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By P. 8. Turner
SUMMARY -

Fallure of adhesive bonds 1s attributed to boundary
stress concentrations. An anelysis of the causes of in-
ternal-strees concentrations in rigld edheslive layers
leads to the conclusion that stress concentrations can be
eliminated in many cases by matching the coefficlents of
thermal expaneion of the component parts. A strees-egul-
librium formula for oalculating the thermal-expanslon co-
efficlents of mixtures izrvolves the density, modulus of
elasticity, coefficient of thermal expansion, and propor-
tion by welght of the ingredlients. Illustrations of the
application of the formula derived include lead-antimony
and beryllium-aluminum mixtures, phenol-~formaldehyde resein
and glass~fiber mixturss, and plastic plywoods. The ther-
mal-expansion coefficlents of a number of pure and rein-
forced plastics are reported. Bonde obtained when thermal
coefficlients are matched are stable over a wide tempera-
ture range.

I. VFNECHANICS OF ADHESIVES

This report describes a method of compounding a plas-
tic or other mixture or compoeitions to provide a material
having a predetermined desired coefficient of thermal ex-
pansion. In the preparation of plastices heretofore 1t has
been found practically impossible to produce a satisfactory
bond between a plastic and a metal facing or other metal
reinforcement. Thie 1s due for the most part to the 3if-
ference in coefficients of expansion of the materials; the
Plastics have relatively high coefficiente of expansion as
compared with those of metals. Because of the differentiagl
expanslon, forees .created npon changes in temperature bhave
been such as to prevent a satiasfactory bond being obdtained
between metals and plastics except where plastips of a



flexible rubber-~liks, or gummy type are used. Kven in

the bonding of folils of tin, lead, aluminum, ete., to card-
board or paper for containers, gummy or tacky plastice

only have been used. '

The problem of obtalning bonds between plastics or
other adheslves and varlous materials le considered as
being substantlially the same problem as that of removing
or eliminating concentrated stresses at the boundaries.

If internal~stress concentrations can be removed, the full
strength of the adheslve can be developed %0 resist ex-
ternal loads.

Bonds produced by adhesives ocan be divided into two
general clasaes: the rudhbery or yielding bond and the
riglid bond. In the first category are found most thermo-~
plastic cements, rubber cemente, and comdbinations of thin
rubber layers and cements. Adheslivea of thie class have
been found to provide durable bondas between dissimilar
materiale at moderate temperatures. The rigid or high
modulus bond hae generally beean found uneatisfactory for
such applications, A pogsible exception ig found in the
use of cold-setting cements of the phenol~formaldehyde
and urea-formaldehyde types. The advantages of the first
class over the second dliasappear at reduced temperatures
where the adhesive loses 1te abllity to eliminate stress
concentrations by yilelding with the dimenslonal changes
of the materiamale bdonded. The rigid bond is superior for
many purposes to the ylelding bond, if it can be obtalned,
because 1t produces a stronger and less-yielding product.
For composite structural materiasls subjected to extreme
temperature changes a stable rigid bond 1le imperative.

In attempting to bond various materials together, 1t
has been found that materials having widely different co-
efflcients of expanslion cannot be bonded with any rigid
cement avalilable. Certain thermoplastic adheslves pro-
duce satlsfactory bonds at ordinary temperatures, bdut fall
at low temperaturese when the bond becomes rigld and 1s no
longer able to yleld to changes in dimenslon of the mate-
rials bonded. Oertaln rubber cements fall into the classi-
ficatlion of bPonds which are soft enongh to yleld with
changes in dimensions. These ylelding bonds, however, do
not produce the rigldity required for structural applica-
tions and fall at low temperatures for the same reason
that rigld plastic bonds fail at ordinary temperatures;
namely, difference in rates of expansion and contraction
with changes in temperature,




These failures are caused by stresses resulting from
differential expansion or contrassction, These forces can
be reduced by one or more of the following factors.

Effect of Various Factors on Bond Strengths

An analyseie of the factors responsible for the pro-
duction of stress concentrations in a rigid bond must in-
clude the following:

(1) The thicknees of the materials bonded
(3) The thickness of the adhesive layer
(3) The modulus of elasticity of all components

(4) Ohanges in dimensions with changee in moisture
content for all materials

(5) Changes in temperature to be encountered in
service ’

(6) Coefficients of linear thermal expansion of all
materials

Thickness of materials bondel.~ It is evident that
i1f the thicknesse of the materisle bonded approaches zero,
stresses set up by any other combination of factors must
approach zero also., Accordingly, it has been found pos-
sible to bond thin metal folls to other materials. A
method of elimineting stresses by this means would, how-
ever, have very limited practiocal application. This
strese~reducing fastor 1es utilisged in the production of
mechanlcal mixtures of materials of microscopic slze or
in the form of fine fllaments, which are incompatible on
a larger scale.

Thickness of adhesive.~ In bonding two pleces of the
same materlial the stresses set up in the bond as the re-
sult of restralined dimensional changee in the bonding ma-
terial would bPe proportional to the thickness of the bornd.
It has long been recognized that thin adhesive layers pro-
duce stronger bonds than thicker ones. .

