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HIGH PRESSURE X-RAY STUDiES OF POLYMERS • I. PRESSURE CALIBRATION

FOR THE DIAMOND-ANVIL CELL IN THE LANGE 0-15 KB ABS5

B. A. Newman, r. P. Sham, and K. 1). Pae
High Pressu~e Research Laboratory

Rutgers University
-

‘ 
New Brunswick, New Jersey 08903

- Introduction

The diamond—anvil pressure cell , first reported in 1959 (1) , has been

used to study materials at high pressures with a variety of methods , including

optical observation (2) , X—ray diffraction (2—8) , absorption spectroecopy (9) ,

and Raaan scattering (10) . The most serious draiback in using the diamond—anvil

preesure cell is the measurement of the high pressure attained in the device .

The usual method is to incorporate a NaC1 standard with the sampie and to make

measurements of the lattice parameter using X—ray diffraction. The pressures

can be determined through an equation of state (11) . Recently a more convenient

method has been reported by Piermarini and Block using roby fluorescence (12) .

Both these methods are accurate at the ultrahigh pressures that can be achieved

using the diamond—anvil pressure cell.

However , a vdi.ty of interesting phenomena is knave to occur at comparati vely

low pressures for the case of polymeric t.rials. Crystallization of polyethylene

at pressure. of 3-3 kbars can give rise to imique morpbologiss aid it has been
— 

suggested that crystallization into a new crystal phaa., not observed at room
— pressure (13—13) • may be related to this. A reversible phase transition for

*gS~,pOrted by the Office of Naval Research iadsr Contract NOOOi4—?5~ C - o~4o.
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the case of polytetrafluoroethylene has been reported at 7 kbars (16) . There

are many othe r examples and, in fact , studies of polymers have been limited

to pressur es less than 15 kbars.

It would obviously be convenient to use the diamond cell to study these

transitions, but neith er the NaC1 method nor the roby fluorescence method

providej aufficien t accuracy at low pressures. When X—ray diffraction technique.
- ~

. - are being used, the NaC1 method is convenient but the changes in d-spaciugs

at low pressures are too small to measure accurately. Molecular crystals ,

with weaker secondary bonds , have higher compressibilities than ionic crystals ,

and there fore would be more suitab le pressure standards at low pressures . Tvo

materi als were considere d, ada~aitane and hexamsthylene tetra .ine (HM T) .

Ad~~~~taue would not be suitab le, however , since a p h e  transition occurs at

higher pressu re. (17) . No phase transition has been reported for the case of
ff 17 , aid the material i. readily availab le in puri fied form. The coqiree.ibiltty

of ff17 han been reported as 1.23 1 ]d~~ cui2/dyns approximately three times

grea ter than the compressibility of MaCi. For these reasons , it wan decide d

to compare the accura cy of the pressure determination using ReC1 with the

accura cy using HMT.

Experimental

If a particular material is to be used as a pressure standard , it is I
necessary that the d-spactngs be known for various pressu res . For the case

