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ABSTRACT: A new method is presented for the rapid and consecutive determination
of the Young's and bulk modulil of polymeric solids in compression loading.
Ususlly these properties are determined by separate measurements. However, by
using an undersized specimen in a standard bulk compressibility tester it is

possibie to determine both moduli on the same specimen in a single test procedure.

Initial loading of the undersized specimen results in a decrease in length and
an increase in diameter. From these changes Young's modulus may be calculated.
Once the bore of the tester is filled, the application of additional pressure
results in a decrease in the volume of the polymer from which the bulk modulus
may be calculated. Both determinations may be made within minutes. The moduli
values are in general agreement with published values and the calculsted values
for Poisson's ratio fall intc the expected range.
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The data presented in this report are of a research nature. A nev and unique
malti-modulus method is given wheredy Young's and bulk moduli of polymeric
materials can be readily determined. Because of the compatidbility of these
data, & mOre reasonsble value for Poisson's ratio may be calculated.

It 18 expected that this technique will become most useful. In particular it
perxits basic property determinations towards an increased understanding of
materials performance. Much use of this method should also be found in the
selection and specification of materials for ordnance applications involving
compression loading. In theory, the concept should be applicable to any
material. But, in practice, there are obvious technical difficulties in
wvorking with materials having very low Poisson's ratios. The data presented
herein are sstimated to be accurate to within $5%.

This work vas peri~med under Task FR-76 as part of an investigation of the
solid state properties cf polymers. It was accomplished during the period
from Decenber 1966 to March 1968.

E. F. SCHREITER

Captain, USN
Mframender
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IRTRCDUCTION

Recently, techniquulte have been deve.i.oped for the isothermal determination
of moduli characteristics. But these and previcus methods require different
specimens, different apparatus, und different nrocedures for each measuremert.

As a result, vhen such moduli deta are used in calculating Poisson's ratio (u)
. values, uncertainties may be introduced. In particular, these uncertsinties
pay result from variations between specimens and because of differences in the
rates of loading between tests. Such uncertainties may wel) de one reason for N\
some Of the unusual Polsson's ratic data to be found in the litersture.’ Thus,
there is a need for a method of determining multiple moduli on a single specimen
in the same apparatus under given coc.iticns. Then more realistic valuag of u
would become ctitainable. These same argurents are also stated by Koster und
Frenz~.

Based upon compression loading in s Matsuoka-Maxvell “ype apperatus’, ve

bave developed a nev static isothermal %echnique for rapidly determining Young's
. zodulus (E) and bulk modulus (B) on zolid polymers. Values for E and B r. a
| series of representative materials all check well wvith the limited amount of
. data available in the literature which is sultable for comparison purpooes. The
J" Poisson's ratios calculated from these moduld are all ip the expecte® range.
Preliminary tests alsc ind{cate that this method will be useful in meeasuring
»odull for composites baving v 's near O.3. The various rsaifications of +his
cev concept are discussed dbeiov.

YOUNG 'S MOTULI, BULK MODULI, AND PCISSON'S RATIOS OF 30LID POLYMERS

All polymars belong to the class of sclids wvhose stress-strain bebavior
=ay be broadly described as visco-elastic. That i3, in sddition to having some
of the characteristics of viscous liquids, they also have some Of the charsctar-
istics of elastic #0lids. Thus at very low stress and strain levels, such
materials have stre3c-strain behaviors very closely described in equation (l)

iﬂ

UIIK“(.L'C ) (1)

wvheare O 1s the stress, K is the rate of strain, T 1s the viscosity of the polymsr,
E 4s +he modulus, and ¢ {8 the strain. If wve expand the exponential of equatiocn

(1) ve obtadn:
' Be  B%° £
J-K“(aq‘-+m- m + oaeee) (2)

Twen, 1gnoring terms higher than first - der, equation (2) reduces tc the well-
knuwvn relatiocnship:

Y w B8 (%)
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Essentially we can nov say that for & linear visco-elastic material, mechanical
performance 1s descridbable to the first approximation by Booke's law.

