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NOTICES 

When Government drawings, specifications, or other data are 
used for any purpose other than in connection with a definitely related 
Government procurement operation, the United States Government 
thereby incurs no responsibility nor any obligation whatsoever; and 
the fact that the Government may have formulated, furnished, or in 
any way supplied the said drawings, specification, or other data, is 
not to be regarded by implication or otherwise as in any manner 
licensing the holder or any other person or corporation, or conveying 
any rights or permission to manufacture, use, or sell any patented 
invention that may in any way be related thereto. 

DDC release to OTS not authorized. 

Qualified requesters may obtain copies of this report from the 
Defense Documentation Center, (DDC), Cameron Station, Alexandria, 

Virginia, 22314. 

Dissemination outside the Department of Defense or to recip¬ 
ients other than Government defense contractors is prohibited. 

Copies of RTD Technical Reports and Technical Notes should 
not be returned to the Research and Technology Division unless re¬ 
turn is required by security considerations, contracturai obligations, 
or notice on a specific document. 



FOREWORD 

This report was prepared by the National Bureau of Standards 
under USAF Delivery Order No. 33(615)-64-1002. The work was 
initiated under Project No. 7340, "Nonmetallic and Composite Ma¬ 
terials", Task No. 734005, "Elastomeric and Compliant Materials. " 
The contract was administered under the direction of the Air Force 
Materials Laboratory, Research and Technology Division, with Mr. 
Roger E, Headrick and Mr. Kermon Murray acting as Project 
Engineers. 

Many of the items compared in this report were commercial 
items that were not developed or manufactured to meet any Govern¬ 
ment specification, to withstand the tests to which they were sub¬ 
jected, or to operate as applied during this study. Any failure to 
meet the objectives of this study is no reflection on any of the com¬ 
mercial items discussed herein or on any manufacturer. 

This report covers work conducted from December 1963 to 
January 1965. Personnel who performed the work and wrote the re¬ 
port were D. H. Weitzel, R. F. Robbins, and P. R. Ludtke. The 
manuscript was released by the authors for publication as an Air 
Force Materials Laboratory Technical Data Report on February 15, 
1965. 

This report has been reviewed and is approved. 

Bias toners and Coatings Branch 
Nonmetallic Materials Division 
Air Force Materials laboratory 
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ABSTRACT 

This research deals with low temperature investigations of 
elastomeric polymers, with particular emphasis on their use as seals 
at cryogenic temperatures. The present report starts with a brief 
review of elastomer O-rings used as crush gaskets, followed by new 
work on elastomer-indium combination seals and various O-ring coat¬ 
ings. Pressure actuated seals are then examined in some detail, both 
analytically and experimentally. Several new designs which combine 
pressure actuating metal bodies with elastomeric (or other) sealing 
surfaces are described, and experimental results are given. 

A brief stv.dy of the behavior of thin elastomeric membranes 
at cryogenic temperatures was made with a view to their possible use 

for expulsion bladder construction. 

Studies of elastomer properties include a look at creep of 
highly compressed O-rings over 15-day periods, the effects of fillers 
and chain orientation on thermal expansion rates, and differential 
thermal analysis as a tool for study of low temperature transitions. 
The automatic ball rebound apparatus has been further refined, and 
will be used for a detailed study of damping at high frequencies and at 
temperatures from approximately 100 K to 100 C. 
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1. ELASTOMER O-RINGS AS CRUSH GASKETS 

Since elastomeric O-rings do not maintain their rubbery prop¬ 
erties at cryogenic temperatures, they cannot function here as they do 
at ordinary temperatures. That is to say rubber O-rings will not ex¬ 
hibit their automatic pressure energizing feature after they have been 
cooled below their brittle transition temperature. Certain elastomeric 
O-rings of small cross section can, however, be very effectively used 
as crush gaskets for cryogenic seal applications. 

1. 1 Review and Application Examples 

A very brief review of previously reported work shows 
the best elastomeric materials for cryogenic static seal applications 
include medium hard compounds of natural rubber, neoprene, poly¬ 
butadiene, polyisoprene, vinyl pyridine-acrylonitrile, vinylidene fluo¬ 
ride and perfluoropropylene, and butadiene-acrylonitrile, with several 
others performing well under some conditions. The cross section 
should be kept as small as is compatible with reasonable flange ma¬ 
chining tolerances; in most cases a cross section diameter of . 070 in. 
is satisfactory. Successful flange designs for this type of seal are il¬ 

lustrated in figures 1, 2, and 3. 

Figures 4 and 5 show modifications of the stepped flange and 
highly compressed O-ring design which have recently been used for a 
cavitation study apparatus at this laboratory. One seal (figure 4) con¬ 
nects lucite to aluminum; the apparatus will use two of these. The 
other seal (figure 5) connects stainless steel weld neck flanges. Com¬ 
mercial flanges were modified by machining mating steps on the flange 
faces as shown in figure 5. At least 12 of these modified weld neck 
flanges will be used in the apparatus for cryogenic liquid lines having 
inside diameters of one to four inches. Liquid hydrogen and liquid 

oxygen are the fluids to be studied. 

Seal test sections were assembled as shown. One end was 
blanked off, the other end was necked down and passed through a seal 
in the top plate of a vacuum jacket which was continuously pumped by 
a helium leak detector. The seals were tested at room temperature, 
at 76 K, and during warmup. Cooling was accomplished by transfer¬ 
ring liquid nitrogen into the section. Helium gas pressure was intro¬ 
duced after the liquid level had dropped below the joint. 
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Figure 2 Flat Flange and Retaining Sleeve 



Figure 3 Stepped Flanges 
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Figure 4 Lucite to Aluminum Seal 
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Figure 5 Modified Weld Neck Flanges 
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The lucitc to aluminum seal was tested with a . 070 in. cross 
section diameter Buna N*0-ring compressed to .010 in. Hardness 
was approximately 80 durometer. Final torque on eight aluminum 
bolts, 3/8 in. diameter, 16 threads/in. , was 50 in-lb. Sequence of 
pressure and temperature cycles was as follows: 

Pressure 

(1) 1 atm 
(2) 1 atm 
(3) 300 psig 
(4) cycled between (2) and (3) 
(5) 300 psig 
(6) 1 atm 
(7) 1 atm 
(8) 300 psig 
(9) 500 psig 
(10) 500 psig 

There was no indication of leakage during any of the above test¬ 
ing. Sensitivity of the instrument was 10“^atm cc/sec or better. 

The modified weld neck flange (1 -1/2 in. I. D. ) was assembled 
with a .070 in. cross section diameter Viton O-ring with a hardness 
of about 77 durometer. When the mating steps "bottomed out" the O- 
ring had a compressed thickness of . 011 in. Clearance at the outside 
edges of the flanges was . 008 to . 009 in. , showing a small amount of 
flange flexure. The eight flange bolts (l/2 in. diameter, stainless 
steel, 13 threads/in.) were pulled down hard, using 40 to 50 ft-lb of 
torque. 

Temperature 

room 
76 K 
76 K 

several times 
warmup 
room 
76 K 
76 K 
76 K 
warmup 

Sequence of pressure and temperature cycles was as follows: 

Pressure 

500 psig 
1 atm 
500 psig 
1 atm 
500 psig 
1 atm 
500 psig 
1 atm 
650 psig 

* A LOX compatible Viton^O-ring 
Buna N (less reliable in past tests) 
cause of immediate availability. 

® DuPont Trademark 

Temperature 

room 
76 K 
76 K 
76 K 
room 

, 76 K 
76 K 
76 K 
warmup 

will be used in the actual apparatus, 
was substituted for this test be- 
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For this seal, also, there was no indication of any leakage during the 
test cycling. 

Although figures 4 and 5 may at first glance appear to be dif¬ 
ferent designs, it should be recognized that both are examples of sim¬ 
ple stepped flanges with .070 in. cross section elastomer O-rings 
placed around the O. D. of the male part of the step. The lucite to 
aluminum seal shown in figure 4 is not a tongue and groove design 
which fully confines the O-ring, inasmuch as the final width of the com¬ 
pressed O-ring is less than the width of the groove. 

1.2 Elastomer-Indium "Sandwich" Seals 

Í3 II 12l 
Previously reported work1 ’ ' Jhas analyzed the likelihood 

that leakage past a compressed O-ring below the brittle transition 
temperature is due to unseating of the initial seal as a result of dif¬ 
ferential contraction at the interface between the brittle elastomer and 
the metal flange surface. Polytetrafluoroethylene, aluminum, lead, 
gold, and indium films were tested as interface "lubricants" to prevent 
these leak passages from forming. Indium performed best, and an 
elastomer-indium "sandwich seal" (figure 6) was developed. Only 
about one-third of the flange load required for a plain elastomer O- 
ring was necessary, and the seal was less sensitive to vibrations and 
mechanical shock. The tests were performed with a constant force 
apparatus which has been adequately described in previous reports^» . 

The amount of initial force required for a reliable cryogenic 
seal in an ordinary flanged joint is useful information for design pur¬ 
poses. Early in the program, the rule of thumb for a reliable seal 
was to give the O-ring 80 to 90 percent linear compression. There 
are, however, so many parameters to be considered that a general 
rule of this kind can be quite misleading. Elastomer hardness and 
flange design are the two most important parameters which can vary 
the amount of initial compression required. Loading curves for three 
1 in. I. D. X 1/8 in. cross section O-rings of varying hardness are 
shown in figure 7. Force vs. percent compression data were obtained 
for a soft (50 durometer), an average (66 durometer), and a hard (80 
durometer) O-ring. From the loading curves of figure 7 one can im¬ 
mediately see the wide range of initial force required to obtain 70 or 
80 percent compression. For a 50 durometer neoprene O-ring, 70% 
compression requires about 2000 pounds of force while an 80 durom¬ 
eter neoprene O-ring requires about 38,000 pounds for the same com¬ 
pression. A better recommendation for a reliable seal might be given 
in terms of force per linear inch for an elastomer of given cross 
section and hardness. 

8 
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PERCENT COMPRESSION 

Figure 7 Force vs Compression for Elastomer O-Rings 
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In order to determine the initial force required for the elasto¬ 
mer-indium sandwich seal when used between simple flat flanges, the 
apparatus shown in figure 8 (used for much of our early testing) was 
again employed. It consists of a pair of 3/8 in. thick flat plates, bolts 
for compression, high pressure helium inlet, and a vacuum cover. 

1.2.1 Test Procedure 

A sandwich seal of three mil indium foil and 66 durometer 
natural rubber were compressed between the flat flanges and initial 
force determined by measuring the flange separation and referring 
to figure 7. 

Indium ribbon was used in this series of tests. Five or six 
small lengths of 3/8 in. wide indium ribbon were lapped over one 
another without too much care to form a circle of indium ribbon on 
each plate of the test jig, as shown in figure 8. 

After soldering on the vacuum cover and connecting to the 
helium leak detector, the seal was pressurized to 1000 psig and the 
test jig was cooled to 76K by immersion in liquid nitrogen for approxi¬ 
mately two hours. Leakage greater than 10_^atm. cc/sec, was con¬ 
sidered a seal failure. If the O-ring did not leak during cooldown, the 
test jig was struck sharply 10 to 15 times with an 11 oz. hardwood 
hammer while at 76 K for an additional shock or vibration test. 

1.2.2 Test Results 

Four tests were made using an average hardness (66 durometer) 
O-ring of natural rubber with overlapping segments of three mil thick 
indium for the washers. The results are shown in table 1. 

One test was made at both 60 and 65 percent compression and 
two tests were made at 70 percent compression. The initial force on 
the 1 in. I. D. x 1/8 in. cross section O-ring was obtained from the 
loading curve of figure 7. The force exerted by the gas pressure in¬ 
side the O-ring was considered negligible, since the area inside the 
compressed O-ring was only about 0. 2 square inches. 