Modulus of elasticity.- If the modulus of elasticity

of any one of two adjacent materiale is zero, the stresses
set up between them must be zero, This 1s essentially




achieved by bonds whioch yleld readlily and offer little
resistance to statio l1loads whether produced internally or
externally. '

Moisture content.,~ The problem of bonding materials

having different dimensional stability with changes in
relative humidity cen be reduced, 1f not eliminated, 1if
the surface of the combination is imperviouns to moisture.
At the time of bonding or at the end of the bonding op-
eration the material or materials sensitive to changes in
humidity can be made to contain the normal amount of water
present under average conditions. No completely satisfac-
tory solution to this aspect of bonding has been found.

Temperature.~ Changes in temperature cannot be elinm-
inated in any practical application. XFor cold-setting
phenol~formaldehyde and urea-formaldehyde cements the ef-
fect of temperature changes 1s minimized by donding at
temperaturee close to those encountered in service,

Thermal expansiopn.~ From the standpoint of the ther-
mal stresses produced, the problem of bonding two differ-
ent materials becomes identical with the problem of bond-
ing two pleces of the same material provided the coeffi-
clente of thermal expanglon 0f the two materials are the
same. A further reduoction iz stresses can bde achieved 1if
the bonding agent has the game coefficient of thermal ex-
pansion as the materials bonded. A bond between materials
having different coefficlents of expanslon would have to
wvithstand the shear stresses produced by the differential
expanglon or contraction experienced within the range of
temperatures encountered. Bonds can sometimes be maln-
talned 1f the materials bonded ares thin enough to permit
the relief of stresses by bending or warping, either of
which is undesirable. The bonding strength exhidlited by
a particular adhesive igs the additional load which, added
to the internal concentrated streasses, 1s sufficlent to
disrupt the material. In some cases this additional load
i8 zero and the materiale are sald not to bond,

The logical conclusion to be drawn from the foregoing
discussion 1s that stable rigld bonds are possidle over.a
wide range of temperatures 1f the thermal-expansion coeffi-
cientes of the componeant parts are matched. An example of
the results to be expected is furnished by the combination
of conarete and stesl which individually have practically
squal coefficiente of thermal expansion and contraction,



It 1s noted that certain proportions of cement, sand, and
dtone produce optlmum results.

‘Various methods have-been used .in other flelde to
predetermine the thermal-expansion cocefficlients of mix~
tures, such as alloys, glasses, etc, 8ome of these meth-
ods appear to work satisfactorily in limited applications.
Notable among these are weighted averagos based on the
thermal -expansion coefficients of the components and their
proportions silther by weight or dy volume. These methods
do not, however, glve satisfactory resulte for plastiec
compositions.

II. DEVELOPMENT OF A FORMULA FOR OALCULATING
OORFFICIBNTS OF THERMAL DXPANSION OF NIXTURES

If it 18 considered that an internal stress systenm
exlsts in a mixture such that the strcsses are nowhere
sufflclient to disrupt the material, the sum of the inter-
nal forces can be equated to zero and an expression for
the thermal ~expansion coefficlent of the mixture 1s ob-
tained. When emall particles or fine filaments are in-
corporated into a mixture, the small dimensions appear
to permit combinations of materials which would bse incom-
pPatible on a larger scale.

The derivation of the resulting volume thermal coef-
flolent of a mixture followe:

o _ooefficient of linear thermal expansion
coefflcient of oubical thermal expansion
bulk modulue = 1l/bulk compressibility

denslty

volume

g

K

a

P fraction or percent by welght

v

AT temperature differenée C e
8

stress



Subscriptse:
n property of nth element

r resulting property

" If it ie aseumed that each element in the mixture is
congtrained to change dimenslons at the gsame rate as the
aggregate, the stress set-up in the individusl particles
will dbe:

Sp = (Br = en) AT V K,

eince 8 = straln per unit volume X volume X bulk modulus.
But
(s, + 65+ ..... 8,) = 0 = (B. - B,) AT (V,K,)

+ (Br - Ba) AT (7313)

+ .o..vu(p, - B)) AT (VK )

Since
P 4.V
Z(Vy + Vg + oou V) =V, ¥y = AL
n

which can be substituted: for Vn in the above expression.

