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ABSTRACT:

A high-pressure X-ray diffractien cell was developed, capable of cavsing

X-ray diffraction of a specimen placed wnder purely hydrosiatic high pressures up to

5000kg/cm?,

From the shifts of the diffraction lines induced by these pressures, the

sirain (:) of an interplanar spacing (dy) (e=ddidy) was cbtained and plotted against

pressure.

A high-density polysthylene (PE) was used for the measurements ai 293°K. The
crystal lattice of PE deforms in an elastic manncr within a strain of 3% and by a time
scalc of the X-ray exposures. The orthorhombic crysial structure of PE remains constant
under pressure, in spite of the extremely anisotropic crystal deformations.

For pressures fces than 3000kgicm?, the pressure vs. e relationship was found to be
expressed in the three principal axis directions by ths following cquaiions:

g-axis direction:
h-axis direction:

c-axis {fAbor axis) direction:

—e200=11.510 $p—0.120x 10-5p3
—zp= 7.3 10-8p—0.019 15 %p*
—teazis—0.30% 10 $p -0.0032 x 10-%p2

The pressure vs. velumetric comprossiesn relationship can be obiained by summing
¢'s in the principal axis dircctions 25 follows.

— AV V=191 x 10-5p—0,143 x 10-%»2

The resulls so formulated are discussed in terms of mechanical arnisotropy of linear
compressibility, volumetric compressibility, the C; parameter defined by Barker and the

Griinecisen paramcter.
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In receni years a considerable body of theory
has been developed which makes it possible to
understand the compressibility and the Griineisen
parameter of the crystal of polymers. Miiller'
calculated the compressibility of the paraffin
crystal based cn the resuits of his systematic
investigations on the crystal structure of
paraffins, and predicted a reasonable value for
the compressibility, which agreed closely with
the values found experimentally by X-ray diffrac-
tion. In 1957 Brandt® calculated the 0°K com-

* Present address: Research Cenfer, Dai-ichi Kogyo
Seiyaku Co., Lid., Nishi-Shichijo, Shimolyo-ku,
Kyoato, Japan.

768

pressibility of crystals of five linear polymers
using a Lennard -Jones 12-6 petential and the
dipole interaction terms and obiained, for poly-
ethylene(PE), an excellent agrecment between
theoiry and Bridgman’s compression data for
pressures up to 40000kgicm® (extrapolated to
0°K). Barker’ made a systematic study of the
relationships between the Griincisen parameter,
the elastic modulus and intermolecular potential
of the polymeric solids and mctals. Barke:’s
work was recently extended by Broadhurst and
Mopsik® who predicted isothermal bulk modulus
vs. volume relations for high-density PE and
paraffins around room tempesrature, in reasonable
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agreement with experimental data. Recently,
Odajima, and Maeda® and Pastine® made ap-
proaches taking into account the detail of the
crystal structure of PE.  The former authors ap-
plied Born and Huang’s dynamical theory of the
crystal lattice on the PE crystal, and found the
compressibility at 20°C became 1.99 x 10" "em?/
dyn and 2.72x 107" em®/dyn according to two
differents sets of calculations, Pastine gave p, V,
T cquations of state for purely crystalline and
purcly amoerphous PE, and combined the two
according to the degree of crystallinity.

In contrast to the theoretical approaches
reviewed above, it seems rather few works have
been published, since Miiller’'s paper' in 1941,
on the experimental investigations of the com-
pressibility of the crystal laitice of polymers.
Weir and Hoflman' measured by piezometry
the compressibility of the bulk specimen of the
normal hydrocarbons. with carbon numbers
ranging from 18 to 30, and concluded their
average compressibility under atmospheric
pressure to be 29.8x107*atm ' at 21°C,
Hellwege, Knappe, and Lehmann® studied, also
by piezometry, the compressibility of high- and
low-density PE and found, by cxtrapolation to
100-25  crystallinity, the compressibility for
100-% crystalline PE to be 1.6x107"em®/kg.

In the above situations there is need for more
dectail and more direct experimental determina-
tions of the compressibilities of the crystal lastice
of polymers. The present paper describes,
firstly, an experimental techmique using X-ray
diffracticn  to measure the pressure—strain
behavier and to determine the pressure—volume
relations of the crystal lattice of polymers and,
secondly, details of the behavior of the crystal
lattice of PE and s-heptacosane(n-C,;H;;) when
subjected to hydrostatic pressures.

APPARATUS!0. 1418

A high-pressure Xeray camcra of piston-
cylinder type was developed bascd on Kabalkina
and Vereshchagin’s camera® capable of supplying
X-ray diffraction photographs of a specimen
placed under purcly hydrosiatic high pressures
reaching up to, at present, 5000kgicm®. The
camera consists csscatially of a high-pressure
cell made from Maraging steel and a moving-
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Figure 1. Schematic diagram of the hydrostatic
high-pressure X-ray diflraciien cell in cross section.

film multiple exposure X-ray camera of a semi-
cylindrical type. The high-pressure cell is
shown in cross section in Figure 1. The X-ray
beam, filtered and collimated by a pinhole
unit{A), passes through the beryllium window(B)
and meets the specimen placed in an axial
circular hele drilled into the beryllivm window,
The hele is Imm in dizmeter and S§mm deep
and its central axis (vertical), coincidental with
the axis of the camera, is perpendicular to the
incident X-ray beam. The cquatorial zone of
the diffracted X.-rays, whbich pass through the
harizontzl aperture (C) Zmm in width and
having a 24 angle of approximately 55° on one
side and 85° on the other side of the incident
beam. are again limited by a long horizontal
slit L.9mm in width, and fall cr a semicylindri-
cal film which c¢an be moved vertically by
means of a fine screw device. The camera,
described  clsewhere,’ s capable of making
fifteen exposures on the same fitm for the specimen
under atmiospheric as well as high pressures.
The spacing between any exposed zones (cach
1.9mm in width) can be set up with an accuracy
of +£0.01mm by knowing the height of the film,
with two 1/100-mm dial gauges. It is thus
possible lo make an arbitrary cxposure program
to choose the positions and the orders of zones
to be exposcd on a given ifilm (4.320cm or
4.3 x24cm). The camers was shown' Lo have
a radius of 100,05- 0.02mm thrcugh all the
exposure positions.