None of the seals leaked durir cooldown to 76 K. The seals 
given 60 and 65 percent compressio did leak when struck sharply with 
the hardwood hammer. The O-rings given 70 percent compression 
did not leak when struck with the hammer. 

11 
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These tests indicate that 340 pounds initial force per linear 
inch is sufficient to maintain a seal to 76 K, but this would not be con¬ 
sidered a reliable seal for applications involving severe vibration or 
mechanical shock. Approximately 1250 pounds initial force per linear 
inch were required to make a shock proof seal which leaked less than 
10”^atm cc/sec. when separating 1000 psig helium from high vacuum 
at 76 K. The tests were conducted with 3/8 in. thick stainless steel 
flat flanges and seals consisting of a 66 durometer natural rubber O- 
ring, 1 in. I. D. x 1/8 in. cross section, with overlapping pieces of 
three mil thick indium foil between elastomer and flange. 

Overlapping segments of indium ribbon apparently seal as well 
as a continuous washer so there should be no need to cut large washers 
from sheets of foil. 

1, 3 Coated Elastomer O-rings 

Since indium film effectively seals an elastomer-flange inter¬ 
face, the possibility of coating or plating indium (or other material) 
directly on the O-ring was investigated. An indium coated O-ring 
would make a one piece seal and eliminate handling and cutting of 
indium washers or ribbon. Two types of plating processes were tried 
and a third type is under consideration. 

1. 3. 1 Electro-Plated Indium 

An indium electro-plated neoprene O-ring was tested first. The 
elastomer O-ring was first coated with copper and then the indium was 
electro-plated on the copper base. The indium plating was cracked 
and blistered before testing (see figure 9), and did not look promising 
for this application. 

The O-ring was tested in the constant force test apparatus with 
3000 pounds compressive force and 1000 psig helium pressure. The 
O-ring leaked during cooldown to 76 K and was immediately removed 
and inspected. About 60 percent of the indium plating had flaked off 
due to compression and/or cooldown, leaving the harder copper base 
exposed as shown in figure 10. 

This plating process was considered unsatisfactory because of 
the hard copper base between the elastomer and indium which resulted 
in cracking and flaking. The seal performance was no better than a 
plain elastomer O-ring and no further testing was done on O-rings 
with this type of plating. 
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1, 3. 2 Vacuum Deposited Indium 

Indium was vacuum deposited directly on the O-ring. This 
coating was not as thick as the electro-plated indium and had a 
powdery appearance, as shown in figure 11. The coating was contin¬ 
uous and there were no cracks, blisters or flaking. However, it ap¬ 
peared that the coating could be rubbed off rather easily. 

Only one test was made on a vacuum deposited indium coated 
O-ring. The O-ring sealed 1000 psig helium pressure to 76 K with 
only 3000 pounds compressive force. Previous tests have shown that 
plain O-rings of this sise require approximately 5500 pounds force to 
maintain this type seal^J. Thus there was a significant improvement 
in seal perfromance. 

1. 3. 3 Electro-Plated Gold 

A gold plated O-ring was also tested for interface seal perform¬ 
ance. Gold is another popular cryogenic sealing metal. It is LOX 
compatible but does not flow as easily as indium. The gold plating 
showed cracks and flaking near the cracks before being tested. This 
is shown in figure 12. 

The O-ring was tested in the constant force apparatus. At room 
temperature five thousand pounds of force was required to seal 100 
psig helium and 6000 pounds of force was required to seal 1000 psig. 
This is extremely poor seal performance compared to a plain elasto¬ 
mer O-ring and no cooldown was made. The gold plating flaked off 
in chunks and had many cracks after being compressed. 

1.3.4 Teflon® Coatings 

Teflon coated O-rings were tested for two reasons. It is pos¬ 
sible that an elastomer O-ring totally encapsulated in Teflon might be 
acceptable in a LOX application. However, no totally encapsulated O- 
rings appear to be available at the present time. Five different Teflon 
coating processes have been examined and each had a seam or seams 
in the Teflon, or the coating was porous or of poor quality. 

The second reason for looking at Teflon coatings was to deter¬ 
mine if a coating of this material would improve the interface sealing 
ability of a plain elastomer even though the Teflon film used in the 
sandwich seal testing did not^J. 

® ~ ; 
"Teflon" is a DuPont Trademark 
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O-rings coated with Teflon film had very good appearance: a 
nice smooth film with seams on the I. D. and O. D. of the O-ring. 
There was a very good bond between elastomer and Teflon; the coating 
was five to eight mils thick. An enlarged photo of TFE coated O-ring 
with seams on J. D. and O. D. is shown in figure 13. 

One of these O-rings was tested in the constant force test ap¬ 
paratus. Seven thousand pounds of force would not seal 1000 psig 
helium at room temperature. This is extremely poor seal perform¬ 
ance and probably results from the fact that the base material (elasto¬ 
mer) is softer than the Teflon surface coating. For effective sealing, 
the softer material should be on the surface. The test was repeated 
with a different O-ring. Again 7000 pounds force would not seal 1000 
psig helium pressure at ambient temperature. In spite of the fine ap¬ 
pearance and superior bonding process, these coated O-rings cannot 
approach the high vacuum sealing performance of a plain elastomer O- 
ring. A photo of the O-ring after being compressed is shown in figure 
14. The good bond between the rubber and Teflon coating is evident 
from the wrinkling of the surface of the O-ring. 

1.3.5 TFE Dispersion Type Coating 

This coating was one to two mils thick and seemed to have a 
fairly good bond with the elastomer. It was possible to stretch these 
O-rings without damage to the coating, which was not possible with 
the more rigid film type coating. The coating was examined carefully 
under 30X magnification to verify that stretching did not harm the coat¬ 
ing or cause it to flake off. 

An O-ring was tested in the constant force test apparatus. It 
would not seal 1000 psig helium with 3000 pounds of compressive force 
at room temperature, so the force was increased to 4000 pounds, 
which resulted in a seal. Tne O-ring was cooled but leaked during 
cooldown. Another O-ring was tested with 5000 pounds of force and 
1000 psig helium pressure; it also leaked during cooldown. This type 
of Teflon coating is better than Teflon film coating but does not im¬ 
prove the seal performance of a plain elastomer O-ring. 

1. 3. 6 Summary of Coating Tests 

The vacuum deposited indium coating is the most promising of 
the coatings tested to date. This coating does help seal the interface, 
but it is powdery and delicate and further testing should be done. 

19 
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Indium electro-plating on conductive rubber sounds promising and 
should not be powdery like the vacuum deposited indium. 

The "slippery rubber" treatment!^and the Teflon coatings test 
ed to date offer no seal improvement over a plain elastomer. Several 
Teflon coating processes have been examined. The first was very in¬ 
ferior quality while the others were close fitting TFE film covers with 
unbonded seams. None of the Teflon film coatings completely encap¬ 
sulated the elastomer O-ring and none of the Teflon coatings improve 
the seal performance of a plain elastomer. There is no apparent ad¬ 
vantage in using Teflon coatings on elastomers for cryogenic static 
seals. 

21 



2. IMPROVED SEAL DESIGNS 

2. 1 Elastomers and Advanced Design Criteria 

Demands imposed on leak tight fluid connectors in cryogenic as 
well as other systems are steadily becoming more stringent. For 
aerospace vehicles in particular the importance of reliable and light 
weight seals and connectors is receiving urgent emphasist^» *^1. Only 
the most efficient and best engineered seals and connectors can be con¬ 
sidered for these advancing requirements. 

The elastomeric O-ring and groove is at once the simplest, 
cheapest, and most soundly engineered design available. The O-ring 
has an extremely low modulus and deforms elastically on a micro¬ 
scopic as well as on a macroscopic scale, which enables it to make an 
initial seal with minimum sealing pressure. After this its fluid-like 
properties enable it to automatically function as a force multiplying 
(pressure actuating) device. This ideal behavior depends, however, 
on elastomeric properties -- properties which are highly temperature 
dependent and which no longer exist at cryogenic températures. Note, 
however, that the elastomeric O-ring functions in a uniquely effective 
way to do two things: 

(1) make the seal, and 
(2) maintain the seal. 

For cryogenic applications we must forego the second of these unique 
behaviors because the sealing material is no longer elastomeric. But 
the first advantage, easy and effective sealing at room temperature, 
can still be counted on. 

When considering elastomers for cryogenic applications, then, 
we must look for a new mechanism to maintain the seal but wa should 
not overlook the advantage which elastomers have for initially making 
the seal at room temperature. It has been found, for example!-^J, 
that elastomers require a seating stress 2-1/2 to 3 orders of magni¬ 
tude less than metals and an order of magnitude less than nonelasto- 
meric polymers such as Teflon. Simple crush type gaskets attempt 
to overwhelm rather than make use of fluid pressure. This alone 
makes them too crude for consideration as optimum designs in light 
weight flight hardware. At the very least one should avoid designs in 
which the fluid pressure subtracts from the sealing pressure. In a 
good design the sealing pressure will be independent of the fluid pres¬ 
sure, and a better design will use the fluid pressure to increase the 
sealing pressure 
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Additional mechanisms which can be used to maintain the seal 
are spring loading and temperature actuation. Temperature actuation 
has been successfully used in certain applications^^, 16]( but this 
principle would appear to have one serious limitation: it is unidirec¬ 
tional in a temperature sense. By this we mean that a seal which gets 
tighter when the temperature goes down must loosen when the temper¬ 
ature goes up. The optimum seal should be reliable during complete 
temperature cycles between assembly and cryogenic as well as during 
temperabare excusions which may be well above the temperature at 
which the seal is initiated. It seems to us, therefore, that pressure 
actuation backed up by a temperature independent spring loading con¬ 
stitutes the only really sound approach to static seal design. 

If, then, a seal which utilizes spring loading and pressure 
actuation (or pressure balancing as it is called in rotating seal tech¬ 
nology) is basically the best, we see that elastomers should be com¬ 
pared with plastics, soft metals, etc. , as sealing materials to be used 
in conjunction with a metal seal body or skeleton. For cryogenic ser¬ 
vice the elastomer O-ring and groove cannot function as a complete 
sealing system. Highly compressed elastomer O-rings between flat 
or stepped flanges can be used and are better than most crush type 
gaskets, as has been shown, but they are crush type gaskets and make 
no use of pressure actuation. 

Having thus narrowed our discussion, we state the problem of 
optimum cryogenic seal design in two parts: 

(1) What is the best spring loading and pressure 
actuating seal body and flange design? 
(2) What is the best sealing material to use with 
the chosen seal design? 

2. 2 Seal Body and Flange Designs 

Spring loading and pressure actuating seal designs have been 
classified in various ways and discussed in various categories^» H» l?]. 
A distinction which has perhaps been neglected concerns the orientation 
of the sealing surfaces with respect to the central axis of the pipe line 
or vessel. The most usual arrangements have the sealing surfaces 
perpendicular to the axis, as in ordinary flanged joints. The usual 
C, V, or K shaped pressure actuated designs also seal against flat 
surfaces which are perpendicular to the axis of the seal and pipeline. 

23 



mwnmmm 

In all of these the sealing forces are axial, i. e. , parallel to the axis 
of the pipeline, and the applied force (bolt tension, etc. ) is also axial. 
In an axial seal the fastener which holds the joint together and gives it 
strength must also provide the sealing force, and it serves this addi¬ 
tional function without the aid of any force multiplying mechanical ad¬ 
vantage . 

It is possible to design seals which have sealing surfaces par¬ 
allel to the axis of the pipe; these utilize sealing forces which are per¬ 
pendicular to the axis, i. e. , they require radial sealing forces. An 
elastomeric O-ring in a groove experiences radial sealing forces 
derived from the fluid pressure. The Logan teijpperature actuated 
seal depends primarily on radial sealing forces^]. Several all 
metal seal designs force a deformable metal into a corner^®* 19]¡ 
these use sealing forces which lie between axial and radial, and seal¬ 
ing surfaces which are both parallel and perpendicular to the axis. 