of MaCi, the chaige in &-apacthg at various pressure. has been calculated by

Dskksr (11) from the equation of state. For the case of ff17, th. equation of

stats has not been derived, but the prassurs-voli rs1atto~ship at 295’E for

ff17 has bess investigated by Irtdgsmmi (19) . Bridgsa measured the specific

volias of ff17 at different pressures mp to 40 kbars. *kfort iatatsly, his data

in the low—pressure region of inter est to us (0-13 kbar s) are rather far aid,

in fact , only three asuremants ~~uld be im d i* this range: at 5, 10, aid

~~~~~~~~
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For this reason, lddgsmai’s experiment was repeated by us using a

dilatoes tar . Several asureuents were made in the pressure range of greatest

interest to us (0-7 kbars ) . These data are shown in Table 1. In Figure 1,

the dat a ar e shown in graphical form coabined with the three data points

of Iridgs.an.

Accordin g to Sister (20) , at low pressures the pressure—voluss relationship

can be ass~~~d to have the form :

— k1p — k2p2 (1)

where V is the initial volt . k and k. are constants relate d to the thermal
0 1 £

expansion coefficient of the materia l used , the compressibility, and the

Cr4bisissn constant . A least—squares program was used to obtain the best fit

for the data , aid the following iglues were obtained: k1 9.77 X io~~2 j /dyma;

k2 — 2.16 I io 22 om4/~~ne2 The best fit to the data is shown by the solid

lies in Figure 1. 
4,

Discussion

Siecs ff17 han a cièic latti ce, the 4-spacings of any set of planes (hkl)

c be easily obtained from equation (1) when k1 and k2 are known. 
As an

ex~~~le, the d-.pacings of the (110) reflection (the most intense reflection)

were calculated, and are shown tabulated in Tab le 2. With the aid of equation

(1) , ff17 c be iaed a pressure standard for the di ond cell.

ff17 is a ailacular crystal with a high melting point , aid there fore can

be used an a tiller for ~~ t polymers. The advantag e of this method is that

1- the pressure on the ff17 crystals .abeddsd in the polymer matrix truly reflects

the pressure on the polymar s~~~ls. Moreover, the ff17 crystal—to—film distance

1a identical with the polymsr’to—fila distance.

dthAt - —----:- ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ P}~~
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The constants of the best fit , k1 end k2, are given by

al a2
ki~~~i + a ; k2~~~i + a

where *1 is approximately equal to the volume compressibility at zero pressure ,

*0 is related to the thermal expansion coefficient S by a0 - f  adT, and *2
is a asure of the change of compressibility with pressure. If we neglect

a0, small compared with usity in the above equations , we have

k2 a2

1~~1ng our data , we obtain a value for the compressibility of 1017 of

9,516 1 iO~~ ce2/4~’ne.

The value for 2 provides a measure of the anharanuicity of thermal

vibrations for 1017. S later gives an approximation for the Grtbieisen consta nt

at zero pressure :

2 *2 . 2 * 2
• Y —— — +  —

~
-

o 3 5 4 l + a oa2\
l\h a 2 / 1

Using the values for k1 and k2 obtained, a value for of 1.597 was obtained.

This is the first determination of; for BK!’ reported.

Comparison with Other Techniques

At 1w pressures, the thaige in 4-spacing is very small and so the

principal source of error in th. pressure determination is the measurement of

the 0117 4-spacing from the X-ray film. Using film teckniquss, lattice par~~~ters

c be asured with accuracy of 0.02-0.12 (21) on a routine basis, but the

highest accuracy is norm ally obtained from only lass with the lar gest reflecti on

gles (21 ~ 150’). In the c of the diamond cell , only lines vith smell

lragg glas can be stedied (20 30 ). For this reason, high accuracy would

not be .mpecssd.
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In addition, it is well known that different observers may choose dif ferent

poin ts as the position of the line (22). Differences between the center of