The high-pressurc cell is mounted on the
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cell equipped with the high-pressure gauge and
mounted on the multiple exposurc camera: A,
pinhole cellimator; D, cylinder; G, Bridgman seal.
The horizontal aperture appears on the other side
of the cell and out of sight in the photograph.

camera &5 shown in Figure 2 with the use of
the fits among the circumference of the ccll
(100.00mm in diameter), a shaliow circular
greove (Imm in depth and 100.04mm in dia-
meter) cut concentrically on the base disc of
the camera 28mm in thickness and a large washer
ring 2mm in thickness which has no clearance
for the circumference of the cell. The washer
ring can be fixed on the base disc of the camera
by four screw bolts with a slight adjustable
clearance to oblain the coincidence between the
axis of the camera and that of the specimen.
The camera and the mounted high-pressure cell
are placed on a 20ton hydraulic press which is
fixed on the desk of a. Rigaku Denki Model
D-8C X-ray generalor, giving dircct contact
between the pinhole unit (A) of the high-pressure
cell and the window of thc X-ray tube holder.
Sincc the diameter of the cylinder (D) of the
high-pressure cell is [O0mm, a force of at least
7.85 tons will be necessary to obtain pressure
of 10000kg/cm”.

No part of the apparatus gave any mechanical
trouble during the high-pressure cxpcriments.
This was conclusively demonstrated™* by using
a diamond powder as the specimen and obtaining
the L1l diffraction lincs under pressures up to
3000kg/cm®. Therc was found to be no shift
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in the [11 diffraction lines within the reading
error of the comparator, a reasonable result
expected from the compressibility of the
diamond, and no significant mechanical strain
of the apparatus leading to experimental errot.

EXPERIMENTALS

Pressure Measuremerts

The pressurc generated in the pressure medivm
(E), water in thc case of polyethylene, was
measured by introducing a portion of the
pressure medium through a pinhole (F) into a
Kobe Steel Model 10-W-C high-pressure gauge.'
The strain preduced on the high-pressure gauge
was read with a Kyowa Dengyo Model PM-5L
static strain meter. The calibration for the
pressure—strain rclationship of the high-pres-
sure gauge, including the combined use with the
strain meter, was performed at the Laboratory
of Very High Pressures, Kobe Stecl, Ltd., Kobe,
by the use of a lever-type controlled-clearance
piston gauge' which had an estimated limit of
uncertainty of less than 4+0.015% up to 10000
kgiem®. The calibration has been earried out
pericdically omce cvery six months. The
resultanl pressurc—strain relationships show an
excellent and reproducible linearity.’*’® The
error of the pressurc measurements is estimated
o be less than 22 for low pressures (<1000
kgiem®) ‘and _ 1% for high pressures (1000
kgiem®). These error estimations includc the
errors due lo pressure leaks during X-ray ex-
posures. The residual strain of the high-pressure
gauge, lemporarily appearing when thc pressure
is released (o thc level of the atmospheric
pressure after experiments under high pressures,
was found to be negligibly small.
Sample

A plate of linear PE 3-mm thick was made
from Sholex 6009 polymer (Showa Denko Co.)
by melding in a laboralory press at 165°C,
followed by quenching in an ice-water bath.
This plate was drawn at 90°C in an air
thermostat cight times the original length and
annealed under fixed length at 100°C for 10min
(density, 0.961g/em® at 30°C, 78-% crystallinity)
or 120°C for 3hr (density, 0.967g/cm® at 30°C,
82-25 crystallinity). An unoriented annealed
specimen was obtained by molding the polymer
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in the press at 165°C, followed by coeling in
the press to 120°C, annealing for 3hr at the
same temperaturc and cooling to room tempera-
iure by shutting off the press heaters (density,
0.967gjem® at 30°C, 82-% crystallinily). Com-
mercially available »-C,,Hy; was recrystallized
three times from toluene solutions. This
specimen of n-C;;Hy; melted at 59.6—61.2°C.

Specimen for X-ray Measurements

A rod about lmm in diameter and 1Zmm in
length was shaped, with a razor bladc, from
the prepared samples. In practice, the rod
specimen was made carefully so that it fitted
smoothly to the cylindrical specimen holder of the
beryllium cell.  For the drawn samples, the axis
of the rod specimen was taken to be parallel to
the drawing direction in the case of the measure-
ments for the 200, 020, and 110 reflections, and
to be perpendicular to it for the 002 reflection.
In order to obtain the 011 reflection in the
horizontal level, as required by the geometry
of the high-pressure X-ray camera, the axis of
the rod specimen was prepared so as to be
inclined at 71 degrees to the drawing direction,
The OL1 reflection of this specimen was
preliminarily checked by a flat camera. The -
C,;H;; was ground in an agate mortar for three
minutes and packed into the cell of the beryllium
window,

In the case of the rod specimens, there exists
sufficient room between the specimen and the
wall of the hole of the beryllium window for
the pressure medium (water) 1o penetrate and,
hence, the hydrostatic pressure for the specimen
was secured. n-C, Hy is a soft substance by
itself and the hydrostatic pressure was also
secured as well.