For Hook2an solids, Young's modulus is defined as the ratio of tensile
stivse to tensile strain:

o Tensile Stress, (c) _ Force per unit Area
Tensile Strain, (¢) Stretch per unit Length

e

vhere F is the tensile force, A is the cross gectional area, and Al is the change
in length par unit length, f, due to F. Although E is usually determined in
tension it may also be determined in coupressioné and the sams general modulus
equation hold~ ®or this latter case.

or

The second modulus of present interest is the bulk modulus, B. It is
defined as the ratis of the hydrostatic pressure, P, to the volume strain
as follovs:

p o Bydrostatic Pressure, (P) Rydrostatic Pressure

Volume Strain ® Volume Change per Unit Volume
or
'
P o]
B= &Nfvg " (5)

vbere P is the hyédrostatic pressure, Vo is the original volume of the solid and
AV is the change in volume caused by P. Generally B is determined by a hydro-
static measurement although it can be also deterxined by sound velocity
techniques.’ A mathematical approach has also been developed by Bondi.2 Using
corresponding states correlations, it allovs one to estimate B of liquids and
polymer melts to within t 10%. Lack of good experimental data in the past has
necessitated the development of methods such as this latter one.

Once E and B are ctta‘ne? it {s then possidir to calculate Polsson's retio
(») from the values of the two moduli. Polsson's ratic i: A«fined as "the ratio
of lateral unit strain tc longitudinal unit strain, under the condition of
wniform and uniaxial longitudinal stress vithin the proportional 'imit.B

in Vidth per unit Vidth ) /Sy (6)
¥ = CHange 1n Length per umit of Lengts ~ 3fJf

vhere Cp and AC are the original vidth and the change in vidty, and Ly and Af ars
the original length and the change in length. To calculate y, the classical
rclationahip® imvolving », R, and B 1s used in the fclloving form:

UNCLASSI FIKD
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1l E
p--e-'sg (7)

It can be demonstrated mathematically that ¥ may only take values between
the limits of -1.0 and 0.5.Y For liquids with very little change in volume
upon compression, v equals 0.50. And in general, most polymers have values
of » in the range of 0.35 to 0.49. There are no known real elastic materials
with negative vaiues of Poisson's ratio.

EXPERIMENTAL

For some time we have been measuring the compressibility of polynerllo using
a modified Matsuocka-Maxwell appa.m‘cua.5 Recently, we noted that under certain
conditions, this apparatus could be used to consecutively determine both E and B
on the same specimen in a single experiment.ll

The Matsuoka-Maxwell apparatus, shown in Figure 1, is of the piston displace-
mert type. Briefly, it consists 0f an outsile steel ~&asing fitted with a hardened
steel inner bushing, the inner surface of which is lapped and polisied to 0.635
ca in diameter.

In preparation for an experimental run, a specimer 7.62 cm long und about
0.630 cm in diameter is inserted intc the bore of the tester. Care is taken
to insure that the svecimen has adequate but not excessive clearance in the bore.
Then conditions are maintained within the limits of Hovke's lav and equations
(4) and (5) are applicable to this erxperimental arrangement. (In our case, a
clearance of 0.005 cm was found suiiable for the viscc-elastic materials vhile
lesser clearances were needed for the stiffer and more dbrittle materials.) Then
twvo case-hardened steel plungers 4.128 cm long and ¢.635 cm in diameter are
inserted into the open ends of the bore. The entire assembly is next placed in
a testing machine and the specimen is loaded in compression by pressing dovn on
the steel plungers. By measuring the plunger travel and the load, a stress-
strain chart is sutomatically plotted. The normsl loading rate is 0.06M cm per
minute. Since we are chiefly interested in obtaining E and B at low pressures
and under elastic conditions, we seldum apply loads in excess of 1000 Kilograas.

