (R-38) based materials (not experienced
with R-4k) so the pressure was reduced to 28 p.s.i. The normel cure time was 5 min.
for the formulation semples. The results are listed in Table V. (See Appendix II

for the basic data.)

The range of velues of loss tangent for the "nonformulated" adhesives is
very smell, while the range for the formulated adhesives is about &s the previous
deta. However, a filtraetion of the wood meal was noted when the adhesive was applied
to the glass fiber mats leading to & heterogerecus distribution of components which
may ceuse increased scatter to the measured date. The range of values of elongation
to break is small. The tensile strength and E', and thus J" values are influenced

to some extent by the mass of the adhesive in the specimen.

From & plot of loss tangent vs. Eb (Fig. 7) the nonformulated date show

T T S T T A I I L o e b A - ~ -~
. e mfmes v ve masm M bar Vaew e we meaddan v Sl e MM T E A bl v Gee s ddddisdt W Cd 4L Ve & Al

autoclaving and surfactants have no noticeable effect on the viscomechanical behavior.
The results from the formulated adhesives are quite scattered due to the loss tangent

data.
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The plot of J" vs. €_ (Fig. 8) shows only the ranking of J" as the €y

b

values do not vary much. The ranking shows the ELSA samples on the bottom, the
cross-linked samples in the middle, and the formulated adhesives on top. The auto-

claving and surfactants have no noticeable effect on J".

The plot of J" vs. tensile strength (Fig. 9) is very interesting at first

sight suggesting a functional relationship. However, since Eb is about the same for

all samples and since all samples have approximately linear stress-strain curves,
the tensile strength is approximately proportional to E'. Since the loss tangent
is about the same for all semples, particularly the nonformulated ones, this plot
is approximetely a hyperbola, 1/E' vs. E'. For about the same reason, the plot in

Fig. 6 fits with thet of Fig. 9, even the R-Lk concentrate point.

Since only 15% adhesive weight loss was found by boiling water extraction
of the formulated adhesive, reasonably high cross-linking is suggested. The pieces

did not disintegrate but curled badly due to the nonuniform distribution of wood meal.

The general trend of these viscomechanical data is seen in the similar loss
tangents end the increase in J" from ELSA-only to the formulated adhesives. When
comparing these observations with the measured plywood bond strength, the serious
loss in bond strength with surfactant and with cross-linking is unexpected. The in-
creased viscosity by autoclaving ELSA with little change in viscomechanical behavior
leads to increased bonding by reducing the penetration, leaving more adhesive in the
bonding region. If the reasoning is followed using the Washburn equation [see
Equation (2), p. 4] describing penetration rate into a capillary, increasing vis-
cosity reduces penetration, as mentioned sbove. Reducing the surface tension may
reduce penetration if the Cos O value does not change much with a change in v, for

example with 8 close to zero (good wetting). However, with 6 in the midrange, the
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Cos 6 values increase quite fast. So depending on how close Y is to the value of

the critical surface tension of the solid, the penetration could increase with reducing
Y. It is possible that the reduction in surface tension of the autoclaved R-38 might
have increased the penetration, depleting the bonding zone of adhesive, lowering bond
strength. When the hexamine is added, the curing heat breaks it down to formeldehyde
(cross-linking egent) and ammonia, the latter may be gaseous, driving more edhesive
from the bond zone, reducing bond strength. The role of wood meal in the formulated
adhesive maey be more than & viscosity control agent. It maey serve to limit penetration

and it may cross-link into the matrix providing & means of stress distribution.
FUTURE WORK

The work to date has shown that the surfece tension and mechanical
properties of lignosulfonic acid material are not too different than those of good
adhesives and, thus, these materials have great potential. In order to develop this
potential, the future work should focus on: (1) the role of surface tension as it
affects adhesion and penetration; (2) the role of cross-linking as it affects cohesion
and insolubilizetion; (3) the role of wood meal aé it affects viscosity, penetration,
end stress redistribution; and (4) the role of lignin reactivity as it is affected

by electrodislysis, phenol group content, and other factors.