Also, since AT, dr,

can be eliminated from each term of the expression.
Solving for B, the following expreesion is obtained.

and .Vr are common factore, they

B;PJ_K]_ > SBPBKQ + BnP:II.K:I:l.
a dl dz ® » s a0 dn
=
T PyKy  Fofs | PrE,
d1 da L] LI dn
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_ Since the coefficiont of linear thermal expansion 1s
"‘directly .proportional to the cublcal coefficient, a can
be substituted wherever § appears with the following
result: - - - . . : e e

@ Py K, + %afaka | @ Pp Ky
d, - ) dp o
4 = T . .
. . r PaKy , PuKa Paky 1)

T dy az ay

It 1e app;rent:by inepeetion that equation (1) based

~ on stress eguilibrium reduces Y0 a percentage dy volume

caloulation if the ingredients kave the same bulk moduli.
If the ingredients have the same modulus to weight ratios,
the calcnulation amounts to a percentage by weight inter-
polation, ;

Equation (1) has been verified with experimental
values of eseveral metallic mixtures., The thermal coeffi-
cients calculated acaording to equation (1) for several
mixtures of lead and antimony and of beryllium® and alu-
‘minum are compared with the measvred values in figures 1

. and 2,

III. APPLICATIONS TO PLASTIC COMPOSITIONS

In studies of the phyeical properties of reinforced
plastics 1t has been fourd that the etrongest materials
were produced by oriented fibers in thermosetting resine,

*Mixtures of Be and 4l - apparently form a mixture but

no value for the bulk modulue or bulk compressibllity was
available, From the thermal coefficient, .17.8 x 107¢/90,
of a known mixture containing 32.7 percent Be and 66.3
percent Al, and with reported densities and thermal coef-
ficlents of the ingrédients, ths bulk modulus of Be was
caloulated from equation (1) to be 15.2 X 10° 1b/asq in.
Uging this value the thermal coefficients of other mixtures
of Be . and-. Al -ware -calculated with the reeults snown

in fig. 2 in comparison with the reported values.



The material fabricated in this manner 1s essentially non-
1sotropic in all of 1ts properties and has different co-
efficients of expansion depending on the direction of the
fibers in the test specimen. Materials having i1sotropie
properties can be obtained by random distridbution or by
Planned orientatlon. Solutlions for any property must

take into consideration the orlentation of the filler as
well as the percentage composition.

The derivation of the relationships involved follows
the same line of reasoning used for the bulk determination,
Conslder a bar made of filamentes of one or more types of
material bound together by a resin binder. If this bar
is heated, each of the elements would expand a certain.
amount 1f not constrained. 8ince the combination has 1its
owvn rate of expansion different from that of any of the
elements, a certain force would be required to deform
each element to the equilibrium length of the composite
material. This force in esch case would depend on the
cross—-sectional area of the material, the distance it 1s
deformed from 1ts normal length, and 1%ts modulus of elas-
ticlty. The external resultant of the sum of these forces
must de zero.

Letting A, equal the area of the element in a plane

normal to the axie of the bar with the other symbols re-~
prasenting the other quantities as in the bulk determina-
tion (equation (1)), except that Young'e modulus (E) re-
places the bulk modulus, it 1s then poesible to write:

(ap ~-a;) AT (B,4;) + (a, -~ az) AT (Ez4;)

# e (ap - ay) AT (B A,) = O

But

ApPpds

fa = T

Therefore the expression for the linear thermal coef-
ficlent of the mixture under etress-equilidbrium conditions
is obteined:
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The use of Young'!s modulus is necessary for calculat-
ing the coefficiente of nonisotroplc mixtures, The result
obtained may be somewhat arronsous because the luteral
deformation 18 neglected. .

Application to a Mixture of Polyetyrene
and Aluminum Oxide

The applicability of the formula is i1llustrated by
the behavior of brass inserts in a mixture of styrene
resin with fused sluminum-~oxide powder. Brass lnserts in
ordilnary polystyrene cause the polystyrene to c¢rack bé-
cause 0f the different coefficlents of thermal expanseion,
The coefficient of linear thermal expansion of polystyrene
is approximately 70 x 10°%/°C, that of brass is approxi-
mately 17 x 10~6/0C,

Fused aluminum oxide was chosen for uce in the mix-
ture because 1t has a low coefficient of linear thermal
expansion (8,7 x 107%/%) and a high modulus of elasticity
compared to 1ts density. Ite choice for use with poly~
styrene was also determined in part by ite desirable elec-
trical properties, There was no appreciable change 1in
the excellent electrical resistance of polystyrene when
the aluminum-oxide filler was added. The data in table I
for the coefflcients of linear thermal expansion of mix-
tures of polystyrene and fused aluminum oxide, caloulated
according to the stress-equilibrium formula, show that
approximately 90 percent of polystyrene and 10 perceant of
aluminum oxide would be required to match the cosfficlent
of linear thermal expansion of brass, 8Since the coeffl-
clent of the particular dPrase used was not acocuratsly
known, and elnce it was tiought better to err on the low
side, 11 percent of aluminum oxide was used.