Characteristics of axial seals (surfaces perpendicular and seal¬ 
ing forces parallel to axis) include the following: 

(1) Advantage 

The principal advantage is the fact that the seal can be 
inserted or removed with minimum axial movement of the 
flanges or pipeline. 

(2) Disadvantages 
(a) Bolt circle must be relatively far from the pipe wall 

to make room for the seal "legs. " This increases flange 
weight not only because of greater flange diameter, but also 
because fluid pressure acting through the long moment arm 
between pipe wall and bolt circle results in high flange de¬ 
flections which reduce the stress in the seal. A seal which 
will follow large axial flange movements is therefore re- 
quired. 

(b) Sealing forces are parallel to the applied force of the 
mechanical fastener (bolts, etc.) which hold the joint together. 
This requires additional fastener strength and weight. 

Characteristics of radial seals (surfaces parallel and sealing 
forces perpendicular to axis) include the following: 
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(1) Advantages 

(a) Since the seal can be designed to occupy very little 
radial space (sometimes no more than the thickness of the 
pipe wall) the bolt circle or other connector can be placed ‘ 
immediately adjacent to the pipe wall for maximum strength 
*.o weight ratio. 

(b) A radial (or almost radial) sealing force is achieved 
from the axial fastener acting through an inclined plane or 
wedge with high mechanical advantage. Fastener strength 
can approach the theoretical minimum, which is only that 
required to make the joint as strong as the pipe. 

(c) Sealing surfaces are on the inner wall of the flange, 
where they are protected from mechanical damage during 
handling and assembly. 

(2) Disadvantages : 
(a) A feature which is sometimes a disadvantage of radial I 

seals is the fact that axial movement equal to the length of the 
seal is required for assembly or disassembly of the joint. 

Seals with conical sealing surfaces represent a compromise 
between axial and radial sealing forces. The angle which the sealing 
surface makes with the seal axis is a powerful and easily varied de¬ 
sign parameter. As shown above, a radial sealing action has signif¬ 
icant advantages. For small diameters, however, a purely radial 
seal may be impractical because of strength limitations of the seal 
body material. A seal body which provides purely radial spring load¬ 
ing is stressed by hoop compression. A safe compressive deflection 
for a high strength material such as Inconel X is about 0. 3 percent. 
For a one inch diameter radial seal, then, an inward diametral de¬ 
flection of three mils (1.5 mil springback all around) is available, and 
this ratio of deflection to diameter will hold for all diameters. Thus 
a four inch radial seal can safely provide a six mil springback between 
the sealing surfaces. 

If the maximum elastic deflection of a purely radial seal does 
not provide sufficient springback to follow anticipated dimensional 
changes, the hoop can be modified to a double cone configuration which 
begins to trade some of the hoop stressing for beam bending. Figure 
15 shows three steps in the change from an essentially radial seal to 
the more common axial seal. The desired degree of flexing and elastic 
springback can always be obtained in this way by simply varying the 
angle of the cone as dictated by the diameter of the seal. 
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Important points to be noted are: 

1. This is a truly pressure actuated seal which makes effective 
use of the fluid pressure regardless of the angle which the seal 
beams make with the axis of the pipe. 

2. A variety of sealing materials, including but not limited to 
elastomers, can be used with the seal. 

3. The sealing material can be placed around the seal body in 
the form of snug fitting O-rings of elastomer, plastic, or soft 
metal. 

4. If a plated or coated sealing surface is preferred the angle 
which the machined cone in the flange makes with the axis of 
tne pipe should be slightly greater than the corresponding angle 
of the seal body. This insures a narrow sealing area and pre¬ 
serves the pressure actuation principle. 

2. 3 Sealing Materials 

These are the materials which deform or flow to fill in the 
asperities between the flange surfaces, or between the flange ard seal 
body surfaces in the case of a two-part seal. The variety of materials 
which is used (or whose use is attempted) to fulfill this roll is little 
short of amazing. One might assume that the most easily deformed 
material would unquestionably be best. If we limit our choice to solids, 
the softest metal is indium and the softest non-metal is rubber. Both 
of these are used, but so is aluminum, lead, copper, nickel, gold, 
silver, and even steel, as well as many plastics. 

This multiplicity of sealing materials comes about partly be¬ 
cause of environmental requirements such as temperature extremes 
and fluid compatibility, and partly because of the great variety of seal 
designs which are in use. In some cases a basic seal design is "tried 
out" with many different sealing materials, a prime example being the 
scores of gasket materials which are used with simple bolted flanges. 
A reluctance to depart from conventional sealing concepts (such as 
axially loaded crush gaskets) often leads to great expenditures of 
energy in attempts to make basically poor designs work under less than 
ideal conditions. 

If we have a basically good seal design which incorporates pres¬ 
sure actuation and elastic springback, the softest and most resilient 
sealing material which is available should be used with it. This is 
rubber. Environmental conditions such as high temperature or fluid 

27 



compatibilit/ may rule out the use of rubber, but it has been repeat- 
ably shown that a thin layer of compressed rubber will maintain a seal 
at cryogenic temperatures ^1. The statement is often made that a 
sealing material must yield and flow plastically in order to make an 
effective seal. Rubber neither yields nor flov's plastically and it makes 
the best seal known. The high temperature a;id fluid compatibility 
limitations of elastomers cannot be denied, however, even though the 
boundaries of these limitations are being slowly pushed back. Relative¬ 
ly new fluoroelastomers are now acceptable for use with oxygen if test¬ 
ed on a batch to batch basisL^O]^ and this same class of materials is 
being developed for use at higher and higher temperatures. 

xf environmerual or operational conditions rule out the use of 
elastomeric sealing material, a soft metal or plastic can be used. 
These materials yield and deform plastically, so the spring loading 
cnaracteristics of the seal body become particularly important. Indium 
deforms easiest (10% strain at compressive stress of 310 psi) and 
readily flows under pressure even at cryogenic temperatures. Swen¬ 
son!2 U has published data which indicates that (before work hardening) 
the compressive yield of indium at -423F is no more than twice its 
value at room temperature. This tendency to cold flow is a disadvan¬ 
tage in a rigid seal, but if a sufficiently thin layer of indium is backed 
up by an elastic member one has a very effective seal combination. 
Disadvantages of indium are its low melting point (313F) and the fact 
that it is not acceptable for use in oxygen systems. 

The fluoroethylene polymers are often used as seal coatings on 
metal body seals. They are compatible with oxygen and some can oe 
used at temperatures approaching 500 F. They have fairly low yield 
strength at room temperature (3000 psi for Teflon FEP) with sharp 
rise in strength as the temperature is decreased (23,000 psi for Tef¬ 
lon FEP at -423 FH22J. Because of the high yield strength at cryo¬ 
genic temperatures they are not likely to reseat if the seal is broken 
by transient conditions. 

Metals having intermediate hardness and higher melting points 
are useful sealing materials in ultra high vacuum systems which must 
be bakeable, and in systems which involve high operating temperatures. 
Copper and gold are most popular for these applications, having yield 
strengths of 8000 to 10,000 psi and melting points approaching 2000 F. 
The yield strength of annealed copper is quite insensitive to temper¬ 
ature, making it a good candidate for cryogenic as well as high tem¬ 
perature applications. 
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Axial Seals l. 4 

Two examples of pressure actuated seal designs using elasto¬ 
meric sealing media and axial sealing forces have been developed and 
tested. Photographs of one seal body are shown in figure 16; this seal 
was made at NBS. Figure 17 is a dimensioned cross section of the 
seal and flanges. Drawings of the second seal are shown in figure 18; 
this seal combined the experience of NBS and Del Mfg. Co. , and was 
made by Del. 

1. 4. 1 Del-NBS Pressure Actuated Axial Seal 

After some discussion with Del Mfg. Co. , it was decided that 
an Inconel X U-shaped body could be incorporated with tabs of some of 
the better O-ring materials in the design shown in figure 18. The up¬ 
per drawing shows the seal proper with some dimensions to indicate 
size. Inside diameter of the body is 1.0 inch. The seal reflects de¬ 
sign characteristics consistent with both NBS and Del experience. 

Load-deflection curves for the body with and without tabs were 
measured on the Instron tensile testing machine. The results are 
shown in figures 19 and 20. Note that it only takes 400 lb, or 128 Ib/in, 
to compress the body and tabs . 054 inch, or to within . 048 inch of the 
maximum. No yielding of the seal body was produced by this compres¬ 
sion. Many people have studied deflection characteristics of the U- 
shaped seal body from a theoretical viewpoint*- 19.23J use 0f 
either plate or beam theory results in error, but beam theory as des¬ 
cribed by WallachL^Jagrees quite well with the experimental results. 
If we consider each leg of the body of figure 18 to undergo an initial 
deformation y¿ at the sealing point due to bolt tightening, the sealing 
force Rgper inch of circumference is described by beam theory as 

(1) 

where 
E = Youngs modulus 

V = poisson's ratio 

Í = leg length 

h = leg thickness. 
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INCONEL - X 
BODY 

ELASTOMER TAB 

SEAL DETAIL 

S PACER 

BACK-UP RINGS 

PRESSURE 

FLANGE ASSEMBLY 

Figure 18 Del-NBS Pressure Actuated Axial Seal and Flanges 
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O 0.005 0.010 0.015 0.020 
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Figure 19 Force vs Deflection for the Seal Body 
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DEFLECTION, inches 

Figure 20 Force vs Deflection for the Seal Assembly 



Equation (1) holds when the leg thickness is constant and the 
leg is initially on a plane parallel to the flange surface. Curve 1 of 
figure 19 shows the body deflection calculated by equation (1) for the 
Del body. Considering the difficulty in measuring leg thickness and 
length, both of which enter the equation as cubic expressions, the 
agreement is quite good. 

The increase in R due to internal pressure can be calculated 
from : 8 

whe r e 

Rg = 3pi/8 -Yi Eh3/4f3(l-v2) (2) 

p = internal pressure, psi, and the other symbols 
are the same as equation (1). 

Note that y^ must be known before the pressure actuation can be cal¬ 
culated. Figure 21 shows Rg as a function of pressure for several leg 
deflections. This knowledge of the deflection characteristics of the 
design may enable better designs to be proposed after experimental 
results are obtained. 

2. 4. 1. 1 Experimental Results 

The four bodies purchased from Del Mfg. Co. , all supposedly 
identical and with the dimensions shown in figure 18, were used in 
seal tests designed to cover a range of initial compressions and con¬ 
nector assembly techniques. In all cases the test jig was enclosed in 
a vacuum jacket and cooled to 76K, and the seal was compressed be¬ 
tween two flanges in a manner similar to that shown in figure 18. The 
usual mass spectrometer leak detection method was used; leaks of 
helium gas of the order of 10-^ atm cc/sec could be easily detected. 

Table 2 summarizes the pertinent results of nine seal tests.. 
The following comments supplement the column titles. Natural Rub¬ 
ber (NR) tabs were used in ail tests except 3 and 4, when Viton® (V) 
were used. The natural rubber apparently gave better results, but 
the tests with Viton were not sufficient to eliminate its consideration. 
Certainly LOX compatibility information encourages further investi¬ 
gation of Viton tabs. In some cases the tabs and/or bodies had been 
used for previous tests, and this information is given on lines 3 and 
4. The spacers and back-up rings were not used until the later tests 
(lines 5 and 6) and the success of tests 8 and 9 is largely credited to 
these accessories, which promote uniform leg deflection. These stops 
®-- 

"Viton" is a DuPont Trademark 
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should be incorporated in future seal body designs. The seal force is 
determined from figure 21, with determined from tc (the back-up 
ring thickness) and figures 19 and 20. Internal pressure was kept con¬ 
stant during cooldown, but varied from test to ter; , The highly suc¬ 
cessful seal of test 9 was pulsed from 0 psig to 60 sig several times 
at ?6K, after cooldown at 600 psig, with no ill effect "Zero leak" 
was defined as less than 2 x 10“^ atm cc/sec of heliur. gas. The maxi¬ 
mum leak rate measurable on the leak detector scale was 3 x 10 atm 
cc/sec. After each successful cooldown the test jig was removed from 
the liquid nitrogen bath and jarred by striking it with a hardwood ham¬ 
mer. This "vibration test" caused leakage only in test 2, which did 
not incorporate a flange spacer or back-up rings. 

