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COMPATIBILITY OF REFRIGERANTS AND LUBRICANTS
WITH

ELASTOMERS

ABSTRACT

The information contained in this report is designed to assist the air-conditioning and refrigeration
industry in the selection of suitable elastomeric gasket and seal materials that will prove useful in various
refrigerant and refrigeration lubricant environments. In part I of the program the swell behavior in the
test fluids has been determined using weight and in situ diameter measurements for the refrigerants and
weight, diameter and thickness measurements for the lubricants. Weight and diameter measurements are
repeated after 2 hours and 24 hours for samples removed from the refrigerant test fluids and 24 hours
alter removal from the lubricants. Part II of the testing program includes the evaluation of tensile
strength, hardness, weight, and dimensional changes after immersion aging in refrigerant/lubricant
mixtures of selected elastomer formulations at elevated temperature and pressure.

SCOPE

The Compatibility of Refrigerants and Lubricants with elastomers program is a 12 month
research effort supported by a grant from the Department of Energy through the Air-
Conditioning and Refrigeration Technology Institute. The elastomers research effort was
initiated at the University of Akron on March 1,1992 and completed in all respects in October
1993.

A broad base of elastomer formulations (85 chosen by University of Akron and 10 gasket
materials supplied by industry) were chosen so as to best represent the elastomeric seal
materials that may be available to air conditioning and refrigeration manufacturers for the
design and engineering of their components. Selection of rubber materials to be evaluated in the
study included choosing chemically dissimilar classes of elastomers and varying other
parameters in a single class through variations in cure systems and filler loadings.

Part I of the program involved the evaluation of each of the 95 test materials with respect to
hardness changes, dimensional changes and weight changes due to contact with the 10
refrigerants and 7 lubricants used in this study.
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Part II of the program involved the evaluation of some of the elastomers (25) chosen from the
Part I study in elevated temperature and pressure conditions in selected mixtures of refrigerants
and lubricants. The 25 elastomers were chosen based on information obtained from test data
generated in Part I of the program and the refrigerant/lubricant mixtures were selected by ARTI
and their affiliates. Test data was obtained to determine the deteriorative effect on the physical
properties of the selected elastomers when subjected to immersion in the refrigerant/lubricant
test mixtures at elevated temperatures and pressures. Property changes measured included
hardness changes, tensile strength changes and dimensional changes.
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INTRODUCTION

Criteria for Compound Selection

There are many factors that may affect the potential of an elastomer to resist swelling in

a specific type of fluid. These may include but are not limited to the chemical structure of the

base polymer, the crosslink density of the cured rubber and filler types and amounts.

Although there are many companies manufacturing similar types of rubber and rubber

ingredients, it can be assumed than in this study and for all practical purposes similar materials

can be expected to interact with test fluids in a similar manner. For example, 2 SBR materials

manufactured by different companies that are similar in styrene content and molecular weight

can be considered equal for use in this study. Similarly, nitrile rubber stocks with similar

acrylonitrile contents and similar molecular weights may also be considered equal.

Manufacturing differences for polymers do exist, however, and there may be differences in

swelling data even among similar materials. The test data produced in this study is therefore

specific to only those elastomers and materials used in producing test samples.

The selection of elastomers for use in this study was based on selecting materials with

dissimilar chemical attributes. For example, butyl materials were selected based on differences

in the unsaturation in the backbone of the polymer chain as well as differences in the

halogenation of butyl rubber (e.g., bromobutyl and chlorobutyl elastomers). Nitrile elastomers

were selected to represent a broad base of butadiene-acrylonitrile rubbers ranging from low

acrylonitrile content to very high acrylonitrile content. Selection of silicone rubbers was based

on variations in the pendant substitution of methyl, ethyl or phenyl groups on the silicone
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backbone. Chlorinated polyethylenes were chosen based on the chlorine content of the base

rubber. Other materials were chosen using similar selection criteria as indicated in the previous

examples.

In all cases, rubber materials were formulated using only those ingredients necessary to

produce a cured network or to provide for reinforcement as for those cases where carbon black

has been added. Plasticizers were not used in any compound formulations due to the inherent

nature of these low molecular weight materials to be extracted in the presence of other low

molecular weight refrigerant fluids. Carbon black on the other hand was added to base

elastomers in some of the formulations as a reinforcing filler. The net result of the addition of a

reinforcing filler to a base elastomer is an increase in the modulus or a net increase in the

effective crosslink density. This phenomenon, in the absence of dissolution, may lead to a

decrease in swelling of the base elastomer.

Appendix C lists all formulations of elastomers used in this study. There are no

antioxidants, plasticizers or other ingredients contained in these formulations that might affect

swelling other than that expected based solely on the base elastomer-filler-test fluid interaction.

The study is therefore able to focus on the intrinsic ability of each of the elastomers to resist

swelling in each of the test fluids in the absence of other extraneous materials and their

influences.

Other materials tested included gasket materials supplied by industrial sources and are

listed in Appendix D. Some of these 10 materials were elastomeric in nature, however, many

appeared to be similar in nature to floor tile materials. It is expected that these gaskets are
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comprised of small amounts of elastomers (polymers) used to bind together relatively large

quantities of inorganic fillers. The TGA curves in Appendix H support this conclusion.

Inorganic fillers are inherently resistant to swelling in organic solvents. This factor can lead to a

significant reduction in the overall amount of swelling depending on the amount of filler loading

and the level of fluid-binder interaction. These gaskets are expected to be useful where high

clamping forces can be applied to the gasket material to prevent leakage of the refrigeration

fluids from the system to the surroundings.

Lubricant and Refrigerant Types

Refrigerants and lubricants for use in this study were selected by the MCLR technical

program committee and are listed in Appendix B. The refrigerants are generally less nebulous in

their composition than the lubricant materials. Refrigerants are generally comprised of only one

chemical moiety with perhaps very small quantities of contaminate by-products or co-products.

Lubricants, on the other hand, may be more difficult to characterize completely. The

lubricants listed in the various lubricant classes may differ slightly in their composition due to

differences in the manufacturing process. It should be expected that test results associated with

the use of different test fluids in a single class of lubricants may be found to vary depending on

such parameters as the particular manufacturer used to supply the lubricant and process

variations.
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Characterization of Elastomeric Materials

Elastomers used in this study were characterized by cure rheometry using an oscillating

disk rheometer (ODR), Thermogravimetric Analysis (TGA) and physical properties including

modulus, tensile strength elongation at break and Shore A and Shore D hardness.

The ODR is used primarily to determine the cure characteristics of the elastomer

formulation. Suitable temperatures were determined for each elastomer formulation. For

example, natural rubber is generally cured at lower temperatures (300°F to 310°F). Synthetic

rubbers (ie. SBR and butyl rubbers) may be cured at 320°F while nitrile rubbers are generally

cured at higher temperatures (330°F to 340°F).

The ODR measures the increase in torque exhibited by the test sample on an oscillating

disk, as the test sample becomes more crosslinked. This is demonstrated by an initial reduction

in the torque as the sample viscosity decreases due to sample warming, followed by an increase

in the torque value due to the onset of cure. After some time as the sample becomes fully cured,

one or more of several phenomenon can occur. The first is the observance of a plateau, which

indicates that neither additional curing or degradation (oxidation) is occurring. The second is

seen as a steady increase in torque with time. This phenomenon is most likely the hardening

(formation of additional crosslinks) of the sample material through oxidation mechanisms or due

to changes in the average sulfur type crosslink length. Sulfur type crosslinks are generally two to

10 sulfur atoms in length and may undergo rearrangement freeing some sulfur for additional

crosslinking. The third phenomenon seen in some materials is termed reversion and is the

consequence of oxidation which leads to chain scission and a overall softening of the
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sample material with time.

The ODR curves can be used to qualitatively describe the material in a number of ways.

There is clearly a relationship between the maximum torque and the hardness or modulus of the

sample material. There is not, however, an exact mathematical representation for this relationship

and the maximum torque is commonly used only as a first approximation during compound

development. Information can be obtained directly from these curves relating the degree of cure

of the sample at any given time and temperature. The test sheets for use in this study were cured

to a state of cure expressed as T95. Cure curves for all elastomer formulations in this study

requiring a cure to be functional elastomers are included in Appendix G. Some materials such as

the TPE's and the industry-supplied gaskets were already in their final form for testing. The

definition of T95 is that time required at a given temperature to produce a torque equal to 95 % of

the maximum change in torque achieved during the test.

