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CURING OF RESIN—-WOOD COMBINATIONS BY HIGH-FREQUENCY HEATING

By Arthur R, von Hippél qu A. G. H. Diletz
SUMMARY

The redults of an investigation of the curing of
resin-wood combinations by high-freguency heating are sum—

marized in the present paper. The physical facts pertinent

to high—frequency heating are introduced. The procedure 1is

described for measuring dielectric constant and loss from 1

to 100 megacycles, and the results of such measurements are
given for several species of wood and thermosetting resins
representative of those employed in aircrafit. The "effects
of humidity, temperature, impregnation, and state of poly—
merization are demomnstrated, From these facts the most
favorable combination of wood, resin, and fregquendy .rahge
may be selected and a calculation of the heat input may be
made. Experimental gluing and curing of wood in the field
of a H500—watt oscillator is described. In addition to thHe
experiments relating strictly to high~frequency heating, an
attempt was made to save time by shortening the impregna—
tion time and by reducing the setting temperature.

The results indicate that the high—frequency heatlng

process is feasible, flexible, and timesaving. Possibili-

ties of more extensive application are discussed.

INTRODUGCTION

Within recent years combinations of wood and synthetic

resins have played an increasingly important role in air-—
craft manufacture, The earliest development was the use of
resins, such as phenol and urea f ocrmaldehydes, as adhesives

possessing superior resistance to deteriorating influences

of moisture and decay. A series of highly moisture—
resistant plywoods and laminated wood parts of many kinds
followed. Later 1t was discovered that the resins could dbe
used as impregnants and that impregnation increased some
of the mechanical properties and introduced a large measure
of dimensional stability. Finally, it was found that
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resin—impregnated wood' could be compféssed at elevated
temperatures and pressures to a hard, dense mass of spe-—
eifie gravity gs h;gh,as:l.4 or more. ) . .

Certain of the resins employed as adhesives can be
made to "set" at’ ordinary temperatures, but the best of
them regquire heat, and even the "cold-setting" adhesives
cure more rapidly as their temperatures are increased.
The impregnants are almost universally thermosetting.

~ Heat is customarily introduced intoc the wood-resin
combination by preesing between hot ‘plates. Heat flows
into the mase from the heated surface, but, on account of
the poor heat conductivity of both wood and resin, hours
may be required to raise the centeres of _heavy masses to
the curing temperature., Furthermore, the surface may have
to.be maintained at a higher temperature than is desirable
in order that the center may be brought to the minimum
necessary temperature in a reasonable time. Simultaneous,
uniform, and rapid heating throughout the whole mass is the
ideal process for resin-impregnated parts, such as propel—
lers. Selective heating of the bonding layers in glued—up
stock, irrespective of its-thickness, 1s desirable in
laminated or cross—banded construction.

Such heating is possible if the part to be glued or
cured .is inserted in a high-frequency electrical field.
The heat’, instead of being conducted from the outside, can
be generated ingide by making use of the dielectric loss
of the material. In this way the curing may be accelerated,
no temperature—gradient is-involved, and the heat input
may be econtrelled with great flexibility. In addition,
selective heating of single layers becomes possible if they
can be made to absorb more field energy than the rest of
the mass. :

ngh—frequency heating, however, can be applied in-
telligently only 'if the interadtion can be ‘predicted be—
tween the eléétromagnetic field of-the oscillator and the
sgmple; that 1is; if the dielectric constant and loss of
the wood, of the resin, and of the impregnated material
are known. Since such information was ngt avallable, the
research project describved herein was set up to secure
this and rélated information. The study is exploratory
rather then'compré&hensiveé. It ‘attempts to lay the ground—
work for further develbpment by gathering information about
t he frequency Fesponse of representative species of wood
and types of thermceésetting resins from which conclusions
for practical applications may be drawn, The tentative
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experiments with alte€red phenolic compounds are indicative
of the directions, in which %the developmeny’ might £0., .The
problem “of treatlng campllcated shapes remains to be solved
Apparatus_ can undoubtedly be improved and. much’ progress
probably can. bé made .in fthe-technique.of impregnation.
These-detailed investigations are beyond the.scope of‘ the
present research, of which the chief obJectivo:s ‘to.gather
information of a fundamental nature in the shortest pos—
slble time. : .