Penetretion mey be meesured by color observation of a tapered grind of the
adhesive interface. With this and wetting data the role of surface tension mey be
more fully evaluasted. Cross-linking seems to be necessary to improve viscomechanical
behavior and insclubilitv. More desireble croaa-linbing mpente +hon hovomin: ore
possible and improving lignin reactivity can be considered. The viscomechanical proper-
ties of LSA are not much different than ELSA; it seems possible that electrodialysis
mey not be necessary. The role of wood mesl needs clarifying through a series of

control runs.
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The program, as outlined in the August, 1969 agreement, would be con-

tinued with elements of as many of the above factors introduced as practical within

the budget limits.
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APPENDIX 1

DUPLICATION OF SPECIMEN CUTTING

To check the reproducibility of cutting tebs from disks, six disks

were cut into tebs, as shown in Fig. 2. The results are listed in Table VI.
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APPENDIX II

BASIC DATA OF THE TENSILE AND VIBRATING REED MEASUREMENTS

The weights of the disk before adhesive addition, and after adhesive ad-
dition and cure, are presented in Table VII. See p. 3 for the complete description

of the adhesives in the first set and p. 19, Table III, for those in the second set.
The weight, caliper, and tensile data of the tabs are listed in Table VIII.

The frequency and amplitude data of the reeds from the first adhesive set
are given in Table IX. In Table X are listed the resonance frequency (wo), band width

at l//g'of maximum amplitude (Aw), and the loss tangent of the vibrating reeds.

The original data from the recorder of the Instron Tensile Tester is filed

with this report in the Central Files of The Institute of Paper Chemistry.



Page kL2
Report Eleven

DISK ARD ADHESIVE WEIGHTS

TABLE VII

Pulp Manufacturers Research Lesague

Disk Weight, g.

Disk b

Adnhesive® ldentification Before
None N-6 0.1697
K-T 0.1836
N-8 0.1771
§-9 0.1801
N-10 0.1650

First Set of Adhesives
R-4k concd. c-1 0.1699
c=-2 0.17L8
c-3 0.1817
C-k 0.167k
c-5 0.1785
Phenol- formaldehyde P-1 0.1620
p-2 0.1681
P-3 0.1650
Pl 0.1622
P-5 0.1654
R-2 66-1 0.1639
66-2 0.1623
66-3 0.16k1
66-4 0.165k
66-5 0.16k2
Rl 67-6 0.1611
67-7 0.1625
678 0.1616
67-9 0.1685
67-10 0.1619
R-bL and glycerin 67-11 0.1653
67-12 0.1606
67-13 0.1653
67-14 0.1608
67-15 0.1666
R~4k and hexemine 67-16 0.1638
67-17 0.1623
. 67-18 0.1648
67-19 0.1629
67-20 0.1641
R-U4, ferric chloride 67-21 0.1623
and acrylamide 67-22 0.1653
67~23 0.1582
67-2L 0.1643
6725 0.1653
Methanol-soluble fraction 67-26 0.1634
67-27 n VAP
67-28 0.2632
67-29 0.16L6
67-30 0.1606
Methanol-insoluble fraction 67-31 0.1636
67-32 0.1650
67-33 0.16L1
67-34 0.1656
67-35 0.1621

See end of table for footnotes.

After

0.1690
0.1831
0.1762
0.1790
0.16k42

0.515k
0.5307
0.4562
0.3986
0.509k

0.2k460
0.2600
0.24ko

0.2356
0.2365
0.2353
0.2288
0.2350

0.2098
0.2031
0.2096
0.2037
0.2009

0.2000
0.1880
0.1936
0.1870
0.1880

0.2128
0.2131
0.2175
0.2098
0.2126

0.1779
0.1803
0.2104
0.1938
0.2176

0.2180

Project 2k21

Adhesive
Weight, g.

(-0.0007)
(-0.0005)
(~0.0009)
(-0.0011)
(~0.0008)

0.3k455
0.3559
0.2745
0.2312
0.3309
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TABLE VII (Continued)

DISK AND ADHESIVE WEIGHTS

Disk
Identification

Disk Weight, g.