It should be noted that all the prc-°nt measurements vwre made at roum
temperature {approximately 25°C). At this temperature the amorphous polymers
reported herein are well below their glass transition temperatures and are in
the glassy state. However, vhen it is desired to obtain data at elevated
texperatures, besting coils may be placed around the apparatus.

In the stress-strain plot for a polymer (Fig. 2), three stages vill be noted.
From the first stage, Young's modulus is calculated. This 1s done by draving a
tangent, T;, to the first stage of the plot. A normal, Ny, is then dropped from
a point of Tl to the #>acissa. The distance between its intersection and that of
Ty descri®es a characteristic specimen deformation 4, for stage 1, for a force,
Py, equivalent to the height of Ki. This phase describes that part of the
loading cycle lduring vhich the sample is under axial compression and gradually

UNCLASSIYIXD
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axpanding radially and elastically to £111 the bore of the tester. E is
calculated using the equivalent of equation (k):

F
E-—le—o- (8)

Mh

vhere is tk» original rrecimen length, snd A is the area uf the plunger
wvhich tfansmits the loud to the specimen.

The second stage of the plot develops at that time when the specimen
completily fills ihe tester and can no longer expand radially in an unrestricted
taghion. Under these conditions, 1t is under vulk compression loading and the
slope of stage 2 is the bulk modulus. To obiain B, tangent Tp is drawn and
normel %o is dropped to the abscissa tr determine A}.’g, the change in length
vhile under the cowpreesion conditions. Then the follewing relationship, the
equivalert of scuation {5), 1s used to calculate B:

F

2k

- % (9)
vhere 7, 18 the force associzted with the change Al? in the specimen length.

B

In analyzing the results, the intermeciate stage generally may be ignored.
As will be shown later, this atage develops because of lack of perfection in
specimen aize snd shape which may lead to av undesirable flow condition or sluply
because of the "barrel" deformation typica’ of materials in compression. It
.epregents that period between the time a° which the first part of a specimen
becomes bulk constrained and the time at which the eni.re specimen becomes sc
constrained. The change in slope across this stage is of course a fanction of
the difference between the values cf E and B.

MATERIALS

The polymers chosen for this study were representative of amorphous, partly
crystalline, highly crystalline, and crosslinked systems. A list of these
saterials indicating their types and approximate crystalline contents is given in
Table 1. They are further discussed in Appendix A.

Most of the specimens for these materials were prepaced from rod stock
obtnined from comiercial sources. They were machined on a lathe to the required
size. In the case of the polyester polymer, however, the specimens vere cast
tc the desired sizi..

RESULTS AND DISCUSSION

A newy ticanique for determining multiple modull on single specimens is
presented. Its applicahility has been Jemonstrated by tests on 14 polymeric
meterials. Figure 2 showe a tyr!cal stress-struin plot for polystyrene made
under ideal conditions. Similar curves tut with variations in tbe iatermediate
stege vere chiained for the other linear materials. The crosslinked materials
sliow stresc-2traln characteriastics as in Figure 3. When there is a seriouas

UNCLASSIFIED
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‘ ‘ variation in specimen shape and size, a stress-strain plct like that of Figure U
‘ is cheracteristically obteined.

Table 2 presents values for E, B, and u. In general, E and B are in excellent
agreement wvith the limited amount of published data suitable fcr comparison
purposes. E ranges from 0.7 to 4.7 x 1010 dynes/cw? vhile B ranges from 2.1
to 8.1 x 1010 aynes/cm2. Values of » range from 0.39 to 0.47. These later values
are in reascnable agreement wvith the literature in the very few instances vhere

N comparahle dota are to be found. They also fall in the nominally accepted range.

