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EXECUTIVE SUMMARY

AHRI Material Compatibility and Lubricants ResegdICLRjor Low GWP Refrigerarsoject9016-1was a 2-month research
effort initiated at Trane Technologies on September 1, 202@ information contained in this report is designed to assist the
heating, ventilation air-conditioning and refrigeration(HVA®) industry in identification of potential chemical compatibility
concerns that may result from intecdons between new refrigerants, nesgfrigerant blends, and currentiused HVACR system
materials, including lubricants, system metasd filter driermedia. Refrigerants, lubricants, andaterials of interest were
selected bylie project monitoring subcommittee to cover a broad range of system chemistries.

The evaluation prograrsummarized in this report wativided into two phases of testinghe goal of thé’hase | test program

was to understand the thermal and chemical stability of low GWP refrigerants, in the presence or absence of compressor
lubricants, with common system materials. The evaluation wasop@med on six low pressure refrigerants-{R33zd(E), R
1224yd(Z), R336mzz(Z),®R336mzz(E),-B14A, and R23), six medium pressure refrigerants{®R34ze(E), R50A, R515B, R
1234yf, R513A, and F516A), and four high pressure refrigerantsABRIC, RIS5A, R468A, and RI66A) Lubricants evaluated in
Phase | included mineral oilgplyalkylene glycol (PAG)plyol eser (POE), and polyvinyl ether (P\lijricantswith their
compatible refrigerantsThePAG, POE, and PNiricants were studied withouthe presence of additive packagescept for
antioxidants The exposure focused on @mmon system metatatalysts based on lminum, copper, iron, brass, andznc.
Following review of Phase | test results, Phase Il testing was proposed and focused on five key areas of additionastudy: Ph
[IA¢ The evaluation of PAG and PVE lubrisasith additives with select refrigerants; Phase ¢IBhe evaluation of new bleh
components RL52a and RR27ea; Phase II€ The evaluation of POE lubricant additives cAGBA stability; Phase [IDThe
expanded evaluation of-B2/R-1234yf blends; and Phase fEhe evaluation of desiccant materials with select refrigerants and
lubricants.

The decomposition of refrigerant was monitored by measuring inorganic anions (fluoride, chéoritiedide)oy High Pressure
Liquid Chromatography (HPLaS)well as evaluating the headspace of the aged sealed glass tubes by Gas Chromakdgsaphy
Spectrometry GGMS). Lubricant decomposition was monitored by Total Acid Number (Tédganic acid analysis (for POE
lubricants only), as well asby observation of key species BGMS. Further interactions between decomposition of the
refrigerant orlubricant with the materials of interest (metals or desiccant materials), was monitored both visually as well as
through evaluation of the lubricant phase by measurement of dissolved elements using Inductivelydd®laglea Optical
Emissions Spectroscof{CPOES).

Overallgood chemical stability was observed across the many refige evaluated in this testing program, only a few instances
of reactivity were observed, as well as other subtleties in the interactions (physical and chemical) betweefrigieeants,
lubricants, and materialg-ourrefrigerants were noted to havpotential forincreased reactivity relative to other refrigerants
R13I1(CHRl), contained in the RI66A blendwas found to have significant reactivity when evaluated at elevated temperatures
with PAG, POE and Ptibricants.Followon evaluation of a proprietargdditized POE enaldesignificant improvements in
overall stability, however challenges in compatigilitere stillobservedwith zinccontaining materialsEvaluation of R52a, a
blending component in 816A, was found to have significant reactivity with zamontaining materials, specifically the zinc
aluminum alloy used in this studWhen used as a bl component of F516A, the reactivity was very subtle, and is something
to be mindful of when utilizing this fluid askdending agentR1336mzz(Z) was determined tmave potential for reactivity.
Observations of increagefluoride generation, relativead R1336mzz(E), were observed in multiple conditions, and the
stereoisomerization reaction product; E836mzz(E), was measured in the aged fluid head space in concentrations up to 6% of
the GCMS total peak areinally, RI68A, which contains the new HFYydrofluoroolefin)molecule R1L132a, was determined



to have instances of elevated fluoride generation as well, when compared to otRE2FRyf containing blends that were
evaluated in this study.