This- inVestigation,'carried through in the psfiod from
of the Massachusetts Ingtitute of- Technology, ‘was sponsored
by, ;and -conducted with financial assistance from the National
Advisory Committee for Aerdnautics.

The authors wish to acknowledge the invaluable assist~—
ance rendered by Mr., W. B, Westphal in the pPlanning and
operation of the susceptance—variation equipment and the
high—frequency oscillator. Messrs. J; J, Donovan, D. G,
Jelatis, and &, M. Lee gave. valuable assistance on speclal
problems. Mr, Ranaolph Charles and Miss Louise Muldoon
served as able operators. . i

ANALYSIS OF PROBLEM

The Physics of High-Frequency Heating . .

A dielectric material like wood, introduced into, the
condenser field of an oscillator circuit, produces two .
effects. The capacitance of the condenser increases and
energy 1s -absorbed in the dielectric medium. A more -quan—
titative description of this situation can be given by
Plotting the current I oscillating through the capacitoer
as & function of the periodic voltage V applied (fig. 1).
In an ideal condenser the current precedes V by 90°; it is
purely a charging current that serves for reversible
storagze of field energy. The introduction of the dielec—
tric material increases the current and simultaneously
diminishes the phase angle & between I and V. A loss
current has appeared in phase with the voltage applied
producing a power absorption. Thus,

W=1__17 . . | -
Ters Ters 0% 8 . ()
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A dielectric material can consequently be . charac-
terized by the charging and .loss current Produced. under
standard conditions‘: One cubic centimeter of the.mate—
rial exposed to g homogeneous fleld of the intensity E =

E ejwt (fig. . 2) carrles a current den31ty (dlsplacement
current) et . e

by | amlipe sl ged sl
J o= Yy - —=r = - 4t

If the dielectric constant ' ¢ of the medium is cornstaxnt,

only a charging currént results e
. N L aE . . . . . - :
Jcharging = ¢! — = JQ{E'E - ) ) (3)

ot

If. ¢ changes with time, that is, if the polarization of
the medium needs time :to develop and to disappear and con—
'sequently- -lage behind the field, a& los$é current arises’

Tloss = ~ - Je %% = eNwE ' (4)

A material is therefore described in its dielectric
behavior by its complex dielectric constant -
. R

eco = €'~ je | (5)

" The real dielectric constant et and the loss tangent
‘tan 8 = . (8)
or-" €' and-the dielectric.conductivity in . ohm™l— gm™%
SRR R
- .c =€"w -~ —'——"Z"-— . R A L ('7)

(where A,p is the wa#e~iqu$h ip;cpqtimgﬁq;atoﬂ,jbq-oJ
oscillator) are two alternative sets of parameters char—
acterizing a dielectric medlum. Because the power ab-—
sorbed is given by - :~: . T T -+ .

W = Bgrr~ © (8)

=y

o
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our measurements-given hereinafter have, in general, been
reported in. €' and . ¢ characteristics. i

,. . The field strength B, which can be produced by an
oscillator, is .normally Timitéd by corona losses and 1n—
sulation requirements., It is therefore essential to se—
lect the .woods, resims, and methods of - impregnation Pro—
curing the highest dielectric conductivity, The atomistic
sources of this conductivity are. charge carriers migrating
in ‘tHe ‘€lectric field and dlpoles orienting themselves in
field direction, In both cases the movement is impeded by
the surrounding molecunles, which are thrown out of equilib-—

"rium: by the’ motion of the charges and dissipate energy in
-heat vibrations. ' '

13

" Method of Measuring the Complex‘Dielectric Constant

High dielectric conductivity normally means high -
frequency (equabtion (7)). An upper limit for. the fre—
quency range, however, is set by the size of the condenser
needed for treating the stock and the power producible at
shorter wave lengths. In compromising between these re—~
quirements, the frequéncy range.between 1 and 100 megacycles
has been selected as: the: most ugséful one for high-frequency
heating. -

The dielectric measurements in this wave—length band
‘have been made by the method described in reference 1 and
schematically illustrated in figure 3. A signal generator
is coupled lossely to a resongnce circuit, consisting of
the coil L and three condensers OC, Cé, and Cp in

parallel; a resistance R represents the resistance of
‘the coil and wiring. "G is & large precision condenser,
Cg, the sample holder, and - C,, a micrometer condenser
of about 5 micro—microfarad total capacitance. . C; 1is g

plate condenser of 2-inch plate diameter; one of the plates
stays in fixed position, the other can be set’ by a microm—
eter drlve to any dlstance between O amnd: 3/10 ineh.,