The etatic technique for determining multiple moduli as described herein is
esgentially isothermal. That is, the rate at which loading is apprlied is
sufficiently slow to allow ample time for molecular motions to take place. Hence
thernal equilibrium within the specimen is continuously assured throughout
test. This contrasts vith dynamic tests which are almost alvays adiabatic./,12
Usually, dynamic load cycles are more rapid than molecular relaxation times and
80 the chaln segment motion cennot be completed in the time period cf the measure-
ment., There is, of course, a critical frequency for an isothermal-adiabatic trans-
itlon which is dependent upon the material and somevhat upon the specimen dimen-
sions. According to Ferry,l) this frequency can be as low as 0.1 cycles per
second. Very often this distinction between isothermal and adiabatic conditions
1s 1gnored on the assumption that the observed differences are very amall and
hence negligible. While in some cases such differences have been found to be
small indeed, we have recently noted instances wherein they are of the order of

20,‘,,1&

For most of the polymers considered in this report, E and B were dete~iined
at temperatures well below their Tg's. Thus, at best, configurational equilidvrium
wvas only approximated because true equilibrium is rarely 1f ever obtained due to
the extremely long relaxation time: involved. The only solution to this problem
1s to conduct the test at such a slow rate that the polymer can approximately
and continuously adjust itself to its ever changing boundary conditions.

Toward this end, we selected a standard loading rate of 0.064 cm/min. Thise
rate gives excellent compressidbility isotherms both above and below the pressure
and temperature range of the glass transition and the isothermg are consistent
with Tg determinations. Such a rate is equivalent toc a frequency of the order of
one half a cycle per 900 seconds. At slower rates of loading - 0.025 cm/min -
the isotherms are superimposable on those obtained at 0.064 cm/min. At rates
greater than 0.25k cm/min, the nature of these curves is changed markedly,
particularly for the crosslinked polymers. Thus we conclude that the 0.064 cm/min
loading rate is satisfactory io assuring practical attainment of thermal and

. configurational equilibrium conditions.

Furthermore, it is possidle to consider these measurements against the
theoretical value for the pressure dependence of the glass transition under bulk
compresgsion. Various investigators have established that amorphous solids heve
a value for the derivative dTy/dP, of about 0.025%/atmosphere.l3:15 gsince the
pressure derivative is a ﬁmc%ion of pressure and temperature, it is possible
from s series of isotherms to determine dTg/dP. For many polymers, loaded at
0.064 cm/min, it has been found that aTg/dP is equal to 0,024 - 0.030°/atmosphere.
Hence, we must conclude that a loading rate of 0.064 cm/min permits the polymer
to attain a state closely approximating equilibrium throughout a typical E and B
determination.

UNCLASSIFIED
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In the ideal case, one would expcct only stages 1 and 2 to be present in a
typical stress-strain plot. Howaver, an intermediate stage is typically en-
countered as shown in Figure 3 for polyspoxide polymer. This intermediate stage
occurs in between the xegion from which E 1s calculated and the region from which
B 1s obtained. We feel that this intermediate stage occurs between the time that
the first portion of the gpecimen fills the bore of the tester and the time that
the last portion fills the bore. Such is possible as the specimen undergoes
unrestricted compression and develops the characteristic "barrel” shape as noted
oy Ishal and Cohen.l6 If the specimen is perfect, this maximm deformation will
take place at its center. If it 12 tapered, it is reasonable to0 assume that
upon loading, that part of the specimen having the greatest diameter will te firat
{0 i1l the bore of the tester. Other sections of the specimen having lesser
diemetsrs will then successively fill the bore at somevbat later times and if

the differences are sufficiently great, material yielding can occur. During this
interval the stress-strain plot wi*" exhibit an intermediate or transition stage.

To test the above, the following experiment was conducted. A polystyrene
rod 6.60 cm long and 0.063 cm in diameter was prepared. Grooves, approximately
0.159 cm in depth and width were cut in the specimen at distances of about 1.58
ca, 3.18 cm, and 4.60 cm from one end. The specimen was then loaded to 1000 Kg
2t the standard loading rate giving the results as shown by Plot I of Figure &.
By inspection it is evident that the grooves on the specimen significantly
magnified the intermediate stage. It &lso appeared that the dimensions of the
specimen had been permanently changed.