Lubricant chemistry was determined to have a role in kdzavn observations of HFO refarants Evaluation of HFO and HFO

HFC (hydrofluorocarbonplends with unadditized PAG, POE and PVE lubricants found consistent results to indicate the
generation of refrigerant breakdown, as measured by fluoride, in the ditaéd PAG and PVE lubricants, while POEs did not
exhibit this trend.PVE lubricants were determined to drive the creation of a unique breakdown product in the peesfesach

unique HFO chemistrifhese breakdown products are suspected to be due to chemical reactions betwekir@eefrigerant

and PVEand were determined to be sermplatile given their detection during @@S headspee analysis of the aged fluidghe
addition of an additive packago the PVE lubricant reduced the generation of fluoride after aging, to below reportable levels in
many instancesln addition, the uniqueHFGPVE reaction products were still detected but with reduced peak afdesaddition

of an additive package tthe PAG lubricantvas determined to have variability in its impact, with potential contribution to
increases or decreases in measured fluoride relative to the unadditized conditions. For conditions which yielded measurable
fluoride in the unadditized PAGbnditions (typically R234yf containing fluids), the PAG additive package was determined to
reduce generated fluoride in the mixed metal conditi@@opper/Iron/Aluminun), while impact to fluoride reduction with brass

and zinealloy had variability.

Zinecontaining materials were observed to accelerate reactivity in numerous conditions, both in driving refrigerant reactions as
well as increased lubricant decompositicks mentioned previously,-R3l11 and RL52a were found to be blend components

that exhilited significant increases in reactivityhen in the presence of zinQther refrigerants also had trace indicators of
breakdown in the presence of zinor exampleR1233zdE)and R1224ydZ)which had unique breakdown products detected

in the headspacef the aged tubeBreakdown of POE lubricant in the presence of zinc containing materials was another
observation consistent across the refrigets evaluated in this project withlevated TANioted in numerousbrass and zinc
conditions andlissolved zinpresent when evaluated by IGBESContinued e of zinecontaining materialin HYACR systems
should bestudied furthergiven potential system chemistry issues which could arise from its use.

Future work is recommended to better understand the interactions and risks associated with the observations in this study.

1 Stereoisomer rearrangemeratr other chemical stability reaction&466A)should be more closely studiedspecially
in fluids wheke thecis (ZJsomer is present or when the fluid might be considered for high temperature applications.
Work should focus on developing Arrhenius relationships with potential accelerants.

1 Studies to date have been challenged in ability to fully deteaegation ofpotential refrigerant breakdown products
in R1234yf, R1234ze(E) and-R132a, despite presence of fluoriddmproved assessment of semi or noalatile
breakdown products in the lubricant phase of the aged fluids should be pursued, givethithiata missing piece of
HFO studies to date.

1 Understand the nature and impact of the unique HF@E interactions that were observed in the-ME analysis.

1 Further evaluation of individual materials of constructionppocessingshould be consideredgiven unique chemical
reactions observed in this study, e.g. with brass, zinc, PVEs.

1 New HFO chemistries continue to emerge and should be considered for initial assessmeni, 128, RL132(E)

1 Evaluation of lubricant additiveand/or refrigerant stabilizershould be studiedo further understand theiimpacts
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INTRODUCTION

A whole new class og&frigerant chemistry has been developed as a reaction to new regulatory actions to restrict and lower the
direct global warming potential (GWP) impact of many hydrofluorocarbons (HFC) or fluorocaidms) (Efrigerants. These new
refrigerants can be refrred to as alkenes, or unsaturated hydrocarbombkich means they contain two or more carbon atoms
linked by a double bond. Today itgenerallycommon for thesdluorinatedrefrigerants to be referred to as hydrofluoroolefins
(HFOs), olefin®or unsatuated HFCsA number of these olefins contain a combination of fluorine and chlorine as well and the
nomenclature can be further refined tbydrochlorofluoroolefins(HCFOs) and hydrochloroolefins (HCO$)e new HFO
chemistries are designed to facilitatefrigerant degradation in the atmosphere in days rather than years, and this presents the
possibility that these refrigerants could be unstable with traditional construction materials and contaminants in heating
ventilation, air conditioning and refrigersion (HVACR) systems. Chemical and material compatibility of refrigerants are
important parameters given the expectation that HYACR products will have design lives of 10 to 20+ years.

AHR1-9016 provides a comprehensive look at the chematability of % olefin-based or olefin blended refrigerants in
combination with appropriate lubricants and select materials of construction (metals and desictacitgjed in the study are
8 ultra-low GWP olefirbased refrigerants (130(E), R336mzzf), R1233zd(E), R224yd(Z), R336mzz(E), R234ze(E)R
1234yf and R11323 in pure form or blended witlother refrigerants. Ultralow GWP refrigerant trifluoroiodomethane (€Hs
also included in this studylhe evaluation was performed on six lowepsure refrigerants (R233zd(E), R224yd(Z), R
1336mzz(2), R336mzz(E), B14A, and R23), six medium pressure refrigerants{®R34ze(E), R50A, R515B, R1234yf, R
513A, and B516A), and four high pressure refrigerantsABRIC, RIS5A, RA68A, and RI66A) Lubricants evaluated were mineral
oil, polyalkylene glycol (PA@olyol ester (POEgaNd polyvinyl ether (PVE) chemistriebhe study also included evaluation of
new HFC blending components to the HVACR industt$2® and RR27ea.

