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SUMMARY

The present investigation was conducted to determine the effect of
fiber type, fiber orientation, resin type, and resin content on the
strength properties of honeycomb core structures. The structures exam-
ined were made from nonwoven cotton, nonwoven rayon, and paper. Some
cores had the principal fiber grain parallel to and others had it per-
pendicular to the cells of the honeycomb. One or more resins in vary-
ing emounts were used to impregnate or bond the three materials.

Structures made from paper had considerably greater tensile, com-
pression, and shear strengths than cores made from either cotton or
rayon. Higher tension and compression strengths were obtained with
honeycomb structures in which the principal fiber grain was parallel to
rather than perpendicular to the axes of the cells. Honeycomb struc-
tures made from each of the three fiber materials retained more than
T5 percent of theilr dry tensile strength after complete saturation in
wvater. Cotton retained a higher percentage of its strength upon wetting
than paper, and rayon retained the least.

In general, the highest strength values (adjusted to a common
specific gravity) were obtained from structures in which the pretreated
corrugated sheets were held together with a small amount of a phenolic
adhesive and the assembled core was saturated with an alcohol-soluble
phenolic resin., The effect of increases in pretreating-resin content
on the increase in strength properties was more noticeable for structures
tested in the water-socaked than in the dry condition.

INTRODUCTION

The sandwich panel, because of its very high stiffness per unit
of weight, has been an attractive material for consideration by designers
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of modern high-speed aircraft. A structural panel of this kind can be
made by bonding strong, stiff, and thin facing materials to each side
of an appreciable thickness of a low-density core. The function of the
core is to space mechanically and to stabilize elastically the facings
when they are highly stressed.

A core material should be light in weight, uniform, capable of
being formed or cut to close tolerances, and suitable for subsequent
bonding to facings. Its important mechanical properties include
sufficient tensile strength, compressive strength, and modulus of elas-
ticity in the direction perpendicular to the plane of the facings,
shear strength and modulus of rigidity in planes perpendicular to the
facings, and impact resistance. High inherent strength is desirable in
that it usually permits a minimum weight to be realized. Other char-
acteristics that are important but that may vary considerably from one
material to another are maintenance of strength at high or low tem-
peratures, thermal or dielectric properties, resistance to aircraft
liquids, decay organisms, and water, and maintenance of strength upon
thorough wetting.

Materials that have been evaluated for suitability according to
the above criteria include balsa wood, foamed cellulose acetate, rubber,
or plastics, and formed, corrugated, or expanded paper, fiber mats,
metallic foils, or woven sheets of glass fibers or cotton. Thermo-
plastic and thermosetting resins have been used alone in the foamed
form, or as bonding agents or saturants for sheet materials.

From a consideration of the requirements for strength, light weight,
availability, end resistance to liquids and temperatures, core struc-
tures made of fiber sheet materials reinforced with thermosetting resins
are certainly among the most promising. The fiber is the principal
strength-giving component, and considerable latitude exists in obtain-
ing predetermined degrees of fiber orientation and in utilizing a pre-
dominant fiber direction to the best advantage.

The present investigation was undertaken to determine the relation-
ships between various strength properties of honeycomb core structures
made from nonwoven or felted fiber webs and representing various condi-
tlons of fiber type, fiber orientation, resin type, and resin content.
Special consideration was given to the factors involved in attaining
high tensile strength normal to the facings. High-strength papers with
a moderate degree of fiber orientation and nonwoven rayon and cotton
webs of very high fiber orientation were selected as convenient base
materials for studies of the variables. The base sheet material was
impregnated with one or more resins in varying amounts, and, following
corrugation, sheets were assembled into honeycomb structures having
the predominant fiber grain in either of the two directions. Tests
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included determination of the physical properties and equilibrium mois-
ture content of the base sheet material and the determination of ten-
sile and compressive strengths in the wet and dry conditions and shear
strength in the dry condition of honeycomb structures. Strength values
were adjusted mathematically to give comparative data at a constant
density to permit an analysis of the effects of composition and fiber
orientation.

This investigation was conducted at the Forest Products Laboratory
under the sponsorship and with the financial assistance of the National
Advisory Committee for Aeronautics. The authors wish to acknowledge the
assistance of Messrs. B, G. Heebink and H. W. Eickner of the Forest
Products Laboratory.