At the conclusion of the first run, and without removing the spacimen from
the tester, we immediately repeated the run. These results are shown as Plot II
of Pigure k. This plot is outwardly similar to a typical stress-strain plot.
Upon removal of the specimen from the teaster, it was noted that the three grooves
vere almost completely filled, that the diameter was the same as befere, but that
the length was shortened to 6.29 cm. Thus, the specimen showed a decrease in
length due to the partial f£illing of the grooves. This lack of filling the
grooves accounts for the greater compressidbility indicated by the upper part of
Plot II. Normslly, this particular polymer would show no permsnent change in
dimensions, at a loading of only 1000 Kg. In fact, polystyrene has been taken
to at lei(s)t 10,000 atmospheres in bulk compression with no measurable dimensional
effects.

The presence of an exaggerated intermediate stage during the first run on the
grooved specimen and its minimization on the second run is evidence that the above
hypothesis is correct. Therefore, we conclude that this intermediate stage will
be at a minimum wvith a perfect specimen but that inexact machining of the polymer
rods may lead to irreversible flow in the material. 1In either case the inter-
mediate stage in no way detracts from the usefulness of the multiple modulus
technique.

Comparison of the E, B, and 4 values obtained by this technique with
literature values is desirable but difficult simply because very few data
of this type have bLeen reported. Furthermore, in those cases where data are
available, they are not classified as being adiabatic or isothermal. In any
event *he sparseness of data and the uncertainfies in it serve to make com-

parison difficult.
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However, a few moduli comparisons are possidle. Nielsend gives values of
E for three polymers oo which we also have data. He falled to mention just
hov the data were obtained, nevertheless the values are compared below in units
of dynes/cm x 1010,

i Polymer E, (Nielsen) E, (NOL Method)
§ . Polystyrene 3.4 3.b
| Polymethyl Methacrylate 3.7 3.2
2 Polyhexamethylene Adipamide 2 1.8

, As can be seen, the agreement is good. Also, Vincentl7 gives an E value of

i 4,14 x 109 dynes/cm® for polytetrafluorcethylene which compares favorably with
our value of 4.66 x 109 dynes/cm2. Anandl® has recently reported a value of E
for highly crystalline bulk polyethylene of 6.9 x 109 dynes/cm? which is in
excellent agreement with our value of 7 x 109 dynes/cm2. We conclude that,
congidering the limited amount of data available and the uncertainties in the
nature of the publisiied data, our results are satisfactory.

PR

4 The same situation occurs as above when we attempt to compare values of B.
; In a few cases static values of the compressibility have been presented and
the values agree with our results. For example; Yedr'sl9 dats, in units of
dynes/cm? x 1010, compare with ours as follows:

Pulymer B, (Weir) B, (NOL Method)
f Polyethylene 4.08 k.5
| Polytetrafluoroethylene 2.8 2.1

In additicn, the results of Schuyer<® indicate a value of 4.35 x 1010 dynes/cm?
for polyethylene of density 0.954 which is identical in density to that which we
used.

Of more general interest is the table of bulk modulil of many substances
given by Tobolsky.21 Tobolsky shows that B for many relatively soft substances
1s 4n the range of 2 to 8 x 1010 dynes/cme. 1In this range we find such liquids
: as glycerin and water, metals such as sodium and potassium, and most polymers.
As vill be seen by inspection of Table 2 most of the polymers studies in this
investigation have values of B in this range.

e e Sl 3 e 2 s s+ A+ o

Apart from the previously noted uncertainties, extreme caution must be
exercised in comparing E and B. Many polymers, particuiarly highly crystalline
ones, exhibit considerable differences in their properties depending upon their
thermal and pressure history. This is particularly true for polyethylene but,
unfortunately, few workers report even the density wvhen preserting their results.
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Poisson's ratio wvas calculated by means cf equation (7) and the calculated
values are presented in Table 2. Again, we are unable to compare our values
broadly with published dates due to the lack of work in this area. In the case
of the polyimide we found a literature value of 0.4522 which is in satisfactory
agreemsnt vitk our value of 0.42. All the values presented in Table 2 appear
reagonable. And because of the similar conditions of thermal and configuration
equilibrium for both the E and B determinations, we believe that the u values
given in Table 2 are inherently more correct than those estimated from any two

separate determinations of E and B.