blackening, the center of intensity, and the peak intensity ar e app reciab le.

Moreo ver , specimen displacement and divergence of the primary beam will lead

to systematic errors , Also , film shrinkage due to processing and aging and

absorption effects caused by the diamond anvil can be significant.

Since only the change in d-spacing is required in order to determine the

pressure , a nuther of methods which eliminate the systematic errors can be

need. Flack (16) has suggested recording the dif fraction pattern from a sample

utder pressure and the pattern from a sample at room pressure on the same fi lm.

t However, if it is required to record patterns at several different pressures,

this is not a convenient method. It is more convenient to record each pattern

separately, but to use the Dibye—Scherrer ring diameters of the samp le at

roam pressure to establish the file-to-specimen distaice. In essence , this

thod achieve. the same result as Flack ’s techniq ue providing care is taken

to minimize film-shrinkage differences.

The proportional change in 4-spacing Ad/ d0, which is used to determine

the pressure, has some error dd/d0. The error in pressure determination 6p

resulting from this will depend on the compressibility. If the compressibility

of the pressure standard is C, th*n

6 p . . ~~4

Ma, 84/d0 viii be a fwiction of angle. We can use the well—kuown relation

d1- f — c o e e  •a eI:, wher e ~e arises from the error in ring—diameter anurs~~~t. If the ring

is D and the speci en—to-film distaice is a , then

—w’ Tii i ~i,t ___  _ _ _ _ _ _ _ _ _ _ _  - -



— - 1 -  - ______

6
~~

and

60.~~ sla 4(~~+~~)

If ~ is determine d using the known d-apacing for the pressure standard at

room pressure ,

~z 6D’

where D’ is the measured ring diameter at room pressure. Since the err or of

measure ment for 1) and D’ is the same, Az/s — &D ’/D ’ — 6D/D. Collectin g these

ter en , we find

6 p — f ’ ~~cot e sln 4O~~~

and this equation can be used to compare NaC 1 and NW!’ in their effectiveness

as pressure standards at low pressures .

As an example , we consider two assumed working pressures , 3 kbars and

S kbars. In order to make a good comparison , it is convenient to essima

ureaeuts are made at the sa Bragg angle 26 • If we use the (220) reflection

for MaCi (28 — 20.6 ) and the (222) reflection for NM’!’ (20 — 20.2 ), this

condition is approximately true • We can assume a specimee-to-fila distance of

8 cm and a proportional error in the measurement of the diameter of 0.1%. The

resulting errors are shown in Table 3.

From these calculations , it is clear that NaCl should not be used as a

pressure standard at pressures less than 5 kbars • The errors involved in the

case of 1017 are large, but certainly acceptable in this range. It should also

be noted that the spe (—em-to-fiIa distance assumed (8 cm) is quits larg e.

Smeller distances are often used, since this reduces the expOsure ties; for

ex~~~1e, Flack used a film-to—spse~min distance of 3 cm. If this practi ce is

onnied o~~, it is likely that the errors could be even higher than indicated

by T~~l. 3.

-~ , 
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A careful error analysis for the rchy fluorescence method was not carried

out. Piermarini and Block (12) suggest that the pressure dependence of the

rthy fluorescence line at 6942 1 is linear (0.365 l/kbar) at 25°C. The shift

in wave n~wher is —0.77 ± 0.03 ca~~/kbar. However , di f ferent measurements

at the same pressure can give a spread in wave n~~~er of ±2 cm ’, and a report

by Porman et al. (23) gives a standard deviation of 1.5 kbars. For comparison

with the X—ray results, it is clear that the errors at 3 and 5 kbars would be

SO aid 30Z, respectively; this is slightly more inaccu rate than the MaCi method .

We suggest that the rchy fluorescence method should also not be used for pressures

less t h a n 5 k b a r s

4

11

~~ ~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
•