In figure 3, curve F repreesents the values of the 6o~
efficlent of linear thermal expansion of mixtures of poly~
styrene and fused aluminum oxide caloulated on a percent-
age by volume basis; curve G, on a percentage by weight
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basis; and curve H, by the stress-equilidrium formula
(equation (2)). While the thermal coefficient of a mix~
ture of 89 percent of polystyrene and 11 percent of fused
eluminum oxide has not bYeen measured, pleces molded with
brass ingerts sehow a radical difference between the be-
havior of pure polystyrene and the filled material, Anal-
yels with polarized light indicates that there are stresses
in the pure polystyrene concentrated at the boundaries be-
tween the brass and polystyrene, and these are gufflcient
to rupture the polystyrene. With 11 percent of fused
aluminum-oxide filler no such streses concentrations ocour
and there 1s no evidence that the filled styrene -has frac-
tured. The brass was sufficiently well bonded to the
polystyrene mixture to permit sawing and machining of the
composite material,

The conventional methods of calculation wauld yleld
for thie composition a value of 63 x 1072 /90 for the co-
efficlent of linear thermal expansion on a percentage by
welght basis, which would indiocste that the materisal
should behave very nearly the same as the pure poly-
styrene. The behavior of the material, however, indicates
that 1ts coefficient 1s close to that of bPrass, which
value was used to predetermine the composition by the use
of the stress~equilibrium formula.

Application to Compositions for Filling
Bivet Depressions

Rivet fillers for aluminum, used to cover depressions
caused by riveting, have been tested by exposure to
Washington weather for 1 year. A4n enigma developed when
i1t was found that the composition having the best general
weathering characteristice dld not stand up the best in
this application. The calculated values for coefficlents
0f llnear thermal expanslion of the various compositions
are as follows:

Oalculated
Material coefficient
(1) Cellulose nitrate + 26 percent
aluminum pigment 44,2 x 107%/%
(2) Cellulose acetate butyrate + o
. 26 percent aluminum pigment 46,23 x 107%/%
(3) Vinylite A + 30 percent ‘30,6 x 107¢/%0

aluminum pigment
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S8ince the coefficient of linear thermal expansion of alum-
inum is 24 X 107%/9C, the results are easily explained on
the basls that ocomposition (3), vhich happened to come

‘closest to the coefficient of aluminum, gave the best bond.

Inasmuch as the lowert coefficient obtainable with
el uminum pigment is 24 X 10™%/90 for 100-percent pigment,
it becomes necessary to add another ingredient with a oco-
efficient below aluminum to the plsstic in order to odb-
tain matched thermal eoefficlents. The following propor-
tione were calculated for celluloge-plastioc compositions
t0 reasonably matoh eluminum:

Cellulose nitrate or ceilulose

acetate dDutyrate 66 perocent
Aluminum pigment , ) 30 percent
Fused aluminum oxide 14 percent

Similarly, the following proportions were caloulated for
e vinyl-acetate resin composition to match 1te coefficient
of linear thermal expansion with that of aluminum:

Vinylite A resin 74.6 percent
Aluminum pigment 20,0 percent
Fused gluminum oxide 6.4 percant

Application to Mixtures of Phenol-Formaldehyde
Resin and Glass Fiders
Approximate values .for the properties of glase and
Phenol-formaldehyde resin required for use in thoe str0351
equilibrium formula are as follows:

Young'!s modulus of elastieclty

For glass 11 x 105 1b/sq in,
For phenolic resin 1 x 10% 1b/sq in.

Coefficient of linear thermal expansion

" For glass 7.44 X 10:6/30
For phenolic reein 69 x 107°/°
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Density (g/&c)

For glass ' 2.66
For phenolic resin 1.30

In order to simplify the calculation of the coefficlents

of linear thermasl expansion of mixtures of these materials,
equation (2) cen be written in a form comsolidating the
physical constanta: .

a3Py + agPg °* " + ajPy
r T PP, + byPy -t + b P,

(3)'

vhere a and b are constante for specifioc materlale for
a specific temperature range. The approximate values for
these constante for the phenol~formaldehyde resin and
glass calculated from the physical constants listed above
are:

Glass FPhenol~formaldeunyde resin
a 29.1 46.4
b x 108 3.91 77

In flgure 4, curve I represents a percentage by
welght interpolatlion for the glass-resin mixtures; ocurve
J is caloculated by the stress-equilidbrium formula. Meas-
ured values of the coefficients of linear thermal expan-
slon of two compositions shown in table II are plotted
according to the percentage of the resin in-the mixture.
These samples contalned approximately 4 percent of starch
which was neglected in calculating curve J. The theoret-
1cal coefficlents for the compoesitions containing starch
were not calculated because the required physical con-
stantes are not known., The experimental pointe fall much
closer to the curve J calculated by the formula than to
ocurve I, The curve on a percentage by weight basis would
be similar to curve F in figure 3 and would be stlll fur-
ther from predicting the actual result.