Table 2. Pressure Actuated Seal Test Results 

Test PA No. 1 
Tab Matl NR 
Used Tabs No 
Used body No 
Spacer No 
Back-up Rings No 
tc, mils 25 
Seal force, 200 

Ib/in 
Internal Pres - 125 

sure, psi 
Temp at Initial 150 

Leak, °K 
Temp at Leak 106 

Off Scale, °K 
Leaked upon 

Jarring 

2 3 4 
NR V V 
No No No 
Yes No Yes 
No No No 
No No No 
15 16/29 0/0 
260 205 350 

125 10 150 

None 152 185 

None 115 (a) 

Yes 

5 
NR 
No 
Yes 
. 130 
No 
~10 
680 

750 

178 

178 

(a) stopped test at 150°K before off scale leak 

7 
NR 
No 
Yes 
. 150 
Yes 
20 
500 

600 

297 

99 

8 9 
NR NR 
Yes Yes 
Yes Yes 
.130 .130 
Yes Yes 
10 10 
290 250- 

560 
125 0- 

600 
None None 

None None 

No No 

It was mentioned earlier that the seal body used for the room 
temperature deflection tests on the Instron tensile machine did not 
yield. Unfortunately the design did not hold up as well in the seal tests. 
At the conclusion of the tests shown in table 2 all four of the seal bod¬ 
ies purchased from Del were yielded considerably. In some cases the 
bodies seemed to yield at deflections less than the maximum deflec¬ 
tion of the tensile tests. This result indicates that the bodies were 
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not uniformly fabricated, since there is no reason to believe that ther¬ 
mal shock would cause permanent set or yielding of Inconel X. In 
every case it appears that the yielding occurred near the sealing end 
of the leg, instead of at the junctions with the web, even though beam 
theory predicts that the web junction should be the point of highest 
stress. This indicates that the ends of the beam should be thickened 
to eliminate this possibility. 

2. 4. 1. 2 Conclusions 

The tests to date indicate that an elastomer sealing material 
can be combined with a conventional pressure actuated seal body for 
use in a cryogenic connector with simple, flat, lightweight flanges. 
If properly designed, this seal will withstand high deflections caused 
by pressure surges in the cryogenic temperature range. When the 
seal is initially assembled the soft elastomeric surface will fill small 
imperfections in the flanges, and therefore elhair ate small leak paths 
which are present in conventional designs using . harder seal ma- 
teriall^J 

An improved body design, incorporating the spacer and back¬ 
up rings and eliminating yielding of the body, will be necessary before 
the important factor of reliability can be established. In the testing to 
date the desired results were obtained only after several failures indi¬ 
cated the need for back-up rings and high deflections. It is expected 
that future testing will establish design parameters for reliable, light¬ 
weight, pressure actuated connectors using elastomer seal materials. 

2.4.2 NBS Pressure Actuated Axial Seal 

Figure 22 is the measured load vs. deflection curve for the 
NBS axial seal body of figures 16 and 17, which was made of 17-4 PH 
stainless steel. The curve is for the complete seal body consisting 
of two connected beams or "legs"; for one beam the deflection values 
should be divided by two. The load is given in pounds per inch of 
beam length, where the total beam length is taken to be the average 
circumference of the seal "leg. " 

The photographs of figure 16 show the seal body with a size 8 
unfilled natural rubber band (cross section . 030 x . 060 in. ) stretched 
around it, and an unstressed band in the foreground. A linear stretch 
of 67 percent was required to position the rubber band. 
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FLANGE MOVEMENT , inches 

Figure 22 Loading of NBS Axial Seal Body 
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The flanges were silver soldered to sections of stainlers steel 
tubing which were long enough to duplicate structural characteristics 

of joints in actual pipe lines. The ends were plugged, one plug drilled, 

and a smaller tube was soldered to the hole. This tube passed through 

the top plate of a vacuum chamber which was continuously pumped by 
the leak detector. The srrva rube provided means for alternately 

pressurizing the joint with «1 fium gas or introducing cryogenic liquid 

for cool down. 

The seal was first assembled with size 8 rubber bands and 
given a simple bubble and pressure decay test These tests indicated 

no detectable leak at room temperature or at 76K at all pressures 
from one atmosphere to 1000 psig. Repeated cycles between these 

pressure extremes while keeping the joint immersed in quietly boiling 
liquid nitrogen showed no leaks large enough to be observed as bub¬ 

bles of escaping helium. 

The joint was, then placed in the vacuum tight container and 

tested with the helium leak detector at room temperature. At 1000 
psig the leak rate slowly climbed to 44 scale units (each equivalent to 

1 X 10"^atm cc/sec), reaching this value after about one hour. When 
the helium pressure was dropped to one atmosphere, the leak rate 

dropped to six units after five minutes. The vacuum container was 

pumped overnight, after which the leak rate of the test joint was below 

0. 05 units (background reading) at one atmosphere, but climbed to 30 
units after half an hour at 1000 psig. The loint was then disassembled 

and reassembled with a larger (size 10) rubber band. This required a 

"pre-stretch" of only 20 percent, leaving a larger cross section to be 
compressed during assembly of the joint. A thermocouple was also 
installed on the flange near the elastomer. 

Characterisac of this assembly was a fairly reproducible pres¬ 
sure-dependent leak rate at room temperature, as shown in figure 23. 

This may have been due to permeability of the gum elastomer. The 
advantage of pressure actuation at the 1000 psig maximum was not 

apparent. 

After the room temperature test the helium pressure line was 
removed and the seal was cooled by introducing liquid nitrogen through 
a slender stainless steel tube which reached to the blanked off pipe 

section below the joint. After cooling to about 170 K, the helium pres¬ 

sure line was again connected and leak rates were observed during 
warm up of the joint. 
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Figure ¿3 Leak Kate vs Pressure at Room Temperature 
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Figure 24 gives the temperature, pressure, and leak rate his¬ 

tory during 120 minutes required for the seal to warm from 170 to 

270 K. From 170 to 190K there was essentially zero leak, even though 
the helium pressure was raised to 1000 psig. When the leak rate 

meter began to move slightly the pressure was dropped to around 200 

psig, but the leak rate continued to increase slowly. After an hour the 

temperature had reached 225 K and the leak rate peaked at 0. 65 scale 

units. The leak rate then dropped off, indicating an improvement in 
the seal, probably as the elastomer passed through the brittle to rub¬ 

bery transition. At 240 K the leak rate was again down to the back¬ 

ground level, so the pressure was again raised to 1000 psig. There 
was no further increase in leak rate. This was unexpected behavior, 
indicating that the low temperatur .ycle had a beneficial effect on the 

seal. Whatever the explanation rnay be, the seal at 270 K was now 

much better than that veut h had been observed at room temperature 
before cool down, a<? -'.p.own in figure 23. 

After this test the seal was left with 125 psig helium inside the 
joint and checked again at room temperature on the following day. At 
525 psig the leak rate stabilized at 50 to 60 units; at 1000 psig the rate 
was 200 to 250 units. These rates are somewhat higher than those of 
the original tesr before cool down. The seal was disassembled and the 
thickness measured. It was found that the legs had not been flexed 
beyond their elastic limit. 

An additional test was carried out, using .070 in. cross section 
O-rings of 60 durometer polybutadiene as the sealing material. As 
before, the seal showed no detectable leak at 1000 p sig and 76K, but 
some erratic low level leakage at intermediate and room temperatures. 

Upon disassembly it was found that one or both of the metal 
seal body legs had yielded in bending so that the relaxed "height" or 
thickness of the body had gone from 0. 37 in. to 0. 29 in. This shows 
that the .070 in. 60 durometer O-rings are too "fat", or too hard, or 
both. 

Additional testing of this type of seal body at higher pressures 
and lower temperatures and with different elastomer O-rir-v s and bands 
would doubtless prove valuable, but the necessary time has not been 
available. 
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Figure ¿4 Performance of NBS Axial Seal 



Conical or "Y" Seal 2. 5 

Figure 25 shows shop drawings of a conical or "Y" seal which 
is pressure actuated and suitable for use with elastomeric O-rings or 
bands. The seal legs have the same cross section dimensions as 
those of the axial seal discussed in section 2. 4. 2, but this seal dif¬ 
fers in two important respects: (1) The seal legs make an angle of 45° 
with the seal axis; thus the sealing force is midway between radial and 
axial. (2) The seal body is an integral part of a thin flange which 
clamps between the pipe flanges; this gives the seal a "Y" shape when 
viewed in cross section. 

This is a faring loading pressure energized design. Its advan¬ 
tage over axial seals is the "half radial" configuration which allows 
lower clamping forces and flanges of smaller diameter for a given 
seal leg length. At the same time the sealing material is not subjected 
to the extreme shearing or "smearing" forces which accompany the 
assembly of a purely radial ring-shaped seal. Soft metal sealing sur¬ 
faces can flow under strong shearing forces, but elastomers are likely 
to be shredded or torn. 

A difficulty sometimes experienced with ring or hoop-shaped 
seals is cocking during assembly. The "Y" seal eliminates this prob¬ 
lem because of the aligning action of the integral flange. 

A "Y" seal having the material and dimensions shown ia figure 
25 was machined in the NBS shop. Assembly and testing were the same 
as described for the axial seal in section 2. 4. 2, i. e. , the flanges were 
silver soldered to short sections of tubing, placed in a vacuum chamber, 
cooled internally with liquid nitrogen, and tested to 1000 psig with 
helium gas. 

2. 5. 1 "Y" Seal With Rubber Bands 

The first test of this seal was made with sealing rings consis¬ 
ting of size 10 (. 030 in. x . 060 in. x2. 75 in. circum. ) unfilled natural 
rubber bands. These required approximately 50 percent extension to 
stretch arovmd the 1. 3 in. diameter seal body. If constant volume is 
assumed, the "stretched" cross section would be approximately .025 
in. x .050 in. The width after compression was observed by cooling 
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tfie assembled seal in liquid nitrogen and disassembling while the rub¬ 
ber was still frozen. The compressed width determined in this way 
was about 0. 11 in. , giving a compressed thickness of about . 016 in 
or approximately sn percent comp. OoCicr. v.Lc.. with the * ’ 
original thickness of . 030 in. This also indicates that the seal legs 
deflected approximately .016 in. 

inn . Durinë the ^rst room temperature test a slight leak began at 
100 PS1S and sl°wly built up to 0. 2 s-.ale units (0. 2 x 10 ~6 atm cc/sec) 
aiter half an hour. The helium pressure line was then removed, and 
the blanked off section below the seal was filled with liquid nitrogen 
iur testing at 76K. The pressure was raised by increments over a 
period of about an hour and a half when, at 940 psig, there was a sud¬ 
den high leak rate (above 3 x 10 ~4 atm cc/sec). After 3 or 4 minutes 
the pressure was dropped to 500 psig; the seal reseated and remained 
completely tight at all pressures through 1040 psig. 

ihe seai was then allowed to warm up overnight, with the pres¬ 
sure on it and next day was leak checked again at room temperature 
and at 76 K. Figure 26 gives the leak rate and pressure history of the 
room temperature test and also shows that the seal remained com¬ 
pletely tight at all pressures and pressure cycles from 0 to 1030 psig 
after this second cool down to 76 K. After three hours the seal was 

150 to 200 r7 thlS time the temperature was estimated to be around 

The somewhat erratic behavior of the seal at room temperature 
is similar to that observed for the axial seal with rubber bands, as 
discussed in section 2. 4. 2. Improved seal performance after the first 
cooldown and pressure cycle was also observed with both of these de¬ 
signs. The unfilled gum rubber bands are very soft in comparison 
with usual elastomer O-ring materials, posing the possibility of "blow- 
by due to distortion of the sealing material when exposed to high 
pressure. A final freezing before disassembly and examination at the 
end of the above tests, however, revealed smooth uniform compres- 
»ion of both rubber bands with no evidence of distortion. When the 
bands warmed to room temperature they regained their original di¬ 
mensions and showed no sign of mater al failure. 
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Figure ¿6 Performance of "Y" Seal With Rubber Band Sealing Rings 
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Z, 5. ¿ "Y" Seal With Indium Coating 

Most metal body pressure actuated seals use soft metals or 
plastics for the sealing surfaces. Since our own experience with 
indium as a sealing material with various seal designs has been quite 
good, it seemed worthwhile to make a direct comparison between 
indium and rubber bands on the "Y" seal body. A fillet of indium was 
accordingly "tinned" on the seal body and trimmed on a lathe to a band 
approximately 3/32 in. wide which bridged the corner where the seal 
is made. The thickness of the indium at the point of compression was 
about . 030 in. before the seal was assembled. 