I* may also be noted from Table 2 that the data appear to separate by polymer
category. This is particularly true in regard to the Poissorn's ratic values.
Amorphous and crosslinked polymers act much alike while the highly crystalline
polymers differ. Although the present data, as is, seems to support such an
analysis, they are too few to be conclusive. Also one would anticipate that
ancmalous materials will be found which will have atypical properties.

The ROL multi-modulus compression technigue appears to be particularly well
sulted for experiments on materials which undergo reversible changes under
pressure. For polymers of this type, the results obtained are reproducible.
With polymers, which undergo irreversible changes, the results are less satis-
factory. In general, polymers vhich tend to flow readily under pressure should
not be studied by this technique although we have had some success with such
s0lids wvhen the compressibility tester tolerances were kept extremely small.
Close tolerances make it difficult for the polymer to extrude up the bore
of the tester.

As a check on the above, five "identical” specimens were prepared from
a large slab of crystalline polyethylene and five others from a block of
amorphous polystyrere, Every effort was made to prepare each specimen in the
same manner. Then the E and B determinitions were made on the same day using

the same esquipment.

The results are presented in Table 3. For the polystyrene specimens the
data reproducibility is excellent - within #1% - vhile for the polyethylene
data it is not. These later data were only reproducible to vithin 15% for B
and » and to +25% for B. We attribute the data variability noted oa poly-
ethylsne to the extrems sensitivity of this polymer to minor changes in its
thermal and pressure history. Such changes are usually reflected in considerable
differences in crystallinity. This is apparent from inspection of the specific
gravity data. For example, sample number 3 had a specific gravity of 0.9506
vhile ssaple number 4 exhibited a value of 0.9217. It is aleo possible that
some recrystallization occurred during the application of pressure. On the
other hand, amorphous polystyrene is not sensitive to minor changes in its thexmal
and pressure history and it is possible to obtain excellent data reproducibility

from & veries of specimens.

Purther indications of the worth of the ti-modulus technique cax de
inferred from the remarks of Novak and Be.t.2” These investigators reiterate
the fact that the elastic properties of unfilled polymers (polyepoxides)
differ in tension and compression. Thus, use of classical formuli tc¢ predict
shear modulus using mixed tension and compression data fails to give good
values. They also state that the best agreement with experiment is obtained

8
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vhen only compression data are utilized in the classical foimula. Otherwise
this formula must be modified to permit use of a mixture of tensile and
compression data.

In an effort to extend the usefulness of these measurements to mnteriels
other than bulk polymers we investigated the properties of a cowposite. Our
initial studies were conducted on a polyepoxide ayntactiﬁ foam having a density
of 0.72 gm/cc. This material, as described by Resnick,2* contained approximately
20 to 40% of microscopic hollow glass spheres (mdcroballoona) Knowing th2
relative ease with which this material can be compressed, we used a maximm load
of 150 kilograms instead of the usual 1000 kilograms. Und.r these conditiones,
and with an undersized specimen of diameter = 0.6.2 cm, we were able {0 obtain
good E and B Slots from which values of E = 2.9 x 1010 dynes/cm® and & = 2.2 x

dynes wvere calculated. From these modull, ¢ was found to be 0.25.
These values appear reasonable.

Thus it would appear that the general multi-modulus technique can be appiled
to various typec of reinforced plastics. However, several technical points
remain to be explored before such an application can be fully supported.