The addition of metal faces to reinforced plastics
may be desired in order to take adventage of the high-mod-
ulus properties of metals, as in an I beam, or to odbtain
a facing impermeable to moisture. To do this effectively
it would be necessary to have matched thermal-expansion
coefflciente in order to insure satisfactory bonds. To
calculate the mixture of glass fiber and phenolic resin
required to matoch aluminum alloy 245, whose coefficient
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of linear ‘thermal expansion 1s 23 x 107°%/°0, let «, in

" equation (3) equal this latter value and solve for the
peroentage of glass. thus

29.1P, + 46.4 (100-Pg)

23 x 10°° = r X 1078
- 8.91P, + 0.77 (100-P.) e

The ‘required percentage of glass is found to be 31,3,

The indicated glass content is eseen to be a little
-Aigher than was present in the panels prepared with glass-—
fiver mat, phenolic resin, and starch, whose thermal-ex-

pansion coefficients ars reported in table IV. These.
peanels were fabricated between aluminum-alloy-248 faces.
It was found poseible to remove the metal face without
seriouely damaging it or the core materisl., The metal
faces could not be removed from several other pasnels, hav-
ing compositions closer to that calculated, without tear-
ing the metal, shearing the metal at the bond, or ruptur-
ing the core.

The starch was added to these compoeitions in order
to abesorb the water rresent in the ingredients or released
by the resin during curing., It has been found difficult
or imposelble to produce plastic compositions with phe-
nolic~thermosetting resins at low pressures unlees some
vater-absorbent material is present. 8Some of these glass~
fiber panels were bonded at pressures as low as 50 pounds
Per square inch,

1V, DETBRMINKATION OF COBFFICIENTS OF

THERMAL EXPANSION OF PLASTIOS

- In the early stages of the investigation an estimate
of the coefficient of thermal expansion of the reain-
bonded materlials was obtained by the following method,
Composite stripes of one layer of metal and one of a fi-
brous material impregnated with the resin 1n varying pro-
rortions wae pressed flat and cured at 160° G, The
strips were then permitted to cool to roam temperature.
If the composite strip remained straight when cooled, it
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waes considered that the thermal expansion of the plastio
eomposition matched the metal. As the investigation pro-
ceeded, quantitative data for the coefficlents of linear
expansion of the resins were required.

The equipment uveed for this purpose consisted of two
telescoping fused-quartz tubes, the inner tube being
shorter than the outer egnd resting on the specimen. The
expansion was measured by a dial gage, graduated to 0,0001
inch, and fastened to the outer gquartz tube with the meas-
uring foot resting on the inner quartz tube which in turn
rested on the specimen., The temperature of the specimen
was varied by immersing the quartz tubes contalning the
speclimen in a water or an o1l beth, heated with a hot
plate, so that the rate of temperature rigse of the bath
was approximately 1° ¢ per minute. The temperature of the
specimen was measured by means of a potentiometer con-
nected with a copper—~constantan thermocouple, which was
attached to the center of the specimen. Simultanceous
measurements of teuperature and extension were obtalined by
setting the potentiometer at predetermined points and re-
cording: the extension when no deflection was produced bdy
opening or closing the oircuit. The coefficient of linear
expanglon of the specimen was calsulated from the tempera-
ture-extension curves. The results thus obtained were cor-
rected for the expanslon of the fused-quartz tubes by
adding the coefficient of linser thermal expansion of
fused quartz, 0,6 x 107°%/°0, While this relatively rapid
method does not insure a uniform temperature throughout
the specimen, 1%t preseants a better picture of the changes
taking place in the specimen which might be masked by
changes 1n water content and by plastic flow at elevated
temperatures, both of which would aprreciably affeet the
results if the time of heating the specimen was prolonged.
The stress on the speclmen applied by the inner quarts
tube and the micrometer foot did not exceed 10 pounds per
square inch,

The specimen used for thermal-coefficient mesgsure-
ments was a bar 6% to 7% inches long and about 1/2 inch
wide. The thickness was that of the sheet from which the
specimen was cut. Specimens for determination of the
properties of both pure phenolic resin (Dureszs 120) and
composlitions of this resin contalning filler were molded
in the laboratory at 150° C and 1000-pounds-per—-square-
inch pressure. The length of the specimen was measured
at room temperature to the nearest 0,01 inch with a stesl
scale. The specimens were rounded on the ends in order
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to obtain definite contact between the specimen and the
apparatus over a small area. The positlon of the speci~-
men with respect to the guaprtz tubes wae maintalned by
washers near the endu of the specimen which came in con-
tact with the sides of the tubes but offered no appreoc-
1able resistance to vertical motion of the speocimen,

Mensurements of the coefficient of linear expansion
of an alloy using the method described above are compared
.in table III with precision measurements on a duplicate
sample. The reesults are not strictly domparable since
the coefficient of linear expansion of the sample changes
slightly with the heat treatment occurring during measure-
ment. Because the time reguired to make the measurements
differs in the two methods, the amount of annealing that
has oocurred between messurements is different. The re-
gsulte, however, are eessentially the same and indicate
that the method employed for the experlimental work de-
scribed in thls paper is quite rellabdle,

Factors Affecting Thermal-Oocefficient
Heasurements of Plastics

Before -considering the actual ‘measurements, some oOf
the factors peculiarly affecting the thermal expansion
and related .properties of plastics should be discussed,
Organic plastic compositions, or water-absorbent mate-
riale, in general, in addition to the basic constituents,
contaln a certain amount of water which apperently acts
the same as an additional solid in the composition., A
great deal of the variation in the ‘reported wvalues for
the linear thermal expansion of wood is undoubtedly re-
lated to differences in the water content of the wood at"
the time of testing:; In order to minimlze such effecte
all specimens testad in this investigatlion werse initially
conditioned at 26° 0 ahd 650-psrcent relative humidity,
wvhich is represehntative of normal conditions.