Goodrefrigerant chemical stability in HYACR systems is defined as the ability to perform over a wide range of temperatures, in
the presence of materials (necessary for the system operation), with limited deterioration. New refrigerants must have an

inherent level of thermal stability before being considered for use in HYACR systems. Once the general thermal stability of the
refrigerant alone is established, it is then subjected to a wide range of construction materials and potential systenmegritain

like residual air, waterand processing chemicals. The refrigerant must not be adversely affected by these materials. Various
known and possible refrigerant reaction pathways will be discussed in the following sections.

Olefin refrigerants introduce a more cofigated chemistry with the addition of the double bond and an increase in the number
of carbon atoms over the refrigerant they are targeted to repldéar. example, R1 @ 1-carbon molecule) was replaced by R
123 @2-carbonmolecule) and R 23 is beingeplaced by a combination of molecules and mixtures, includitg33zd(E)4q 3-
carbonmolecule) and F14A which is a blend of EB836mzz(Z)a4-carbon molecule) and-R130(E) & 2-carbon molecule). R

12 @ 1-carbon molecule) was replaced bylB4a @ 2-carbonmolecule) and R 34a is being replaced by combination of R
1234ze(E)q3-carbonmolecule) and R234yf @ 3-carbon molecule) or blends of R34ze(E) and-B234yf with other HFCs.

Reduction and Disproportion Reactions with Olefin Refrigerants

Two types of chemical reactions are common with CFCs, H&RC® a lesser extent, HFQgduction of the refrigerant by
lubricant species and disproportionation of refrigerakibwever, pesible disproportionation reactions will not be addressed as
part of this discussio.he primary refrigerant breakdown mechanism for €&t HCF&are reduction reactions which involve

a direct interchange of chlorine and hydrogen atoms between thegefant and the oil (Spauschus and Doderer, 1961).
Measurement of the breakdown products formed in the reaction of the refrigerant with the lubricant has become the industry
standard method ofletermining ifa material in a system is acceptable for use. fHaiction reaction does not always chlorinate

the lubricant andaggressive chlorinbased species, such lagdrochloric acigdcan be produced.



Reduction: R2 + lubricant +catalyg§ R-32 + other species (1)
Disproportionation: R2 +catalysy R-23+ chloride + other species (2)

The reduction reactioexchanges hydrogen atom from a lubricant molecule for the chlorine atom-22Rfor the example in
Equation 1The proton transfer process can be thought of as a simple kind of nucleophiligtstibstreaction, which is later
discussed, where the halogen is exchanged for a hydrdggrh molecule of-B2 represents the decomposition of one molecule

of R22. When the chlorine is released, it can then form aggressive chibéased species, such agdnochloric acid, and attack
metals and other construction materials. Typically, a lubricant sample can be analyzed for total acid number to determine how
much refrigerant breakdown has occurred in systembilethe refrigerantcan be analyzelly gas chromatographyto evaluate

the formation of reduction products.

Unlike the saturated halogenated refrigerants, oldhased refrigerants have been studied and few refrigerant reduction
reactions with the lubricant have been observed in sealed glassdugiges (Majurin et al., 2014, Rohatgi et al., 2012 -,

2010). The reduction products of the various olefins would require the elimination of fluorine or chlorine from the maledule
substitution by hydrogen atonTable lgives summary of potergi reduction products if they &re tooccur with various olefin
refrigerants. RL336mzz(Z) does not possess a fluorine on the double bond so a reduction reaction and elimination of a halogen
would not occur

Table 1: Summary of Possible Olefin Refriger&eduction Products

Refrigerant Breakdown Product
R-1130(E) R1140
R1336mzz(2) Not Applicable
R-1233zd(E) R-1243zf
R-1224yd(2) R-1234yf or RL233zd
R1336mzz(E) Not Applicable
R-1234ze(E) R-1243zf
R-1234yf R-1243zf
R-1132a R1141

Stereoisomer Rearrangement Reactions with Olefin Refrigerants

Unlike the saturated halogen refrigerants which are free to rotate into different orientations in ttiireensional space, olefin
refrigerants contain a carbon double bond that does not allbe molecule to rotate freely. This double bond can lead to the
formation of stereoisomers with different properties yet the same chemical formulation. Refrigerant nomenclature specifies
when there are different sterecisomeby using&®R Sa A Ay IEKIA By 2F @Y 9y (G3S3aASy oO0DENMOAG X
Z: Zusammen (German) meaning togethar)the formula.Figure 1gives an example of the two sterecisomers fetE4ze.