Figure 27 shows the performance of this seal at room temper¬ 
ature and after cooling to 76 K. Comparison with figure 26 shows that 
indium as a sealing medium on this seal body is somewhat less reli¬ 
able than soft rubber bands. At room temperature the indium coating 
leaked more than 3 x 10 ^atm cc/sec at 800 psig; the rubber bands 
leaked only 2. 4 x 10-4atm cc/sec at 1000 psig. At 76K both seals 
were tight but the indium began to leak during warmup after reaching 
a tempe-ature of about 200 K. The rubber bands showed no detectable 
leak during a similar warmup period. 

Of course neither of these sealing media has been explored in 
depth, but the design concept of the "Y" seal body appeals to be sound. 
The next test will be made with standard . 070 in. cross section diam¬ 
eter elastomer O-rings on the "Y" body. 

2. 6 Radial Seals 

A diagram of a purely radial seal of extremely simple design 
is shown in figure 28. The seal body is simple a squarely cut section 
of tubing, its length depending on the diameter of the fitting and its 
wall thickness depending on the material used and the pressure to be 
confined. The inner circumference of the flanges are machined with 
a straight section followed by a slight taper and a stop. The straight 
section makes a snug fit with the O. D. of the sealing ring and holds 
the ring in axial alignment before compression begins. Further 
tigntening of the flange bolts exerts strong compressive forces at the 
ends of the cylinder as it slides along the taper. This shearing and 
compression makes the seal, and the stops at the ends of the taper 
assure an accurate final alignment of the flexed seal body. The length 
of the tube is slightly less than the final distance between the stops. 
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Figure 27 Performc..ice of "Y" Seal With Indium Sealing Surfaces 



Figure 28 Simple Radial Seal 
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This allows complete flange closure without restricting radial motion 

at the ends of the seal body. Clamping forces are very small because 

of the high mechanical advantage of the taper (about 6°). The final 

configuration is spring loaded to the elastic limit of the tube material, 

and pressure energized with a large multiplication factor. Flange 

diameter (and weight) can be held to an absolute minimum because 
sealing forces are radial and the seal body requires about the same 

annular space as the walls of the pipeline. 

If such a radial seal body is made of copper, it is possible that 

no plating or coating of softer material will be required at the sealing 

surfaces. There should be some yielding of the copper at the ends of 

the compressed tube; this will be backed up by unyielded copper which 
is progressively stressed from its elastic limit near the ends of the 

tube to well within its elastic limit at the center. Copper, indium, or 

gold plating on a stiffer ring material such as steel or beryllium cop¬ 
per are other simple and attractive possibilities. In a similar man¬ 
ner the seal ring could be coated with tetrafluorocthylene or an elasto¬ 

mer. For soft coatings the outside corners at the ends of the seal 
body should be rounded to spread the load and to prevent cutting through 

the coating. 

A more serious problem with an elastomer coating has been 
mentioned before: the elastomer may tear or peel under the strong 
shearing stresses which accompany assembly of the seal. A suitable 
lubricant, either dry or in the form of grease, may be effective for 
solving this problem. 

If the radial seal body can be made of the same material as the 
confining flanges, the problem of different thermal expansion rates 
during cooldown and warmup should be largely eliminated. For a 
coated ring the sealing material will have its own expansion rate, but 
since it is very thin and in intimate contact with the parent metal, if 
probably will not slip and unseat after the initial seal is made. 

A slight variation of this simple radial seal idea is shown in 
the dimensioned drawing of figure 29, which has been machined in the 
NBS shop and is presently being assembled for testing. A thin flange 
has been added to the cylindrical seal body, giving the seal a "T" shape 
when viewed in cross section. The central flange helps hold the seal 
in aligne ent during assembly and insures accurate centering between 
the mating pipe flanges at final closure. It also allows easy disassem¬ 
bly of the joint, accomplished by jacking against the central flange 
through threaded holes in the main flanges. 
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A» shown in figure Z9, the central flange is fastened to the 
sealing ring by mechanic«) force through a blunt knife edge rather 
than by soldering. This is a convenience which allows easy variation 
of sealing rings, and makes it easy to center the flange on the rings 
before assembly. Also, there is no danger of changing the temper of 
the sealing rings since there is no heating. Another advantage is the 
possibility of releasing the grip on the ring just before final closure 

* l,c or<ier to allow full use of the pressure of the confined 
fluid to actuate the seal. 

53 

■iuil.llu.lb.iii.i.11 ialiJJiiiLbLkl iklill. 



3. FILMS AND BLADDERS 

3  1_Introductio n 

The transfer of cryogenic fluids from storage to the combus¬ 
tion chamber is a major problem of space propulsion systems. This 
problem does not exist in ground support systems since heavy pumps 
or pressurization systems are allowed. The weightless condition in 
space further complicates the problem. A simple scheme for per- 
ormmg transfer is to expel the fluid by pressurizing a flexible blad¬ 

der which either surrounds the fluid or is collapsed in the storage * 
vessel. In either case pressurization will cause expulsion of the fluid 
even in the weightless condition. 

The search for suitable materials for bladders that will col¬ 
apse and expand at cryogenic temperatures has been restricted to 

thin films of plastict. Various laminated structures have been in¬ 
vestigated! J , but a completely satisfactory solution to the problem 
has not yet been found. We have conducted a limited feasibility study 
on thin film elastomers for possible use as expulsion bladders. 

3. 2 .Ifgy Temperature Flexibility of Thin Films 

Below the glass transition temperature elastomers are quite 
brittle, and lack the toughness of many plastics such as tetrafluoro- 
ethylene. However, brittleness does not preclude use of elastomers 
as expulsion bladders per se. Considerable flexibility can be achicad 
in thin films bek>w the glass transition, as will be readily seen by the 
ollowing analysis! J. Consider the stresses in the following cross 

sections of a material bent to radius r, as shown in figure 30. Bend- 

fh! Tn fÍ1? CaU8eS ten8ion of the outer surface and compression of 
the circle of mean radius r remains un¬ 

stressed. The radius over which the film can bend without failure 

E fn fteToUowr„^tÍmale ^ and YO'“«'8 m°d“lus •c-y in me lonowing manner: 

which reduces to: 
E t 

(1) 

(2) 



SECTION THRU FOLDS 

Figure 30 Expulsion Bladder Representation 
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The minimum bending radius rm is seen to be proportional to the film 
thickness t. At 76 K estimates of E and 0 for neonr^n^ i v in6 
and ] X 104, respectively. Therefore a .001 in. film should not fail 
** mlnimum r jius of curvature is above 0.05 in. 

Thus elastomers may theoretically be u ed for expulsion of 
cryogenic liquid if film thickness and bending radius are kept within 
limits which do not appear to be unreasonable. 

3. 3 Film Evaluation 

A preliminary evaluation consisted of three increasingly se¬ 
vere mechanical tests while the sample was immersed in liquid nitre 
gen. These were: 

(1) 

(2) 

(3) 

Simple folding 180° 

Folding 180° and creasing the fold 
Folding 180" and creasing, then folding 180° 
and cr easing the second time perpendicular 
to the first fold. 

The above teste were tried on an eight to twelve mil sample of 
compression molded natural rubber film. The sample was immersed 

nl*ro8en and could be folded 180- without breaking, but would 
break in two when an attempt was made to crease the fold. 

The same samples were then stretched about 200% and frozen 
m this thinner configuration. In this thinner form it was possible to 
perform all three of the above tests but the sample would always 
crack during test number three (double creasing). 

These samples were much thicker than the desired one to two 
mils, and the tests were not very discriminating. A more discrim¬ 
inating test approximating an actual bladder application was devised. 
An apparatus was constructed wherein the elastomer film could be in- 

f r",1’phe;ic “haP'’ ir°aen in a>i« configuration, and than 
P pressurized whUe immersed in liquid nitro- 

gen. This test apparatus is shown in figure 31. 
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Figure 31 Elastomer Film Test Apparatus 
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An elastomer film was clamped between a. brass plate and a 
brass ring with the aid of a Teflon seal ring and small "C'1 clamps, 

as shown in figure 31. A copper tube through the plate could be con¬ 
nected either to vacuum or to a helium gas supply. The film was in¬ 
flated to a hemispheric shape, then cooled below T in this shape with 

cold nitrogen gas, and finally immersed completely in liquid nitrogen. 

After immersion, die sample was cycled by evacuating the 
helium gas and collapsing the nemisphere, then pressurizing with 
helium to inflate the sample back to the hemispheric shape. 

Two tests were made using eight to twelve mil compression 
molded natural rubber film. Small pin holes in the film were sealed 
with RTV silicone. Each sample developed cracks during the collap- 
sing phase oí the first cycle. This depleted the eight to twelve mil 
sample material and no more tests were made with film of this thick¬ 
ness. 

A thicker (16 to 19 mil) cast film sample was tested but this 
sample developed a large crack as it was being immersed in liquid 
nitrogen. 

Additional samples of neoprene and Viton gum stock were 
obtained from the Air Force Materials Laboratory. The samples 
varied in thickness from six to eighteen mils, and the thickness of a 
given sheet was constant within ± two mils. No pin holes were visible 
in these films. 

All of these samples were successfully cooled in the hemis¬ 
pherical shape without failure, but none survived evacuation at 76K. 
For films with a thickness greater than ten mils failure was immedi¬ 
ate, and no flexibility was observed. The thnner films would form 
several dents in the hemisphere without failure, but as soon as a three 
siu face corner developed the critical radius of curvature would be 
reached and a crack would occur. The Viton molded films seemed to 
be somewhat more resistant to brittle failure than the neoprene films, 
which were cast, indicating that the molding procedure is perhaps 
superior to solution casting in terms of film strength. 
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Il ci>n be concluded fr— íheis tests that films greater than 
five mil thirkness fabricated from neoprene or Viton cannot be used 

for expulsion bladders. Other materials would be expected to behave 
in a similar manner, The only promise for elastomers in this appli¬ 

cation would be in laminating several very thin films to provide the 

nee. ed strength with maximum flexibility. Future work should be re¬ 
stricted to testing of films less than three mil thickness, with a goal 
of several laminated layers each lees than one nvil in ‘ kness. 