Before

After

Second Set of Adhesives (Wood Bonding Studies)

R-38

R-38A (mutoclaved)

R-38a X-200

R-3BA bexamine X~200

R-38A hexamine

glycerin X-200

R-38F (formulated adhesive

R38-F X-200

R38-F 12-P-6

106-36
106-37
106-38
106-39
106-40

106-41
106-42
106-43
106-4k
106-45

106-46
106-47
106-48
106-49
106-50

106-51
106-52
106-53
106-5k
106-55

106-56
106-57
106-58
106-59
106-60

107-61
107-62
107-63
107-6k
107-65

107-66
107-67
107-68
107-69
107-70

107-T1
107~T2

OO0 O0O0

[oNeNoNeNel [eNolNeNoNael [N NeNoNe] [eNeNeoNeNe] [eNeNeNoNe]

©C 000

OO0 O0O0O0o

L1740
.1819
.1790
L1692
L1763

L1675
.1857
.1862

1676

.1801

.1868
.1691
.1765
.18k2
.1668

.1798
.1817
.1831
.1659
L1766

.1817
.1639
.18kb
1646
L1772

L1763
.1805
.1682
.1788
1736

.1688
.1810
.1838

L1779
.1668

.1822
.1681
-1769

1R2Y

.1655

[eNeoNeNaNo] OO0 000 [eNeoReNaRel [oleNoReNe] OO0 OO0 [eNeRoNeRel [cNoNoNaoNe]

[eBoNoNoNa]

.2521
. 2690
L2627
.2L66
L2706

. 2755
.2691
.2830
.2715
.2786

.3190
-3051
.3181
.3170
.3129

. 3484
.3769
- 3868
-33L5
-38Lk

.3869
.3968
- 3990
. 3702
.hsa

. 5069
.5315
.LT20
.4glo
.5223

.h966
.529%
. k969
L7855
.50L0

752
4797
.hg99
.5175
.holg

Page L3
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Adhesive
Weight, g.

[cNeoNoReNa] [eNoNolNeNal [eReRelNe R e NeoReNoRaol OO0 00O [oNeNeNe Rl ol e NeloRel

COO0O0O0

&For complete description of the adhesives see p. 3 for the first adhesive set and
p. 19 , Table III, for the second set.

bThe disks sre identified by the page number in Notebook 27L2 on which they are first

described (i.e., 66-1 is disk Ro. 1 on p. 66 in Rotebook 27Lk2).

0781
.0871
. 0837
LOTTh
.09L3

.1080
.083k
.0968
.1039
.0985

.1322
.1360
.1k16
.1328
.1k61

.1686
.1952
. 2037
.1686
.2078

.2055
.2329
.21k6
.2056
.2379

.3306
.3510
.3038
. 3152
L3487

.3278
.3489
.3131
.2976
.3372

.2930
.3116
.3230
.33Lk
. 3294



c

Caliper,

10° x in.
9.5
16.0
6.0

Project 2k2l
Average

adhesive
121
295

Slope
1b./0.001 in./g.

3.82
2.62

1b./0.001 in.

Pulp Manufacturers Research League

2.8
3.2

to Break,

Flongetion
10’ x in.

TABLE VIII

1b./8.
197
807

adhesive

First Set of Adhesives

Tensile

1b.

{-1.0)
€.2
7.1

THE WEIGHT, CALIPER, AND TENSILE DATA OF THE TABS

Weight,
10° x g.
0.0315
0.00888

Adhesiveb

Tab
Weight,
10% x £.

1.61

4,76
10.49

Tab "
Jdentification
Glase mat
R-bi coned.
Phenol-

formaldehyde

Report Eleven

Page ULk

hO -0
0o

2222

O OD
NN

o ool

66-2-A

3001
5556

3k

385
361

2.55

1.02
1.1k
i.20

759
76k
759

4.73
5.16
5.59

M M
N~

ool ol

66-3-4
-B
=
-b

31]“ 1
PP

Lok
398
347

2.27
2.43
2.40

0.92
0

715
697
831

k.02
b.25
5.02

2833

W IAG O

maun o o
o~ -
NN N

-B
«C
<D

66~b-A

?e 96
86 r)6

313
413
ko9
390

Qom
OO

AAAA

a3

ODll

776
779
815
172

3.715

3.5
3.7
3.62

Mmoo
@O \O

P 2 I 4

@ (1)
09w°
(TR JESTIAT

67-6-A

5b33
5:}55

814
.