PREPARATION OF BASE SHEET MATERIAL

Fibrous Material, Resins, and Adhesives

A nonwoven rayon sheet and a nonwoven cotton sheet, each having a
weight of 45 pounds per 3000 square feet and neutral kraft-base paper
of 40 and 110 pounds per 3000 square feet were selected as the basic
fibrous materials for these experiments. A commercial water-soluble
phenolic resin was used as an impregnant for the paper. The following
types of resins or adhesives were used for assembly of sheets into the
cores: (A) A high-temperature-setting, low-viscosity, laminating resin
of the polyester type, (B) an intermediate-temperature-setting phenolic
resin containing 6 percent of an acid catalyst, and (C) the same as (B)
plus an additional treatment with a commercial alcohol-soluble phenolic
saturating resin. ‘

Partial Impregnation of Base Sheet Material

The cotton, rayon, and paper were treated on an experimental resin-
impregnating machine. Nominal water-soluble phenolic resin contents of
2.5, 5, 7.5, 10, 20, and 30 percent were obtained on the 40-pound paper
and of 20 percent on the 110-pound paper, nonwoven cotton, and rayon.
The resin content is based on the difference in weight between the
untreated sheet and the treated sheet, corrected for volatile content,
as both emerge from the drying tower of the impregnator, and it is
expressed as a percentage of the weight when treated. The temperature
of the tower was about 140C C (2840 F) at the center, and the speed of

the sheet through the 12-foot tower was approximately h% feet per

minute. Under these conditions the volatile content of the sheet was
between 3 and 6 percent. This value is based on the volatile loss

~
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during a 1O0-minute exposure in an oven at 160° C (3200 F), and it is
expressed as a percentage of the original weight of the treated sheet.
The resin was diluted with a 50-50 mixture of water and ethyl alcohol.

To determine the effects of the different saturating resins on the
rate and permanent affinity for moisture of the fiber itself, as well
as on the strength properties of the fibrous sheet, special 12- by 12-
inch sheets were prepared by hand-dipping sheets in solutions of water-
soluble, alcohol-soluble, and polyester resin. The concentration of
each solution was chosen so that a resin content of 30 percent resulted
in the sheet after cure of the resin.

Corrugating

The impregnated materials were corrugated on a commercial machine
equipped with B-size flute rolls. The speed of the corrugator was
approximately 15 feet per minute, and a steam pressure of about 90 psi
was used in the rolls. Corrugated materials were prepared in which the
flutes of the corrugations were either perpendicular or parallel to the
predominant fiber direction of the material. To produce material with
the flutes perpendicular to the fiber direction (T-direction, fig. 1),
the material was passed through the corrugator directly from the roll.
Sheets were cut by hand into 3-foot lengths and nested immediately. 1In
order to produce material with flutes parallel to the predominant fiber
direction (L—direction, fig. 1), 12-inch-square sheets .of the material
were passed through the corrugator so that the fiber direction was per-
pendicular to the direction of the movement through the corrugating
machine. No attempt was made to cure the resin in the material during
corrugating. :

Cure of Saturating Resin

Packs of the corrugated material about 3 inches thick were placed
in a circulating-air type of oven at a temperature of 125° C (257° F)
for about 4 hours for partially curing the resin. The increased stiff-
ness of the flutes that resulted from this cure was an aid to subse-
quent handling.

To obtain physical properties of the treated base sheet materials,
it was necessary to cure & number of the uncorrugated sheets. Sheets
12 inches square were subjected to 163° C (325° F) for 5 minutes. This
was done without pressure on the platens of a hot press.
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PREPARATION OF CORES

Gluing of Corrugated Material and Curing of Cores

Blocks of honeycomb core material were made by using three different
resins or resin combinations, as shown in table 1. Resin treatment A
consisted of spreading a uniform film of a high-temperature-setting
polyester type of laminating resin on a level plane surface with a doc-
tor blade (fig. 2). The adjustment of the clearance between the surface
and the edge of the doctor blade controlled the resin content. The
corrugated sheets were placed on the resin film, so that the resin was
transferred to the crests of the corrugated material. A slight pressure
was used to insure adequate contact of the material with the resin. A
short time interval was given to permit sufficient penetration of the
resin into the material. The thickness of the resin film was adjusted
so that enough resin was applied to the crests to yield an assembled
core having a resin content (after cure) of approximately 52 percent
(based on the weight of the treated core) for cores made with paper and
of 70 percent for cores made with rayon or cotton. This resin penetrated
into the material, and the large amount was necessary to produce a sat-
isfactory crest-to-crest bond. The cores made with this adhesive and
procedure in earlier work yielded structures having high compressive
strength.