After the sample is inserted, the circult is tuned to
resonance by adjusting €. The rTesonance voltage Vi,
across GCg 1is measured by a vacuum voltmeter. The volt-—
age is lowered to.& value . V by detuning the circuit with
Cm. The value of V is Tfeached above and below the reso—

nance frequency (fig, 4); the capacitance change of OCp

between A- and B is AC., After the sample is taken out,
the circuit is retuned to resonance by diminishing the
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pPlate distance of Oz, thus increasing its air capacitance
from. Co to. Cy + 4Gg. By decreasing the oscillator out-—

Put, the resonance voltage without sample is adjusted to

the old value V_ and again lowered by detuning to V.

The width of the resonance curve between A4' gand B!
measured on O, now has the smaller value 4C,, By meas-—
uring AC3;, 4C,, the frequency w  of the oscillstor, the
ratio V,/V, and the capacitance of the condenser without
sample €, and Wwith sample G, + ACg, the dielectric
constant and loes of the sample can be calculated.

The dielectric constanf is simply given by the ratio
nf the capacitance of the sample holder with and without
sample

. + AC AC
et = 2 8y 48 (9)
c
0 o

The conductance Gz produced by the sample follows from
a discussion of the ‘circuit impedances,

(AC, — AC.)
w i A% (10)

GS = S
v 2

2 _/( _£> _1

~ v :

The loss:-tangent of the sample, according to figure &5 and
equation (6), determine €' Dby

i G_ -
£ = S o o (11)
+ AGCy)

tan 68 =
o}

Only capacitance changes need be made when the method
of- reference 1 is used. The errors produced by Iead im—
pedances are thus reduced to a minimum and the correction
factors for stray capacitances can be calculated.

APPARATUS AND MATERIALS

Sample Holder with Thermostatic Control

In order todraw concluslions ag to the efficiency of
high-frequency heating, it was necessary to investigate
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made it possible %o ‘héat the. material . :and. to keep it at a'
prescribed temperature level. R
Figure 6 gives a cross section of the apparatus. The

plate condenser P, — P, 1ig surrounded by a brass Jjacket

H, ‘through Whlqh a.-heated ,liquid is pumped from a thermo—

stated bath. : The . llau;d c1rculates Girectly over the rear

of the condenoe; plgte | P11 whlch 'is fastened to a bellaws

B and can be:iset to the désired’ dlstance from Py -by. the

micrometer screw ;M, . The . electfode' P5 <is 'képt insulated

and in fixed position by specially ‘ground quartz insulators

Q. Plate P, can be accurately set parallel %o Py, by

adjustment of three.springs: 8. If thé faces’ -of @’ §ample

are not exactly parallel, this’ sbring arrangement allows

P, %o come to a full contact, The micrometer head is not

fastened to P but pushes only against the surface with a

spherical contact. Backlash is .avoided: by the counteract—

ing spring S S . o
A sample ‘holder of this kind ‘vestdes veing a plate

condenser, acts at higher frequenc1es as a network of dis—

tridbuted capacitances and inducétances.™In fiéure 7, the

equivalent network is indicated. PFor each frequenéy the

values of the distributed: ‘parampeters Cdl and L, are

different,;. but, after finding them for a given frequency,

a correctzon curve for that frequency, - which allows. the

true capacitance for every setting of the sample condenser .
Cg to be found, ‘can be drawn.. - - : P o T
, .With this sample holder, temperature runs were made

up, to about '100° €, which is the -upper ‘temperature limit

. .0f the thermostated bath. - This -series -of runs 'was suffl—

cient . to,indicate the- behavior of wood . and re51n with

changes in temperature. . I T )