3.29
99

S @ N

67-7-A
-B
-C
-D

8398
556“

36k
389
bk
370

$38%2

AN

Ao

67-8-4
-B
-
=D

3800
9899

306
323
351
278

~ @ N
@ N0

& 2T

8888

o Ao

67-16-A
~B
-
-D

OIIU-I
9898

298
349
338
348

N
OO

RN

-B
~C
=D

6T-17-A

339

1.70

1.3

1.1

586

-B

67-18-4

rO

© o

301
322

1.1

671
T2k

3.30
3.60

-C
-D

17
129
1L0
119

281
kg7
302

-B
-C
-D

67=-26-A

o0 @©
~0NnMg
cQooo

doo [=]
76“2

MRS

250
316
211
278

1.72
2.42
1.32
1.70

el 'R ¢ 1
W0 &

Y 0w

0N
NNnNO

oo

-B
-
-D

67~27-4

13.8

b
4
81
91

303
i
273
300

2.0
b

1.61

1.65

-B
~D

67-30-4

9127
6696

1.40
0.72
1.4
1.0

8Tk
b13
832
685

QNN

Ao g

6.6k

6.3
7.0
6.08

‘ua3

2222

-B
-C
=D

67-32~A

021.8
6669

325
278
313
272

S88R

Aco~

719
468
573
760

@D N O
AN A O
« .
B T SaY
mMmnm
(- K-
O\O - -
nno m
11&2“
NNNwN
MJ4¢
U

—

0

Bee end of tadle for footnotes.
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TABLE VIII (Continued)

THE WEIGHT, CALIPER, AND TENSILY DATA OF THE TABS

Tab Adheaiveb Tensile Elongation Slope Averugec
Tab a Weight, Weight, 1b./g. to Breax, 1b./0.00) in./g. Caliper,
Identification 10 x g. 10° x g. 1, adhesive 10 x in. 1b./0.001 in. adhesive 10® x in.

First Sei of Adhesives (Cont'd.)

67-35-4 2.20 6.37 L,92 772 1.08 2.u3 381 6.4

) 2.20 €.37 5.70 8ok 1.72 2.60 408 5.3

-C 2.11 6.11 5.38 881 1.32 2.50 Loy 5.3

~D 2.16 6.26 k.20 671 0.92 2.50 399 b.g

67-11~A 1.98 3.L3 L.18 1216 1.28 2.00 583 7.2

-B 2.03 3.52 3.82 1085 1.0€ z.20 625 9.0

-c 1.81 3.1k 2.8z 896 0.88 1.90 543 5.k

-L 1.81 3.1k z.66 [:}1% .80 2.00 637 L.g

67-12-A 1.56 2.1 £.00 736 c.68 1.70 627 5.5

-B 1.86 2.71 2.2z 81€ 0.87 1.68 62c 5.8

-C 1.87 z.72 1.ko 515 0.86 1.17 © k30 6.7

-D 1.8 2.6l 2.02 16% 0.82 1.60 606 4.8

67-23-4 1.96 L.86 1.20 247 G.68 6.88 182 6.8

-B 2.00 L, 96 2.4 496 0.72 1.95 303 5.%

~C 2.36 5.85 4.00 681 1.28 1.65 282 8.9

«D 2.01 4.89 3.00 601 0.80 1.90 389 5.0

67-29-A 2.18 5.2k k.66 889 1.3c 1.90 363 7.8

-B - - - - - - - -

-C 2.10 5.05 k.55 903, 1.h1 1.80 356 7.8

) ¥ - - — - - - -— -
Second Set of Adhesives {Wood Bonding Study)