¢KS da%é A&a2YSNI KIFIa (KS K@RNRIASYy [ARFalry dEKS A& XB8SKNARISA 2
the opposite side. In general, K S & %2¢ & dzf ¥ A E iftha priorify SuBsRuefitRare orittS saryfe sideSof the double
bondandii KS & 9¢ &dzZFFAE A& dmtleRppdskeSiiestitvzdaend Ihtéresbgy ithis stalEhange in
stereochemistry results in a rather large boiling point differenck2d. 7C(k51.7F; R-1234ze(Ehasa boiling point of19°C(-

2.2°F and R1234ze(Zpasa boiling point of 9.7C(49.5°F). Typically, transalkenes are less polar, more symmetrical and have
lower boiling points than cialkenes.



R1234ze(E) R1234ze(2)
Figure 1: Chemical Model Depictions oflR34ze Stereoisomers

All olefins in this study are susceptibledtereoisomer rearrangement except forlR34yf which does not have an associated
stereoisomer. Stereaisner rearrangement processes habeen well studied and documented in literature, but limited
information is published with the new olefin refrigerantsiieh have the potential for stereocisomegarrangement. R233zd(E),
R514A and RL234ze(E) are used in chillers today with no reported stereoisomer rearrangement issues. Kujak and Sorenson
(201&) published the stereoisomer rearrangement data fet E3zdE), R1234ze(E) and-BR14Awhichcompares these values
to published reduction reaction studies forIR, R12, R123, R22, R32, R134g3 and R125. Asshownin Figure 2below,
stereoisomer rearrangement reaction ratare very low and not a significant concemith reactions rates being on the order
of R22 reduction reaction stabilityand well below RL1, R12 and R123 reduction reactions. This study was very limited
catalysts and temperatureso further work wouldoe recommended tdetter understand the reaction rates for sterecisomers
rearrangement reactionsGenerallytrans-alkenes are more stablepeaninglesssusceptibleto stereoisomer rearrangement
than cisalkenesdue to the increased unfavorable steric stituents in the cisgsomer. There are exceptions to this generality
with fluorinated alkenes. Gis, 2difluoroethylene, RL132(Z), is more stable than the trafg) isomer.

93°C 121°C 149°C 177°¢ 204°C 232°C
10000

—— R-11 Reduction
—8—R-12 Reduction
——R-123 Reduction
-4 R-22 Reduction

1000 ¥ R-134a Reduction

A R-32 Reduction
+ R-125 Reduction
——R-12332d(E) Rearrangement

R-514A Rearrangement
100 .
-------- @ R-1233zd(E) Reduction

R-1234z¢(E) Rearrangement

—" W R-1234yf Reduction

Rrefrigeant Decomposition (ppm per Day)

4+ Ra2,R125,R-134a
u f are shown as < values

200 250 300 350 400 450
Temperature (°F)

Figure 2: Comparison of Various Refrigerants Chemical Stability irPfesence of
Lubricant Versus Temperatur&(jak et al., 20Bb and Huttenlocher, 1992)

Oligomerization or Polymerization Reactions with Olefin Refrigerants

The presence of a double bond can lead to the potential for oligomerizéiorall number of monomers joined togetheor
polymerization (large numbers of monomers joined together) of the olefin refrige@sshown in Figure 3. Seeton (2018)
reportedocairrences of RL234yfpolymerizationin automotiveapplicationsput it was attributed to having uncured elastomers
with residualcrosslinking chemistriepresent that leadto the oligomerization/polymerizationReview of sealed glass tube
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studiesunder typical HVACR system chemistry conditioage not documented the potential for these types of reactions, but
detection of small amounts of oligomers/polymewnsould be unlikely given the typical sample preparation and analytical

methods used in thesstudies

H H H\ H H H
Cc=cC & C=C * Cc=cC +
H H H/ H H H
H H H H H H
SN S S O
Vb

Figure 3: Example of Oligomerization and Polymerization Reaction

Nucleophilic Substitution Reactions with Olefin Refrigerants
In organic chemistry, nucleophilic substitution is a fundamental class of reactions in which an electroelgopiie selectively

attacks the positive or partially positive charge of an atom or group of atoms to replace a leavingiguurp 4)Alkyl halide

bonds have electronegativities significantly greater than carbxeept foriodine. This reactivity is based on the covalent bond
strength of the carbon bonding and the bonded species ability tob®a leaving groupThe strongest of the ¢hon-halogen
covalent bonds is that to fluorinét.isroughly 30 kcal/mole stronger than a carboarbon bond and about 15 kcal/mole stronger

than a carborhydrogen bond.As a result,alkyl fluorides and fluorocarbons argenerally quite chemically and
thermodynamically stable, and do not share any of the reactivity patterns shown by the other alkyl halides. Nucleophilic
substitution across a halogenated double bond is posdibiehydrogen, fluorineandchlorine atomsalong withtrifluoromethyl