Thermogravimetric Analysis (TGA) was done on all elastomers and gaskets materials

used in this study to further characterize the elastomers. TGA test results are located in

Appendix H. This analytical method is primarily used to observe the decomposition and the

subsequent loss of weight of an organic material with temperature increase. Generally, materials

are subjected to a steady increase in temperature from ambient up to 1470°F (800°C) in a

nitrogen atmosphere. Low molecular weight materials are volatilized first, followed by

decomposition of high molecular weight polymer with an accompanying loss in sample weight.

If carbon black is present in the sample, a change in atmosphere from nitrogen to air is made at

approximately 1100°F (600°C). The oxygen in the air oxidizes the carbon to carbon dioxide
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and a further reduction in the weight of the test sample is noted on the TGA curve. This

reduction in sample weight corresponds to the amount of carbon black present in the original test

sample. Residual material remaining above 1100°F (600°C) are inorganic and may include such

materials as zinc oxide, calcium carbonate, calcium oxide or silica fillers.

Physical properties were also determined for each of the elastomers and the industrial

supplied gasket materials. Test results are listed in Appendix J. Physical properties examined

included tensile strength, modulus values at various elongations, elongation at break, and

hardness measurements.

Tensile strenghts and elongation at break are material parameters that are highly

dependent on the inclusion of stress raisers present in the elastomer material. These stress raisers

result from the inclusion of foreign materials during processing or large agglomerates of fillers

or other ingredients not broken down during processing. Stress raisers, as described above, can

lead to premature tensile failure in elastomeric materials. In addition, tensile values for

elastomers with poor green strength may vary significantly when these materials are processed

without reinforcing fillers. Modulus values are more commonly used to characterize materials

whose tensile strenghts vary widely. These values are dependent on state of cure, type and

degree of reinforcement and inherent strength of the base elastomer.

Hardness values were determined for each of the elastomers and are included in

Appendix J. Hardness tests are generally done on samples that measure 1 in x 2 in. This sample

size provides sufficient surface area for the foot of the gauge to rest while the measurement is

being performed. It had been originally proposed that hardness measurements be performed
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on fluid immersed samples after the 14 day immersion period and compared to original values.

The size of the immersion samples (approximately .625" in diameter), however, precluded the

accurate measurement of hardness values with a standard Shore A hardness durometer. Some

hardness values in the early fluid immersion were not recorded due to problems associated with

obtaining reasonable data on small samples as indicated. Through a request by ARTI, however, a

best effort was made at obtaining this data and those values were recorded and are listed in

Appendix M.

Characterization of Refrigerant and Lubricant Test Fluids

Refrigerant and lubricant test fluids were characterized by Fourier Transform Infrared

(FTIR) spectroscopy. The resulting spectra are included in Appendix I. The spectral data was

obtained to classify the refrigerants and lubricants and to provide reference information as a

basis for future material identification.

Gas chromatography was performed on all refrigerants used in this study in order to

classify the purity of the material. All samples appear to be relatively free of impurities. The

unidentified-broad peak at approximately 21 minutes retention for the HFC-134a refrigerant is

most likely due to a heavy fraction from sources unknown or from bleed-out from the previous

run. It is not expected to represent a contaminate of the HFC-134a.
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RESULTS AND DISCUSSION

Theoretical Background

Rubber materials that are crosslinked form a network structure that resists solvent uptake

depending on the degree of crosslinking. More crosslinking ("tighter" network) leads to less

swelling for a given elastomer.

The degree of interaction with a solvent is another factor that affects the degree of

swelling of an elastomer. The Flory-Rehner equation relates the extent of swelling (Vro is the

volume fraction of rubber in the swollen gel) to the crosslink density, v, the polymer-solvent

interaction parameter, x, and the molar volume of the solvent, VS (1).

If the polymer and solvent have a strong affinity, x will be negative (exothermic heat of

mixing) and swelling will be enhanced. On the other hand, positive values of x result in reduced

swelling. Also, all else being equal, large solvent molecules will cause less swelling than small

ones.

In filled elastomers, filler-polymer interactions can act as pseudo crosslinks to reduce

swelling. Swelling is also reduced since the filler does not swell. An equation, which

incorporates these factors, is given below (2):
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where φ is the volume fraction of the filler, c is a filler-rubber interaction parameter, and Vr is

the volume fraction of rubber in the swollen network for the filled system.

Filler-polymer interactions depend on the number and type of bonds formed. A low

structure large particle size carbon black, such as N990, has low specific surface area and

therefore does not affect the apparent crosslink density of the network as much as highly

structured, finely divided N330 carbon black does. Therefore, an elastomer containing the latter

results in a composition with a lower degree of swell.

Why not simply increase the cure level and filler content to minimize swelling? As cure

level and filler loading are increased beyond optimum levels, compositions become hard and

brittle, thus rendering them unsuitable as seals. The composition of elastomer seals for the

HVAC and refrigeration industries must be selected based on swelling behavior, which is

affected by filler amount, elastomer filler interaction, swellant-elastomer interaction, and

crosslink density.

Beyond the swell behavior, there are other important engineering criteria, which must be

met in seal applications. Desirable properties include high resilience, low compression set and

low stress relaxation. Each elastomer composition must be fine-tuned to meet the demands of the

intended use.



12

Part I - Swelling in Refrigerants or Lubricants

Rubber formulations (#1 - 85) have been tested for swell in refrigerants: R-123, R-142b,

R-124, R-22, R-125, R-134, R-134a, R-143a, R-152a, R-32, and in lubricants: alkyl benzene

(AB), mineral oil (MO), pentaerythritol ester mixed acid (PEMA), pentaerythritol ester branched

acid (PEBA), polypropylene glycol diol (PPGD), polypropylene glycol butyl monoether

(PPGBM), or a modified polyglycol (MPG). The rubber formulations include general purpose

and specialty thermoset elastomers, and thermoplastic elastomers. Some compounds were filled,

others were not. In addition, several vendor-supplied materials (#86-95) have been tested for

swelling resistance in the various fluids. Solid bars (with brief composition descriptors) are used

to show the in situ percent change in diameter after 14 days of immersion. In all cases, filled

compositions had less swelling compared to corresponding unfilled ones. R-123, the

dichloro-substituted HCFC, generally gave the greatest swelling. There were, however, several

compositions which swelled little in this refrigerant, including EPDM/PP thermoplastic

elastomers (#45 - 48), a butyl rubber/PP TPE (#85), and four of the vendor supplied compositions

(#88 - 91, 93). Some compositions (e.g., #46 - 48) shrunk during immersion, indicating that the

swellant was removing soluble components from the rubber.

The refrigerants with the next highest swelling power were the monochlorinated HCFCs,

R-124 and R-22, which usually had similar swelling behavior. A notable exception was #91,

which swelled significantly in R-22, but not in R-124. Compositions #45 - 48, #56 - 57, #74,

#86, #88 - 90, #92 - 93 all had good resistance to R-124 and R-22. The other monochlorinated
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HCFC, R-142b, swelled most elastomers less than the previous two. Epichlorohydrin and nitrile

elastomers were much more resistant to R-142b than they were to R-124 or R-22. Additionally,

compositions #45 - 48, #49 - 51, #56 - 59, #63, #85 - 93, and #95 were resistant to R-142b.

The HFCs give much less swelling than the HCFCs. The two tetrafluoroethane isomers,

R-134 and R-134a, show similar swelling behavior. The fluoroelastomers and fluorosilicone

elastomers exhibit high swelling in the HFCs. However, most of the elastomer samples have 5%

or less increase in diameter after immersion in the HFCs. A great variety of elastomers are

resistant to swelling in the HFCs including both the inexpensive, general purpose hydrocarbon

elastomers as well as several of the specialty and thermoplastic elastomers. Among the vendor

samples submitted #94 is clearly the worst for swelling resistance. Some of the vendor samples

resisted swelling in all refrigerants.

The hydrocarbon lubricants, AB and MO, greatly swelled the general-purpose

hydrocarbon elastomers, while the nitrile rubbers, fluoroelastomers, and nitrile/PP thermoplastic

elastomers were quite resistant to these lubricants. The glycol and ester lubricants swelled the

hydrocarbon elastomers a little. The two pentaerythritol ester lubricants (PEMA and PEBA)

gave similar swelling behavior.