106-36-4 2.35 7.3 L.60 630 1.9 2.20 301 -

~B 2.28 7.1 k.35 613 2.¢ 2.00 282 -

-C 2.2 7.0 5.35 76k 2.5 2.20 31k -

D 2.22 6.9 L.95 718 2.3 2. b€ 357 -

106-37-A 2.54 8.2 3.85 uT0 2.7 2.00 2bL -

-B 2.4k 7.9 3.90 . hgi 2.5 1.87 237 -

-C 2.3 7.6 L.65 612 2.3 2.L0 316 -

-D 2.48 7.0 k.50 6L3 2.€ 1.90 2n -

106-38-4 2.4y 7.2 k.95 688 2.2 2.62 364 -

-B 2.22 7.1 4.85 683 2.2 2.50 352 --

- 2.h3 7.7 5.30 688 2.6 z.38 306 --

-D 2.39 7.6 5.11 672 z.t 2.25 296 -

106-b1-A 2.6 9.€ 1.92 200 1.9 1.6k 171 -

-B 2.40 g.b 4,68 498 2.3 2.3% 2506 -

-C 2.56 10.0 k.us Lus 2.4 2.13 213 -

-D 2.57 10.1 L.10 Lo6 2.3 2.62 259 -

' 106-42-A 2.k 7.6 6.28 826 2.¢ 2.08 27k -

-B 2.62 8.1 5.50 679 2.2 2.L8 306 -

~C 2.29 7. 5.33 7153 2.7 2.29 323 -

-D 2,48 7.7 6.62 86 2.7 2.73 355 -

106432 2.66 9.1 L.6C 506 2.5 2.18 2o -

~B 2.61 8.9 k.35 ugy 1.9 2.2 2ug -

-C 2.60 8.9 k.25 478 o.2 2.k 271 -

-D 2,53 8.6 L. bg 522 2.5 2.29 266 -

106-46-A 3.01 12.0 5.69 b7 2.z 2.93 24k -

-B 3.12 12.4 L.sg 370 2.cC 3.19 257 -

-C 2.99 1.9 L s 374 2.1 2.65 223 -

-1 3.01 12.0 6.00 500 z.z 2.86 23t -

106-k7-A 2.1 12.3 6.65 541 .7 2.86 233 -

R ? 10 AN €.30 52¢, 2. 2.73 228 -

=C 3.07 3.7 3.60 203 1.E P 0L -

-b 3.01 13.h 5.35 399 2.2 z.18 207 -~

106-k8-4 2.94 13.1 6.65 508 2.3 3.00 229 -

-B 3.02 13.4 5.10 383 2.0 2.87 214 -

-C 2.96 13.2 5.69 425 2.1 3.06 232 -

-D 3.06 13.6 6.66 490 2.% 3.05 224 --

106-51-A 3.uL 16.6 5.60 337 2.3 2.6k 159 --

-B 3.05 1L.8 5.88 397 2.3 2.31 156 -

-c 3.13 15.1 5.45 361 2.t 2.29 152 -

- 3.17 15.3 €.09 396 2.2 z.92 191 -

See end of table for footnotea.
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TABLE IX
FREQUENCY VERSUS AMPLITUDE DATA
Freq., c.p.s. Amp., cm. Freq., c.p.s. Amp., cm. Freq., c.p.s. Amp., cm.

Gless Fiber Mat

11.3 0.1580 10.38 0.1k97 10.68 0.1966
11.2 0.1664 5.88 0.0979 10.50 0.1881
11.0 0.1k15 9.38 0.0975 10.ko 0.1611
10.8 0.1217 10.20 0.1168 10.30 0.1532
10.6 0.10L7 10.30 0.1390 10.20 0.1617
10.3 0.1018 10.45 0.1212 10.00 0.1560
11.4 0.1586 10.50 0.1380 9.70 0.1L8k4
11.5 0.1575 10.60 0.1424 9.20 0.1295
1.7 0.1438 10.70 0.1406 10.90 0.20ko
12.0 0.1371 10.80 0.1335 11.00 0.1934
12,2 0.1227 10.90 0.1199 11.10 0.194k
12.L 0.1092 11.00 0.1280 11.30 0.1569
12.8 0.1057 11.10 0.1179 11.50 0.1578
: 11.50 0.0917 11.80 0.1653
11.80 0.098L 12.20 0.1223
12.70 0.1154