To produce low-density structures with a high percentage of'fiber,
which was believed to be the tensile-strength-producing component,
honeycomb structures were fabricated by using a low-resin-content base
sheet and a hot-setting phenolic adhesive to supply the crest-to-crest
bond required (resin treatment B). This adhesive was applied to the
crests of the corrugated sheets by using a small hand-driven glue
spreader, as shown in figure 3. The adhesive was used as received, at
60 percent solids content, and the spread was adjusted to give an appli-
cation of about 1.2 grams of solid glue per square foot. This glue did
not penetrate far into the material. The sheets of corrugated materials
were passed through the glue spreader with the flute direction parallel
to the axis of the spreader roll. ’

The treated corrugated material was assembled into cores by placing
layers of the corrugated material so that the crests of each ply made
contact with the crests of adjacent plies. Short sections of paper
straws were placed at the four corners of each sheet to serve as keys
to maintain the alinement of the corrugations. In addition, a jig with
strip heaters (fig. 4) was used to tack the resin at the ends of the
flutes and to maintain the crest-to-crest alinement. Core blocks

4 feet long, 1 foot wide, and 2% inches thick were produced from the
material having the corrugated flutes perpendicular to the fiber
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direction. Blocks 12 inches long, 9 inches wide, and 2% inches thick

were made from the material having the flutes parallel to the fiber
direction. The core blocks were placed between parallel cauls, and the
assembly was placed in a circulating-air oven for 4 hours at 1250 ¢
(257° F) for cure of the resin.

To produce an assembly having a density between the densities of
the structures bonded with phenolic glue and those treated with the
polyester type of laminating resin, a core assembly was first fabricated
as B in table 1. After cure of the bonding adhesive, the core blocks
were dipped in an alcohol-soluble phenolic-resin solution to yield
treatment C (table 1). When using a 60~percent concentration of the
solution, about 30 percent of solid resin was absorbed by the core on
the basis of the weight of the treated core after cure of the saturating
resin. The saturating resin was cured in the oven at a temperature of

125° ¢ (257° F).

METHODé OF TEST OF BASE SHEET MATERTALS

Physical Properties of Base Material

Thickness, weight, density, porosity, and wet and dry tensile
strength tests of the impregnated and of the unimpregnated sheet mate-
rials before corrugation were obtained according to the standard methods
of the Technical Association of the Pulp and Paper Industry.

Moisture Absorption and Dimensional Stability
of Base Sheet Material

For dimensional stability and moisture-absorption determinations
on the uncorrugated sheet material, three specimens approximately
6 inches square were cut from the impregnated and from the unimpregnated
material. Specimens were exposed at about 30-percent relative humidity
for 3 weeks. Dimensional measurements in both the predominant fiber
and crossfiber directions were made at this condition with a metal
ruler reading accurately to 0.0l inch. Weight measurements were also
made’ at this condition with an analytical balance. Specimens were then
exposed to each of the humidity conditions of about 65, 80, 90, and 97
percent for a period of 2 weeks. Weight measurements were made while
the material was at each of these conditions, and dimensional measure-
ments were made at the condition of 90-percent relative humidity only.
The specimens were then oven-dried for calculation of weight and
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dimensional data. The dimensional change was expressed as a percentage
of the oven-dry dimension of the sample. The equilibrium moisture con-
tent was expressed as a percentage of the weight of the oven-dry
specimen.

METHODS OF TEST OF HONEYCOMB CORE MATERTAL

Preparation of Test Specimens

The blocks of honeycomb core materials were cut into test speci-
mens on a band saw having a blade with about 24 teeth per inch and
traveling at a rate of 3500 feet per minute. The first cut reduced the
L dimension about 3/4 inch and left a surface normal to the axis of the
cells. Then several sections 1/2 inch thick in the L-direction (fig. 1)
and a section 6 inches in the L-direction were cut. These sections were
then cut into specimens 2 by 2 by 6 inches for compression tests, and
2 by 6 inches by 1/2 inch for shear tests in the LT-plane.

Dimensions of the specimens for compression and shear tests were
measured before any further preparations; these dimensions were checked
immediately before test.

To prepare the specimens for testing, the ends of the compression
test specimens were set in molding-plaster casts to a depth of approxi-
mately 3/8 inch and dried before conditioning. The plaster caps elimi-
nated localized crushing at the ends of the cells in contact with the
heads of the testing machine. For the tension tests, sections of core
material 1/2 inch thick in the L-direction had l-inch aluminum cubes
bonded to the ends of the honeycomb cells on each face of the sections
of honeycomb core. These tension specimens were prepared in groups of
as many as 25 at a time by the use of an alining jig of the type shown
in figure 5. A two-part resin adhesive, composed of a polyvinyl-formal
powder and a phenol-resin liquid, especially formulated for bonding to
metal was used in bonding the aluminum cubes to the honeycomb core. Two
medium brush coats of liquid adhesive were applied to the clean face of
the aluminum cube 1 hour apart and immediately after the second coat
the powdered adhesive was sprinkled into the liquid film with the excess
removed by a light tapping. The adhesive was applied to both faces of
the core by dipping the core in a l/l6-inch—thick layer of the liquid
adhesive and then into a mound of powdered adhesive. The adhesive coat-
ing was air-dried overnight, and then the joints were assembled. The
bonds were cured between the electrically heated platens of a hydraulic
press to which a pressure of 15 psi was applied for 2 hours at 320° F.
After the bonding operation was completed the individual specimens were
trimmed to a nominal 1- by l-inch section. ' :
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The shear test specimens were bonded between steel plates with
the use of special alinement jigs. The procedure used in bonding the
steel plates to the cores was the same as that used in bonding the ten-
sion specimens, except that the steel plates were cleaned by abrading
with emery cloth and washing with ethyl acetate, and the time in the
press was reduced to 1 hour because less time was required to heat
through the thin plates than through the cubes used for the tension
specimens.