(-CR) groups attached to the double bond are rfaivorableleaving groups, whereas bromine and iodime able toact as
favorableleaving groups depending on their bonding characteristics. In addition, the formation of hydrofluoric or hydrochloric
acid as theresult of limited reduction reactions with olefins is possible, but unlikely to occur because these acids are quickly
neutralized by system materials or the filter drier component before they can reach significant concentrations to indiate th

reaction.
®
E
>—< —_sx E ®
R4 Ry
s N + X
/KH Ro u Rz\/\ Ny
R3 R3

Figure 4: Examples of a Nucleophilic Substitution Reactions

Table 2 shows possible nucleophilic substitution reactions that could occur with the three chlorinated olefins evalugited in t
study, R1130(E), R233zd(E)and R1224yd(Z) where hydrogen and chiwiwere substituted across the double bond.

Table 2: Summary of Possible Olefin Chlorine Nucleophilic Substitution Reactions Products

Refrigerant Breakdown Product
R-1130(E) R-140

R-1233zd(E) R-243dn &R-243fo

R-1224yd(Z) R234bo & R234en
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SUMMARY OF PREVICTISEMICAL STABILITY STUDIES

Several studies have been published regarding the potential risks associated with using the new olefin refrigerants in HVACF
systems over theast 10+ yearsThese studies have been stty focused on R234yf since it was introduced first as a
replacement for RL34a in automotive applications. The background discussion here will focusiltple olefin refrigerants, R

1313, as well as theew HFCs,-B52a and RR27ea, which have not lea commonly used in HVACR produt@tse AHRTI funded
literature review conducted by Spauschus provides the various references and background for this digRossitgi 2020).

R-1336mzz(E) and-R336mzz(ZLhemical Stability (1,1,1,4,4Hexafluoro-2-butenes)

Few chemical stability studies exist in literature that describe the chemical stabilityl886tnzz(E) and-R336mzz(Zand

identify potential refrigerant breakdown products. Juhg2017) and Hughes and Juh48019) used sealed tube tests to
RSGSNX¥AYS (GKS GKSNXIE &dFoAtAde 2F wnmoocYI 1690 6AGK tho
dontcCO F2NJ mn RlI&daod ¢Saida oSNB faz2z O2yRdi@iaf Rickd aAtd7°Cw m ¢
(347°F) for 14 days and with steel, coppamd aluminum at 250°C (482°F) fmvenR | @ 4 ® wSadz 14 &dAK2¢6SR
was stable under all test conditions.

Y2YG2YFNRAE 6Hnamn0O AYRAOLI SR empemtoresc Ffubridefésmation In dealeti§INsB tulie debtd f S
was negligible even after exposure to 250°C (482°F) for 14 days in the presence of carbon steehicdaheninumLubricants

were not considered in this studifurther work by Kontomaris showedhat at 7.6 mm Hg air pressure and moisture at 200 ppm
there wadlittle impact on the stability of R336mzz(Z) after exposure to 25q282°F¥or seven days.

Saito and Sundaresan (2017) investigated the effects of air and water at high temperatuieKd® &G oA f A G @
1336mzz(Z)/POE VG220 combination. TAN of the exposed lubricant went from 0.07 mg KOH/g at 200°C (392°F) with <0.1 pp
air and <100 ppm water to 0.49 mg KOldiat 200°C (392°F) with 100 ppm air and 500 ppm water. TAN increagd8d®mg
KOH/goil at 250°C (482°F) with <0.1 ppm air and <100 ppm water. Temperature was seen to have a greater effect on the TAN
than the concentrations of air and water.

l dzz2 Si Iftd ounmpd aiddRASR GKS RSO2 Yhigh prassSuke?vgssel The axpennemtat Y 1 |
NSadzZ §a aK2gSR GKIFIdG GKS LINBaadz2NBE KIR F 3ANBFG STFSOG 2y
Breakdown products as measured by a FouFi@nsform Infrared gectrometer (FTIR) included HER, CHE, GF, GFs, GHFs,

and GFs. This study was a highly accelerated condition and not typical of HYACR equipment operation.