Phenol Formaldehyde
25.3 0.2117: 25.8 0.1645 26.8 0.1657
24,8 0.1780 25.3 0.1326 26.5 0.1607
2.3 0.107k 2h.8 0.0719 26.2 0.1351
23.8 0.0734 24,3 0.0536 25.9 0.0953
23.3 0.062C 23.8 0.0483 25.6 0.0735
22.8 0.0554 25.0 0.0653 25.0 0.0662
25.3 0.2150 25.7 0.1525 26.7 0.1585
25.8 0.1580 26.0 0.1493 27.0 0.1h461
26.3 0.0985 26.3 0.1062 27.3 0.1173
26.8 0.0723 26.6 0.0857 27.6 0.0921
27.3 0.0605 26.9 0.0669 28.0 0.06k0
27.8 0.0588 27.5 0.0LLo 28.5 0.0562

R-bk (Concentrated)
62.L 0.1356 52.5 0.1110 56.2 0.17L8
61.9 0.1527 52.0 0.1029 55.7 0.1761
61.4 0.1367 51.5 0.0836 55.2 0.1386
60.9 0.1283 51.0 0.0581 54,7 0.0981
60.4 0.0830 50.5 0.0710 5h.2 0.0736
59.9 0.0791 53.0 0.1047 56.2 0.1755
59.L 0.0679 53.5 0.1079 56.7 0.1522
62.9 0.1366 54.0 0.0950 57.2 0.1171
63.k4 0.1171 5k4.5 0.0889 57.7T 0.0978
63.9 0.1010 55.0 0.0870 58.2 0.0891
(ST n noon ] n. 0663

64,9 0.0880
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TABLE IX (Continued)

FREQUENCY VERSUS AMPLITUDE DATA

Freq.”?, Freq.”?, Freg. !,
10° x sec. Amp,, cm. 10® x sec. Amp., cm. 10 x sec. Amp., cm.
k-2
66-2-1 66-3-2 66-4-1
38.29 0.1698 L5.k2 0.1568 bs. 41 0.1890
38.78 0.12L48 45.67 0.18L4 k5,78 0.1812
39.40 0.0775 46.36 0.1595 46.10 0.1u40
39.90 0.0715 46.78 0.1206 46.58 0.1304
4o. 3% 0.049k 47.18 0.1065 %6.98 0.1056
38.18 0.16ke 48.10 0.0780 Lg.o8 0.079L
37.96 0.1559 hg.21 ., 0f5T k5,20 0.1793
37.57 0.1296 45.00 0.1343 L. 82 0.1523
37.30 0.1021 hi. 6L 0.1107 L. bl 0.1300
36.86 0.0826 Lk .26 0.0962 Ly, 07 0.1086
36.22 0.0587 43.87 0.0857 43.69 0.0467
35.43 0.0450 43.1k 0.0685 k2,92 0.07T75
R-Uk
67-6-2 67-T~1 67-8-2
Lh.61 0.1700 Li.83 0.1666 43,71 0.1809
bk .26 0.1722 45.15 0.1572 L3.89 0.1831
43.89 0.1587 45,48 0.1389 bl 1k 0.1670
L3 b7 0.1290 45.97 0.1046 bk, sk 0.1361
43,1k 0.1082 L6.60 ©0.0850 45,1k 0.112k
k2.19 0.0790 48.16 0.0630 L6. 66 0.080k
bk, 88 0.1515 bl b7 0.1613 43.31 0.17hk
is.21 0.1178 Lk.06 0.1L35 k2.95 0.1h57
Ls.62 0.1011 43.72 0.127h k2. 60 0.1220
L6.09 0.08k0 43.32 0.1098 ko.22 0.10LL
L6.50 0.0771 42.79 0.0906 43,70 0.0885
47.83 0.0592 41.55 0.0712 Lo.s2 0.0687
R-bb Hexamine
67-16-2 67-17-1 67-18-1
29.38 0.1726 29.62 0.1759 32,13 0.1480
29.56 0.1580 29.67 0.1673 32.15 0.1582
29.71 0.1479 30.05 0.1h440 32,42 0.1634
30.05 0.1112 30.57 0.1022 32.45 0.1553
31.15 0.0829 31.09 0.0796 32.89 0.1450
31.67 0.0713 31.63 0.0660 32.97 0.1166
on L Le AR oc e n ke 2% AF n nono
29.58 0.1500 29.40 0.1752 3k.1b n.0T13
29.18 0.1736 28.61 0.125k 32.18 0.1532
28,78 0.1505 28.42 0.0949 31.82 0.139).
28.72 0.1515 27.98 0.0718 31.29 0.1076
28.32 0.1105 27.28 0.05LT 30.07 0.0702
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Freq.