Wood . . ST : ; L

Five types  of wood: sap- and red birch CBetula §pp.),
yellow poplar (Liriodéndron-tupipifera), “Afrlcan mahogany“
(Khaya spp.), and Mexican mahogany (Sw1eten1a spp.), ‘com—
monly used in aire-a’s manufacture, were invéstigated un—
impregnated to gain & reliable startlng_polnt for the re-—
search. For simplicity, these species are hereinafter re—
ferred to as "sap birch," "red birch," "poplar," and
"mahogany." In its "dry" state, the materisl had been
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heated for ‘24 hours at 125° C, then cooled in .a desiceator

and weighed immediately.  Any percentage of moisture con—. .
tent reported refers to the increase in weight in compari-—

son with the dry state. The wood was used in disks 2 inches

in diameter and about 1/8 inch thick; the samples wereflat

to .about 2/1000 .inch and their surfaces were covered with a

thin layer of vaseline to insure good electrical.contact

with the electrodes. The vaseline coating also helped
simultaneously to stabilize the moisture content over longer
reriods, : . : -

'Resins 

Seven commercial thermosetting phenolic—type resins
were employed in the investigation: Five were césenmtially
impregnants; one, a resin usually employed as an adhesive;
end one, &4 film consisting of porous paper impregnated
with resin, They are referred to by type,as follows:

Type &~

B}-iimprpgpant, medium pplymer °
o) : o P : )

E}' impregnant, low polymer

F impregnanf and-adhesi#e, medium pblymer

G adhesive, film:

RESULTS - AND DISCUSSION
Dielectric Constant and Loss of Wood as Funetion of

Frequency, Moisture Content, and Temperature

' In most of the graphs presented, only dielectric

constant €' and dielectric conductivity o have been
plotted; in figure 8, however, a complete example is gilven .
for all four parameters, dielectric constant €! (equation

.(5)), 1loss factor ¢" (equation (5)), lose tungent

tan 6 f{equation (6)), and conductivity o (equation (7)). ,
Filgure 8 shows the resvonse of dry sap birch between 1 and

100 megacycles; the dielectric constant is about 2.2 over

the whole range; .€"  has a flat maximum at 20 megacycles;

but o0 increases continuously becauss of its proportion—

ality with w,
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A comparison of sap birch, red dirch, mahogany, and
poplar in figure 9 shows that sap birch has a value o
Sslightly higher than the values of the other woods, Water
absorption catises the values of €' and o to increase
rapidly; the values for sap birch are again higher than
the values for the other woods, (See figs. 10 and 11.)

While the preceding measurements give the impression
of smooth characteristics without modulation, a survey on
a-more extended frequency scale (fig. 12) 8hows the exist—
ence. of' two pronounced regions of dielectric:-response: an
absorption at very low frequencies disappearing at about
10,000. cycles and a second one with its maximum befween
10 million and 100 million cycles. The low—frequency re—
glon must probably be ascribed to "interfacial' polariza—
tion: Ions migrate through the fiber layers, are stopped
at the boundaries, and pile up as space charges. With'
inereasing frequency the traveling distance of the charge
carriers shortens, the interior boundaries become unimpor-—-
tant, the space charge effect disappears. The high—frequency
maximum in the e curve is produced by polar materials
like water dipoles, tending to orient themselves in field
direction but lagging behind the driving field strength.

Figure 13 summarizes the data for the conductlfit§ as
function of moisture content and’ shows agaln the advantage
of using higher frequencies. .

If the dielectric response is measured as a function
of temperature, a very interesting effect appears: In dry
woods, the dielectric constant and conductivity increase
with temperature (figs. 14 and 15); in moist wood a very
marked decrease is observed (figs. 14 to 16). Apparently
the water dipoles suffer less friction at higher tempera—
ture and the loss produced by them moves to shorter wave
lengths. The losses in dry wood, however, may be produced
by polar groups coming at higher temperature to free rota—
tion.

The Dielectric Behavior of Resins

Except for the dry film, the resins are all £sed as
aqueous solutions or suspensions. Typical of the medium

,polymers'ié type A, for which the dielectric constant and
conductivity in the dry solid form are shown in figure 17

as functions of the frequency., The losses are low. The
effect of temperature on the characteristics of a medium
polymer (type F) is shown in figure 18. The small decrease
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in dlelectric constant w;th increaged temperature is ac—
companied by an increase in conductivity (fig. 18). In.
the £film adhesive (the G) the situation is more complex,
as. the crossing of the. characteristics indicates (fig.
19). .The _paper. base of the. £film may be responslble f or
the complicatlon.- . e iy :

Impregnated Woods

bharacte:istics would not indicate much of an effect if
wood were impregnated with resin. Figure 20 shows, how—
ever, that a remarkable increase of dielectric constant
takes .Place when sap birch is treated with tyve A Iimpreg—
nant. The water content (max. of—10 percent) left by the
impregﬁation'procese (commercial process: wood bone—dry; -
then soakéd in impregnating saglution at -raoom temperature
for 48 hr and air—-dried for 24 hr) cannot account for . .the
change, as a comparison between figures 16 and 20 indiw-%
cates. The.effects of -wood, moilsture, and resin are ap-
rarently not additilve. - .