Conditioning of Honeycomb Specimens

The prepared specimens to be tested dry were stored in a room
maintained at 75° F and 6l-percent humidity for a period of at least
10 days to allow them to reach equilibrium conditions.

For wet tests, the prepared specimens were thoroughly wetted in
tap water and sosked for at least 24 hours before test. In the prepar-
ation of these test specimens, the ends of the cells were closed by
elither plaster or aluminum cubes. Entrance of the water into the core
material was thus retarded, and normal 24-hour-soaking techniques could
not be used. Thorough wetting, however, was accomplished by means of
the following treatment:

(1) A vacuum of about 26 inches of mercury was slowly drawn, over
a period of 1 hour, on an autoclave containing the submerged specimens

(2) Conditions were maintained constant for 1 hour to remove air
from the closed cells in the specimens

(3) Air pressure in the autoclave was slowly increased, over a
period of 2 hours, to a gage pressure of 15 psi

(4) Pressure was maintained for 1 hour to allow water to penetrate
all closed cells

(5) Pressure was slowly reduced, over a period of 1 hour, to at-
mospheric

After this treatment the specimens remained submerged in water for
a period of at least 24 hours before being tested. It was demonstrated,
by means of cutting open a frozen specimen, that this treatment at least
partially filled all the closed cells with water regardless of the resin
content of the material.
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Core Test Procedures

A1l test procedures were in accord with those specified in refer-
ence I,

Compression tests.-Compression tests were made as indicated in
figure 6. Specimens were placed on the machined steel plate and loaded
through the self-alining fixture in a hydraulic testing machine. ILoad
was applied with the head traveling at a constant rate of about 0.02 inch
per minute. The Martens mirror apparatus with a 2-inch gage length was
used with the knife edges bearing on the IR surfaces to measure strains.
Data recorded included loads and corresponding deformations and the
maximum load. Five specimens were tested for each material and for each
conditioning treatment. ‘

Tension tests.-Tension tests were made as indicated in figure 7.
At each end of the specimen the aluminum cubes were loaded through pin
connections to the receptacles on the tension loading rods. The recep-
tacles were also free to rotate about an axis perpendicular to the pin
connections; thus the ends were self-alining. The maximum load was
obtained for 25 specimens of each material at each condition.

Shear tests.-The shear test is illustrated in figures 8 and 9.
Knife-edge ends of the steel loading plates bore on the lower head of
a hydraulic testing machine and on a self-alining fixture attached to
the upper head of the machine. The dial gage was supported from one
plate with the gage spindle contacting a bar supported from the other
plate to measure the shear deformation of the core. The data obtained
included the loads and the corresponding shear deformations until the
straight-line relationship had been exceeded and the maximum load reached.
Four specimens were tested for each material.

COMPUTATION OF PROPERTIES

The compressive strength was computed from the compression test
data by dividing the maximum load by the cross-section area. The data
for load against deformation were plotted, and a straight line was
drawn to fit at least the lower portion. The slope of this line was
used to compute the modulus of elasticity E by the formula:

= 2
E= eA

where P 1is the load in pounds, A is the cross-section area in square
inches, and e is the strain in inches per inch. The five values for
each condition were then averaged, and the averages were recorded in
tables 2 to k.
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The cell walls in all of the compression test specimens buckled
at failure, and most of them started buckling long before the maximum
load was reached. Observed strengths tabulated should be attainable
or exceeded when the materials are used in sandwich structures.

The strength in tension was equal to the observed maximum load
because the cross-section area of the test specimens was 1 square inch.
The average was computed for each group of 25 tests and was recorded
in the tables 2 to L.

Tensile strength observed for each material could not be greater
than the strength of the bond between the core and the aluminum cubes.
Only a few materials had less than 100 percent of the failures occur
in the cores. The average percentage of core failure is given in tables
2 to 4 along with the tensile strength. The strength there given for
the core should be obtained in sandwich constructions if the bonds
between core and facing are adequate.

The shear strength was computed by dividing the shear component of
the maximum load by the area of the cross section. The data for load
against deformation were plotted, and a straight line was drawn to fit
the lower portion. From its slope the modulus of rigidity in shear G
was computed by the formula: '

- Pt
¢ =%

where P is the shear component of the load in pounds, d is the deforma-
tion in inches, t is the thickness of the honeycomb (about 1/2 in.), and
A is the area of the cross section. The average was computed for each
group of four specimens and was entered in tables 2 to L.