CONCLUSIORS

Consideration of the results precented in this report have led to the
following conclusions:

a. The NOL multi-modulus compression method can be readily employed to
determine both Young's and btulk moduli consecutively on the same specimen.

b. The values cbtained for both moduli appear reaaonsble and, vhere
comparison is possible, are in sgreement with published data. They, in turn,
permit calculation of Poisson's ratio values.

c. With the values of E, B, and i, shear modulus (G) can also be calculated.
Thus, from one test, &ll the elastic constants for a material can be either
measured directly or calculated.

d. It appears that this technique is well sulted for viscoelastic solids
having values of Poisson's ratio between 0.30 and 0.50.

e. The method can also be applied to syntactic foam plastics ar?, very
protably, to certain reinforced piastics.

f£. With amorphous polymers the data reproducibility by this technique
is excellent.

RECOMMENDATIONS

It 18 recommencded that additional data be collected ¢n E, B, and u. These
suould be accumulated on many different types of polymers and campos’tes. Both
the pressure and temperature dependeunce of E, B, and ¥ should alsc be determined.

9
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TABLE 1

POLYMERS STUDIED

Type

Linear, Amorphous
Linear, Amorphous
Linear, Crystalline
Lirear, Crystalline
Linear Crystalline
Amorphous

Linear, Crystalline
Linear, Crystalline

Limai', Arorphous
(contains a filler)

Crosslinked, Amorphous
Crosslinked, Ancrphous
Crosslinked, Amorphous
Crosslinked, Amorphous

Crosslinked, Amorphous

Crystallinity

None

None

Hone




YOUNG'S MODULUS, E, BULK MODULUS B,
AND POISSON'S RATIO, i, FOR POLYMERS

TABLE 2

UNCLASSI¥I®D

Ex10710 8 x10-10
____Polymer dynee/cm? dynes/cm®
b. LINEAR AMORPHOUS MATERIALS
Polystyrene 3.4 L4 0. ﬁ’{
Polystyrene, Filled (Styron 475) b2 7.7 0.h41
Folymethyl Methacrylate 3.2 5.1 0.40
Pclyimdde 2,0 6.0 0.42
B. LINEAR CRYSTALLINE MATERIALS
Poly=thylene 0.7 4.5 0.47
Polyhexamethylene Adipamide 1.8 8.1 0.46
Polychlorotrifluoroethylene 1.9 5.2 0. bk
Polytetrafluorcethylene 0.47 2.1 0.46
Polyuxymethyiene 2.7 6.9 0. ks
C. CROCS.INKED MATERIALS
Pelyester 5.0 9.9 0.k2
Polyepoxidey 3.5 6.4 0.1
Polyepoxideo z.h 6.0 0.40
Polyepoxide + DDSA 3.1 L4 0.38
Polyepoxide + MPDA 3.2 5.4 0.40
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TABLE 3

YOUNG'S MODULUS, E, BULK MODULUS, B, AND POISSON'S RATIO, u,
FOR POLYSTYRENE AND POLYETHYLENE

E X 10‘12
dynes/ca POLYSTYRENE POLYETHYLENE
1 3.45 0.7k
2 3.46 0.68
3 345 0.72
4 3.44 0.88
5 33k 0.76
Average z. k3 0.76
Cy 0.0138 0.10
B X 10710 dynes/cm?
1 L.48 1.66
2 k.45 1.7%
3 b.h2 3.13
I L.uy B2
5 4,32 2.02
Average h.y2 2.59
Cy 0.0142 0.55
B
1 0.372 0.426
2 C.371 0.435
3 0.370 0.h61
b 0.3T1 0.h467
5 0.371 0.43T
Average 0,371 [ IRV
Cy 0.0016 0,939
Specific Gravity®
1 1.0522 0.9286
2 1.0523 0.9253
z 1.0525 0.9506
I 1.0521 0.9217
5 1.0520 0.9449
Average 1.0522 0.9343