Experimental Procedures

The X-ray patlerns under normal pressure were
obtained for a specimen which has no history
of pressure applications. Usually, two to seven
exposurcs under the normal pressure were
registered on one film to obtain a direct com-
parison with the results obtained under high-
pressure conditions. By careful comparison of
the results obtained by rcpeated pressure ap-
plications and releases on the same specimen
under pressurcs up to 3000kgicm®, identical
results within the experimental crror were
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obtained, and the cffects of the history of
pressurc applications on the pressure—strain
behavior of the crystal lattice of PE were shown
to be negligible.™*'

After the cxposurcs under normal pressure
were finished, the exposure under the high
pressurcs was bcgun with the lowest pressure.
The pressure was raised over a period of 3min
and a further I5min were allowed for equilibra-
tion before commencing X-ray exposure. When
one exposure under high pressure was linished,
the pressure was raised to the next lower value.
Leaks werc infrequent, and the pressure could
be maintained constant within a change of less
than -£2%. When the pressure was released
from 300Ckg/cm®, a residual pressure of not more
than 50kgjem® was somc-times unavoidable be-
cause of the friction between the Bridgman seal
(G in Figure 1) and the wall of the cylinder.

Using nickel-filtered copper radiation (40kV
and 18mA) and for each condition of pres-
sure, an X-ray exposur¢ ranging from 15min
(110 refiection of the drawn specimen) to 4hr
(020 reflection of the drawn specimen) was
required for salisfactory patterns. X-ray patterns
of such high quality were often obtained as to
be quite comparable to those obtained under
normal conditions.

The 200, 020, 002, 110, and 0l1 reflections
of PE were obscrved. All the measurements
were carried out at 204-1.5°C. The specimen-
to-film distance was determined by calibration
with a special gauge.” The peak shift 4 26 due
to pressure was obtained from the increase of
the distance between {he diffraction lines. The
shift of the diffraction lines could be determined
with an accuracy of +£0.025mm by using a
comparator constructed" in our laboratory after
Klug.l“' The strain s for a latticc spacing under
a pressure was calculated by

s::--iz{-: — cot 003()., (1)
where 4 and # are the latlice spacing and the
Bragg angle, respectively, and the zero-subscripts
mean the values at normal pressure. The ex-
perimental error for measuring ¢ as cited here-
after has a width of 4:==2.5 cot #,x 107%, cor-
responding to the maximum crror width of
0.05mm in the determinations of the peak
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shifts. For the planes (200), (020), (002), (110},
and (0L1), it amounts to, respectively, 0.0012,
0,0008, 0.0003, 0.0013, and 0.0007.

RESULTS

A first example of the experimental results is
givern in Figure 3. Here the 100 C-znnealed
drawn specimen was used and the pressure was
raised to 3000kgicm® over a period of 60 sec,
and kept comstant for about 6hr. The initial
cxposure started immediately after the
pressure level was achieved; 8 more oxposures
were made under the pressure, and the last
expesure was started immediatey after the
pressure-release (under a residual pressure of
Zkg,-"cmz). In Figure 3 the sirain ¢ of the 110
plane is plotted against the time at the middie
of the exposure, whilc each expesure time was
15min. 1t is scen that the 110 spacing in the
crystallites of the linsar PE deforms in an clastic
manner within the time of of 15min, by the

wWas
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Figure 3. Strain of thc 110 plane of drawn PE

annealed at 100°C plotted against time under a

constant prossure of 3000kg/cm?, showing elastic

resnense of the crystal lattive against pressure.

action of the pressure of 3000kg/cm®. The same
conclusion was obtaired for the 200 plzne by
examingiion of the 200 reflections recorded on
the same film that geve the result in Figure 3.

3| . . . , r |
I, a |
! PE (200}
| |
2 ‘ =
N
1 |
‘| =
_5 H
Kapnpeo=11.5 % 10 = crifikg T
{20°C} i
I L S B
o 1000 2000 3000
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Figure 4. Pressure. -strain curve for the 230 planc
of drawn PE: (), 120°C-anncaled spccimen; A,
100°C-annealed specimen.

Takle T, —ddidy vs. pressure relationship at 20°C
for the 200 planc of drawn high-density
polyethylene annealed at 120"C

Pressura, —4dids _
kgiem Observed Calculated®
500 0.00527 0.00547
1000 0.0113 0.0103
1500 0.0144 0.0146
2000 0.0178 0.G183
2500 0.0208 0.0213
3000 0.0243 0.0238
35 0.0002

¢ Calculaied from eq 2.
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Figure 5. Pressure spectrum for the 110 and 200 reflecticns of 120°C-anncaled drawn PE. Pressure
(kgicm?®): . (from bottom) | (normal pressure}, 500, 1, 1000, T, 1500, 1, 2000, 1, 2560, 1, 3000, 1, and
35 (rclcased from pressure of 3000kg/cm?). Exposure time is 26 min for each exposed zone.
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Figure 4 shows the pressurc—strain curve for
the 200 plane and Table I gives the numerical
data. The tesults as calculated will be referred
to in the next scction. Figure 5 is the X-ray
photograph which supplies the data for the
120°C-gnnealed specimen shown in Figurc 4
and Table I, In Figure 5, 14 exposures in total
were carried out, and the pressures applied
{expressed in kg_.-’cm"’) are, from boftom to top,
1 (the normal pressure), 500, 1, 1009, 1, 1500,
i, 2000, 1, 2500, 1, 2000, 1, sad 35 (residual
pressure when released from a pressure of
3000kg_,-'cmn), respectively.  The reflections at ike
lowest angle are the 110, and those in the culer
sides the 200 reflections, and the refiecticps
appearing in the wider angles near to the edge
of the film are dus to the beryllium window,
The 15th exposure zore was used for coilima-
tion and the diffraction lines vecorded there are
not 1mp011;11: .