Failures occurred primarily in the core itself, not in the glue

line, for practically. all of the specimens tested in shear. The strengths

are therefore true strengths of the core materials under the conditions
of test. The shear strength of these cores when assembled into sandwich
structures should be attained if the bond to facings is adequate.

ANALYSIS OF RESULTS OF TESTS ON HONEYCOMBS

- Comparison of the strengths of the different honeycomb materials
should not be made at the different specific gravities tested. Since
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tensile strengths are proportional to the specific gravity, strengths
per unit weight could be used for comparison. However, shear strength
is not proportional to the specific gravity in the range where buckling
occurs before failure, but it is proportional to specific gravity in the
range where buckling stresses do not affect failure (see reference 2).
Strengths in compression are not directly proportional to the specific
gravity of the honeycomb in any range (see reference 3). Therefore the
comparison was made between strengths adjusted to a common specific
gravity of 0.10 for all the different honeycombs,

Tensile strengths were adjusted in direct proportion to the specific
gravity by the formula: . :

Test strength
Test specific gravity

0.1

Strength at specific gravity of 0.1 =

Shear strengths, as previously mentioned, are directly pfoportional
to specific gravity over only that part of the range in which buckling
does not affect failure. When buckling does affect failure, formula (9)

from reference 2 (Fsg =C ;E;s?QE-) applies. .To find the point of
a .

transition from the buckiing to the nonbuckling range for a particular
honeycomb core material requires several tests at different specific
gravities, and determination of the point was not included in this study.
For the small change in specific gravity from test specific gravity to

a specific gravity of 0.1, the difference in adjusting strengths by a.
straight line instead of by the curve of formula (9) was usually less
than 5 percent and seldom more than 10 percent. Also, the data presented
by Werren and Norris showed that for the kraft-paper honeycomb cores
tested in their study the strength varied in direct proportion to specific
gravity in the range with specific gravity greater than 0.06. All but °
one of the honeycombs tested in the study for this report had a specific
gravity greater than 0.06. Therefore the shear strengths herein reported
were adjusted to a strength at specific gravity of 0.1 by direct pro-
portion by using the same formula as was used for adJustlng the tensile
strengths,

) Compressive strengths were adjusted to a strength at specific gravity
of 0.1 by applying formuls (ll) of reference 3, which is

)
Pg = C{— .
. rg - 8,/
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where

Ps strength divided by specific gravity

c a constant

€y specific gravity of honey¢6mb

r ratio of distance measured on periphery of a cell, from one
crest to next crest of a corrugated sheet, to distance meas-
ured in a straight line across cell from one crest to next
crest. ; .

g specific gravity of cell-wall material (measured by immersion

in mercury)

Each average compressive strength given in tables 2 to 4 was
adjusted by first solving for the constant c¢ after substituting in the
formula the values measured on the honeycomb. After ¢ was determined
for each honeycomb, p, was computed by using g, equal to O.1l. Then,

multiplying pg by the specific gravity gave the strength adjusted
to specific gravity of 0.1.

These strengths adjusted to specific gravity of 0.1 show which
honeycomb materials are the most efficient on a weight basis, and
demonstrate the effect of the variables in the fabrication of the honey-
combs on the efficiency of the honeycomb structures.

The effect of thoroughly wetting the honeycomb was determined from
compressive-strength and tensile-strength data. The percentage of dry
strength retained after soaking, as given in tables 2 to 4, should apply
to the adjusted strengths as well as to the tested strengths

The load-deformation data from compression and from shear tests
were used only to determine the modulus of elasticity. For most mate-
rials these same data are used also to determine the proportional 1limit.
However, in honeycomb materials, local buckling of the cell walls may
cause excessive deformation before the proportional 1imit is reached for
the material in the cell walls. Because initial buckling is impossible
to detect visually, a reliable differentiation between buckling and pro-
portional limit is extremely difficult, except that buckling well below
the proportional 1limit is evidenced by excessive deformations. A pro-
portional limit for these honeycomb structures was not determined.
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DISCUSSION OF RESULTS

Physical Properties of Base Sheet Material

It was considered important to make a rather extensive evaluation
of the base sheet materials, both before and after resin impregnation,
as this was a convenient way to determine characteristics inherent to
the materials and therefore existent in the core structure.

Some physical properties of the base-fiber sheet materials are
given in table 5. These fiber webs differ greatly in strength and in
the degree of fiber orientation in the two principal directions. The '
rayon and cotton webs were about 5 times as strong in the principal
fiber direction as in the cross direction, but the ratio for the kraft
paper was only about 2 to 1. However, the ultimate strength of the .
paper on a pound-per-square-inch -basis was about twice as great as that
of the rayon in the machine direction and 5 times as great as that of
the rayon in the cross direction. Likewise, the paper was 5 and 10
times as strong, respectively, as the cotton in the machine and cross-
machine directions. Although the weight per unit area of all three
materials was nearly equal, the densities varied from 0.2k gram per
cubic centimeter for the cotton to 0.68 gram per cubic centimeter for

- the paper.