In the following table are listed the percentages of
resin impregnant (splids) retained in the wped after poak-—
ing,. | Percentages are based upon the dry weight of ‘the
wood befare impregnation tha?'is, wood at eix-percent
molsture content.,

Table. I.

Resin Confeﬁﬂe_of:Impregnaﬁed:Wood, Percent

Regin o | e Species“
Type 'Birch. .. Yellow poplar Mahogany
A zzs 2801 " 22.4 '
B 25,9 32.5 23.2
c 25.6 .. 29.0_ . _  25.7
b . 33.0

Figure 21 shows the- effect of impregnation of types
A and D on poplar- figures 22 . and 23 compare the effect of
types A, C, and D on African and Méxican mahogany at room
temperature. A temperature increase on impregnated woods
raises dileleédtric constant and loSs (figs. 21 22, and 24);
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whereds, in moist wood without impregnation, the apposite
effect is observed (figs: 14 to 16). The individual ef-
fects of wood and resin upon the dielectric properties
are clearly visible; the combination of sap birch and
type A resin produces the highest vhlues, but the general
effect is the same in every case. : S

The state of polymerization of the resin in general
has little effect upon the characteristics of the impreg—
nated wood, as B comparison &f figures 20 to 24 shows.
The one apparent exception to this rule seems to be sap
birch—tested with type A impregnant, Figure 25 shows how
closely a medium polymer (type B) and low polymer. (type E)
may coincide. The exceptional type A is ‘included to show
the extreme deviation from the usual condition. The ef-
fect of temperature on a low polymer (type E) is shown ian
figure 26, with the extreme case again plotted for com—
parison. i ol Lol

Dielectric measurements apparently yield & very sen-—
sitive measure of the state of polymerigation, as figure
27 indicates. At room temperature the samples age, their
dielectric constant and loss decrease, and seemingly ap—
proach after a month the same final value that can be
reached quickly by moderate heating. . e

A1l measurements given so far refer to material Im—
pregnated in a commonly employed cycle, This cycle con-—
sists in first drying the veneers, then soaking them in
the impregnating bath, and subsequently air—drying or
force—drying-.to the desired final moisture content, It
seemed possible that a suggested alternative process, pre—
soaking of the wood in water or using it completely green
instead of predrying, might speed up the impregnation
process and affect the final characteristics. Some ex—
perimental runs (fig, 28), presoaking 24 hours in water
at room temperature and then impregnating for 12 or 24
hours in the resin solution, yielded material of lower
dielectric constant and conductivity. - In tensile strength
tests, these presoaked panels showed slightly better re-—
sults. .

Before curing, the panels are sometimes prepressed at
about 70° C to reduce the thickness of the material some
20 percent. The resulting increase in density produces
an increase in dielectric constant and loss (fig. 29), as
is to be expected.
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Cured.— The dimléctric properties of the cured,’
impregnated, and compressed material (specific gravity
13) are gilven in ‘figures 30 to 32. The combindtion of
sap birch and type A resin is again used for determin—
‘ing the curves. Figures 30 and 31 refer to two sets
from the same group of closely matched impregnated pan—
els, the one set being cured in a factory, the other 1n
the laboratery.  In both cases the material shows high
dielectric constant and loss, but the order ‘is somewhat
reversed, 1ndicating that thefmethod of handling is of
some importance. The longer the time internal between
‘impregnating and curing and the older the cured sample,
the lower are, normally, dielectric constant  and loss.
The freshly cured materiasl apparently contains - dppréciable
gquantities of moisture released By the polymeriZation
‘reaction, and the loss of this mdisture with ¥ime makés
itself felt (fig, 28). The temperature coefficient re-—
mains positive (fig. 30) for a sample three months old.
Such panels again increase slightly in dielectric con—
stant and condtctivity in very monist weather,