The modulusd of'plaatics varies considerably wlth
change 1in temperature. particularly near the softening
point. The range of temperature to which the reported
velues apply was chosen in each case to avold large
changes in water content and to avoid softering points.,
Bach of these effects_is indlcated by breaks in tempera-
ture~extension and eztenaion-time curves., Near the
softening point of pure plastice the molding etrains are
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relieved and dimensional changes occur which depend on the
method of manufecture. These changes correspond to the
dimensional changes encountered on aging. Reinforced or
lamingated materiale also show changes in dimeneions in-
volving the relief of the thermal etrosses set up by the
differential coefflcients of expaneion of the resin and
reinforcing medium. Prolonged heating at elevated temper-
atures causes shrinkage by the removal of water from the
mixture. The relief of molding stresses seems to be per-
manent, the removal of weter reversible.

Results of Thermal-Expansion
Measurements for Plastics

Bepresentative measursments of.tharmallexpansion go-
efficients of plastic materials for various temperature
ranges are presented in table IV, A typiocal thermal-ex-
panslon curve for pure molded phenolic resin is ghown 1in
figure b.

Micronex or carbon black 1s frequently added to plas=-
t1c compositions as a filler, It 1s therefore interesting
to note that the addition of 10 percent of this material
to phenol~formaldehyde resin reduced the thermal coeffl-
cient of the mixture approximately 20 percent. (See table
IV,) 7T¥rom publiashed values for the density and thermal-
expansion coefficlent of carbon black together with the
measured properties of the pure phenolic resin, the bdulk
modulus of carbon black was caloulated to be approximately
3 x 10° pounds per square inch.

Lignin resin is used in a number aof applications in
conjunction with phenolic resine, Here it 1s treated as
a filller. Two effeots are to be noted: first, that the
product does not become etable until it has been heated a
congiderable length of time beyond the time required to
cure the phenolic resin; asnd second, that the lignin inl-
tially lincreases the coefficient of the mixture dut after
heating finally decreases it by a small amount,

The effect of the walnut-shell flour ie eimilar to
that of the lignin resin. The manufacturere of this ma-
terial state that 1%t contains a large proportion of lignin.
One of the uses of this material 1s as an extender for
plywood adhepives,
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. The behavior of filled phenol-formaldebhyde resin con-
taining 26. percont of glass fiber, 71 percent of pherolic
regin, amnd 4 percent of gtarch, is 1llustrated dy the
ocurves for mixtures of glass fibers and phenolie¢ resin
shown in figure 6, OCurvee L and O are for pure phenol-
formaldehyde résin and glass fibers, respectively. Curve
N was obtalned on tha first heating cycle. The form of
the curve above 70° 0.1s affected by plastic flow, relief
of molding strains, and further curing of the resin. The
welght of -the inner fused~quartz tube and the pressure of
the miorometer foot contrifbute gome of the force Brodua—
ing plastic flow. The shrinkage indicated at 100~ 0 on

-ourve N took place over'a period of 6 hours,during which

time the temperature'was maintained constant. The rate
of ghrinkagé was initiglly rapid dbut reached a steady
value after abdout 4 hours, - After cooling the sample
slowly and them reheating to 100° C the same steady rate
of ghrinkage was resumed for 4 additional houre, after
wvhich the specimen was ‘slowly cooled to room temperature,
The total shrinkage amounted to 0,6 percent. Curve M of

" flgure 6 is the thermal-expanslion ocurve for this annealed

epecimen.

The transparent materials for which data are given
in table IV have been used or proposed for use as alr-
Plane windghields. The temparature-deflection ocurves in
each case varied from a smooth curve on the first heating

_oyocle between 50° and 100° 0. The curve for the Columbia

Resin 39 gample (fig. 7, curve P) showed a decreasse in
expansion 1in thie range followed by a resumption of the
upward trend. No such break occurred in the cooling

curve (fig. 7, ourve Q) or in the curve obtained when the
sample was heated a second time (fig. 7, suzrve R), al~
though the temperature was ralsed above 1109 o, The san~-~
Ple was permanently shortened during the first heating to
the extent of 0.6 percent. The specimen at the same time
lnoreased in thickness. The curve for methyl-methacrylate
resin (fig. 8, curve S) for the range 650° to 100° O ghowed
an increase ln expansion followed by a decrease. Agailn
the break did not occur in the cooling curve (fig. 8,
ocurve T). The changes were too small to be measured
gignificantly with a steel scale s0 a check was run on
emaller especimens which wore heated in an over at 80° ©
for 18 hours.” The indicated éhange was verified by an
increase in dimensions in the plane of the sheet and a
decrease .in thigckness, This is in agreement with cbeserved
dimeneional changes on aging. Methyl-methacrylate resin



e e i o

18

is one of the best available materials from the standpoint
of freedom from crazing, unless subjected to strain, and
dimensional stability. The surfaces of both materials
appeared %0 be unaffected by the treatment.