In addition to strength, the fiber-resin-moisture relationships
were studied. The adsorption of water vapor or liquid water by
cellu1051c-type fiber sheets and the relation of this to strength pro-
vides basic data concerning important properties of any honeycomb struc-
ture that can be made from the particular material. Previous work on
the impregnation of sheets with phenolic resins showed that a considerable
effect on the moisture sensitivity of a material was obtainable which
depended not only on the resin but also on the method of combining it
with the fiber. One effect may be to repel or retard the penetration of
liquid water into the fiber to a very high degree, but not to reduce
materially the pick-up of water vapor for long-time exposures. Another
effect may be to cause the fiber bonds to be permanently strong, even
if complete wetting should occur. A third effect may be to cause an
actual reduction in the amount of water vapor adsorbed when equilibrium
has been reached. The latter effect, for instance, is most important
from considerations of dimensional stability or resistance to decay.
Previous work at the Forest Products Laboratory and elsewhere has indi-
cated that water-soluble resin deposited in the fiber web from a water
solution was likely to give good resin penetration of fiber structure
and would yield sheets with high wet strength, stability, and low equi-
librium moisture content. This could occur even if the resin added did
not give water repellence or rigidity to the structure.
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In order to compare the effects of each of the three resins selected
on the actual fiber-moisture relationships, one series of treated
sheets was prepared in which cotton, rayon, and wood-fiber paper were
impregnated with 30 percent of water-soluble phenolic resin, alcohol-
soluble phenolic resin, or polyester resin. The treated sheets were
exposed to high humidities, and the gain in weight was determined. The
dimensional change occurring with moisture change was also measured,
These data are given in table 6. The rayon fiber showed the highest
moisture adsorption and the greatest dimensional change, and cotton the
lowest adsorption and dimensional change.  Values obtained from the
paper were slightly higher but near those of the cotton. Likewise, the
same relationship in moisture absorption existed for the base sheet
materials, as shown in figure 10. These adsorption values represent
the permanent reduction in moisture adsorption of these fibers caused
by the presence of each resin. These reductions do not necessarily
define the loss of strength incident to wetting, as shown elsewhere in
this report, but they are related to strength loss and possible deteri-
oration of the cellulose due to high moisture conditions.

Data on the expansion of sheets between oven-dry condition and 90-
percent relative humidity showed that the treatment with 30 percent
water-soluble phenolic resin reduced cross-machine swelling from 1.04
(without treatment) to 0.22 percent for the treated cotton, from 2,02
to 0.42 percent for the paper, and from 5.16 to 2.17 percent for the .
rayon. Although a considerable reduction in swelling of the rayon was
obtained with 30 percent reéin, the gross dimensional change of rayor.

‘was several times that obtained from cotton and paper.

Fiber sheets impregnated with 30 percent of alcohol-soluble phenolic
resin or 30 percent of polyester resin were not protected against water-
vapor pick-up as well as sheets containing water-soluble resin (fig. 11).
The alcohol-soluble-resin treatment reduced the equilibrium moisture
content of all materials but was less effective than the water-soluble-
resin treatment. Sheets containing polyester resin actually adsorbed
more water vapor than the untreated sheets, a fact that indicated that .
the resin not only had failed to protect the fiber but also had adsorbed
some water vapor itself. It might therefore be concluded that a pre-
treatment with water-soluble phenolic resin was important to render the 4
fiber webs less sensitive to moisture and to offer an improved base sheet
material for core fabrication. The subsequent treatment with varied
types and amounts of other resins could then be chosen chiefly with
respect to their effects on strength and structural characteristics.

ere ma
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Properties of Honeycomb Structures

The pretreated corrugated sheets were selected because of their
anticipated effect on properties and were assembled into honeycomb
structures. Iun early work (reference 4) a polyester type of resin was
used because it yielded high compressive-strength structures. A high
resin content was required in order to saturate the sheet and leave
sufficient resin on the surface to bond adjacent sheets. For paper
this amount was about 55 percent, but for a good bond between corrugated
sheets of rayon and cotton it was necessary to use up to 70 percent of
resin. Since the fiber 1is probably the chief component with respect to
tensile strength, it seemed desirable to use a minimum of resin as one
part of this series. Such a condition was achieved by-simply gluing
~the pretreated corrugated sheets together. A third general condition
was obtained by dipping the glued corrugated structure in a solution of
alcohol-soluble phenolic resin to produce a stiffer material having an
intermediate density.