Some Experlments w1th Special Impregnants

After the wood 1s cured, the exterlor pressure can-—
not normally be released untll the pressure of the water
vapor in the woo& has beén-lowereéd sufficiently by cool-—
ing to avoid ruptureref the 'sgmple. Other ‘factors being
equal, it is therefore.desiradle to use resins of low
setting tempergture.. ‘A& lowerlng of the pheénol in the
phenol—formaldehyde resins may be effected by substitution
.0of phenolic compounds ' Iike-cressl or ‘redorcinel. Conse-
quently, a few redin dolutions were made up conteining 1
molecule of phenolic compound to 1—,molecules of formal—
d_ehyd_e, ; . DL S S M :..- O i

Figure 33 gives the dielectric measurements on sap
birch impregnated with -these- solutions; the percentage
refers to the amount - -of phenol replaced by the other
compound. The cresol content is apparently especially
effective. :

Qualitative measurements of the setting temperature
established the following tentative gegquence, arranged in
the ‘order of fastest to slowest setting time: aminophenol,
resorcinol, phenocl, cresol, nitrophenol. '

I
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Summary of Information Gained from
Dielectric Measurements

Figures 8 to 33 gire the basic f£6£é°ébbﬁ% the di- o
electric properties of woods, resins, and their combina-
tions, which. can be summarized.as-follows: E . R

1. Large dielectric conductivity is desiradble for. .
high-frequency heating. It can be achieved by a proper - .,-.
combination of wood and ilmpregnating solution; it in-— . "-. -
creases with frequency.

2. An impregnated sample. does not represent in its
dielectric response the effect of wood plus water .plus
resin, but a new. entlty with appreciably higher losses.; -

3. For.the combination of _gp biroh and type A resin
a dielectric conductivity of 10 ohm~ *cm™! at 50 mega—
cycles (6 m) can be easily reached. This valune repre—
sents (equation (8)) for a field strength of 1000 volts
per centimeter an input of 10 watts or 2.4 calories per
gsecond. The same order of magnitude holds for other
wood—resin combinations. If the specific heat of the wood |
and resin compressed to twice normal density is 0.8, its
tempersture can be. ralsed 30 ¢ per .second or to 1500 C in
ebout 45 seconds. This conditian will be. abou} true for.
the center of the wood the outer 1ayers will lag some—

and surroundings,:;;?t: P o a T Mg et s R

PRy val 7 [P

. PR -

4 The characteristics of the lmpregnated and even_.
of the cured sample .change as function. of t-imel. Dlelec—
tric constant and conductivity decrease as time passes,
probably indicating a slow polymerization in the uncured.
material and a loss of reactlon moisture .in the cured.

5. Presoaklng of the wood 1mstead of predrying ani -
the development of resins of lower settlng temperature .
might be considered. Some preliminary experiments 'in o
this direction are reported.

6. Dielectric constant and loss provide a sensitive
indicdtor ‘of ‘moisture content and state of impregnation
of the materlal S ST .

. - . . - -

7. The temperature coefficient of dielectric con—
stant and loss are indicative of the condition of a
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sample: In dry wood it is found to be positive, in moist
wood negative, in impregnated and in cured wood it is
again positiveé. o :

Oscillator and Sample Holder for Dielectric Heating

The foregoing measurements and calculations indi-—
cated that high-frequency treatments should measurasdly
reduce the heating period of wood—resin combinations,
To verify this conclusion and to establish a few prin—
ciples, a 500-watt high—-frequency oscillator—anmnplifier
of a simple and flexible design was developed (fig. 34)

The driver consists of one double—~tetrode 815 used
as a push-~pull oscillator and coupled directlyinto the
grids of two power pentodns 8001, These tubes, again in
push~pull arrangement, were sclected because they reguire
relatively low input power and allow high frequencies +to
be reached. Different coil and condenser combinations
were made to cover’ the whole freguency range between 1
and 100 megacycles. : e D

The output circuit was c0up1ed ¢o the amplifier stage
Dby fixed inductive coupllng. An inductance—capacitance
network, serving as impedance transformer, tradsmitted
the power from the oscillator to the sample ‘through a: .
coaxlal line, A coil across the sample condenaer com—
rensated for .a part of the Capacitance.:‘ T 4

R

The Bample electrodes ‘were clrcular diska cut from
thin copper sheets.. With the sample between then they
were inserted into a press made from a 30—ton automebile
jack, Porcelaln tiles backed by asbestos provided the
necessary electrical ana heat 1nsulatlon between gondens—
er and press,_. e .