Several of the compositions including some of the vendor-supplied materials were

resistant to swelling in all lubricants. These included: #89 - 93, #17 -18, #28 - 30, #53 - 55, #49 -

51, and #56 - 59.
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Part II - Tensile Strength After Swelling In Refrigerant - Lubricant Mixtures

Twenty-five formulations, based on resistance to swelling found in Phase I, were

immersed in selected refrigerant/ lubricant mixtures for 2 weeks at 100°C and 275-300 psi

pressure. When swelling was large, tensile strength decreased after undergoing this treatment.

Refrigerant and lubricant swell the elastomers, weakening the force between polymeric chains as

well as reducing chain density. However, in some cases, when swelling was slight or negative

(i.e., shrinkage) tensile strength increased after aging in these test fluids. For example,

formulations #45, #49, #50, #54, #55, #85, and #95 in HFC-125/ PEBA have increased strength

after fluid aging. A small degree of plasticization can facilitate orientation during extension,

which increases strength. Also, a small increase in crosslink density with aging can increase the

number of load bearing chains and enhance strength, although extensive crosslinking causes

embrittlement and weakening.

In all cases, filled rubbers showed less change of tensile strength after fluid aging

compared to unfilled counterparts. This can be seen, for example, by examining the behavior of

gum butyl rubber (#7) and carbon black filled butyl (#8). Filler restricts swelling of the

elastomeric phase, thereby reducing deterioration by the test fluids (Appendix M).

Overall, the decrease in tensile strength of the 25 formulations after immersion in the 17

test fluids has the following order:

[HCFC-22/MO ~ HCFC-123/MO ~ HFC-I52a/AB ~ HCFC-142b/AB ~ HCFC-124/AB]

>[HFC-32/PEBA ~ HFC-32/ PEMA ~HFC-134a/PPGD ~ HFC-125/PPGD]
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>[HFC-125/PEMA ~ HFC-125/PEBA ~ HFC-134a/PEMA ~ HFC-134a/PEBA~
HFC-143a/PEBA ~ HFC-134/PEBA ~ HFC152a/PEBA]

>[HFC-134a/MPG]

A comparison can be made by considering mixtures, which contain the same refrigerant

but different lubricants.

HFC-125 mixtures (with PEMA, PPGD, or PEBA).

Mixtures with PPGD generally had the higher swelling power and decrease in tensile

strength compared to mixtures with PEMA or PEBA. PPGD contains diol functionality capable

of H-bonding, more so than the ester groups in PEMA and PEBA.

HFC-32 mixtures (with PEBA or PEMA).

There was practically no difference in the swelling and tensile behavior for mixtures with

PEBA or PEMA. These lubricants are the same chemical type and cause similar effects.

HCF-134a mixtures (with PEMA, PEBA , PPGD, or MPG).

Again, with the two similar ester types of lubricants, PEMA and PEBA, behavior was

about the same. Comparatively, there was a somewhat greater effect with PPGD and a lesser

effect with MPG. PPGD- containing fluid had the greatest swelling power and reduction of

strength, especially for the polyurethanes and polysulfides.

HFC-152a mixtures (with AB or PEBA)

For most compounds, the mixture with AB was more detrimental to strength than was

the mixture with PEBA.
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HCFC mixtures and HFC-152a/AB

Formulations #54, #55, and #95 showed less than 10% change in strength after fluid

aging, whereas formulations #7, #8, #12, #17, #57, #58, #61, #74, #83, and #85 exhibited more

than a 50% decrease in strength after aging.

HFC mixtures excluding HFC-152a/AB

Formulations #45, #46, #47, #50, #54, #55, #74, #85, #86, and #95 exhibited little

deterioration after aging, while compositions #17, #56, #57, #63, and #90 had substantial

strength losses.

Some interesting findings include that butyl rubbers (#7, #8, and #12) have high

swelling and strength loss in HCFC mixtures, but less effect after immersion in HFC mixtures,

except for HFC-152a/AB. Also, Neoprene composition #95 shows a high degree of swell in

HCFC mixtures and lower swelling in HFC mixtures with the notable exception of

HFC-152a/AB. The butyl/PP thermoplastic elastomer #85 has higher swelling in HCFC

mixtures compared to HFC mixtures. Formulations #54, #55, and #95 showed the least decrease

of tensile strength after aging in most of the HCFC mixtures. Formulations #45, #46, #47, #50,

#54, #55, #74, #85, #86, and #95 showed the least change in strength after swelling in most of

the HFC mixtures.

Bibliography
1. R.J. Flory, J. Chem. Physics, 9, 660 (1951).

2. G. Kraus, Rubber World, 135, 67 (1956).



17

PRINCIPAL INVESTIGATOR EFFORT

Dr. Gary Hamed and R.H. Seiple are the principal investigators for the UA/ARTI MCLR
program. During this contract period, Dr. Gary Hamed has devoted a total of 140 hours (5 % of
his available work hours) and R. Seiple has devoted 500 hours (20 % of his available work
hours) on the UA/ARTI MCLR program.

COMPLIANCE WITH AGREEMENT

The University of Akron has complied with all requirements of the agreement except to those
procedures or items changed through mutual agreement between ARTI and the University of
Akron.



APPENDIX A

TEST METHODOLOGY-PARTS I AND II

A-1



A-2

PART I TEST METHODOLOGY

Mixing: Most of the formulations tested in this study were mixed on a laboratory size rubber
mill. The base polymer was milled for a short period of time to allow the normal breakdown of
the elastomer. The ingredients were then added to the elastomer on the 2 roll mill in the order
they appear in the compound recipe. The materials are mixed thoroughly until the rubber
compound appears to be homogeneous.

Cure Characteristics: The cure time for each of the formulations is determined using normal
cure temperature ranges as suggested by the manufacturers or temperatures commonly used by
the rubber industry. The oscillating disk rheometer (ODR) is used to determine the cure
characteristics of the compound in question at the appropriate temperature.

The ODR is used to obtain information concerning the state of cure of the formulation with
time. This instrument produces a cure curve (torque vs. time) and the cure time to 95 % of the
maximum torque is calculated from this graph. All test compounds formulated at the University
of Akron were cured into sheets at the T95 % cure level.

Other Compounds: The thermoplastic elastomer materials were either tested as received (when
received in sheet form) or injection molded when received in pellet form. Gasket materials
received from vendors were tested as received.

Sample Preparation: Sheet materials were placed on a vacuum table attached to a drill press
fitted with a cutter assembly. The cutter assembly consists of a holder and a stainless steel blade.
The machine was turned on and the cutter lowered so as to cut through the rubber sheet. Round
disk-like samples measuring approximately .075 inches (.19 cm) in thickness by .625 inches (1.6
cm) in diameter were prepared in this manner for the swell tests.

Dimensional Measurements: Diameter measurements were obtained using a traveling
microscope. Thickness measurements were obtained using a thickness gauge. Weight
measurements were obtained using an analytical balance.

Lubricant Swell: The round disk samples were measured (2 each test) and placed in 2 oz. jars
with lids, the pre-dried lubricants were poured into each of the containers and sealed. The
containers were placed in an oven at 140 degrees Fahrenheit (60 degrees Centigrade).

Diameter measurements on the top most sample were taken at 1 day and 14 days. Weight,
thickness and diameter measurements were taken on both samples at 14 days.

Refrigerant Swell: The round disk-like samples were measured (2 each test) and placed in the
bottom of the refrigerant test vessel (A-1). Stainless steel screens were placed between the



Figure A-1
Phase I - Refrigerant Swell Test Vessel
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samples so that the samples could be differentiated from each other. They also acted as weights
to submerge the rubber disks. Samples were placed on top of each other; however, it was
assumed that sufficient solvent contact was made due to the irregularity of the screen material
that separated the samples.

The test vessels were closed using a hydraulic press to compress the die springs. The springs
maintained a constant force (2500 lbs.) on the Teflon O-Ring such that the volatile refrigerant
gases were contained in the vessel.

Test vessels were filled with refrigerant by first pulling a vacuum in the chamber. The
refrigerant valve was then opened and refrigerant was allowed to fill the chamber to a mark
slightly above the samples.

In. situ diameter changes were taken at 1 day, 3 day and 14 days through the use of a traveling
microscope and microscope lights. These measurements were made possible by the use of a
glass/polycarbonate window in the top of the test vessel.

Test Temperatures: Samples immersed in the lubricants were conditioned at 140°F (60°C).
Samples tested in the refrigerants were at ambient conditions.