Effect of fiber orientation.-To permit a comparison of the effects
of fiber orientation of the strength properties, tests were made on
honeycomb structures in which the principal fiber-grain direction was
both parallel (L) and perpendicular (T) to the axis of the cells. These
data are given in table 2. A great increase in tensile strength was
obtained when the fiber grain was in the L-direction. This was partic-
ularly evident in cores made with cotton or rayon webs that had a high
degree of orientation. Although the orientation effect in paper was
not so great, the tensile strength obtained from a paper structure in
which the grain was in the L-direction was greater by a considerable
margin than that obtained from either the highly oriented cotton or -
rayon. The approximate ratio of directional tensile strength of these
cores wvas 2 to 1 for paper and 5 to 1 for cotton and rayon, when all
were bonded with a phenolic adhesive. These ratios agree well with
tensile values obtained on the base sheet material before corrugation.

The difference in tensile strength representing each of the two
principal grain directions was more pronounced for the cores containing
the least amount of resin. To expect this is reasonable, since the
fiber represents most of the total weight of the core in the case of
cores made of pretreated paper only. In the case of the cores bonded
with a large amount of polyester resin, much of the weight of the core
is that of resin that has no grain and the total grain effect is there-
fore minimized. '

Core structures in which the fiber grain was in the L-direction

also ylelded higher compressive-strength values than cores in which

the fiber direction was in the T-direction. The effect was not so
pronounced, however, as that observed in the case of tensile strength.
Specimens that had been saturated in water and tested when wet exhibited

¢
]
3



16 NACA TN 2564

a similar pattern with respect to directional effect, but the level of
strength was lower. In most cases the percentage of compressive strength
retained upon wetting was greater for cores having the grain in the L-
direction.

Shear-strength values were determined, but no trend in strength
due to fiber-grain direction was apparent.

Effect of base fibrous sheet material.-To determine the effect of
the type of fibrous sheet material on properties of honeycomb structures,
cores were made from nonwoven rayon, nonwoven cotton, and kraft paper.
Strength data on these cores are also given in table 2. The highest
values (corrected to a common density) were obtained from the paper-
base core material. This was true for tension, compression, and shear
tests, both dry and wet. The adjusted tensile strength on dry-paper
core material was 1.5 to 2.0 times as great as that obtained on rayon
or cotton material, based on a comparison of cores in which the fiber-
grain direction was parallel to the flute direction and therefore to
the applied load. From a comparison of cores in which the fiber grain
was perpendicular to the load, the tensile strength of the paper core
was about 3 times as high as that obtained from rayon or cotton cores.
Changes of the same order of magnitude were also observed in compression-
test results.

The rayon, cotton, and paper were all treated effectively by the
resins, as indicated by the results of tests on wet specimens (table 2).
The retention of tensile strength following wetting of the specimens
was very high, and in several cases the wet strength was higher than
the dry tensile strength. The cotton core retained the most of its
tensile strength on a percentage basis, and rayon the least, with paper
in an intermediate position. Only one core lost more than 25 percent of
its tensile strength upon complete saturation. In most cases the cotton
cores were appreciably stronger in tension after wetting than they were
vhen dry. However, because of the high orliginal strength, of the paper
core, its actual values were usually higher than those obtained from
cotton or rayon with the same type of impregnation.

The retention of compressive strength of cores upon thorough wetting
was not so great as that found for tensile strength. The retention of
compressive strength of paper core was from 50 to T6 percent, of rayon
core from 27 to 60 percent, and of cotton core from 38 to 100 percent.

A comparison of shear strength of dry core material with equivalent
resin conditions showed the paper to have shear strengths from 1.25 to
2 times those of cotton or rayon.

One series of cores was made to study the effect of a change in
the weight per unit area of the base material. The percentage of resin
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was kept constant for comparisons of light and heavy papers. An increase
in the weight of paper from 40 to 110 pounds (3000 square feet) did not
appreciably alter the tensile strength when adjusted to a specific grav-
ity of 0.1, as shown in table 3. The shear strength also remained reason-
ably constant when compared at a specific gravity of 0.1. Comparing

the actual tensile strengths of the two welghts of paper, higher values
were obtained with the 110-pound paper than with the L4O-pound paper.

An actual tensile-strength value higher than 1130 psi could have been
realized with the 110-pound paper if a more satifactory glue bond could
have been developed between the core and the facing.

Effect of saturating and bonding resins.-The saturation or pretreat-
ment of the cellulose~fiber sheet with water-soluble phenolic resin. was
selected as a desirable procedure on the basis of considerable previous
work on the protection of cellulose against molsture. Strength data on
cores made with this pretreated paper alone and without subsequent large
treatment with resin showed the pretreatment to be very effective for
preventing loss of strength of the structure upon wetting (table 4).