The temperature of the sample was controlled by a
thermocouple inserted between layers of the veneer. The
voltage across the sample was measured with a vacuunm
voltmeter, o

,Results'bfwthe High-Frequency Tests

Samples of sap birch and type A resin 3% inches in
diameter and 3/8 inch thick subjected to a fileld of 600
volts per centimeter at 35 megacyéles could be heated
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from room temperature to 150°-C in about 1 minute. Dur-
ing the heating the impedance changes and the impedance
transforming network had to be regulated to keep a purely
resistive load. This regulation was-also necessary if
the pressure on the sample charnged. The use of pressure
during the preliminary heating period does not seem ad-
visable because the wood easlly becomes overheated in
local regions and chars, If the pressure is applied
after the heating period, no -difficulties are encountered.

After a temperature of 150° 0 was reached, about §
minutes were required at this temperature under pressure
for curing and 3 minutes more under pressure without en-
ergy input for ocooling to 80° C, The total time required
for a curing cycle in the high-frequency field amounted
thus to about 10 minutes. Heating and curing in the
normal commercial cycle for material orilginally 1 inech
thick takes about 40 minutes as compgred with 7 minutes
in the high~frequency field. Thickness is immateriagl in
the high~frequency process, . .

Pigure 35 compares the dielectric properties of the
"high—frequency cured" wood with those of the ovea—cured
material and of the impregnated panel before curing. The
high~frequency process produced a cured material of mueh
lower dielectric constant and loss than the normal heating
eycle, This result seems readily understandable, for
during the normal heating process the outside is hatter
than the inner parts; consequently, the resin in the out-—
side layers polymerizes first and traps the water devel-—
oping in the interior during the setting process, In the
high~frequency case the situation is Just reversed and the
moisture hag a chance to evaporate., Or large panels the
effect may not be so pronounced.

Tensile—strength tests of samples of &ap birch and
type A resin cured by high frequency and by the standard
hot~press cyele showed no essential difference between
the two curing processes,

) In addition to.high~frequency curing, a number of
gluing experiments have been suceessfully carried out.
Wood samples several inches thick were glued together in
15 minutes; the glue layer itself (type F or type G)
could be brought to 150° C in 30 seconds by selective
heating but required =sdditional time for setting,
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}F';}',¢SUGGESTION5'Fon-rggpgm;RESEAaéﬁ

, The data obtalned in the present investigation
Qertainly should be supplemented by more extensive meas-
' urements under: accurate control aof. time, and temperature
after impregnatlon. The facts available, however , are
sufficient to proceed with practical applications. Ex~
periments should be undertaken for curing and molding of
ocdd—shape parts like propeller blades. The variation in
 thickness and: deasity of the wood. presents difficulties
"to the, high=freyuéncy: process,_which may be.overcoms. by
the proper reaction of the  impregnating material — its
losses should diminish whlle the curing proceeds. In

c+additdony mplds”d¥ ‘the- proper shape should be. developed

if. necessary, to! equilibrize the fleId strength
) The 1ncrease of dlelectric conductiv1ty with fre—
quency -observed ‘mgkes odne further development feasible —
it should ‘be possible- ‘to construct an ultra-high-frequency
..gun, portadble .and dperated like ‘8 hand drill, which would
allow curlng, glulng, and repalrlng on a1rp1anes in the

_ field.,- : . - e .

[y . e noL e

CONGLUSIONS “7 77 7T L.

Basic information about curing of resin~wood com—
binations by high—frequency heating indicates that the
process is feasible, fléxivble, 'and timesaving. An energy
Input of about 10 watts per cubic’ céentimeter of the mate—
risl 1s desirable and can be produced with a field strength
of about 6C0.volts per centlmeter gt ,about 50 megacycles.
The value :of dielectric measurements for .investigating
_Jandwaentrollzng the propertles af woods , resfhs, and their

combinationg is establiehed .

r -

- x . L e . - . R,

Labora%cfy for Insulation Reseafch,
Massachusetts Institute of Technology,
Cambridge,_ Mass., July 26, 1942,
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