T "7 T 7 T T T -
PE (02 0)
2 //é?
2 A
w
M C .
Kozaco= 7.3 61C bk i
{20 °C) |
0 L P A .J...H..‘.H_l.
0 1020 2000 3000
pikgiem? )

Figure 6. Pressurz- strain curve for the (20 plane
of drawn PE: ), 120°C-annealed specimen; A,
100°C-annealed specimen.
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Figures 6 to 9 and Tables Il and III are the
resglts for the 020 and the 110 planes. In
Figure 7, from which the data for the 020 planc
of the 120°C-anrealsd drawn specimen shown
in Figure 6 and Table II criginate, the exposurc
time for each diffraction diagram was 4hr, but
the 110 and 200 reflections were blocked out
during most of the exposwre by placing a brass
shield in front of the film. The 110-data lor
the 120°C-annezaled drawn specimen given in
Figure 8§ and Table §H1 were suppiied from
Figure 5, while these for the unoriented
specimen were provided from Figore 9. The
X-ray photographs for the 100°C-arncaled drawn
t shown, because they show no
basic difference from these for the 120°Ceannesied
drawn specimens (except that the former have a
little denser background),

Figure 8. Pressure—strain curve for the 110 planc
of PE: O, 120°C-anncaled drawn specimen; A,
100°C-annealed drawn specimen; (1, 120°C-an-
nealed unoriented specimen. Broken line was
calculated from eq 8

o
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Flgr.lrc 7. Pressure spectrum for the 110, 200, 210, 020, 120, and 310 reflections of 120°C-annealed
drawn PE. Prossure (kgicm®): (from bottom) 1, 500, 1000, 1560, 2000, 2500, 3000, 1, and 1 (rzleased

pressure). Bxposure time is
for each exposad zone.
P
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20min for the 110 and 200 reflections and 4hr for rest the refiections.
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Figure 9. Pressure spzotrum for the 110 and 260 reflections of 120°C-annealed unoriented PE. Pressure
{kgiem?): (from bottom) 1, 500, I, 1000, 1, 1500, 1, 2000, [, 2500, 1, 3000, I and 1 (released pressure),
Exposurc time is 60min for each exposed zone.

Table 1. —ddidy vs. pressure relationship at 20°C
for the 020 plane of drawn high density
polycthylene annealed at 120°C

Tabic ITI. —J4d/dy vs. pressure relationship at 20°C
for the 110 plane of drawn high demsily
polycthylene annealed at 120°C

Pressure, Adids Pressure, T
kgicm? Observed Calculateds kg/jem? Obscrved Calculated®
500 0.00380 0.00360 500 0.00428 0.00424
1000 0.00706 0.00710 1000 0.00731 0.00830
1500 0.0101 0.0105 1500 0.0123 0.0122
2000 0.0145 0.0138 2000 0.0163 0.0158
2500 0.0165 0.0170 2500 0.0199 0.0193
3000 0.0203 0.0201 3000 0.0221 0.0226

1 £.0000 0.0000 35 0.0008

¢.0003

4 Calculated from eq 3.

i
gped T

et @

* Calculated from eq 4.

PE. Pressurc (kg/cm?®): (from boitom) [, 1000, 1, 2000, 1, 3000, 1 and 16 (rcleased pressure}. FEx-

posure time is 60min for cach expesed zone.

In Figure 10 the 002 reflection appesrs at a
large angle of 24=74.5". Many trial and ecrror
exposures were carried out to bring the specimen
to the reflecting position for the 002 plane, by
carefully rotating with a very small stcp and
fixing the axis of the specimen. Tt was found
that the 002 reflection moves only +0.12mm on
the film with a pressure of 3000kgicm® and this
mcans a corresponding compressive strain of
only 0,0008 per 3000kgicm®. The observed
spacings for the 200 and 020 planes at normal
pressure were 3.702 and 2.466;\, respectively
{obtained from Figures 5 and 7}, in complete

T4

2 —— e r——r———

FE(D11)

Keapeo = 18 X 107 cmilkg
(20°C}) e

o I SR S
o] 1000 2000 3000
p (kglcm®)

Figure 11. Pressurc—strain curve [or the 011 plane
of 120°C-annealed drawn PE.
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PE. Pressure (kgiem2):; (from bottom) 1, 500, 1000, 1500, 2000, 2500, 3000, 1 and 16 (released pres-
sure). EBxposurc time is 165min for each exposed zone.

bottom) 1, 500, 1050, 1500, 2000, 2500, 3000, 1 and 43 {released pressurc). Expcsure time is 80min
for each exposed zone.

Table 1V. —4djd, vs. pressure relationship at 20°C  agreement with the values reported by Bunn.”

for the 011 plane of drawn high density The observed 002 spacing of 1.27A also agrees
polyetbylenc annealed at 120°C well with the value provided by Bunn, although
- d}*dg T 777 it was determined using the images of the direct
Pﬁ“;‘{gf : - R beam to measure the reflection angle.
& Observed Calcuiated® Figures 11 and 12 and Table IV show the
500 . (.0000 0.00086 results for the Cil plane. The 011 reflections
1006 0.0011 0.0017 were seen to be clearer on the original X-ray
1500 0.0031 0.0025 film than thosc reproduced in Figure 12, giving
2000 0.0031 0.0033
2500 0.0041 0.0040
3000 0.0046 0.0047 o ' ‘
16 0.0005 0.00003 Fo o
- n-eptacosane Cpse (190} -
» Calculated lrom eq 5. oL (20°c) // |

Table V. —dd'dy vs. pressure relationship at 20°C
for the 200 and the 110 planes
of n-heptacosane (n-Ca:Hse)

O n-CgyHsg

- — — [ ] o cannealed
Pressure, —4did, ) ——  Polyethylene
kg om (110) (200)
500 0.00551 0.00682 Cg 1000 2200 3000
1000 0.00904 0.0121 p (kafem?)
1500 0.0134 0.0154 Figure 14. Pressure—strain plots for the 110 plane
2000 0.0165 0.0195 . - .
of n-CyHge compared with the result of PE (solid
2500 &.0194 0.0212 . . .
line): (), before annealing; @, after annealing at

300(_)_ 50°C for 5hr.