Thermogravimetric Analysis: Thermogravimetric analysis was done on each of the elastomer
samples used in this study. The tests were performed at a heating rate of 36°F (20°C) per minute.
The test samples were tested under a blanket of nitrogen to a temperature of 1110°F (600°C). At
approximately 1110° F (600° C) the atmosphere was changed to air.

Under a nitrogen atmosphere, organic materials basically crack and form low molecular weight
materials based on the structure of the organic compound. This process occurs at relatively low
temperatures during a TGA analysis. Polymer, oils, stearic acid and other organics volatilize
under these conditions.

As the temperature is increased and the test atmosphere is changed to air and if carbon black is
present, it is burned to form carbon dioxide. The residual materials include zinc oxide, the iron
oxides and other inorganic materials present in the original compound.

Figure A-2 is the TGA spectrum of polyisoprene containing no carbon black filler. It can be seen
that 94.1 % of the total compound weight is organic by nature and the residual material, which is
known to be zinc oxide comprises approximately 5.7 % of the total compound weight. This
closely matches the weights used to mix the polyisoprene compound.

Figure A-3 is the TGA spectrum of polyisoprene containing 35 phr (parts per hundred parts of
rubber) carbon black. The first loss in weight (71.05 %) occurs due to the volatilization of



A-5

the polymer and other organics present in the compound. At 1110° F (600°C) when the
atmosphere is changed to air additional weight loss (24.54 %) occurs due to the oxidation of the
carbon black and the residual material (4.2 %) known to be primarily zinc oxide remains.



FIGURE A-2 A-6

FIGURE A-3
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PART II TEST METHODOLOGY

Test Objectives: To determine the change in the tensile strength, hardness and swell
characteristics after aging the elastomer based material in pre-specified refrigeration and
lubricant mixtures at an elevated temperature. The test method is a determination of deteriorative
properties of a material when subjected to fluid immersion.

Test Sample Selection Criteria: Twenty five sample formulations for part II evaluation were
selected based on their ability to resist swell in the refrigeration fluids studied in part I of the
program. Charts were constructed to aid in the selection of those materials that showed the least
swell.

Test Fluid Selection: Mixtures of refrigeration fluids to be included in the part II program were
designated by ARTI in the work statement. Some changes were made in the selection of the fluid
mixtures by ARTI. The final mixtures used for the study are listed in Appendix L.

Test Sample Preparation: The test samples were originally to be molded in the form of O-
Rings. Many of the selected phase II elastomer based materials, however, were not suitable for
molding in this manner. Therefore the samples were prepared in flat sheet form and dumbbell
specimens were cut from the flat sheets.

Test Fluid Mixture Calibration: The work statement required that the pressure in the test
fixture be maintained at 275 PSI to 300 PSI during the 2 week aging period at 212°F (100°C).
To determine the correct refrigerant to lubricant ratios to maintain this pressure at the desired
test temperature a calibration was performed for each of the mixtures. Varying amounts of the
refrigerant and lubricants were placed into the vessels at 212°F (100°C) and the pressures were
recorded. Appropriate refrigerant to lubricant ratios were determined in this manner for each of
the mixtures.

For those refrigerant/lubricant mixtures that contained refrigerants with sufficiently low vapor
pressures at the test temperature, mixtures were made up of 50 wt % of each of the fluids. The
weight percent of each of the fluids in the 17 mixtures is listed in Appendix L, Table L-1.

Aging: Test samples were placed in the test vessels (Figure A-4) containing a known weight of
lubricant. The vessels were closed and charged with the corresponding weight of refrigerant.
This method of charging was accomplished by slightly overfilling the vessel with refrigerant
through the quick connect fill port and placing the setup on a top-loading balance. Refrigerant
was allowed to escape until the correct weight of refrigerant remained in the vessel.

The test vessels were placed in a silicone oil bath at 212° F (100° C) and test vessel internal
pressures were monitored through the pressure gauges. After 14 days the test vessels were
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removed from the bath, the refrigerant was released and the vessel was opened. The test samples
were removed and measured for thickness, width, weight, tensile strength and hardness.

Data Reduction: All values for the part II study are based on the following data reduction
formula:

Percent Change in Weight, Thickness, Width, Tensile Strength and Hardness

= [(Aged Value - Original Value)/Original Value] X 100
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FIGURE A-4
Part II Aging Pressure Vessel
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APPENDIX B

LUBRICANT AND REFRIGERANT TYPES



Lubricants and Refrigerants Utilized in the Research
Compatibility of Refrigerants and Lubricants with Elastomers

mineral oil

MO naphthenic mineral oil Witco Suniso 3GS (32cSt)

alkylbenzene

AB alkylbenzene Shrieve Zerol® 150 (32cSt)

polyglycols

PPGBM polypropylene glycol butyl monoether ICI Emkarox® (32cSt)

PPGD polypropylene glycol diol Dow P425 (32cSt)

MPG modified polyglycol Allied Signal BRL-150 (32cSt)

polyolesters

PEMA pentaerythritol ester mixed acid ICI Emkarate® RL 244 (22cSt)

PEBA pentaerythritol ester branched-acid Emery 2927-A (32cSt)

refrigerants

HCFC-22 HFC-134

HFC-32 HFC-134a

HCFC-123 HCFC-142b

HCFC-124 HFC-143a

HFC-125 HFC-152a
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APPENDIX C

TEST MATERIAL FORMULATIONS
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Note:

All values in this Appendix are in Parts Per Hundred Parts of Elastomer
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Formula #1 Polyisoprene (Natsyn™ 2200) 10
Zinc Oxide 5
Sulfur 2.25
Stearic acid 2
N-t-butyl-2-benzothiazyl sulfenamide 0.7

 Formula #2 Polyisoprene (Natsyn™ 2200) 100
Zinc Oxide 5
Sulfur 2.25
Stearic acid 2
N-t-butyl-2-benzothiazyl sulfenamide 0.7
N330 Carbon Black 35

Formula #3 Polyisoprene (Natsyn™ 2200) 100
Zinc Oxide 5
Stearic acid 2
N-oxydiethylene-2-benzothiazyl-sulfenamide 1.0
Tetramethylthiuram disulfide 1.0
Di-morpholino disulfide 1.0

Formula #4 Polychloroprene (Neoprene™ W) 100
Stearic acid 0.5
Magnesium oxide 4
Zinc oxide 5

Formula #5 Polychloroprene (Neoprene™ W) 100
Stearic acid 0.5
Magnesium oxide 4
Zinc oxide 5
N330 Carbon Black 30

Formula #6 Isobutyl isoprene 100
(0.7% unsaturated)

Zinc oxide 3
Sulfur 1.65
Stearic acid 1
Tetramethylthiuram disulfide 1
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Formula #7 Isobutyl isoprene 100
(2.2% unsaturated)

Zinc oxide 3
Sulfur 1.75
Stearic acid 1
Tetramethylthiuram disulfide 1

Formula #8 Isobutyl isoprene 100
(2.2% unsaturated)

Zinc oxide 3
Sulfur 1.75
Stearic acid 1
Tetramethylthiuram disulfide 1
N330 Carbon black 50

Formula #9 Bromobutyl 100
Zinc oxide 5
Stearic acid 1

Formula #10 Bromobutyl 100
Zinc oxide 5
Stearic acid 1
N330 Carbon Black  40

Formula #11 Chlorobutyl 100
Zinc oxide 5
Stearic acid 1

Formula #12 Chlorobutyl 100
Zinc oxide 5
Stearic acid 1
N330 Carbon Black 40

Formula #13 SBR 1502 (23.5% styrene) 100
Zinc oxide 3
Sulfur 1.75
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 1
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Formula #14 SBR 1502 (23.5% styrene) 100
Zinc oxide 3
Sulfur 1.75
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 1
N330 Carbon Black 50

Formula #15 SBR (29% styrene) 100
Zinc oxide 3
Sulfur 1.75
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 1

Formula #16 SBR (40% styrene) 100
Zinc oxide 3
Sulfur 1.75
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 1

Formula #17 Nitrile (Chemigum™ N206) 100
(very high ACN)

Zinc oxide 3
Sulfur (MgCO3 coated) 1.5
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 0.7

Formula #18 Nitrile (Chemigum™ N300) 100
(high ACN)

Zinc oxide 3
Sulfur (MgCO3 coated) 1.5
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 0.7

Formula #19 Nitrile (Chemigum™ N615B 100
(medium ACN)