~~~~~~~~

-

~~~~~~~~~



-
~~~~ -~~~~~~~- - - 

~~~~ - - -
-
- - ~~~~~

---—-
~
-“

~
- - -

-

~~~~~ : 8

References

(1) C. B. Welt , B. R. Lippincott , A. Van Valkenburg, and E. N. B~xiting,
3. Res. Nati . Bur . Stand. (U.S.), A63, 55 (1959) .

(2) D. C. Bassett , S. Block , and A. J. Piermarini, 3. Appi. Phys., 45 ,
4146 (1974) .

(3) C. B. Weir , A. 3. Piermarini , and S. Block , 3. them. Phys., 50,
2089 (1969).

(4) C. E. Wait , A. 3. Pie rmar ini , and S. Block , Rev. Sci . Instrum. , 40,
1133 (1969).

(5) A. 3. Piermarini and A. B. Braun , 3. them . Phys., 58, 1974 (1973) .
(6) W. A. Bassett , T. Takahashi, and P . W. Shook , Rev. Sci. Instrum. ,

38, 37 (1967) .

( 7) L. Merrill and V. A. Bassett , Rev. S d .  Instrum. , 45, 290 (1974) .
(8) W. A. Bassett , T. Takahashi , H. Mao , and J. S. Weaver , 3. Appi.

Phys., 39, 319 (1968) .

(9) D. M . Ada , S. 3. Payne , and K. Martin , Appi . Spectry ., 27 , 377 (1973) .
(10) 3. A. Weinstein and A. 3. Pier ear ini , Phy s. Lett . , A48, 14 (1974) .
(ii) D. L. Dekker, 3. Appl. Phys., 36 157 (1965) .
(12) A. 3. Piermarini. and S. BlOck , Rev. S d .  Instrum. , 46, 973 (19 75) .
(13) N. Kasuslwa, C. Nakafuku, and T. Takemura, 3. Polym. Sd ., 4, 526

(1973) .

(14) D. C. Bassett and B. Turner , Natu re Phys. Sci., 240, 146 (1972) .
(15) D. C, Bassett , S. Block, and A. 3. Piermarini, 3. Appi . Phys., 45,

4146 (1974).

(16) II. D. Fla ck , 3. Polym. Sci., A—2, 10, 1799 (19 72) .
(17) C. V. P. T. Pistorius, Mol. Crys tals Liquid Crysta ls , 5 , 353 (1969).
(18) K. V. ftrskaya , Soviet Phys.—Cryst , 8, No. 2 , 167 (1963) .

-: ~~~~~~~~~~~ 
~~~~



..~ 
--- - - — -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

9

(19) P. V. Bridgeman, Proc. Amer. Acad. Arts Sd., 76 , No. 3, 55 (1939) .

(20) J. C. Slater , Introduction to themical Physics, McGraw—Hill , New York ,

p. 202 .

(21) International Tab les for X—Ray Crystallography, Vol. II , ptèlished

for the International Union of Crystallography by The Kynock Press , Birmingham,

England, 1959 , p. 216.

(22) H. Ekstein and S. Siegel, Acta Cryat. , 2, 99 (1949).

(23) R. A . Forman , A. 3. Piermarini , 3. D. Barnett , and S. Block, Science ,

t 

176, 284 (1972). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~- -
— — - - — —----, -. —

~ 

——-
~

—-
~ 

—;;---—— -—-
~~ 

- -
~~ 

-

- - ______ - - - - .- - -~ -~ - —~~~



—

Table l

Pressure (dyne/cm2) Volume (%)

9.806 X 10~ 

- 

0.00

1. 718 X 10~ 1.54

2 . 120 X 1O9 2.05

2.885 X ~~~~~ 2 . 6 4

3.864 X 10 3.46

4. 835 X icP 4.25

5 .77 0  X IO~~ 4 . 9 3

6.862 X l0~ 5.67

(1 kbar — 980.7 kg/cm2 
— ~~~ dynes/ca2)

I _ I  -

_ ... r~~~~ -_ ——
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Table 2

P ressure (kg/cm2) d110 (L)

1 4.9800

1,000 4.9644
- I ~ 2 ,000 4.9494

t 
3,000 4.9350

4 ,000 4.9212

1: 5,000 4.9080

6 ,000 4.8955

7,000 4.8837
- 

8,000 4.8725

9,000 4.8620

10,000 4.8522

11,000 4.84 30

12,000 4.8346

13,000 4.8268

• 14,000 4.819 8

15,000 - 4.8135

(1 kbar — 980. 7 kg/cm2 
— 1O9 dynes/ciiii2)

I
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Table 3

Pressure X Err or at Z Error at

Staidard 3 Kbars 5~~~ars

NaCl 44 27

HMT 20 12

kH
- - ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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Ia~~~d for Figure l

Pig. 1. Volume—pressure relationship of he~~~ethy 1ene tetra mine

at roam temperature.

H
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