The Pregwood samples lisied in table IV were submit~
ted by the Formicas Insulation Company and were cut from
the same sheets as the test specimens reported upon in
NACA Advance Restricted Report of July 1941, entitled
"Properties of Reinforced Plastics and Plastlc Plywoods,"
The modulus data reported at that time for parallel—ply
material may be used with the measured thermal coeffi-
cients to calculate the thermal coefficients of the cross-
ply material. The modulus of the cross-ply material may
also be calculated as a composite column using the date
for the parallel-ply materials. It is assumed, perhaps
erroneously, that the "high" and "low" resin dssignations
indicate definite resin contents. The calculated and ob-
served Values for the sevezal properties are shown in
table 7.

CONCLUSIONS

The implications of the concept and methods of anal-
ysis touched briefly in the preceding pages are too nu-
merous to be adeaquately treated in so short a space,
Special applications have been mentioned throughout the
paper, Some general conclusions are presented in’ the fol-

lowing pa*agraphs

Stable bonds are possible between large sections if
the thermal coefficients of the component parts are
matched, The bond under such conditions is not affected
by extreme temperature changes.

The method of computing the thermal coefficients of
mixtures. is applicable to mixtures in general and partic-
ularly applicable t0o problems in reinforced plastics,

Since the magnitude of the stresses distributed
throughout the mixture are proportional to the size of the
elements, the ultimate strength of the material and its
fatigue limits should be raised by reducing particle size,
Specifically, the strength of plywood should be lncreased
by the use of thin veneers, A4t the temperature of fabri-
cation the effect of particle size should reach a minimun,
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It is possible to formulate pigmented protective
coatings which will have iaproved adhesion to the coated
materials by the usge of the thermal-ccefficient formula,
The thermal-coefficient method described in this paper
ofiers a rapid and reliable means of obivalning the basic
physical data needed for use in the calculaticns. With
such information the proper combinatlon of materials can
be calculated to0 yield a €film matching the bace material
wvith respect to coefficlent of thermal expaansion,

National Bureau of Standards,
Washington, D. C.
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CALCULATED COEFFICIENTS OF LINEAR THERMAL EXPANSION OF

MIXTURES OF POLYSTYRENE AND FUSED ALUMINUM OXIDE

Calculated coefficient of
Composition of mixture linear thermal sxpansion
l?used . By stress equi-| By rule of
aluminum librium formula| mixtures on
P .
oxide olystyrene (equation (2)) |percentage by
(A1205) -6 volume basis
(percent) (percent) (x 10 °/%¢) (x 107%/°¢)
100 0 8,7 8.7
75 25 9,0 41.7
50 50 9.6 56.3
25 75 11,7 64.7
20 80 12.5 66.9
9.7 90,3 17 68.2
5 95 23.2 69.1
0] 100 70 70
TABLE Il

COEFFICIENTS OF LINEAR THERMAL EXPANSION OF MIXTURES

OF GLASS FIBERS, PHENOLIC RESIN, AND STARCH

Compogsition of mixture

Coefficient of linear
thermal expansion

Glass
fiber

(percent)

Measured

(x 1078 /%¢)

100
50
25.2
25
22,2
10

0

Phenol- Calculated
formaldehyde by stress
resin Starch equilibrium
(Bakelite formula
XC-11749) (equation (2))
(percent) |(percent)| (x 107%/%)
0 @ J|eceemem—- 7.44
50 o fee--eeee- 14.2
70.8 | 4 @ |-mmmemce—ea---
4 - T R 23.6
73.8 | 4 @ |eeeeemmemeaoa-
90 @l eeemmen—- 37.4
100 Jeeeeeee—- 60

P e e e
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COMPARISON OF PRECISION METHOD AND RAPID METHOD OF

MEASURING COEFFICIENTS OF LINEAR THERMAL EXPANSION

Average coefficients of linear thermal expansion

Temperature
range Precision method?® Rapid method
o First test |Repeat test | First test |Repeat test
(°c) (x 107°/9¢)|(x 1078/0¢) | (x 1078/9C)|(x 10-8/9C)
20 to 60 17,7 17.8 17.5 17.2
60 to 100 18.6 18,3 17.9 18,7
100 to 150 18,3 18.5 18.4 19,0
150 to 200 {--ecoueoao—- 18.7 19,0 19.3
20 to 100 18.1 18.0 17.7 17.9
20 to 150 18.2 18.2 18.0 18,3
20 to 200 |--mmemmmmno 18.4 18,3 18.6

®Data supplied by Division II-6.