Zinc oxide 3
Sulfur (MgCO3 coated) 1.5
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 0.7
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Formula #20 Nitrile (Chemigum™ N917) 100
(low ACN)

Zinc oxide 3
Sulfur (MgCO3coated) 1.5
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 0.7

Formula #21 Nitrile (Chemigum™ N917) 100
(low ACN)

Zinc oxide 3
Sulfur (MgCO3 coated) 1.5
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 0.7
N330 Carbon Black 35

Formula #22 Nitrile (very high ACN)(Chemigum™ N206) 100
Zinc oxide 3
Sulfur (MgCO3 coated) 1.5
Stearic acid 1
N-t-butyl-2-benzothiazyl sulfenamide 0.7
N330 Carbon Black 35

Formula #23 Hydrogenated nitrile (Tornac™ A3850) 100
(38% ACN)

Zinc oxide 5
Stearic add 1
Magnesium oxide 10
2,5-Dimethyl-2,5-di (t-butylperoxy) hexane (50%) 10
1,2 polybutadiene liquid coagent 6.5

Formula #24 Hydrogenated nitrile (Tornac™ A3850) 100
(38% ACN)

Zinc oxide 5
Stearic acid 1
N 774 Carbon black 40
Magnesium Coated Sulphur 1.5
Tetramethylthiuram monosulfide 0.3
Benzothiazyl disulfide 1.5
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Formula #25 Hydrogenated nitrile (Tornac™ A4555) 100
(45% ACN)

Zinc oxide 5
Stearic acid 1
2,5-Dimethyl-2,5-di (t-butylperoxy) hexane (50%) 10
1,2 polybutadiene liquid coagent 6.5

Formula #26 Hydrogenated nitrile (Tornac™ A4555) 100
(45% ACN)

Zinc oxide 5
Stearic acid 1
2,5-Dimethyl-2,5-di (t-butylperoxy) hexane (50%) 10
1,2 polybutadiene liquid coagent 6.5
N 774 Carbon black 40

Formula #27 Fluoroelastomer (Viton™ A) 100
Magnesium Oxide (fluoroelastomer grade) 15
N,N'-Dicinnamylidene-1,6-hexanediamine 3

Formula #28 Fluoroelastomer (Viton™ B) 100
Magnesium Oxide (fluoroelastomer grade) 15
N,N'-Dicinnamylidene-1,6-hexanediamine 3

Formula #29 Fluoroelastomer (Viton™ GF) 100
PbO 3
Triallylisocyanurate 3
2,5-Dimethyl-2,5-di(tert-Butylperoxy) hexane 3

Formula #30 Fluoroelastomer (Viton™ GF) 100
PbO 3
Triallylisocyanurate 3
2,5-Dimethyl-2,5-di(tert-Butylperoxy) hexane 3
N330 Carbon Black 30

Formula #31 Fluorinated/Chlorinated Rubber (Kel-F™ 3700) 100
PbO 1.8
Triallylisocyanurate 1.8
2,5-Dimethyl-2,5-di(tert-Butylperoxy) hexane 1.8
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Formula #32 Fluorinated/Chlorinated Rubber (Kel-F™ 3700) 100
Magnesium Oxide (fluoroelastomer grade) 15
N,N'-Dicinnamylidene-1,6-hexanediamine 3

Formula #33 Fluorinated/Chlorinated Rubber (Kel-F™ 3700) 100
Magnesium Oxide (fluoroelastomer grade) 15
N,N'-Dicinnamylidene-1,6-hexanediamine 3
N330 Carbon black 30

Formula #34 Epichlorohydrin homopolymer (Hydrin™ H-65) 100
Stearic acid 1
Nickel Dibutyldithiocarbamate 1
Red lead 5
Ethylene thiourea 1.85

Formula #35 Epichlorohydrin homopolymer (Hydrin™ H-65) 100
Stearic acid 1
Nickel Dibutyldithiocarbamate 1
Red lead 5
Ethylene thiourea 1.85
N330 Carbon Black 40

Formula #36 Epichlorohydrin copolymer (Hydrin™ C-65) 100
Stearic acid 1
Nickel Dibutyldithiocarbamate 1
Red lead 1.0
Ethylene thiourea 1.85

Formula #37 Epichlorohydrin copolymer (Hydrin™ C-65) 100
Stearic acid 1
Nickel Dibutyldithiocarbamate 1
Red lead 5
Ethylene thiourea 1.85
N330 Carbon black 40

Formula #38 Epichlorohydrin copolymer (Hydrin™ T-75) 100
Stearic acid 1
Nickel Dibutyldithiocarbamate 1
Red lead 5
Ethylene thiourea 1.85
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Formula #39 Epichlorohydrin copolymer (Hydrin™ T-75) 100
Stearic acid 1
Nickel Dibutyldithiocarbamate 1
Red lead 5
Ethylene thiourea 1.85
N330 Carbon black 40

Formula #40 Methyl vinyl silicone rubber (SE-33™) 100
50 % Active Benzoyl Peroxide in Silicone Oil 1.5

Formula #41 Dimethyl silicone rubber (SE-436 U™) 100
Dicumyl peroxide on calcium carbonate (40%) 1

Formula #42 Methyl vinyl phenyl silicone rubber (SE-565 U™) 100
Dicumyl peroxide on calcium carbonate (40%) 0.6

Formula #43 Silicone rubber (SE-3808 U™) 100
Dicumyl peroxide on calcium carbonate (40%) 0.8

Formula #44 Fluorinated silicone rubber (LS-63 U™) 100
Iron Oxide 1.5
2,4-Dichlorobenzoyl peroxide (50 % active) 1.3

Formula #45 EPDM/Polypropylene TPE (Santoprene™ 201-87) 100

Formula #46 EPDM/Polypropylene TPE (Santoprene™ 201-73) 100

Formula #47 EPDM/Polypropylene TPE (Santoprene™ 203-40) 100

Formula #48 EPDM/Polypropylene TPE (Santoprene™ 203-50) 100

Formula #49 Nitrile/Polypropylene TPE (Geolast™ 701-87) 100

Formula #50 Nitrile/Polypropylene TPE (Geolast™ 701-80) 100

Formula #51 Nitrile/Polypropylene TPE (Geolast™ 701-40 100

Formula #52 Copolyester TPE (Hytrel™ 4056) 100

Formula #53 Copolyester TPE (Hytrel™ 5526) 100
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Formula #54 Copolyester TPE (Hytrel™ 6356) 100

Formula #55 Copolyester TPE (Hytrel™ 7246) 100

Formula #56 Polysulfide Rubber (FA™) 100
Zinc oxide 10
Stearic acid 0.5
Benzothiazyl disulfide 0.4
Diphenyl guanidine 0.1
2-mercapto imidazoline 0.1

Formula #57 Polysulfide Rubber (FA™) 100
Zinc oxide 10
Stearic add 0.5
Benzothiazyl disulfide 0.4
Diphenyl guanidine 0.1
2-mercapto imidazoline 0.1
N330 Carbon black 60

Formula #58 Polysulfide Rubber (ST™) 100
Zinc peroxide 5
Stearic acid 1
Calcium Hydroxide 1

Formula #59 Polysulfide Rubber (ST™) 100
Zinc peroxide 5
Stearic acid 1
Calcium Hydroxide 1
N330 carbon black 60

Formula #60 Polyurethane (Airthane™ PET-95A) 100
(Ether Based)

Moca 21.7

Formula #61 Polyurethane (Airthane™ PET-60D) 100
(Ether Based)

Moca 25.9

Formula #62 Polyurethane (Cyanaprene™ A-8) 100
(Ester Based)

Moca 10.9
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Formula #63 Polyurethane (ester based) (Cyanaprene™ D-55) 100
Moca 19.8

Formula #64 Polyurethane (Millathane™ 76) 100
(Ester based)

Benzothiazyl disulfide 1.0
2-Mercaptobenzothiazole 0.5
Zinc chloride/benzothiazyl disulfide complex 1.0
Sulfur 1.5

Formula #65 Polyurethane (Millathane™ E-34) 100
(Ether based)

Benzothiazyl disulfide 1.0
2-Mercaptobenzothiazole 0.5
Zinc chloride/benzothiazyl disulfide complex 1.0
Sulfur 1.5

Formula #66 Polyurethane (Millathane™ 76) 100
(Ester based)

Benzothiazyl disulfide 1.0
2-Mercaptobenzothiazole 0.5
Zinc chloride/benzothiazyl disulfide complex 1.0
Sulfur 1.5
N330 Carbon black 40