The retention of tensile strength upon wetting increased as the
pretreating-resin content increased. A retention of more than 50 percent
resulted with as little as 2.5 percent resin, and more than 90-percent
retention resulted when the resin content was 10 percent or more. It
should be noted that a portion of this strength undoubtedly can be
attributed to a phenolic glue line that was necessary to hold the sheets
together into a structure. The retention of compressive strength upon
wetting was not so great and ranged from 28 to 60 percent over the com-
plete resin-content range of 2.5 to 30 percent. This range was based on
pretreated material only. This type of treatment therefore appears to
be attractive, since it overcomes the inherent great loss of strength of
paper upon wetting. The presence of this resin to impart wet strength
broadens the possible selection of resins for further impregnation; the
secondary resin may be chosen for the special mechanical properties it
may give to the structure. .

Honeycomb structures were produced by assembly of the pretreated
corrugated sheets by using three different resin treatments (table 1).
The pretreated paper bonded with phenolic glue produced structures with
a higher adjusted dry tensile strength than the other two types of treat-
ment when the fiber grain was in the L-direction. However, cores soaked
in the alcohol-soluble phenolic resin had wet-tensile-strength values
substantially equal to or greater than the strength of the dry material.
The greatest adjusted dry compressive and shear strengths were also
obtained with this type of resin treatment. The polyester-resin treat-
ment produced structures with higher density because of the great amount
of resin needed to bond the sheets together, and, in general, the adjusted
strength values were lower than those obtained with the alcohol-soluble
resin.
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SUMMARY OF RESULTS

The following results were obtained from tests to determine the
effect of fiber type, fiber orientation, resin type, and resin content
on the strength properties of honeycomb core structures:

(1) Higher tensile and compressive strengths were obtained in
honeycomb structures having the principal fiber grain parallel to the
axes of the cells than in those having the fiber grain perpendicular
to the axes of the cells. This was true for cotton, rayon, or paper.

(2) Honeycomb structures made from paper had higher dry and wet
tensile- and compressive-strength values than structures made from
rayon or cotton when comparing cores having the fiber grain either
parallel or perpendicular to the axes of the cells. All three materials
retained more than 75 percent of their tensile strength upon wetting,
and in some cases the wet strength was considerably higher than the dry
strength. The cotton structures retained a greater percentage of their
dry strength upon wetting than the paper structures, and the rayon retained
the least.

(3) Increases in pretreating-resin content of the corrugated paper
were more effective in increasing the strength of the structures when
tested in the wet condition than in the dry condition, and also for
structures made with a small proportion of total resin than with a large
proportion of resin.

(4) In general, cores made by using alcohol-soluble-resin treatment
had higher adjusted strength values than structures made from the poly-
ester resin or from the pretreated paper only.

(5) A honeycomb structure having high and equally adjusted com-
pressive and tensile strengths was made from 40-pound corrugated paper
bonded with a simple glue and having the fiber grain parallel to the
axes of the cells,

(6) A core with an actual tensile strength in excess of about
1000 psi and with an actual compressive strength of about 2650 psi
was made from 110-pound paper and polyester resin. The specific
gravity of this core was 0.234 gram per cubic centimeter.

Forest Products Laboratory
Madison, Wisc., December 22, 1950
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TABLE 1.- TYPES OF RESIN TREATMENT
Identification| Pretreatment Additional treatment
A Water-soluble|High~temperature-setting, low viscosity,
phenolic laminating resin of polyester
saturating (styrene-alkyd) type with a benzoyl
resin 4 peroxide catalyst (resin 2) used for
(resin 6) bonding corrugated sheets together as

well as for further impregnating core;
paper structures contained 50 percent
resin, and rayon and cotton structures
contained 70 percent resin

B ¢ (S L Sheets bonded with 10 percent of an in-
termediate temperature-setting, acid-
catalyzed phenol resin with 6-percent
catalyst (resin 29) with no further
impregnation

C  |e=e=- dOm=a—m Sheets bonded with resin 29 and core
impregnated with 30 percent of an
alcohol-soluble phenolic saturating
resin (resin 7)

“NACA
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Figure 1.- Cross-sectional view of honeycomb core material showing
directional notation as used in report.
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Figure 6.- Compression test of honeycomb core material showing method of
providing additional end support at bearing surface through use of
cast molding-plaster caps. A Martens mirror-type compressometer is
attached to specimen for obtaining deformation readings.,
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Figure 8.- Shear test specimen of honeycomb material. -
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Figure 9.- Apparatus for shear test showing steel plates, specimen, and
dial arrangement for measuring deformations between plates.
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Figﬁre 10.- Equilibrium moisture content of base sheet materials (no resing
after exposure to different relative humidities.
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Flgure 11 - Effect of 30 percent of varlous types of resins on equlllbrium
moisture content of treated paper after exposure to different relative
hum1d1t1es. K . -
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