10° x

27.
27.

28.

27.
27.
27.

26.

33.
33.
33.
.10
3.
35.
33.
32.
.23
31.
31.

28

36.

37.
ar.
37.
39.
36.
35.
35.
35.
3k,
33.

-1

sec.

L6
65

50
h8
20
88

T0
20

.69
.10
b8
.65
30.
31.
28.
b6
28,
28.
1.
26.

U6
12

01
25
62
96

31

67-26-2

67-32-1

67-11-1

bT=~d3ed

.1koo
.1347
122k
L1057
.0818
.0618
.1523
. 1505
.1331
L1179
.0927
L0697

DOCOOCOOODOOOO

.1862
1794
.1552
.126k
.1012
.0725
.1686
.1391
.10k8
. 0889
.0697

[oNeNaloNolloNalloll=Roie]
.

L1957
L1704
.1229
.1080
L0772
.0706
.1860
L1797
L1171
152k
.100k
.0723

[eNaNeRoNoNeNolelNeNoRole]

. 168k
.1h3s
L1166
.0972
LOTTY
- 0597
.1526
.1309
.104€
.0805
0.0703
0.0539

COO0O0OOCOOODOO

TABLE IX (Continued)
FREQUENCY VERSUS AMPLITUDE DATA

Freg. ',
10® x sec. Amp., cm.

Methanol Soluble

67-27~1
31.03 £.1613
31.07 0.1664
31. bk 0.136k
31.63 0.1267
32.19 0.0971
32.79 0.0798
30.60 0.1576
30.61 0.1570
30.42 0.1h433
30.15 0.1282
29.72 0.1038
28.88 0.0855

Methanol Insoluble

67-3h=1
3k,13 0.2066
3. k5 0.1879
34,81 0.1419
35.23 0.1070
38.72 0.0802
36.46 0.0670
34,26 0.2007
33.80 0.1730
33.40 0.1305
33.02 0.1018
32.29 0.0761

R-4b Glycerirn

67-12-1
L8.sT 0.1k07
49.07 0.1337
49. k1 0.110h
50.03 0.0806
50.56 0.0720
51.31 0.0591
LB.33 0.1387
L7.83 0.1159
47.13 0.090k
46,49 0.0787
ks, 56 0.0613
L7.43 0.1068

R-bb FeCl3—Acrylamide

o7-25-1
33.15 0.1523
33.3k 0.1503
33.50 0.1239
33.75 0.1078
34.28 0.075k
35.0k 0.0578
32.76 0.1595
32.59 0.134k
32.30 0.1142
31.94 0.0870
2. 37 0.073%
30.33 C.0443

Freq.

10% x

26.
.53
26.
27.
27.
29.
26.
25,
.19
26.
25.
25.

33.
33.
.28
3k.
.23
36.
33.
33.
33.
32.
.96

35

30

sec.

1b

87
20
6l
00
20
3

06
87
67

58
Bl

62

50
68
37
03
26

67-30-2

67-35-1
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eNeoNeoRoNeNoNolNoNalNoRol

L1591
.1376
L1251
.1121
.09k2
.0670
.1528
L0977
. 0868
L1566
.1495
.1053

L1767
.1936
.1622
.1234
.0B42
L0618
.1B25
.1522
.1156
.0753
L0567
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TABLE X

VIBRATING REED DATA

: Maximum Resonance Band Width, Loss Average
Reed Amplitude, Frequency, Aw, Tangent, Caliper,
Identification cm. W s C.P.S. c.p.s. Am/wo 10° x in.
Glass fiber mat 0.0530 10.4 0.53 0.051
0.0810 10.9 0.80 0.073 9.8
0.06L0 11.2 . 0.62 0.055