0.0240 0.0254
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observed spacing under normal pressure of
22314, in fairly close agreement with the value
given by Bunn (2.254).

Figure 13 and Table ¥V are for the n-C, H,,
crystals and Figurc 14 shows the pressure—
strain curve for the 110 planc of »C,;Hy; com-
parcd with that of PE. In Figure 14 were also
shown the datz for the specimen which was
anncaled, after the experiment for Figure 13,
in the high-pressure cell at 50°C for Shr without
the pressure medium. This was dene to check
any pressure effect which might have been
produced when the specimen wus packed into
the hole of the beryilium window. It may be
seen [rom Figure 14 that such a possibility can
be considered regligible within experimental
error.

ANALYSIS OF THE RESULTS

In the following discussion it is assumed that
a hydrostatic pressurs which is equsl te that
generated in the pressurc medium acts on each
crystallite (or each orystal in the case of #-CorHgg)
distributed in the bulk of the spccimern. This
assumption is physically cquivalent {o stating
that the amorphous regions transmit the pressure
as o liquid mediom. This role of transmitting
pressurc must be completed within a time of
15min since the X-ray expesure was begun on
15min equilibration after the pressure level was
achieved.

According to elasticity theory, it is necessary
that the hydrostatic pressure aeting on any lattice
plane js common and equal to the pressure
acling on the crystallite. IV either or both of
the above assumpticns and the requirement of
the elasticity theory do not hold, nenhomo-
geneity of the pressure components is induced
both around a crystallite and among each of the
crystallites bathed in the incident beaimn. ‘These
should broaden the difiraction lines. Actually,
such broadening of the diffraction lines due to
the preszure applications is found to be ncgligi-
ble {rom considerable experimenial evidence,
aot only in respect of PE but muany other
polymers not described here. An example will
be seen from a reproduced photograph, as
illustrated in Figure 5, where ihe diffraction
lines omly move, with good reproducible

6

- 3000C atm

results,!*1° by the pressure applications, giving

a very simple character to the pressure-spectrum.
Phase trznsition was not obscrved for pressures
up to BCOOkg,:’cmﬁ, which is the highest pressure
level applied in the present experiment.

Osugi and Hara' showed that the density of
a bulk specimen of Marlex 50 recovers almost
completely to its original value when subjected
to ireatment under & very high pressure of
ai  rocm tomperature. Gruner,
Wunderlich, arnd Bopp™ also showed a complote
recovery of the demsity of Marlex 50 bulk
specimens alter treatment under high pressure
of 5.1kb (5200kg/cm®) for 20hr, if the annealing
temperatures were below 210°C.  These results
by Osugi, ez @l., and by Gruner, et ¢f., are in close
agreement wilth our results of the clastic recovery
of the strain of the lattice spacing of PX sgainst
pressures, shown in Figure 3.

A preliminary check revesls that the prossure—
strain plots obtained in the figures shown in
the preceding section can ke represented by a
function —c—ap—Bp®, where a and b are
constants and p is pressure. Hence, by means
of the least-squarcs mcthod, the compressive
strair: dala obtained by using the 120°C-anncaled
drawn specimen were fitted to the above equa-
tion and the following rosulis® were obtained
for each lattice planc obscrved.

a-axis divection:

—ee=11.5x10 %p—0.120% 10 p*  (2)
b-axis direction:
—2030:27.29 X 107 —0.0191 107" (3)
Normal direction to (110):
ey 8.68 107 % —0.0379 107  (4)
Normal direction to (Q11):
— =76 x 107 p—0.00651 3 107%"  (5)

Ir the ebove relations the pressure is expressed
in kg/em® and the temperature corresponds to
20°C. Ia obiaining the relation for the Oil
plane (eq 5), the first plot seen in Figure 11 at
the pressure of 500kgicm® was omitted frem the
least-squares. The result for the c-axis (fiber

* The results concerning ihe coefficients are
slightly differcnt from those published in ref 14
since the leasi-squares method was used in this

paper.
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axis) dircction will appear later in eq 10. It
should be emphasized that the above equations
are designed to reproduce & only within (he
range in which measuremcnts werc made (p=
3000kgfem®). Extrapelation in any scnsc may
lead to serious errors, as shown by the zero or
negative compressibility at or over the pressure
making the first derivatives of the right-hand
sides of the above equations zero,

The calculated sirains according ic eq 2—5
were shown in each of the tables and wiik a
solid line, in each of the Figures for the
pressure —strain relationship shown in the
preceding ssction. It is seen in most instances
that these equatiens, although originating from
the dats from the 120°C-znnealed drawn
specimen, can reproduce the experimental resulis
to within the experimental error. Among them
are included the data for the 100°C-annealed
drawn specimen and  the 120°C-annealed
unorientcd specimen. As seen in Figure 8, the
eip-plots for the 120°C-annealed unoriented
specimen appear to be slightly lower than those
for the oriented specimens.  Although the devia-
tion seems to be within the exparimental error,
the assumption for the hydrostatically acting
pressures mentioned in the first paragraph of
this section might be affected by the texturai
structures, particularly by those in the non-
crystalline regions both of the oriented and the
unoriented specimens. However, further con-
sideration of this preblem is not given in this
paper.