R-514A (75.7% R336mzz(Z2)/24.3%-R130(E)) Chemical Stability

The first reported use of-R130(E), trans 1,2 dichloroethylene, was in 1922. Willis Carrier introduced the first centrifugal chiller
application using the refrigerant called dielene which is a blend-d1B(E) and 130(Z), before being displaced with the
invention of the nonflammble CFC alternatives in the 1930s. Sine¢tiime, there are no reported usmf R1130(E) specifically

in HVACR products as the primary refrigerant or as a blend in a refrigaianto the introduction of F514A R1130(E) has

been widely used for 70years as a cleaning agent and can be left behind as a contaminant in HVYACR products. Rohatgi (2016)
conducted a research project aimed at determining the effects of halogenated unsaturated contaminants present in refrigerants
on the stability of refrigerat/lubricant system. RL130(E) was studied as a contantihan R134a and was recommended the
maximum contamination concentration be kept below 1000 ppm.

Only one chemical stability study offR4A was identified in literature. Majurin, et §2017) inestigated the chemical stability

of R514A with a POE based lubricant at three temperatures and a variety of system materials and contaminants in sealed glass
tubes and in a chiller. The primary decomposition reaction reported was the stereoisomer reamangof both the R
1336mzz(Z) and-R130(E) to the corresponding836mzz(E) and-RL30(Z) at very low levels. Good chemical stability was
noted for R514A versus the-®23 by a greater than 4 to 1 ratio.
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R-1233zd(E) Chemical Stability

R1233zd(E), trasl-chloro-3,3,3trifluoro-1-propene, was introduced in HVACR products around 2015 and few chemical
stability studies have beepublished since that timeKujaket al. (2015b) reported orma (i dzZR& (2 RSGSNXYAY S
1233zd(E) with and withouht presence of mineral ofMOY® { S| f SR 3t aa (dzoS (Sad NIBadz
I LILUINREAYIF 0St& mn GAYSE Y2NB &#@hofid YSRI yWw2NBmidi I bY B K KILINE
degradation products was the stereoisomer meegement reaction to fornR1233zd(2). It was formed only under extreme
conditions,a 14 dayexposure at 200°@t less tharl% in concentration.

al2dz2NRYy SO It onwnmt0o SO fdz SR (KS OK shrédni@talicatadysisraprederitiige 2 1
the system materials of constructioncast aluminum, carbon steel, and copper. Exposures were conducted at three different
temperatures 135°C (275°F), 145°C (2938 155°C (311°F) for seven days. Test results shawed G (G KS wmnmHoO 0
system was stable with TAN values less than 0.1 mg KOH/piod, with observations alissolved aluminum, copper, and iron
concentrationdess tharl0 ppm. The degradation productwdeew it MmH oo 1 RO %0 & (i SNB 2 édéice YS NI NB | N

Rachedgt al. (2018) reporéd on the chemical stability of-R233zd(E) in energy recovery applications. While under extreme
accelerated life testing,-R233zd(E) was found to undergo fairly low stereoisomer rearrangement, about 1.6%, at 180} (356

for 14 days andsignificant stereoisomer rearrangement, about 9%, at 220°C (428°F) for 14 days. They also demonstrated the
use of a stabilizer significantly reduced the formation of th&2R3zd(Z) isomer at the hightemperatures. The formation of

acidity or TAN in the lubricant evaluations werported as low, even though significant discoloration was seen with some of
the POEs evaluated in the study.

R-1224yd(Z) Chemical Stability

Only a few chemical stability studies ol B24yd(Z), cid-chloro-2,3,3,3tetrafluoro-1-propene, havdoeen reported in literature,

and specific refrigerant breakdown species were not reported by the investigators. Saito and Sundaresan (2017) reported that
naphthenic mineral 0oil VG56hR 32 2 R 02 Y LJ #jd@when diested i sealéd tubves mt A 45°C (347°F) for 14 days.
TAN after exposure was 0.03mgKO#llp LYy FRRAGAZ2Y S (GSada 27F wrmHand anidditee ¢ A
at 200°C (392°F) for 14 days also showed good compatibility withvalsl of 0.05 mg KOH#gl without air and water and

TAN value of 0.01 mg KOHdywith 100 ppm air and.00 ppm water.

Kaika, Fukushima and lizuka (2019) reported on the chemical stabilitg 224yd(Z) with a PAG oil in the presence of metals

by seatd tube testing with compaisonto R245fa. Each tube was prepargdth 60 grams refrigerant and 60 grams oil and
included the three metal catalysts representing the system materials of construction: steel, copper and aluminum. Each tube
was aged in a heated oven at 150°C (302°F) for 14 days. Although the acid numberaoidrtbEthe PAG oil with-R224yd(Z)

was slightlyhighercompared to values witR-245fa, there were nother significant differencesbserved between the stability
R1224yd(Z) and R45fa

R-1311 and R466A Chemical Stability

R13I1,trifluoroiodomethane was considered in the CRECFC to HR@nsition period but was abandoned because of chemical
stability concerngdriven by theiodine atom in themolecule Halogenated refrigerant chemical stability generally follows the

rule that fluorine substitutions are mststable followed bychloring bromine and finally iodineThe chemical stability of-R311

(CRLU gl a FTANRG aidzZRASR Ay (i K13Bleshdeame suppiessa Fodaiciaft @pplications}d®AS R 2
is aClass Ablend of R13I1 with R32 and RL25proposed as a replacement f&410A.