Viton is probably a. good choice of base polymer, but it would 
also be interesting to test a silicone film made from gum stock, which 

migli facilitate thin film fabrication due to the gum silicones viscous 

consi ttency at rooni temperature. If films less than three mils thick 

canm t be fabricated, the evaluation of elastomers for use as expulsion 
bladdîrs should be terminated. 
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4. SOME STUDIES OF ELASTOMER PROPERTIES 

¡.bib ion surnn.arizet} brief studies which have been con¬ 
ducted during ,,it-« past year in lour areas of elastomer properties. 

The first area; is creep, or the change in linear dimension which takes 

place when an elastomer is held in a stressed condition for an extend¬ 
ed time interval. Creeo is cleanly related to the use of highT' com¬ 
pressed O - ring sea] a 

A second property oí interest is thermal expansion, which also 
can be related to elastomer seal applications, but the concern here is 
with large temperature changes rather than time intervals. The ef¬ 

fects of fillers and chain orientation are examined as possible param¬ 
eters for control of thermal expansion rates. 

A third property for continued study is the important brittle 
transition which occurs in all elastomers at some characteristic 
temperature between normal ambient and cryogenic. A brief study 
of this and other transitions was carried out, using differential ther¬ 
mal analysis as the technique of observation. 

The last property studied during the past year was ball rebound 
resilience, and in particular the variation of resilience with tempér ¬ 
ature. This effort has resulted in the development of an anpuratus 
which automatically generates and records data for the construction 
of temperature vs. resilience plots. 

4. I Creep of Elastomer O-Rings 

What is the storage life of a highly compressed elastomer seal? 
For how long can the better compounds be considered reliable? Creep 
and stress relaxation are properties directly related to the sealing 
pressure a highly compressed O-ring can maintain over a period oí 
time. 

Previous stress relaxation tests have indicated that compounds 
with a high cis 1-4 structure consistently show low rates of stress re- 
laxationl^J. These compounds are cis 1-4 polybutadiene, natural rub¬ 
ber, polyisoprene and neoprene. A creep test would give added infor¬ 
mation to compare with the stress relaxation results and give some 
indication of the storage life of the better elastomer compounds. With 
this goal in mind, a test program was initiated. 
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1 [■'’rocieciure and Rüsults 

The test apparatus consisted oi a Irga pressure yellows (H >0 
psig) with a heavy fdate on the movable end, as shewn in figure i¿ 
An O - ring was impressed between the mt va ble plate and a st.tiorary 
plate by prersuri,,,ng »he beitows with in bum gas. JOOC) psíg gas tres- 
sure i1 4400 pounds uf ion. e pr¡ ,he í ympre», ed O-ring and tira 

torce ras rnamtainfcd Ihrrmd.rn;. a lh day test period. The stern o'a 

rigidly mounted dial md- .m extended through a hold in the statin .am¬ 
píate to measure the eJ.,m,,e ,n tlmTness of the O ring during tin ',Mt 
period. 

The surfaces of the compressing plates and the O-wtiv wer; 

degreased with trichloroethare solvent prior to the test. The top ..late 
was then bolted down to a prense setting, compressing the I in. I D. 
X 1/8 in. cross section Or in ; slightly. The gas pressure was tin n 

slowly applied over a three minute period to 1000 psig. Zero tim« was 
at the instant the pressure reached 1000 psig, and thichness meas re- 
ments were taken at intervals during the next 15 days. 

The final compressed thickness was measured at the end o- the 
15 day period. The O-rmg was then re noved and one hour after r - 

i noval the final no-load thickness was mei sured for a compression set 
determination. Compression set was defined as 

Original thickness - final unstressed thickness 
Original thickness - comprassed thickness 

The test results are shown in figure 33 and table 3, and ar- 

not inconsistent with stress relaxation data obtained earlier. Cis -4 
polybutadiene had the least creep of all the compounds tested and t.is 
e astomer also has the highest cis 1-4 backbone structure (~ 98%). 
The ASE- polybutaoiene compound 61-¿0-A was tested over the full 15 
day period; creep and compression set we e --ery low A Parco®poly 

butadiene compound was tested (F, rco compound No. IbZ-bO) for com-" 
pa ns on with the ASD comp-, und. Since the creep fer the first six 

hours was almost identical, the test was t« rminated so other com¬ 
pounds could be tested. 

® ,, 

"Parco" is a Plastic and Rubber Products Company Trademark 

61 





§ 
4" 
o t 
o ^ 
5 • « 
1 XI o 

£ § 

9 ¿ 

— k. 
0 4- 7 

£ 

8 1 

o c ^ 

0..2 
0» (A 
0 O 

ò ¡3 j 

1 

J k. 

0) 

.£ 

3 
XI 
>s 

J k. 
4) 

-jO 

Jo 
13 
3 

OC c i 
4 3 

cc 

Õ k. 
3 
o 
z 

c 
+- 

c — 
o > 

1/ 
§ 1 1 Û 

Õ 
« 

« 
JC I J 

t~ 
c 
o 

—-- L / 
k. 

CL 
o 

> L > 

¡Q 

Î 

jo 

CVJ 

® w 
>> 

0) o 
XJ 

00 

(0 

IO 

^- 

ro 

CM 

CD 

in 

ÜJ 
2 

m 

3 
O 

ro •» 

liJ 
CM S 

CM 

suojojuj ‘S53N>OIHl Nl 3SV3d03Q 

63 

F
ig

u
re

 3
3
 

E
la

s
to

m
e
r 

O
-R

in
g
 C

re
e
p
 T

e
s
t 

D
a
ta

 



Compound Hardness Compression 
Set * 

I Final 
Compressed 

Thickness 

Compound 
Number 

Natural 
Rubber 66 40% .035" ASD(IZ-8A) 

Neoprene 80 39 7o .034" ASOOS-80) 

"Viton" A 80 55% .034" ASOdS-SD) 

Parker 
"Viton" 72 27 % .04 1 " Parker 

( 77-545) 
Precision 

Rubber 
''Viton1' 

80 41 % .043" 
Precision 

(ECO - 
487-X7) 

Fblybota diene 67 16% .035" ASD(S-20-A) 

Parco 
Polybutadiene 60 Test Terminated 

After Six Hours Parco(l62-6C 

# Compressed with 4400 lbs. force for 15 days at 
ambient temperature and the final non ^compressed 
thickness measured one hour after removal from 
test apparatus. 

Table 3. Creep Teat Data 

6k 



Natural rubber and neoprene show a little more creep than 
polybutadiene. Three compounds of Viton were also tested. The ASD 
compound (IV-8D) had extremely high creep and considerable compres 
sion set. This same compound showed high stress relaxation in pre¬ 
vious tests! J. The Parker*Viton recipe is not available, but this 
compound has somewhat better creep characteristics and considerably 
better compression set properties than the ASD compound. A Pre¬ 
cision Rubber "Low Temperature" Viton was also tested. Again the 
compounding recipe is not available, but our test showed less creep 
than was found for the other two Viton samples. 

4. 1.2 Summary 

* ^ * Polybutadiene has less creep than any of the elastomers tested 
to date and most of this creep occurs during the first two hours of 

an!T^e8hH0ni' Nat»ral rubber and neoprene have slightly more creep 
nd slightly less cis 1-4 structure. High cis 1-4 molecular chain con- 
iguration apparently results in low creep as well as low force re¬ 

laxation under compressive load. 

K The fl“°*'ocarbon elastomers have high creep characteristics 
nd because of this are not -enommended for applications which re¬ 

quire high stresses (such as cryogenic seals) unless fully confined. 
If closely confined (as in a tongue and groove flange design) a high rate 
of creep should have little effect on the sealing ability of the elastomer. 

Most of the ~reep takes place the first two hours after com¬ 
pression and the creep rate of the better elastomers is very low after 
about two days. This 15 day test tends to indicate that creep and re¬ 
laxation will not be a serious problem with elastomers having high 
cis 1 -4 cham structure. Longer tests and a more thorough investiga¬ 
tion would have to be made in order to determine the maximum stor¬ 
age life of the low creep elastomers. 

* 
Parker Seal Company 

** 
Precision Rubber Products Corporation 
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4. Z Réduction» in Thermal Expansion 

4.2.1 Low Expansivitj Filler 

In the reporting period the continuous linear thermal expan¬ 
sions of two compounds containing the filler Lithafrax® were measured. 
This filler has negative expansivity at room temperature and, although 
no information is available, the expansivity is probably negative in the 
low temperature range as well. Measurements were also conducted 
on identical compounds not containing Lithafrax, and an analysis of the 
reduction in expansion was made. 

The goal of these efforts is to reduce the expansivity below T 
to the range of metals commonly used for bolt and flange connectors,^ 
such as the 300 series stainless steels. If this goal could be achieved 
and applied to the fabrication of elastomeric O-rings, the shrinkage in 
the glassy state would no longer cause force decay and radial move¬ 
ment at the seal interface, and much lower initial bolt loading would 
be required to obtain leak-free cryogenic connectors. Low expansivity 
elastomers might also find wide use in tank linings, potting systems, 
and other applications where the high contraction, rather than the 
brittle nature of the material, precludes its use today. 

4. 2.1.1 Sample Preparation 

Base polymers for the two elastomers tested were Fluorel®, a 
fluoroelastomer similar to the Viton family, and Hycar®, a butadiene- 
acrylonitrile copolymer. The compounding recipes are given in table 
4. It can be seen that the only difference between the two recipes for 
each compound is 50 parts by weight of Lithafrax. Some carbon black 
filler is present in all samples, 25 parts MT black in the Fluorel and 
50 parts FEF in the Hycar. The combination of fillers had no notice¬ 
able effect on the room temperature rubbery properties of the samples. 
Curing procedures complied with standard practice in obtaining good 
rubbery properties, and were identical for samples with the same base 
polymer. The samples were molded as 2 inch long by 1/2 inch diam¬ 
eter rods to accommodate the existing apparatus, which has been des¬ 
cribed previously^3 J. 

® ' -- 

"Lithafrax" is a Carborundum Company Trademark 

^ "Fluorel" is a Minnesota Mining and Manufacturing Co. , Trademark 

"Hycar" is a B. F. Goodrich Company Trademark 



4.2.1.2 Testing and Results 

Since the object of the tests was to determine the effects of 
Lithafrax filler on expansion, rather than to provide engineering data 
for the designer, only two tests were performed on each sample and 
the accuracy of the values is about ±8 percent, not within the limits 
obtained in previously reported work[3j. All tests were performed 
during warming after a cooling period of about 2 hours, and for the 
Fluorel the data were extrapolated from 100 K to 76 K due to sornu dif¬ 
ficulty in obtaining accurate data in this range. 

Figure 34 shows the results with the Fluorel samples, with 
data for 304 s. s. ^^1 included for comparison. The expansion coeffic¬ 
ients obteined from the slopes of the straight lines above and below Tg 
are shown in the table on uie graph. Above Tg the expansivity is re¬ 
duced 22 percent by the addition of Lithafrax. Below T_ the reduction 
is 45 percent, and the resulting coefficient approaches mat of 304 s. s. 
This is quite encouraging; how much Lithafrax can be added before the 
room temperature properties of the material are compromised is not 
known, but Fluorel should be investigated further. 

Table 4. Compounding Recipes 

Fluorel 

A B 

Fluorel 
MgO 
MT Black 
HMDA 
Lithafrax 

100 
20 
25 
1. 3 

100 
20 
25 
1.3 
50 

Hycar 1002 

A B 

Hycar 1002 
Zinc OX 
Stearic Acid 
Sulfur 
Altax 
FEF Black 
Lithafrax 

100 
5 

1. 5 
1. 5 
1. 5 
50 

100 
5 

1.5 
1. 5 
1. 5 
50 
50 
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Figure 35 shows results obtained with Hycar 1002. Both above 
and below Tg the expansivity was reduced by about 38 percent in con¬ 
trast to the widely different reductions observed for Fluorel. This 
may indicate that for Hycar the Lithafrax restricts chain movements 
above Tg and therefore inhibits high elasticity, an undesirable result 
which could lead to high stress relaxation at room temperature. 