It is concluded that the orthorbowmbic crystal
structure of PE is sustained under high pressures,
This is firstly because of the fact that no sign
of split of the diffraction lines, which should be
expected by the transformation of the basal
lattice plane frem the orthogonal for PE to an
oblique structure, was observed by the pressure
applications, This  conclusion was further
checked by the following calculations.

For the orthorhombic structure the interplanar

spacing d,,; for a planc (Akl) can be calculated

by the relation

lkz P
TR T

=t (6)
a

d}a{?
where a, &, and ¢ arc the urit cell parameters.
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If the orthorhombic struciure remains, the
following relation will be obtained for the small
changes in the cell parameters,

(7)

where &, =, . and ¢, are the fractions of the
change of the spacing for the planes (D), (RO0),
(0&0) and (00/), respectively. For the 110 planc
of PE, frem cq 7, it follows

\-'llU_U JO?"Z“[I‘I 0.593 5 (8)
where Bunn’s cate'” of @=7.404 and 5=4.53A
were used to obiain eg 8. The strains of the
119 plane were then caleulated substituting sy,
and g in the right-hand side of eq & by the
experimental strains of eq 2 and 3 and compared
with those observed. This is shown in Figure
8, where the calculated strain of the 110 plane
appears to be slightly smaller than the obsa;’ved.
This small deviztion is likely {o be due to a
systematic experimeantal error.

It is interesting to note that the or Lh"'honblc
crystal structurc of PE is sustained under high
pressurss in spile of the anisotropic lincar
delormations in the g-axis and b-axis direciions.
This will be discussed in sagore detail Izler in
the pext section.

As was shown in [igure 10, the shifts of the
002 refiection by the pressure are 90 small that
it is difficult to obtain a smooth curve for the
pressure—strain relationship for the 002 plane.
Since greater accuracy in measuring the 420 was
obtained for the 011 plane (Figure 12), whose
norma! is inclined 19 degress to the c-axis, it
will be safer to obtain the pressure—sirain re-
lationship for the c-axis direction from the follow-
ing relations, using experi imenial re%uilf! for the

CI1 and 020 plares.
Zouxin= 1.26%ey,, —0.264z05

Substituting &, and ¢4 in eq 9 by eq 5
3, eeax1s Was found to be represenied by

c-axis (fiber axis) directicn:
a1 =0.30 X 1075 —0.0032 x 10755°  {10)

According to eq 10, at p= 300(}1«;&-"0111“, the value
for —zpp, of 0.00061 will be obtained which is
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in agreement with the value

(0.0008).

experimental

DISCUSSION

Linear Compressibiliry

The anisotropy of dsformation of the crystal
lattice of PE along the three principal crystallo-
graphic axes under the hydrostatic compression
can now be estimated quantitatively by com-
paring cq 2, 3, and 10 with each other. At £=0,
the lincar compressibilities, i.e., the linear com-
pressive strains per pressure of unity, represented
by k's, afe as follows at 20°C:

a-axis direction: ky,=11.5x10"%cm®/kg
b-axis direction: kyu,==7.29 %10 %cm?®kg
caxis direction: k,z:=0.3010"%cm’ kg
The results for k,,, and kg, can be shown to
be in excellent agrcement with the theoretical

results by Odajima and Maeda,” who obtained
Kowzis= 1310 "em®/dyn and Ky eps=7 x 1077

cmzj.-'dyn. Consequently, the crystal lattice of PE-

is the most compressible in the g-axis direction
and the most incompressible in the c-axis direc-
tion. It is 40 times mmore compressible in the
a-axis dircction than in the eg-axis direction, 1.6
times more compressible in the a-axis direction
than in the b-axis direction.
deformation of the crystal lattice of PE under
hydrostatic compression was first described by
Miiller' for #-C,,H,; and n-C, H;, crystals. He
obtained the linear compressibilities due to a
pressure of Ikg..-"cm2 as, for n-CyH,;, kypzi—
9.8 107" ky,o=10.8x107% k... <03x107°

Such anisotropic .

Table VI. Mechanical anisotropy along the a-axis and the p-axis of polyethylene crystale

and for m-CaHg, Kooern=2.5x107% Kyazis=
3x107%, ko< 0.3%x107% Miiller’s results
show basic agreemecnt with the results on PE.
Figurc 14 and Table V are our results on the
orthorhombic crystal lattice of #-C,H;,. Tt is
seen from Figures 13 and 14 that the 110 and
the 200 planes of n-C,H,; behave, against
pressures, in much the same way as the crystal
lattice of PE, Miiller carried out observations
only at 1200 and 1400kg/cm® and his k-values
along the g-axis and the b-axis directions of
n-Cyll,, may be pointed out to be too low.

The marked anisotropy manifested in the
deformation of the crystal lattice of PE is duc
basically to its molecular constitution that, in
the c-axis direction, it consists of fully extcnded
carbon zigzags of covazlent bonds, and in
directions perpendicular to the c-axis (fiber axis),
it consists of chain molecules packed by van
der Waals forces. The mechanical anisotropy
of the polymer crystals was thoroughly eluci-
dated by the work of Sakurada and his co-
workers®>* where an X-ray diffraction method
was also applied to the oricnied specimen under
a uniaxial tensile dircct load. Elastic meduli of
the crystal latticc of polymers in the fiber axis
direction (E;) and these in the perpendicular
direction to it (E,), covering many kinds of
crystalline polymers, were recently published.™*
According to the results of these authors, the
anisotropy cxpressed by the ratio I/E, ranges
from 56 to 75 for PE, compared with that
by hydrostatic comprssiton, Kyen/k,..x;—=40¢, ob-
tained in the present paper.