The cooperation of P,

Hidnert in supplying this information and other data
represented graphically in figs.
acknowledged,

l and 2 is gratefully
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MEASURED COEFFICIENTS OF LINEAR THERMAL

EXPANSION FOR VARIOUS PLASTICS
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Linear thermal

Material? Range expansion
coefficient
(°c) | (x 107%/%c)
Pure phenolic resin (Durez No. 120) . .} 20-100| 58.5 - 58.9
20~ 50 49,7
20~ 30 50,2
Durez No. 120, 10% Micronex carbon 20-100| 45,7 - 47.4
20-100 44,9
Durez No. 120, 41% reagent-quality
aluminum oxide e e e e e e+« . W20~ 50 34,7
Durez No. 120, 10% lignin resin (First
heating) . . . . . . . . . . . 20~ 53 47.9
53-100 78.8
- 20-100 62.8
Durez No, 120, 10% lignin resin
(Second heating) . . . . . . . 20-100 54,7
Durez No, 120, 10% lignin resin 20-100 54,1
(Third heating) . . .. 20~ 53 47,2
53-100 59.9
Durez No, 120, 10% walnut-shell-flour
filler (First heating) . . . . . . .} 20- 49 43.8
49-100 68.0
20-100 59.2
Durez No, 120, 10% walnut-shell-flour
filler (Second heating) . . . . 20- 49 45,7
49-100 58.8
20-100 54.1
Glass Mat 25%, Bakelite XC-11749
phenolic resin 71%, starch 4 %
(Pirst heating) . . . . . 20—~ 65 29,9
(Third heating) . . . . . . . . . . .|20~ 865 29.3
Glass Mat 28%, Bakelite XC-~11749 68%,
starch 4% . . . . . . . . . . .. 20~ 70 26.0
Glass Cloth 44%, Durez No. 120 39%,
starech 7% . . . . . . . . . . . . .l20- 70 17.8
Columbia resin No. 39
(First heating) . . . . . . . . . . .|10~ 50 103.3
(Second heating) . . . . . . . 20~ 50 105.8
DO.eun- N S .. 20-100 124.7
Methyl-methacrylate resin . . . .|20- 50 71.5
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Material?

Pregwood P-5, parallel-ply mapla,’ iow
resin content
Parallel %o grain . . . . . . . . . .
Perpendicular to grain . . . . . . .

Pregwood P-1, parallel-ply maple,
high resin content
Parallel to grain . . . . . . . . . .
Perpendicular to grain . . . . . . .
Pregwood P-7, 7-ply maple, plies alter-
nately crossed, low resin content
Four~-ply direction e e e
Three-ply direction . . . . . . . . .
Pregwood P-3, 7-ply maple, plies alter-
nately crossed, high resin content
Four-ply direction . . . . . . , .
Three~ply direction . . e e e e e
8-ply 0.0l-inch~thick blrch symmetri-~
cal cross-ply construction, 39.5%
Amberlite PR-14 .

Linepr thermal

Range expaansion

coefficient

(°c) (x 1078/%0)
20~ 50 4,7
20~ 50 63.5
20~ 50 5,9
20- 50 68,7
20~ 50 13.5
20~ 50 16.7
20~ 50 21,0
20- 30 15.4

8Percentage figures are based on the weight

composition.

of the total

PPhesge Pregwood materials (P-1 to P-8, inclusive) were
erroneously reported to have been prepared with birch
veneers in the NACA advance restricted report of July
1941, entitled "Properties of Reinforced Plastics and

Plastlc Plywoods."



TABIE V

MEASURED AND CALCULATED VALUES FOR COEFFICIENTS OF LINEAR THERMAL EXPANSION

AND MODULUS OF ELASTICITY OF PREGWOODS

Measured values

a

Calculated wvalues

Coefficient of

Coefficlient of

Modulus of linear thermal Modulus of linear thermal
Material elasticity expansion for the elasticity expansion for the
in tension range 20° to 50° c in tension range 20° tao 50°0C
(106 1b/sq in.) (1078/%) (109 1b/eq in.) (107%/°0)
I. HIGH RESIN CONTENT
Parallel-Ply Material (P-1)

Parallel to grain 3.70 5.9 | meemmeeeeeee - -
Perpendicular to grain .84 68.7 = | e | e
Cross-Ply Material, 7 Ply (P-3)

Parallel to 3-ply direction 2.04 21.0 2.07 20.5
Do.--~—- Yoply----do.~-- 2.29 16.7 2.47 15.0
II. IOW RESIN CONTENT
Parallel-Ply Material (P-5)

Parallel to grain 3.97 4.7 e ] e
Perpendicular to grain .68 63.5 | mmmmmmmmmmmen | e
Cross-Ply Material, 7 Ply (P-7)

Parallel to 3-ply direction 2.17 19.8 2.09 15.6
) eply-mmm 30 .~ 2.52 13.5 2.56 1.4

aThe values given for the coefficient of linear thermal expansion are those obtained on the first

heating cycle.
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Figure 6.~ Thermal expansion curves for phenolic resin and glass fiber
mixtures.

Original length at 25° C: 6.57 in.
Final length at 25° C: 6.54 in.
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Figoure 8.~ Thermal expansion curves for cast methyl methacrylate resin.
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