4. 2. 1. 3 Analysis of Results 

Keeping the above results in mind, it is well to consider the 
causes for the reduction in expansivity. Lithafrax is a fired, ground 
lithium-aluminum-silicate powder with a particle size smaller than 
325 mesh and a true density of about 2. 40 g/ml. In the bulk form, the 
powder density is about 0. 95 g/ml. When this powder is mixed with 
the elastomer it does not bond to the long chain molecules, but takes 
up space around which the chains must move. An approximate method 
of calculating the effect of the filler on the thermal expansion is to 
separate the parts and consider the sample as a rod with two segments, 
whose equivalent lengths are determined by the respective volumes of 
the filler and polymer. 

Figure 36-A shows a model of the true samples with the filler 
particles intermixed among the long chain molecules. In figure 36-B 
the model used to calculate the effect of the filler is shown, with the 
filler separated from the polymer. The total linear contraction in the 
lengthwise direction is assumed equal for the two models, that is: 

(1) 

and ALt = + ALp 

AL, 

T 
= alr+alf 

L, 
R 

= 2 -L 
F (4) 

where Lr = the length of the unfilled part 

Lf = the length of the filler 

Ly, = the filled sample length 
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Figure 35 Thermal Expansion of Hycar 
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Figure 36 Models for Expansion Representation 
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since a 
F L dT 

and 
R 

it can be shown that the expansivity (a) of the filled sample depends 
the expansivities of the filler and the unfilled sample in the following 
manner : 

(6) 

where 
F is the volume fraction filler in the sample 

V is calculated from = (W )(— 
F F v T' V W (7) 

where 
F is the weight fraction filler and p is the filler 

W.J, density. 

Therefore the calculated expansivity depends on the density 
chosen to represent the filler. If the filler particles are completely 
"wetted” the true density of the particles should be representative of 
the volume occupied. However, the particle size is large enough to 
expect some void space around the particles, and the bulk density of 
the filler may accordingly represent the occupied volume more ac¬ 
curately. 

Table 5 compares experimental results of expansivities of fill¬ 
ed samples above and below T with values calculated from equation 6, 
using both true and bulk densities in equation 7. It can be seen that the 
bulk density values are in closer agreement in all but one case, and 
this indicates that the particle size should be reduced to promote more 
intimate contact between filler and polymer. This could allow more 
Lithafrax to be used, to lower the expansivity further, without loss of 
the dosirable room temperature rubbery properties of the polymer. 
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Table 5. Experimental vs Calculated Expansion Coefficient;. 

Fluorel Hycar 

a exp, unfilled 

Ct exp, filled 

a calc, filled^ 

a calc, filled^ 

<a) using true filler density of 2. 4 g/ml 
(b) using bulk filler density of 0, 95 g/ml 

4. 2. 1.4 Conclusions 

It has been shown that addition of Lithafrax filler reduces the 
expansivity of Fluorel and Hycar significantly. Analysis of the results 
in terms of a simple model indicates that the Lithafrax particles are 
somewhat larger than optimum, and therefore a smaller particle size 
combined with larger weight fractions of Lithafrax could reduce the 
expansivity below Tg to values approaching that of the 300 series stain¬ 
less steels. It is recommended that this approach be included in future 
thermal expansion testing, together with the chain orientation work 
currently in progress. 

— • 2—Linear Thermal Expansion of Oriented Polymers 

In the reporting period a study of length changes with temper¬ 
ature of neoprene WRT was carried out. Six compounds of this base 
polymer were prepared by Gates Rubber Company of Denver, under 
the supervision of Mr. H. Tramutt, acting on suggestions of NBS 
personne!. The parameters varied in the samples were filler content 
and chain orientation. 

above T 
g 

below T 

1. 37 x 10 4 3.35xl0"4 

1.07 X 10 4 0. 19x 10 4 

1.06 X 10 4 0. 27X 10 4 

0. 64x 10 4 0.16x 10""* 

above T below T 
ë g 

2.05xl0"4 0. 43 x 10 4 

1.28X 10 4 0. 27x 1<»~4 

1. 78x 10'4 0. 37x 1( ~4 

1. 38 x 10 4 0. 29 x 1C 4 

,n. _ Thermal expansion curves for the temperature range 76K to 

"*?°.K Y6 pre8ented here' and a discussion of the changes in expan¬ 
sivity due to chain orientation and filler variation is given. 
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4. 1 Sample Preparation 

Previous efforts to determine the effect of chain orientation on 
thermal expansion were restricted to measurements on a single sam¬ 
ple provided by AFML. The results of these tests were discussed in 
the 1963 summary report^and prompted further efforts to obtain 
oriented samples for test. The Gates Rubber Company realized the 
possible potential for an elastomer of very low expansivity, and con¬ 
tributed samples of neoprene WRT, each with different combinations 
of chain orientation and filler content. 

The three unoriented samples were compression molded in 1 
inch by 5/8 inch diameter molds, and cured 3 hours at 300 F. The 
oriented samples were partially cured at 1 60 F without stress, then 
stretched 100%, and cured to completion at 300 F in the oriented 
position. Comparisons of filler effect were achieved by compounding 
samples with no filler, samples loaded with 100 parts carbon black, 
and samples with 100 parts Lithafrax, each cured in both the orien¬ 
ted and the unoriented condition. 

Figures 37, 38, and 39 show cross sections of the oriented 
samples cut parallel to the direction of length measurement. The 
photographs indicate that the most successful orientation was achieved 
with the sample filled with carbon black, although no estimate of the 
degree of orientation can be made since the visual indication is a re¬ 
sult of elongated bubbles rather than chain alignment. Since no in¬ 
dication is noticed in the unfilled sample, it may be that the carbon 
black helps achieve the desired orientation. Figure 40 shows cross 
sections of the unoriented samples; the only feature worth noting here 
is the absence of bubble formation, which shows that the curing pro¬ 
cedure was superior for these samples. 

4. 2. 2. 2 Experimental Results 

The results are shown in figures 41 and 42. which are plots of 
unit expansion versus temperature from 76 K to 300 K. Curves 1 and 2 

show expansion of the unfilled samples, curve 1 unoriented 
and curve 2 oriented. It can be seen that chain orientation reduced the 
expansivity below Tg as expected. Curves 3 and 4 are samples loaded 
with carbon black, tne oriented compound (curve 4) again having lower 
expansivity. 
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Figure 41 Linear Thermal Expansion of Neoprene WR T - 
Gum and Carbon Black Filler 
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It was expected that the samples loaded with Lithafrar a filler 
with a negative expansion coefficient at room temperature, w< ex¬ 
perience the smallest dimension changes with temperature cJk 
However, the results (figure 42) indicate little improvement over the 
curves for carbon black. 

Table 6 summarizes the results by presenting coefficients of 
linear thermal expansion of the six samples above and below the glass 
transition temperature. The lowest value achieved, .19 x 10“^/®K for 
the oriented Lithafrax filled sample below T,, is still considerably 
more than the expansion of stainless steel, however progress has 
been made, and the goal is in sight. 

Table 6. Coefficients of Linear Thermal 
Expansion of Neoprene WRT 

unoriented, above T 
g 

unoriented, below T 
g 

oriented, above T 
g 

oriented, below T 
g 

Unfilled 

1.63 x 10 

0. 53 x 10 

1. 57 x 10 

0.47 x 10 

Lithafrax 
Filled 

1.15 x 10 

0.26 x 10 

1.12 x 10 

0.19 x 10' 

Carban Black 
Filled 

1.26 x 10"4 

0.26 x 10"4 

0. 97 x 10~4 

0. 23 x 10-4 

4. 3 Studies of Transitions 

Study of the glass transition (T ) continues to be an important 
part of the effort described in this report. The most valuable result 
achieved in the reporting period is the refinement of an apparatus to 
measure Tg with controlled pressure environments. The apparatus 
will be described, and results in the pressure range from 10-^mm He 
to 350 psi will be presented. 8 

4. 3. 1 Apparatus and Operation 

The technique used to measure the transitions in question is 
caUed differential thermal analysis (DTA). Many other methods are 
employed by research workers in this field, since changes in elastic 
modulus, expansion coefficient, damping factor, and other properties 
also occur at Tg. DTA was chosen for this study since the only link 



required between the sample and the outside world is two pair of 
thermocouple wires, a consideration most important in high vacuum 
(or high pressure) low temperature measurements. 

Figure 43 can be employed to explain the operating principle. 
The sample (1/2 in. diam. x 1/2 in. long) is suspended in a cavity by 
means of thermocouple wires. The temperature of the sample wall 
is measured by a copper-constantan thermocouple. The temperature 
difference between the wall and. a point in the interior of the sample, 
preferably the exact center, is measured by a differential copper- 
constantan couple. As the sample is cooled or warmed, changes in 
T, will lag behind changes in T¿ due to the low thermal conductivity 
(k) of elastomers. At constant heat flow (T¿ - T,) should remain es¬ 
sentially constant if k does not change. However, when a transition 
occurs (T¿ - Tj) changes radically due to changes in both heat capacity 
(cp) and k. Thus by observing (T2 - Tj) and measuring T3 one caa 
locate and characterize any transitions that alter k or cD. 

The sample chamber is presently designed to withstand up to 
2000 psi pressure. In order to eliminate unnecessary junctions the 
differential thermocouple wires must leave the chamber intact. This 
is accomplished by passing the wires through a 1/32 in. hole in the 
chamber cap B (figure 43), after which the wires are sealed in place 
with a room temperature vulcanizing silicone elastomer sealant D. 
The sealant is forced into the hole in the uncured state, and after 
curing will not extrude through the small opening at the pressure 
levels tested to date. The sealant can be easily removed after curing, 
and has solved the thermocouple problem satisfactorily. 

The seal between the cap B and the chamber body A is a bead 
of indium E tinned to the surface of A. This demountable seal has 
also proved satisfactory in both the high vacuum and the pressure tests. 
The thermocouples are attached to the sample with a cement F to in¬ 
sure intimate contact. 

Cooling of the apparatus is achieved by conduction through a 
copper tube C soldered to the sampls chamber. The arrangement is 
shown more clearly in figure 44. The heater H can be employed to 
control the heat leaving or entering the chamber, but has not been used 
for the warming tests described later in the report. Expanded foam 
disks D and E serve to r*’ bit the entrance of air into the dewar F. 
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DTA Sample Chamber 
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The pressure line can be directly connected to either a gas pressure 
cylinder or a vacuum pumping system capable of achieving 10"^mm Hg 
at the system inlet. The chamber A is made from 1-1/4 in. hexagonal 
stock to facilitate assembly. 

The test results presented in the following section were con¬ 
ducted during warming after slow cooldown to 76 K. Typical warming 
rates of the order of 30 K/hour caused temperature differentials of 
around 0. 2 to 0. 6K in the transition region, and minor transitions 
causing less than 0.02K change in AT were easily observed using a 
chopper amplifier, a 10 mv recorder, and a voltage regulator. 

4. 3. 2 Results and Discu s s ion 

Figure 45 shows typical DTA results for polyisoprene. These 
were calculated from thermocouple pctential vs. time curves traced 
continuously in the manner described above. If nb transitions were 
present, one would expect AT to decrease with increasing temperature 
since the warming rate decreases as temperature increases. There¬ 
fore any rise of AT is indicative of a thermal distortion of the system, 
either due to changes in k or cp of the sample or to a sudden heat liber¬ 
ation in the vicinity of the sample wail. The three curves, taken with 
125 to 350 psi helium gas in the sample chamber, are quite similar in 
shape. Three major "transitions" are apparent although it was ex¬ 
pected that only the glass transition at 214K would be observed. The 
156K "transition" is mystifying, and no explanation can be offered at 
this time. Results obtained at atmospheric pressure did not show 
this transition. 