Kujak and Sorenson (2021) reportegsults ofsealed glass tube evaluations of botHB1 and RI66Aas wel as chemical
stability studies in accelerated equipment operati®@ealed glass tube studies were perfornweith and without lubricantsat
varying times and temperatures to develop an understanding of reaction kinetics and Arrhenius be@Gawiditions ranged
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from 80eC (1766F) to 15@C (302F), at times ranging fror@38 to 14 days. Coppealuminum andiron catalystswere tested
together inlubricantfree conditions as well agith unadditized and additized POE lubricamsst exposure testindetermined
the primary breakdown produdb be the traditional CFC/HCFC reduction produe3&Rwhichis a result of the loss of iodine.
Evaluation of R3 generation allowed determination of first order rate kinetics within the time range studiesgiatEtereactivity
was determined with RI66AIn the presence of unadditized POE when tested agL5302F) for 14 days, with-R3 generation
rates possibly as high a0% in the condition tested with a zikatuminum coupon. Follow on work using a mateemicély
stable POE with a proprietary additive packageedeiined significant reduction B-23 production with all metadoupongested
(copper, aluminum, iron, brass andzinc-aluminum alloy). Equipmentaccelerated lié tests (AL were conducted withthe
optimization of materials and additives to verify tresults ofthe sealed tube tests performeat 150°C (302°F) for 14 day$he
optimized units with additives and heat exchanger materials experienced 488/ deneration rates thatemained stable osr
the course of the testing.

As part othe evaluation abovand in prior publications by the authors (Kujak and Sorenson, 2(th@gpproach to accelerated
studies of reactive chemistries, based on reaction kingAcghenius theory andequipment operationwas detailed Through
assessment of reaction rates across the temperature ranges of modeled HVAC s¥stesmshorsproposedthat use ofHALT
conditionsof 150°Q302°F) for 14 dayis more than sufficientas opposed to employintpe traditional HALTcondition of 175°C
(347°F) for 14 days. Kujak and Sorenson (2018ed a new interpretative numerical methodology they developed for
extrapolating small scale highly accelerated laboratory results to real life HVACR operational cendiiiog a simple
thermodynamic model, equipment operational conditigaad climate zone datéJsing the Arrhenius theory, 175°C (347°F) was
determined to acceleratechemical reactivity rates ~32,000 times greater than the rates observed at average system
temperatureswhich are characterized using condenser, evaporator, compressor, and compressor discharge tempdiaires
acceleration is equivalent to 1227 yearsegfuipment operation which malge an unreasonable acceleration factor for unitary
equipment and 150°(302°F) is sufficiently vigorous to accelerate chemical stability feoaiditioning and heat pump systems.

R-1234yf and RL234ze(E) Chemical Stabylit

The chemical stability of-R234yf, 2,3,3,3etrafluoro-1-propene, and R 234ze(E), tran4,3,3,3;tetrafluoro-1-propene, will be
discussed together since many chemical stability studies and refrigerant blends contain both HFOs. Fujitaka, Shimizl, Sato a
Kawabe (2010) studied the chemical stability éfZ34yf with POE lubricant in the presence of air and water contaminants. The
studies were conducted with copper, aluminum, and steel coupons in stainless steel containers with the refrigerant, Jubricant
and contaminant(s) exposed for 14 days at 175°C (34VéB)results indicated minor instability ofIR34yf when contaminants

were not presentHowever, significant-2234yf instability was observed in the presence of air, and it appeareddodmerated

even more in the presence of both air and moisture. It is important to note that the POE lubricant in the study was farmulate
with additives including an acid catcher and an antioxidant, which were measured after the expésalgses of thé&ubricants

from the R410A baseline samples exposed to both air and moisture indicated that the acid catcher and antioxidant were nearly
depleted(approximately 90%as well.In the case of the correspondinglR34yf exposures, the acid catcher was cortgdle
depleted, but the antioxidant was still present at significant concentratioftgeese results suggested thatlR34yf was
preferentially reactive with air and that significant acids were formed, resulting in depletion of the acid catcher additive.