# Meagured after the compression tests had been run.
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APYENDIX A

DESCRIPTION OF MATERIALS USED

Since the values of E, B, and » are fundawental properties of polymers it is
important that the polymers themselves be identifled as closely as possible.
Unfortunately many polymers, because of their complex structure, do not lend
themselves to an exact description. For example, several different types of
polyethylene exist and as a result wide differences are noted in such fundamental
proeperties ss density, crystallinity, melting point, etc. Almost all of the
different types of polyethylene consist of long chains of methylene groups

£ CHy-3- yet with very minor changes in the chemistry, for example in the CHp/CHs

ratio, major differences in properties may occur. For the linear systems, a very
brief d2scription is given below. The crosslinked systems are more difficult

to describe and when possible we have given a generzl formula for the monomer and
such other information as are available.

LINEAR POLYMERS

1. Polystyrene: an amorphous solid (Styron 666, Dov Chemicel Corp.)
heving the repeating unit-f CH(CgHs)CHz 3y -

2. Polymethyl methacrylate: an amorphous solid (Rohm and Haas Corp.)
having the repeating unit-- CH(CH;)(COOCHs3)CHp 3 -

3. Polyhexamethylene adipamide: a crystalline 5011d having a high melting
point (>200°C) (Nylon 66, duPont Co.) with a repeating unit-t NH(CH2)6-NBCO
(CHQ)hCO +n and a density of 1.156 gms/cc.

L. Polychlorotrifluorcethylene: a crystalline high melting solid (Kel-F,
Minnesota, Mining and Mgnufacturing Co.) having a density of 2.148 gm/cc and the
repeating unit - CF,-CCLF 3y, .

5. Polyethylene: a highly crystalline rolid which welts at abou’ 127°C and
vith a density of 0.954 gms/cm€ (Marlex 5003, Phillips Chemizal Co.). The
repeating unit is-+ CH, .

6. Polyimide: a new amorphous polymer (duPont Co. SP-1).

7. Polytetrafluoroethylene: a highly crystalline polymer having a high
welting point (Teflon, duPont Co.) having the repeating unit-- CFp 3 .

8. Polyoxymethylene: a crystalline polymer which melts at about 180°C
which has a repeating unit<+ CH,-0 3, (Delrin, duPont Co.).

9. Styron 475: a butadiene modified styrene polymer containing a filler
(Dow Chemical Corp.).

10. Polyepoxide + MPDA: an amorphous solid having a glass transition tempera-
ture of about 190°C. The epoxide (Epon 828, Shell Chemical Co.) is a diglycidyl

A-1
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ether of bisphenol A with an epoxide equivalent within the range 185 to 205.
The general formula for the epoxide may be written:

0 b
vy \J
{
@033

b -

The epoxide was polymerized with 12.6% of gﬁ{-phewlenedianine (MPDA).
2

e
‘ N

2 w,

1. Po]yepoxidel: an amorphous solid, similar to the previous polyepoxide.

—

OH
|
O—CBQ—CH —Cﬂz———‘_—

12. Polyepoxides: an amorphous copolymer which consists of an epoxylated
Novolac resin (DEN 438, Dow Chem. Co.) having the general structure

O-—CH2 cH/O\CHQ O—CH2 CH/U\CHQ

R R

— -
and an epoxide (Epon 828). These two resins were copolymerized using
BF3:NEQCHQCH5 as a catalyst.

13, Polyepoxide + DDSA: an amorphous polymer which is, in effect,
a copolymer consisting of 40.5% of an epoxide (Epon 828) and 59.5% of
dodecenylsuccinic anhydride (DDSA). DDSA has the structure

CH, _C=0
| ~
CH3 CH, CHy clzn cxglcz_-.u;cx f —~———CH
CH3 CH3 CH3 ' 6}
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14, Polyester: an amorpho:s solid vhich consiste of 7} ¢f an unsaturated

linear polyester dissolved in 30% of styrene. The polyester corponent consists
of a linear reaction product of the condeusation of pi*thalic and maleic acids

vith propylene glycol. Crosslinking by the styrene was initiated by 14 of
nethyl ethyl ketone peroxide.

A=3
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