The glass transition (Tg) is clearly shown at around 214K. 
No clear-cut change in Tg can be correlated with pressure, but in this 
pressure range Tg was not expected to vary enough to be easily de¬ 
tectable at the fairly rapid warming rates used. The high sensitivity 
of the system allows the "bump" at 200 K to be recognized as a true 
effect which is perhaps a local initiation of relaxation of stressed 
molecules. This "bump" could also be interpreted as a very weak 
first order effect preparatory to the stronger second order effect at 
T V 

The third transition in the 225 to 235 K range is interpreted as 
crystal melting, and is understandable since polyisoprene is the pri¬ 
mary constituent of natural rubber, which is known to crystallize at 
temperatures between Tg and 290 K. The sharpness of the transition 
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is not typical of crystal melting, and the temperature is somewhat 
lower than we would expect. Further study of crystal melting in poly- 
isoprene is indicated by this preliminary observation. 

shows the DTA curve for the same polyisoprene 
sample with a vacuum of about 10"4torr in the sample chamber. Un¬ 
fortunately the low temperature region of the curve was not steady 
enough to indicate the 145 K transition. Slower warming rates would 
solve this problem. The "bump" at 200 K is clearly shown here to be 
separate from the glass transition at 215 K, and the crystal melting 
region is sharply defined at 232 K. The temperature region above 
240 K was distorted due to ice formation on the exterior of the sample 
chamber. 

It can be concluded that the existing differential thermal anal¬ 
ysis apparatus can be used to study in detail transitions which occur 
at low temperatures in elastomeric materials. More careful temper¬ 
ature control in both warming and cooling will be utilized with this 
apparatus to study the observed transitions in more detail. The pres¬ 
sure range will be extended to the limit of the chamber, consistent 
with the pressure capability of the support equipment. 

4. 4 Ball Rebound Resilience 

The relationship between rebound resilience and temperature 
of polymers has fascinated investigators for at least two decades. In 
1946 L. Mullins presented a classic paper entitled "Effect of Temper¬ 
ature on Resilience"U6J Muiiin8 U8ed a pendulum instrument de¬ 
scribed by Lüpke in 19331.27.1, 4 more recent work, "Studies on Re- 
silience of High Polymers" published in 1961 (in Japan) by K. Fuji- 
motoUoJcontains many resilience vs. temperature plots, and the 
section on butadiene type synthetic rubbers alone contains 26 refer¬ 
ences to related work. 

Pendulums of various kinds, dropping balls or weights, and 
continuous forced oscillations are the most common methods used for 
studying the dynamic behavior of polymers. The extreme sensitivity 
of viscoelasticity and mechanical properties of polymers to temper¬ 
ature and rate of loading makes measurements of this kind an essen¬ 
tial part of polymer characterization. Considerable progress is being 
made in attempts to correlate resilience-temperature profiles with 
structure and^molecular configuration. Examples are work of Natta, 
et al, in Italy and recent work by Armeniades, Raphael, and 
Howarth of Arthur D. Little, Inc. I30» 31 » 32,33] 
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Figure 46 Polyisoprene DTA Curves With Vacuum 
Surrounding Sample 

88 



The instrument developed at Arthur D. Little, Inc. t34Jhas 
been widely advertized as a "new method" for obtaining "thermophysi¬ 
cal profiles. " Since resilience vs. temperature plots obtained by the 
ball rebound method are by no means new, this is somewhat exagger¬ 
ated terminology. The "thermophysical profiles" presented in the 
ADL literature are nevertheless very impressive and have no doubt 
stimulated considerable new interest in the ball rebound method. The 
most significant advantage of ball rebound as opposed to pendulum re¬ 
bound io the fact that a steel ball does not experience energy-robbing 
oscillations when it rebounds from a relatively soft sample. 

In our own case, these studies have encouraged us to reacti¬ 
vate the NBS ball rebound apparatus which was developed under the 
present contract early in 19621^This instrumentation in its pres¬ 
ent form is shown in figure 47. it is fully automatic, requiring only 
occasional checks to adjust heating or cooling rates, etc. , and peri¬ 
odic reloading of the ball magazine. It provides a continuous record 
of both temperature and rebound on a strip chart recorder. 

The apparatus comprises a ball timer and dropper, a sample 
holder in a cryostat with provision for heating and cooling, a narrow 
horizontal platform supported at the level of the top sample surface, 
three plexiglass shields, and a 10 mv strip chart recorder. A copper- 
constantan thermocouple with 76K reference junction provides a con¬ 
tinuous sample temperature signal for the recorder. The chart from 
the recorder is brought out through the recorder door (glass removed) 
and passed under a narrow strip of carbon paper which covers the plat¬ 
form and is secured with tape to the outside of the plastic shield near¬ 
est the recorder. The chart paper is kept taut by utilizing a spring 
clip and a small weight. The ball strikes the sample surface and re¬ 
bounds with a horizontal as well as a vertical velocity component be¬ 
cause of the non-horizontal position of the sample surface. The hori¬ 
zontal range of the rebound is thus recorded on the carbon covered 
chart paper at a fixed interval below the corresponding temperature 
record. 

The resilience of the sample is defined as the ratio of the 
energy of the ball after impact to its energy before impact. It was 
shown in our previous report^Jthat 
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where r is resilience, R is the horizontal range of the rebound at the 
level of the sample surface, and the quality in parenthesis is a pro¬ 
portionality constant determined by the dimensions of the apparatus. 
(H is the height of the drop and <(> is the <>.ngle which the trajectory of 
the rebounding ball makes with a horizontal plane as it leaves the sam¬ 
ple surface. 4> is accurately determined from the equations of the 
trajectory by measuring both height and horizontal range for a few re¬ 
bounds.) 

The cylindrical copper block which contains the sample and 
anvil is wound with cooling coils and an electric heater. The heater 
is variac controlled, and controlled cooling is accomplished by for¬ 
cing liquid nitrogen through the coils at any desired rate. The sample 
is held firmly in position on top of the anvil by means of a flexible 
plate screwed to the top of the block. A hole in the plate allows the 
falling ball to strike the sample and rebound. Around the hole in the 
plate is soldered a ring of copper tubing with perforations spaced 
around its inside circumference. The purpose of this perforated ring 
is to simultaneously purge and temper the top surface of the sample. 
This is accomplished by short circuiting to the perforated ring some 
of the venting gas which has come to temperature equilibrium with the 
copper block. This exhausting nitrogen stream continuously sweeps 
across the top of the sample in order to (a) prevent frost formation on 
the sample and (b) reduce thermal gradients by exposing the top of the 
sample to the same temperature as that contacting its bottom and sides. 
When the temperature of the sample is above ambient a small stream 
of N2 gas is kept flowing through the coils and over the sample. This 
allows the use of fairly thick samples without danger of serious tem¬ 
perature gradients and greatly reduces the danger of the anvil "show- 
ing through", as may be the case when very thin samples are used. 
In general the sample should be thick enough so that the time required 
for an elastic wave to be reflected from its bottom and return to the 
surface is longer than the time of contact. When this condition exists 
the measured resilience should be essentially independent of sample 
thickness. 

The time of contact of the ball with the sample is an important 
variable which would be well worth measuring. This could readily be 
done with (for example) high speed motion picture photography, or 
with a photocell, collimated light beam, and an electronic counter with 
printer. From the period of contact (equal to half a deformation cycle) 
one would know the frequency of the vibration impressed on the sample, 
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and from the variation of frequency with temperature would come 
knowledge of the temperature dependence of the dynamic modulus of 
the material. If, in addition, one has some data on the relation be¬ 
tween modulus and frequency at various temperatures, some very 
basic studies and extrapolations of dynamic properties can be madef35]. 

The frequency of the impressed vibration at constant temper¬ 
ature will (for a given material) depend on the height of the drop (vel¬ 
ocity of impact) and the weight of the ball. The timer and dropper 
shows in figure 47 is carried on a movable platform, so height of drop 
is an easily varied parameter. Balls of various sizes can also be 
used without modification of the apparatus. We have available from 
this apparatus, then, the damping factor as a function of temperature, 
the frequency of impressed vibration as a func tion of temperature, and 
possibly the frequency of vibration as a function of impressed energy. 

Most of our effort to date has been devoted to development and 
automation of the ball rebound apparatus, with only a small amount of 
time spent on accumulation of date or interpretation of results. The 
system as it now stands is simple, inexpensive, and thoroughly reli¬ 
able. The timer drops a ball every three minutes, and as many balls 
as desired can be loaded into the "magazine", which is simply a length 
of glass tubing having an I. D. slightly greater than the diameter of the 
baUs. We are currently using 5/16 in. diameter steel balls. Our 
elastomer samples are standard compression test buttons 1/2 in. thick 
with a circular cross section area of one square inch. Most of the top 
sample surface is covered with aluminum foil; a 1/2 in. diameter cir¬ 
cle in the center is exposed for the balls to fall upon. The balls can 
be dropped from a height of two or three feet without any difficulty, 
and consistently strike the center of the sample. 

Continued work with this apparatus will be directed toward 
three primary objectives: 

(1) Collection of sufficient data to plot a fair number of 
"thermophysical profiles. " 

(2) Determination of the cause of considerable scattering 
of data (now experienced) at temperatures below Ta. 

© 

(3) Possible addition of frequency measurement feature, 
as mentioned above. 
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5. SUMMARY AND RECOMMENDATIONS 

Elastomers for Cryogenic Seals 

Eiastomeric O-rings in grooves of conventional design cannot 
be used for seals at cryogenic temperatures. Certain standard O-rings 
of smali cross section can, however, be very successfully used as seals 
o the crush gasket type, and give completely satisfactory service for 
cryogenic applications. Elastomers can also be used as sealing ma- 
tenais on metal body seals which utilize the pressure of the confined 
fluid to enhance the seal efficiency. These designs are particularly 
attractive where minimum connector weight is an importent consider¬ 
ation. Future work should be directed toward perfection of these con¬ 
cepts, which combine the easy sealing qualities of elastomers with the 
seal -maintaining features of properly designed seal bodies and flanges. 

5« ^_Elastomer Properties 

Low creep and stress relaxation rates are desirable properties 
for elastomers which are maintained under high compressive loading 
for extended periods. O rings which are used as crush gaskets or as 
sealing materials on metal bodies are subjected to this type of service 
Elastomers having high cis 1 -4 chain structure show up best in creep ' 
and relaxation tests of up to 15 days duration. Longer tests would be 
necessary to determine maximum storage life of assembled seals. 

Thermal expansion rates, particularly below the brittle tran- 
sition temperature, and the transition temperatures themselves, are 
significant properties which relate to cryogenic applications of elasto¬ 
mers. Our studies show that expansion rates are subject to some 
control through use of low expansivity fillers and chain orientation 
techniques. A method for study of transitions by means of differential 
tiierma! anaiy.is is under development. Some progress ha. been made 
but much work remains to be done in these areas. 



ír.»i t w1A r*bound re8ilience shows much promise as a useful analyt¬ 
ical tool for characterization of polymers. An automatic self-recording 
apparatus has been developed for this work and can be used for study of 
damping characteristics as a function of temperature,frequency, and 
impact energy. 

5. 3 Films and Bladders 

A brief study of the behavior of thin elastomeric films at cryo- 

liïizrr'T'.’r:cirried mt to ■**if «« worth co„- 
- -V m^frials for construction of expulsion bladders for cryo- 

?.nfc fluid.. FUm. thick« th,a fiv. mU. .how no promi... but « 

/««-8tlfiati°^ °f Jaminat®d 8tructures made up of much thinner films 
(one mU or less) would be well worth some further investigation. 
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