The cbserved ratio kyyikyy, of 1.6 is important,

Author

En Eh

Temp, °K EwE;, b, by by
Thearetical Ref 23 — 5.7 2.1 0.37 — —
Ref 5b 293 4.76 8.33 1.75 5.4 11.1 2.00
Ref 3¢ 293 5.88 9.09 1.54 7.5 13.2 1.75
Ref 24 0 9.44 8.56 0.91 — — —
Experimental  Rel 25 293 3.1 3.8 1.2 — : —
Refl 267 R® 2.5 1.9 0.76 — — —
Present work 293 — — 8.7 13.7 1.58

2 Unit of dynjem®x 10" was used. Subscripts a and b mean the g-axis and the b-axis directions, re-

spectively. ¥ Basad on the potentials “Set 1.””
were taken from ref 5. ¢ Room tcmperature.
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¢ Based on the potentials “Set IIL.””

4 Numerical data
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becausc views on mechanical anisotropy of PE
crystal along the g-axis and b-axis directions are
varied, as illustrated in Table VI, where F
stands for elastic modulus of uniaxial clongation
and & lincar bulk modulus of hydrostatic com-
pression, i.e., the reciprocal of linear compres-
sibility. We only suggest that, experimentally,
the result by, /B.,=1.6 is justified on the basis
of two X-ray films on which the 110, 200, 210,
020, 120, and 310 reflections were simultaneously
observed and clearly recorded. Onec of them is
shown in Figure 7 and the other for the 100°C-
annealed drawn specimen in ref 14. A 50-hr
experiment was necessary for each of them.

According to our previous (3}{13131‘imel'|\l:;27 using
uniaxial compression, elastic moduli of 3.6 10*
kg;‘cl‘n2 along the g-axis direction and 4.4x10*
kgiem® in the normal direction to (110} were
obtained. The anisotropy between the two
linear bulk moduli by hydrostatic compression
of byyofbuge=1.32 is qualitatively in agrecment
with the above results by uniaxial compression.

Farther comparison of the linear compres-
sibility seems difficult to make,

1t should be mentioned that the anisotropy of
the linear compressibilities of PE crystal Jattice
along the g-axis and the b-axis directions agrees
with that of thermal expansions in the two
directions shown by Swan,® @022 % 1077°C
and etynzie=3.8%10 %°C. The generally accepl-
cd rcason for the latter casc is the transforma-
tion from the orthogonal to the hexagonal pack-
ing of the molecular chains due to their thermal
motions about their axes. Moreover, it is esti-
mated® that the bulk compressibility of the
crystal of polymers around room iemperature
consists of a 90-% contribution by the term of
the lattice polential energy and only a 10-%
contribution by that of the [attice thermal energy.
Thus Kaji pointed out™ that it is npreasonable
to associate the anisotropy of thermal expansion
of the PE crystal with its mechanical anisotropy
of linear compressibility found in this paper.

Bulk Compressibility

The procedure to obtain volumetric compres-
sion of the crystal lattice vs. pressure relation-
ship is simple for the orthorhombic structurc of
PE, because it can be deduced simply by
SUMMING UP e5pq, 920 aNd 50515 Obtained in eq

Polymer JI., Vol. 2, No. 6, 1971

2, 3, and 10,
—AViVy=19.1x107%p—.0.143 ¢ 107%p°

It follows that
(11)

Eq 11 gives the pressure—volume rclation of
the crystal lattice of PE at 293°K, where ¥, is
the volume under the normal pressurc which is
calculated, by using Swan’s data,” to be 0.9994
cm®/g. The isothermal compressibility, designat-
ed by 5, is defined by eq 12,

L(ﬂ)
Visap /le

By differentiating of eq 11 with respect to p, the
compressibility—pressure rclationship can  be
deduced as follows.

2 (kgiem®) =19.1x 1070286 10%p (13)

p=-n (12)

According lo eq 13 the compressibility of the
crystal lattice of PE decreases linearly with
increase in pressure. At p=0 it is 19.1x107°
cm"’,-’kg, which is again in cxcellent agreement '
with the theory of Odajima and Mucda.® These
authors obtained 3=1.99x10 " em®/dyn (=19.5
% 107%cm®/kg) on the basis of the model of the
Reuss’ average (uniform stress model) and the
potentials designated as ““Set 111, Indeed, the
agreement between the theorctical predictions
by Odajima, et g., and our experimental results
for linear as well as bulk compressibilities is
very close and this indicates that thc Reuss’
average model usually predominates in the hy-
drostatic compression of the bulk specimen of
PE within a strain of about 3g.

30 T T T T T T T T

__J

- @ Muller{igsty
o= Weir Hofiman{1953)

-3~ Hellwege et ail{1952)
20 — This Work

o j
T
|

0 5., 10
p, 10%atm
Figurc 15. Pressure ps. compressibility relation-
ship of the crystal lattice of PE compared with
the results by Miiller, by Hellwege, Knappe, and
Lehmann and by Weir and Hoffman.
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It is moted that the cornpressibility of the
crystal latiicc of PE has thc samc order of
magnitude as the metallic sodium whose com-
pressibility is reported™ to be 1610 ‘em®kg.