Formula #67 Chlorosulfonated polyethylene (Hypalon™ 20) 100
(chlorine 29 %, sulfur 1.4 %)

PbO 25
Benzothiazyl disulfide 0.5
Dipentamethylenethiuram hexasulfide 2

Formula #68 Chlorosulfonated polyethylene (Hypalon™ 40) 100
(chlorine 35 %, sulfur 1 %)

PbO 25
Benzothiazyl disulfide 0.5
Dipentamethylenethiuram hexasulfide 2
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Formula #69 Chlorosulfonated polyethylene (Hypalon™ 40) 100
(chlorine 35 %, sulfur 1 %)

Magnesia 4
Pentaerythritol 3
Dipentamethylenethiuram hexasulfide 2

Formula #70 Chlorosulfonated polyethylene (Hypalon™ 40) 100
(chlorine 35 %, sulfur 1 %)

PbO 20
Benzothiazyl disulfide 0.5
Dipentamethylenethiuram hexasulfide 0.75
Magnesia 10
Nickel Dibutyldithiocarbamate 3

Formula #71 Chlorosulfonated polyethylene (Hypalon™ 4085) 100
(Chlorine 35 %, sulfur 1 %)

PbO 25
Benzothiazyl disulfide 0.5
Dipentamethylenethiuram hexasulfide 2

Formula #72 Ethylene propylene rubber (Vistalon™ 404) 100
Dicumyl peroxide 3.0

Formula #73 Ethylene propylene rubber (Vistalon™ 707) 100
Dicumyl peroxide 3.0

Formula #74 Ethylene propylene rubber (Vistalon™ 707) 100
Dicumyl peroxide 3.0
N330 carbon black 40

Formula #75 Ethylene acrylic rubber (Vamac™ G) 100
Methylene Dianiline 1
Diphenyl guanidine 3.2

Formula #76 Ethylene acrylic rubber (Vamac™ B-124 MB) 124
N774 Carbon black 35
Methylene Dianiline 1
Diphenyl guanidine 3.2
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Formula #77 Chlorinated polyethylene (DOW CM0136™) 100
(Chlorine 35%)

Magnesium oxide 10
Triallyl Isocyanurate 2
Dicumyl peroxide 4.0

Formula #78 Chlorinated polyethylene (DOW CM0136™) 100
(Chlorine 35%)

Magnesium oxide 10
Triallyl Isocyanurate 2
Dicumyl peroxide 4.0
N330 carbon black 40

Formula #79 Chlorinated polyethylene (DOW 4211P™) 100
(Chlorine 42%)

Magnesium Oxide 10
Triallyl Isocyanurate 2
Dicumyl peroxide 4

Formula #80 Ethylene propylene diene rubber (Royalene™ 552) 100
(high ethylene content)

Zinc Oxide 5
Sulfur 1.5
Stearic Add 1.0
Tetramethylthiuram disulfide 1.0
2-Mercaptobenzothiazole 0.5

Formula #81 Ethylene propylene diene rubber (Royalene™ 525) 100
(high unsaturation)

Zinc Oxide 5
Sulfur 1.5
Stearic Acid 1
Tetramethylthiuram disulfide 1
2-Mercaptobenzothiazole 0.5

Formula #82 Ethylene propylene diene rubber (Royalene™ 359) 100
Zinc Oxide 5
Sulfur 1.5
Stearic Acid 1.0
Tetramethylthiuram disulfide 1.0
2-Mercaptobenzothiazole 0.5
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Formula #83 Ethylene propylene diene rubber (Royalene™ 552) 100
Zinc Oxide 5
Sulfur 1.5
Stearic Acid 1
Tetramethylthiuram disulfide 1
2-Mercaptobenzothiazole .5
N330 carbon black 40

Formula #84 Ethylene propylene diene rubber (Royalene™ 359) 100
Zinc Oxide 5
Stearic Acid 1
Dicumyl peroxide 1

Formula #85 EPDM/Butyl TPE (Trefsin™) 100
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APPENDIX D

INDUSTRIALLY SUPPLIED GASKET
MATERIAL INFORMATION



Industrially Supplied Gasket Material Information

Material Type Description

Formulation # 86 Precision Rubber Products #2167 Chloroprene compound (35%wt) with carbon black (45%), mineral
(5%), and extractables (15%)

Formulation # 87 Precision Rubber Products #7507 Acrylonitrile compound (17% wt) with carbon black (37%), mineral
(3%), butadiene (32%) and extractables (12%)

Formulation # 88 Garlock 2930 (gasket) Neoprene with synthetic fibers

Formulation # 89 Armstrong N-8092 A non-asbestos nitrile bound reinforced cellulose fiber product

Formulation # 90 Specialty Paperboard NI-2085G A non-asbestos material composed of inorganic filler blend,
encapsulated with nitrile rubber, with a small proportion of cellulosic fiber

Formulation # 91 Victopac 69 (gasket) Non-asbestos

Formulation # 92 Klinger C-4401 (gasket) Nitrile/non-asbestos

Formulation # 93 Specialty Paperboard 2099 Nitrile/aramid fiber

Formulation # 94 Parker V747-75 Fluorocarbon

Formulation # 95 Green Tweed 956 Neoprene



E-1

APPENDIX E

ELASTOMER SAMPLE SWELL DATA CHARTS

Samples Tested In Refrigerants At Ambient Temperature
For 14 Days

Samples Tested in Lubricants At 140°F (60°C)
For 14 Days
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Description of Information and Test Results Contained in Appendix E

Test Conditions: Refrigerant exposures and measurements were made at room

temperature. Lubricant exposures were at 60°C (140°F).

Test Sample Recipe: The test sample recipe is contained in the upper left hand corner of the

data sheets. The information identifies the generic classification of
elastomer and ingredients used in the compound formulation. More
specific information regarding the exact materials used is contained in

Appendix A. Also given in this portion of the data sheet is the
corresponding quantities of each of the compound ingredients.

Lubricant Legend: Generic identification of the lubricants used in this study is located in the
upper right hand corner of the data sheets. More detailed information
concerning the exact material and supplier is found in Appendix G.

Column 1: Each of the test formulation sample materials was submersed in 17
different test fluids. This column of information identifies each of the

test fluids used in the phase I study. More detailed information
concerning each of the test fluids is contained in Appendix G.

Columns 2,3 & 4: Measurements of the diameters of the test samples were made at various
time intervals while in contact with the test fluids.  Samples tested in
refrigerants were measured in situ. Samples being tested in the lubricants

were removed from the test fluid, quickly measured and returned to the
test medium. These columns of data reflect the % diameter change of the
samples over the indicated time interval and the values are based on the

original sample dimensions.

Column 5: The sample materials were submersed in the test fluids for a period of 14

days after which time they were removed from the fluid and certain
measurements were made. This column of  information reflects the %
weight change of the samples due to contact with the specified test fluid

and the measurement is made immediately after removal from the test
medium.
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Columns 6 and 7: During the initial testing it was observed that some sample materials in
some of the refrigerant test fluids were observed to quickly increase and
then decrease in size during the first several hours subsequent to their

removal from the refrigerant test fluid. These columns of data provide
information concerning the state of the sample material 2 hours and 24
hours after their removal from the specified test fluid. The data is based

on the original sample diameters.

Through the comparison of column 4 (14 day diameter change)

information and columns 6 and 7 (2 hr. and 1 day diameter change) one
is able to determine the state of the sample during this time interval.
Extreme and violent outgassing can lead to drastic changes in the size of

the sample during this time period. This phenomenon can lead to
changes in the integrity of the sample material such as fractures and
perhaps a permanent dimensional change.

Column 8: This column provides information that can be used to determine the
permanent/reversible effect of the indicated solvent with the sample

material. Negative values indicate some degree of extractibility of the
sample material. Large positive values indicate the non-reversible
swelling behavior of the fluid.

Column 9: This column provides information relating to the change of the hardness
of the material 24 hours after removal from the indicated test fluid.
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* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, ie. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect alter removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, ie. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some foam of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



* Indicates that material shows some form of deteriorative effect after removal from the test fluid, i.e. fracture due to outgassing of test fluid/extreme cavitation.