First Set of Adhesives

R-b4 concentrated 0.0360 52.5 1.77 0.0337

0.0793 61.9 1.97 0.0318 16.0

0.1050 56.0 1.56 0.0278
Phenol formaldehyde 0.1580 25.3 1.01 0.0399

0.1185 25.8 0.94 0.0365 6.0

0.10L48 26.8 0.93 0.03L48
66-2-1 0.1187 26.116 0.699 0.0268 6.4
66-3-2 0.1187 21.896 0.561 0.0256 5.4
66-4-1 0.1087 22.022 0.533 0.0242 5.2
67-6-2 0.12Lk9 22.584 0.751 0.0332 6.9
67-7-1 0.107h 22.308 0.826 0.0370 5.4
67-8~2 0.0978 22.784 0.651 0.0286 5.7
67-16-2 0.1138 34,270 1.379 0.0lko1 9.0
67-17-1 0.1051 33.761 1.283 0.0380 8.8
67-18-1 0.0971 30.8ks5 1.087 0.0353 8.7
6T-26-2 0.0950 36.403 1.397 0.038L 10.2
67-27-1 0.0889 32.185 1.071 0.0333 13.1
67-30-2 0.106k 38.256 1.478 0.0385 12.5
67-32-1 0.1125 29.886 0.724 0.0242 7.2
67-3b-1 0.14bk 29.300 0.785 0.0268 7.0
67-35-1 0.1296 ©29.551 0.817 0.0277 5.5
6T-11-1 0.1260 34.855 1.081 0.0310 6.6
67-12-1 0.0826 20.589 0.626 0.0304 5.7
67-23-1 0.1052 27.533 0.750 0.0272 6.5
67-25-1 0.0956 30.525 0.832 0.0273 7.8

Second Set of Adhesives (Wood Bonding Studies)

106-36-1 - 29.160 1.028 0.0352 T.5
106-37-1 - 28.689 1.067 0.0363 9.0
106-37-2 - 30.983 0.99k 0.0321 9.2
106-38-1 . - 28.686 0.971 0.0338 7.8
106-38-2 - 32.631 1.067 0.0327 8.0
106-41-1 - 32,131 1.105 0.034k 9.0
106-41-2 - 32.521 1.05k 0.0324 9.2
106-b42-1 -— 37.4k3 1.237 0.0330 9.k
106-42-2 - 37.483 1.264 0.0337 9.7
106-43-1 ' - . 32.343 1.031 0.0319 8.9
106-h3-2 - 31.949 1.080 0.0338 9.0
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TABLE X (Continued)

VIBRATING REED DATA

Maximum Resonance Band Width, Loss
Reed a Amplitude, Frequency, Aw, Tangent,
Identification cm. W, C.p.5. c.p.S. Am/w°

Second Set of Adhesives (Wood Bonding Studies) (Cont'd.)

106-46-1 - 33.192 1.051 0.0317
106-h6.2 - 33.196 1.080 0.0310
106-47-1 - 29.628 0.9Lh 0.0319
106-47-2 - 28.458 0.851 0.0311
106-L8-2 - 33.141 0.984 0.0297
106-51-1 - 34,180 1.036 0.0303
106-51-2 - 35.876 1.178 0.0328
106-52-1 - 39.236 1.222 0.0312
106-55-1 - 34,595 1.190 0.03L4
106-55-2 - 39.415 1.258 0.0318
106-57-1 - 39.839 1.3k6 0.0338
106-57-2 - 38.238 1.334 0.0349
106-58-1 - 40.383 1.327 0.0329
106-58-2 - 38.886 1.350 0.0347
106-59-1 - 39.041 1.356 0.0348
106-59-2 - 38.108 1.205 0.0332
107-61-1 - 33.783 1.h4ok 0.0k416
107-63-1 - 41.501 1.175 0.0283
107-65-2 -— 45,251 0.986 0.0218
107-66-1 - 48.716 1.807 0.0375
107-67-1 -— 37.393 1.730 0.0L463
107-67-2 - 39.760 1.473 0.0376
107-70-1 - k5. 0b5 1.232 0.0273
107-70-2 - 42,054 1.506 0.0358
107-71-1 - 29.422 1.1 0.0388
107-73-1 - 43.497 1.299 0.0299
107-73-2 - 41.329 1.506 0.0365
107-75-1 - 51.37h 1.430 0.0278
107-75-2 - 50.156 1.428 0.0285
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Average
Caliper,

10°

11.
10.
10.
10.
10.

10.
10.

11.
11.

®The reed is identified by the disk (see Table VII) and the location (see Fig. 2).
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