The result of compressibility expressed by eq
13 can further be compared with the experi-
mental results obtained by Hellwege, Knappe,
and Lehmann by means of piczometry.® This is
snown in Figure 15, The sbove authors shewed
that the compressibiity of PE of varying dcnsitics
decreases lincarly with increases in crystallinity.
By exirapolation, using the data of these
authers, the compressibilities of PE at 20°C
corresponding to 100-2 crystallinity, 23 expressed
per pressure of lkgicm®, can bc showa to
become approximately 16.5x107%, 12.5x107°%,
91075 and 6.5x 107" at presﬁures 1, 500, 1600,
and 2000kg/em®, respectively. In Figure 15,
the laltice compressibility of high-density PE
under the normal pressure is seen to be larger
by a factor of about 1.2 than the compressibility
for the bulk specirmen of [60-% crystallinity.
The difference is not large and an essontial
agreement under normal prressure can be readily
assumead.  Howsver, at p-_-ZOOkag,.*'cmﬁ, the
compressibility for the bulk specimen of 100-%
crystallinity devintes greatly from the lattice
compressibility, the former bscoming half of the
latter. Such a difference is clzarly beyond ex-
perimenial error and indicates & basic disagree-
ment at high preasures.

in Figure 15 were also illustrated the resulls
of compressibility for normal hydrocarbons
obtained by Weir and Hoffman® by a piezometric
method at 21°C. Weir, ef al., obtained these
plots by averaging the compressibilities of the
normal hydrecarbons of carbon numbers 18, 20,
24, 26, 28, and 30, which, according to the
above authers, showed no difference in com-
pressibility beyond experimental error. At
normal pressure, the compressibility of the
normal hydrocarbons, 25.8% 10 ‘atm™, is 1.56
times larger than the laitice compressibility of
PE, while at p—3000atm, the difference becomes
gmailer, the former being 1.3 lmes larger than
the latier. The initial higher compressibility on
the side of the normal hydrocarbons may be
attributed to the free space andfor voids which
suppossdly exist between crysial particles in the
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Figure 16, Pressure  volume relation of the crystal
lattics of PE compared with the theorstical resni(s
by Pastine.

bulk of the specimen. At higher pressures, the
space between chain ends witkin the crystal lattice
of the hydrocarbons mwust row play a role for
the residual difference, because, in directions
perpendicular to the chain axis, it was shown
that the crystal lattice of »-C,;H;; shows almost
the same lateral contraction against pressures as
the high-density PE (Figure 14), For #-C,H,,
measurements of the straine in the chain axis
direction were unsuccessful in the present paper.
Miiller’s result for n-C,,H,, is found 1o be ap-
proximately the same as our results for PE, as
seen in Figure 15.

It is worthwhile comparing eq 11 with the
heoretical results calculated by Pastine® for
purely crystalline PE at 298°K. Pastine’s results,
gs shoewn by open circles in Figure 16, appear
to be smaller than those observed, showing
about 20-% deviation at p=3000kg/cm”.
Arharmonicity

Ancther effective way to evaluale the prossure
dependence of the — 4¥/V is to use the Grimcisen
parameter and the C, parameter. Both param-
eters reflect the anharmonicity associated with
the volumetric compression of sclids.” The
C, parameter is defined by Barker® as cq 14 for
the first and second compressibility cceflicients,
a, and a,, appearing in the expression in eq 13,

C=-7 (14}

a;
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—JV]-"VnzaLp—i—aipZ---!-agpa-l-- e (15)

Barker has shown, by analysing Weir's compres-
sion data®™ for several partially crystalline and
noncrystalline polymers, that, for PE and most
polymers, the ', parsmeter becomes —4.04-0.1.
For the crystal lattice of PE, the C, paramcicr
is readily found by eq 11 to become —3.92, in
surprising coincidence with Barker’s conelusion
on the bulk compression of polymeric solids.
Such coircidence is of particular interest,
because it moans that the C, parameter, and
therefore the Griineisen parameter for the
reason described later, is not sensitive to the
textural structure of polymeric solids.

Tt should bz noted that the €, parameter, if
it can be applied to the linear compression, is
larger by 2.5 timss in the g-axis direction
(C,=—9.0) than in the b-axis direction (C,=
—3.6), as may be calculated from eq 2 and 3.
This indicates that the anharmonicity sssociated
with the linear compression of the PE crysial
is larger in fthe g-axis direction than in the
b-axis direction. It iz also interesting io note
that the linear compressibility in the a-axis
direction, which is initislly 1.6 times larger
than that in the b-zxis divection, decreasss more
rapidly than the latter with increases In pressire,
and ot a pressure over 2000kg/cm®, the two
cross.  'This will be shown from the first deriva-
tives with respect 1o p of eq 2 and 3. These
results observed on the linear compressibilities
of the PE crystal should of course be related
to the potential considerations and ought to be
cxplained by the lattice dynemics such as sre
being promoted by Odajima and Maeda® and
by Wobser and Blasenbrey.™

The Griineisen parameter, y, s defined in
several ways.” For a purely crystalline PE,
Pastine® slightly modified the Siater’s original
equation,” taking into account the predominart
volume contracticn in a plane nerpendicular to
the fiber axis, to give

{ a'zpc_
1 \

g _—1 y—
2 2 op, )
: dx
where x=V/V,. Combining eq 16 with cq 15
and 14 and ignering p'- and higher p-terms

(16)
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in the former, it follows that
p=— 1 _C (17
2 F
Thersfore, according to eq 17, which is obtained
for & special case of gy=a,=---=0, the
Griineisen parameter is determined as the €,
parameter iy delermined. It becomes, for the
present work of the hydrestatic compression of
the crystal lattice of PE, 3.4, a 30-% smaller
valus compared with the results (about 5 at
20°C) oblained by Wada and his coworkers™
from the pressure dependence of the sound
velocity using bulk specimens.
it should be pointed out that, iz our investiga-
tions, it is desirable (o extend the range of
the pressures for observation, up to say, 10000
kgicm®. Experimental plots cbtained at such
very high pressures will add useful informa-
tion about ssharmonicity to these discussed
above. Work azlong these lines is progressing
in our laboratory.
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