APPENDIX F

PERCENT ELASTOMER SAMPLE DIAMETER CHANGE
IN TEST FLUIDS

Samples Tested In Refrigerants At Ambient Temperature
For 14 Days

Samples Tested in Lubricants At 140°F (60°C)
For 14 Days
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Polyisoprenes

Polychloroprenes

Butyl Rubbers
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% Insitu Diameter Change In R-22
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% Insitu Diameter Change In R-22

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Insitu Diameter Change In R-22

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Insitu Diameter Change In R-22

Silicones

Thermoplastic Elastomers



F-7

% Insitu Diameter Change In R-22

Polysulfide Rubbers

Polyurethanes



F-8

% Insitu Diameter Change In R-22

Chlorosulfonated Polyethylenes

EPM Rubbers



F-9

% Insitu Diameter Change In R-22

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers
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% Insitu Diameter Change In R-22

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry
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% Insitu Diameter Change In R-32

Polyisoprenes

Polychloroprenes

Butyl Rubbers



F-12

% Insitu Diameter Change In R-32

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Insitu Diameter Change In R-32

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Insitu Diameter Change In R-32

Silicones

Thermoplastic Elastomers
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% Insitu Diameter Change In R-32

Polysulfide Rubbers

Polyurethanes
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% Insitu Diameter Change In R-32

Chlorosulfonated Polyethylenes

EPM Rubbers
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% Insitu Diameter Change In R-32

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers



F-18

% Insitu Diameter Change In R-32

Gasket Materials Supplied By Industry

Butyl Polypropylene TPE



F-19

% Insitu Diameter Change In R-123

Polyisoprenes

Polychloroprenes

Butyl Rubbers
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% Insitu Diameter Change In R-123

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Insitu Diameter Change In R-123

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Insitu Diameter Change In R-123

Silicones

Thermoplastic Elastomers
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% Insitu Diameter Change In R-123

Polysulfide Rubbers

Polyurethanes



F-24

% Insitu Diameter Change In R-123

Chlorosulfonated Polyethylenes

EPM Rubbers

*rB
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% Insitu Diameter Change In R-123

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers
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% Insitu Diameter Change In R-123

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry
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% Insitu Diameter Change In R-124

Polyisoprenes

Butyl Rubbers

Polychloroprenes
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% Insitu Diameter Change In R-124

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Insitu Diameter Change In R-124

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Insitu Diameter Change In R-124

Silicones

Thermoplastic Elastomers
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% Insitu Diameter Change In R-124

Polysulfide Rubbers

Polyurethanes
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% Insitu Diameter Change In R-124

Chlorosulfonated Polyethylenes
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% Insitu Diameter Change In R-124
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Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers
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% Insitu Diameter Change In R-124

Gasket Materials Supplied By Industry

Butyl Polypropylene TPE
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% Insitu Diameter Change In R-125

Polyisoprenes

Butyl Rubbers

Polychloroprenes
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% Insitu Diameter Change In R-125

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Insitu Diameter Change In R-125
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% Insitu Diameter Change In R-125
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Thermoplastic Elastomers
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% Insitu Diameter Change In R-125

Polysulfide Rubbers

Polyurethanes
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% Insitu Diameter Change In R-125

Chlorosulfonated Polyethylenes

EPM Rubbers
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% Insitu Diameter Change In R-125

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers
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% Insitu Diameter Change In R-125

Gasket Materials Supplied By Industry

Butyl Polypropylene TPE
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% Insitu Diameter Change In R-134

Polyisoprenes

Butyl Rubbers

Polychloroprenes
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% Insitu Diameter Change In R-134

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Insitu Diameter Change In R-134

Fluorinated Rubbers
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% Insitu Diameter Change In R-134
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Thermoplastic Elastomers
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% Insitu Diameter Change In R-134

Polysulfide Rubbers

Polyurethanes
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% Insitu Diameter Change In R-134

Chlorosulfonated Polyethylenes
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% Insitu Diameter Change In R-134

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers
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% Insitu Diameter Change In R-134

Gasket Materials Supplied By Industry

Butyl Polypropylene TPE
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% Insitu Diameter Change In R-134a

Polyisoprenes

Butyl Rubbers

Polychloroprenes
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% Insitu Diameter Change In R-134a

Styrene Butadiene Rubbers
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% Insitu Diameter Change In R-134a
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% Insitu Diameter Change In R-134a
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% Insitu Diameter Change In R-134a

Polysulfide Rubbers
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% Insitu Diameter Change In R-134a
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% Insitu Diameter Change In R-134a
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% Insitu Diameter Change In R-134a

Gasket Materials Supplied By Industry

Butyl Polypropylene TPE
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% Insitu Diameter Change In R-142b

Polyisoprenes

Polychloroprenes

Butyl Rubbers
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% Insitu Diameter Change In R-142b

Styrene Butadiene Rubbers

Nitrile Rubbers



F-61
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% Insitu Diameter Change In R-142b

Polysulfide Rubbers
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% Insitu Diameter Change In R-142b
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% Insitu Diameter Change In R-143a
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Styrene Butadiene Rubbers
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% Insitu Diameter Change In R-143a
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% Insitu Diameter Change In R-143a
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Thermoplastic Elastomers
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% Insitu Diameter Change In R-143a

Polysulfide Rubbers
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% Insitu Diameter Change In R-143a
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% Insitu Diameter Change In R-143a
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Butyl Polypropylene TPE
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% Insitu Diameter Change In R-152a

Polyisoprenes

Butyl Rubbers

Polychloroprenes
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% Insitu Diameter Change In R-152a

Styrene Butadiene Rubbers
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% Insitu Diameter Change In R-152a

Fluorinated Rubbers
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% Insitu Diameter Change In R-152a
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% Insitu Diameter Change In R-152a

Polysulfide Rubbers
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% Insitu Diameter Change In R-152a
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% Insitu Diameter Change In R-152a

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes
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Gasket Materials Supplied By Industry

Butyl Polypropylene TPE
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% Diameter Change In

Alkyl Benzene

Polyisoprenes

Butyl Rubbers

Polychloroprenes



F-84

% Diameter Change In
Alkyl Benzene

Styrene Butadiene Rubbers

Nitrile Rubbers



F-85

% Diameter Change In
Alkyl Benzene

Fluorinated Rubbers

Epichlorohydrin Based Rubbers



F-86

% Diameter Change In
Alkyl Benzene

Silicones

Thermoplastic Elastomers



F-87

% Diameter Change In
Alkyl Benzene

Polysulfide Rubbers

Polyurethanes



F-88

% Diameter Change In
Alkyl Benzene

Chlorosulfonated Polyethylenes

EPM Rubbers
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% Diameter Change In

Alkyl Benzene

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers

Ethylene Acrlic Elastomers



F-90

% Diameter Change In
Alkyl Benzene

Gasket Materials Supplied By Industry

Butyl Polypropylene TPE
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% Diameter Change In
Mineral Oil

Polyisoprenes

Butyl Rubbers

Polychloroprenes



F-92

% Diameter Change In
Mineral Oil

Styrene Butadiene Rubbers

Nitrile Rubbers



F-93

% Diameter Change In
Mineral Oil

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Diameter Change In
Mineral Oil

Silicones

Thermoplastic Elastomers



F-95

% Diameter Change In
Mineral Oil

Polysulfide Rubbers

Polyurethanes



F-96

% Diameter Change In
Mineral Oil

EPM Rubbers

Chlorosulfonated Polyethylenes
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% Diameter Change In
Mineral Oil

Ethylene Propylene Diene Rubbers

Chlorinated Polyethylenes

Ethylene Acrlic Elastomers
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% Diameter Change In
Mineral Oil

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry
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% Diameter Change In
Pentaerythritol Ester Mixed Acid

Butyl Rubbers

Polychloroprenes

Polyisoprenes



F-100

% Diameter Change In
Pentaerythritol Ester Mixed Acid

Nitrile Rubbers

Styrene Butadiene Rubbers



F-101

% Diameter Change In
Pentaerythritol Ester Mixed Acid

Epichlorohydrin Based Rubbers

Fluorinated Rubbers
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% Diameter Change In
Pentaerythritol Ester Mixed Acid

Thermoplastic Elastomers

Silicones
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% Diameter Change In
Pentaerythritol Ester Mixed Acid

Polyurethanes

Polysulfide Rubbers
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% Diameter Change In
Pentaerythritol Ester Mixed Acid

EPM Rubbers

Chlorosulfonated Polyethylenes
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% Diameter Change In
Pentaerythritol Ester Mixed Acid

Ethylene Propylene Diene Rubbers

Chlorinated Polyethylenes

Ethylene Acrlic Elastomers



F-106

% Diameter Change In
Pentaerythritol Ester Mixed Acid

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry



Butyl Rubbers

Polychloroprenes

Polyisoprenes
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Styrene Butadiene Rubbers

Nitrile Rubbers
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Silicones

Thermoplastic Elastomers
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Polysulfide Rubbers

Polyurethanes
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Chlorosulfonated Polyethylenes

EPM Rubbers
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers
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% Diameter Change In
Pentaerythritol Ester Branched Acid

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry



F-115

% Diameter Change In
Polypropylene Glycol Diol

Polyisoprenes

Polychloroprenes

Butyl Rubbers



F-116

% Diameter Change In
Polypropylene Glycol Diol

Styrene Butadiene Rubbers

Nitrile Rubbers



F-117

% Diameter Change In
Polypropylene Glycol Diol

Fluorinated Rubbers

Epichlorohydrin Based Rubbers
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% Diameter Change In
Polypropylene Glycol Diol

Silicones

Thermoplastic Elastomers
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% Diameter Change In
Polypropylene Glycol Diol

Polysulfide Rubbers

Polyurethanes
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% Diameter Change In
Polypropylene Glycol Diol

Chlorosulfonated Polyethylenes

EPM Rubbers
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% Diameter Change In

Polypropylene Glycol Diol

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers



F-122

% Diameter Change In
Polypropylene Glycol Diol

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry



F-123

% Diameter Change In

Polypropylene Glycol Butyl Monoether

Polyisoprenes

Polychloroprenes

Butyl Rubbers



F-124

% Diameter Change In
Polypropylene Glycol Butyl Monoether

Styrene Butadiene Rubbers

Nitrile Rubbers



F-125

% Diameter Change In
Polypropylene Glycol Butyl Monoether

Fluorinated Rubbers

Epichlorohydrin Based Rubbers



F-126

% Diameter Change In
Polypropylene Glycol Butyl Monoether

Silicones

Thermoplastic Elastomers



F-127

% Diameter Change In
Polypropylene Glycol Butyl Monoether

Polysulfide Rubbers

Polyurethanes



F-128

% Diameter Change In
Polypropylene Glycol Butyl

Monoether
Chlorosulfonated Polyethylenes

EPM Rubbers



F-129

% Diameter Change In
Polypropylene Glycol Butyl Monoether

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers



F-130

% Diameter Change In
Polypropylene Glycol Butyl Monoether

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry



F-131

% Diameter Change In
Modified Polyglycol

Polyisoprenes

Polychloroprenes

Butyl Rubbers



F-132

% Diameter Change In
Modified Polyglycol

Styrene Butadiene Rubbers

Nitrile Rubbers



F-133

% Diameter Change In
Modified Polyglycol

Fluorinated Rubbers

Epichlorohydrin Based Rubbers



F-134

% Diameter Change In
Modified Polyglycol

Silicones

Thermoplastic Elastomers



F-135

% Diameter Change In
Modified Polyglycol

Polysulfide Rubbers

Polyurethanes



F-136

% Diameter Change In
Modified Polyglycol

Chlorosulfonated Polyethylenes

EPM Rubbers



F-137

% Diameter Change In
Modified Polyglycol

Ethylene Acrlic Elastomers

Chlorinated Polyethylenes

Ethylene Propylene Diene Rubbers



F-138

% Diameter Change
In Modified Polyglycol

Butyl Polypropylene TPE

Gasket Materials Supplied By Industry
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APPENDIX G

OSCILLATING DISK RHEOMETER CURVES
FOR CURABLE ELASTOMER MATERIALS
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APPENDIX I

FOURIER TRANSFORM INFRARED ANALYSIS OF
REFRIGERANTS AND LUBRICANTS
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ELASTOMER PHYSICAL PROPERTY DATA CHARTS



PHYSICAL PROPERTIES ON UNAGED ORIGINAL SAMPLE MATERIALS
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GAS CHROMATOGRAPHY DATA ON REFRIGERANTS
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Gas Chromatography Analysis

Method Parameters

Detector FID
Detector Temp (°C) 275
Injector Mode Splitless
Injector Temp (°C) 50
Column Type Restek RXT-1

Length 100 m
ID 0.25 mm, 1 µm df

Initial Column Temp (°C) 30
Column Hold 70 min
Final Column Temp 150
Column Flow (linear cm/s) 4
Injection Volume (µl) 10 (vapor)

The following retention times were observed:

Sample Retention Time
(minutes)

HFC-125 50.74
HFC-32 51.04
HFC-143a 51.58
HFC-134a 52.41
HFC-152a 53.53
HCFC-22 54.95
HCFC-124 57.81
HCFC-142b 59.74
HCFC-123 57.66*
HFC-134 49.61

* Isothermal 120 °C.

The GC chromatograms are included for your reference.
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REFRIGERANT-LUBRICANT TEST MIXTURES
FOR PART II TESTING



TABLE L-1

Part II Refrigerant/Lubricant Test Mixtures
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APPENDIX M

CHANGE IN PROPERTIES AFTER AGING DATA TABLES
OF PART II COMPOUNDS

NOTE: All formulations contained in this appendix with an asterisk following the
formulation number appeared to be significantly deteriorated or highly swollen
such that tensile data could not be obtained or has little or no practical significance.



Refrigerant/Lubricant Type: HCFC-22 / SUNISCO (mineral oil)



Refrigerant/Lubricant Type: HCFC-123 / SUNISCO (mineral oil)



Refrigerant/Lubricant Type: HFC- 134a / Dow P425 (Polyproylene glycol diol)



Refrigerant/Lubricant Type : HFC- 134a / BRL-150 (modified polyglycol)



Refrigerant/Lubricant Type: HFC- 134a / Emkarate RL-244 (Pentaerythritol ester mixed acid)



Refrigerant/Lubricant Type: HFC- 134a / Emery 2927-A (Pentaerythritol ester branched-acid)



Refrigerant/Lubricant Type: HCFC-142b / Zerol 150 (Alkylbenzene)



Refrigerant/Lubricant Type: HFC-152a / Zerol 150 (Alkylbenzene)



Refrigerant/Lubricant Type: HFC-32 / Emery 2927-A (Pentaerythritol ester branched-acid)



Refrigerant/Lubricant Type: HCFC-124 / Zerol 150 (alkylbenzene)



Refrigerant/Lubricant Type : HFC-125 / Emery 2927-A (Pentaerythritol ester branched-acid)



Refrigerant/Lubricant Type: HFC-143a/ Emery 2927-A (Pentaerythritol ester branched-acid)



Refrigerant/Lubricant Type: HFC-134 / Emery 2927-A (Pentaerythritol ester branched-acid)



Refrigerant/Lubricant Type: HFC-32 / Emkarate RL 244 (Pentaerythritol ester mixed-acid)



Refrigerant/Lubricant Type: HFC-125 / Dow P425 (Polypropylene glycol diol)



Refrigerant/Lubricant Type: HFC-125 / Emkarate RL 244 (Pentaerythritol ester mixed-acid)



Refrigerant/Lubricant Type: HFC- 152a / Emery 2927-A (Pentaerythritol ester branched-acid)
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PERCENT CHANGE IN TENSILE STRENGTH AFTER AGING
OF PART II COMPOUNDS



% Change in Tensile Strength: HCFC-22/Mineral Oil



% Change in Tensile Strength: HCFC-123/Mineral Oil



% Change in Tensile Strength: HFC- 134a/Dow P425



% Change in Tensile Strength: HFC-134a/BRL-150



% Change in Tensile Strength: HFC-134a/Emkarate RL-244



% Change in Tensile Strength: HFC-134a/Emery 2927-A



% Change in Tensile Strength: HCFC-142b/Zerol 150



% Change in Tensile Strength: HFC-152a/Zerol 150



% Change in Tensile Strength: HFC-32/Emery 2927-A



% Change in Tensile Strength: HCFC-124/Zerol 150



% Change in Tensile Strength: HFC-125/Emery 2927-A



% Change in Tensile Strength: HFC-143a/Emery 2927-A



% Change in Tensile Strength: HFC-134/Emery 2927-A



% Change in Tensile Strength: HFC-32/Emkarate RL 244



% Change in Tensile Strength: HFC-125/Dow P425



% Change in Tensile Strength: HFC-125/Emkarate RL 244



% Change in Tensile Strength: HFC-152a/Emery 2927-A
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