Amore recent study was facilitated by AHRTI (Rohatgi, Clark, and Hurst, 2012) in which the stabililig84ffRR1234ze(E),

and mixtures of R234yf blended with B2 (50% of each by weight), were evaluated with two POE lubricants and one PVE
lubricant R-134a and RI10A were evaluated as baseline controls for comparison with the HFOs and HFO/HFC blend refrigerants.
This study constitutediase | of theMaterial Compatibility and Lubricant Research (MCLR) for Low GWP Refrigerants program
andinvolved peparation of samples in sealed glass tubes in accordance with ASHRAE star2{20@ @ith copper, aluminum,

and steel catalysts. Prepared samples were aged for 14 days at 175°C (347°F) and the impacts of three contaminantconditions
air, water, and air wh watert were evaluated. This study revealed evidence of refrigerant breakdown under specific scenarios
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and reinforced that additional work was required to understand the refrigerant system chemistry implications of using HFOs in
HVACR systems.

A follow p Phase Il study was conducted by AHRTI to expand upon the initial chemical stability work conducted in Phase |
(Majurin et al, 2014). Chemical compatibility experiments were conducted in sealed glass tubes with aefnigerant
composite blend of R234yf, R1234ze(E), and-8 (333%by weight of each) in combination with one POE and one PVE
lubricant and 41 different materials of constructioBontrol baseline samples with the same materials and lubricants were
prepared with R1l34a for comparison. @vall, results of the chemical compatibility portion of this study suggest that the
OKSYAOIt aidlroAfAade 2F (GKS GKNBSTNBFNARAISNIYG o6f SyR (I2y Rumii K
monl GKSy Ay O2yil Odmmbd KHVMCRYmMaie@albug Sbmeth2rildaldinieéactions were noted. An
AYGSNI OliAzy 6+a y20SR 0SiG6SSy (GKS UGKNBSTNBFNAISNI yid of S
O2YLRdzyRa GKIFd ¢SNB y2i 20 asumiddnRlesiexposadivith PORIMNINGENES. [ TReygeRAMBEINd® T \
were detected at very low concentrations, and the relevance of this observation was not determined. Similar interactions with
olefins in the PVEs wembserved and areliscussed inth & LIN(Bp8rSAbsd, @gint materials (Nomex® 410 and mica glass

cloth motor phase insulations, nylon 6,6 polymer, Loctite 640, Garlock® 3300 gasket material, and epichlorohydrin, leatyl rubb
andniNA f Sttol aSR b . wletdriihed id 2owtdbdid to sigificiri¥ibioride concentration$>500 ppm)n at least

2yS 2F GKS GKNBSTHNBFNAISNIYy(G ofSyR alYLIS GSaid O2yRAGAZY
observed fluoride was due to refrigerant degradation or that these fluoddiecentrations were greater than what would be
3SYySNIGSR FTNRBY YIFGSNRIE SELRAaAdINBE 6AGK (2RI &Qa | C/ NBTNA

al Gadzy2d2 SG +ttd o0nvHnmt0d RSAONARGSR (KS RS@OSt2LISyd 25 t+9
andl Chk!l C/ o6fSYRSR NBFNRAISNIyda ownnny!> wnnnd! I wnnpH! X
PVEG68Awhich contained additives such as antioxidant andan acid catcher Additionally, artHFO refrigerant stabilizevas
usedwhen testedwith HFOs. There were two water levels (less than 50 ppm and 500 ppm) and two ai(4ével¥a and13
kPa)tested and exposures were carried out at 175°C (347°F) for 14 Atigs exposure, the acid number did not increase with
GKS olFlaStAWwSHnwmhnmlyRFYR9 O06AGK YR 6AGK2dzi adGloAf AT SNL A
TAN increased with HFO refrigerants in PVE (without stabilizer) in high air/high water tests. The TraNuaedwith the
addition of the HFO stabilizet I f S@St aAYAtIFINI 62 GKS wmnann!kth9 FyR wmn
visible after the testswhen using the stabilizer.

Kujak et al. (2018 reportedon the compatibility testing of nine different process chemicals (includingisbpreventives, two
RSGSNHSy(Ga YR 2yS OdzidAy3a FfdzZA RO A YRIZBE/ RISBze(B)f anciBa (33BUr6 S &
by weight of eachiind POE lubricant 475°C (347°Fpr14day® / 2y G NRf &l Y LI S a078,&iNdghe $ad LI NX
YEGSNALFtE YR fdzoNAOFyGd t2aldnSELRAINNE FaasSaavySyida AyOfc
indicator of refrigerant decomposition. Test results showed that with process chemicals refrigerant decompasition
YSI&dzZNBR Ay GKS NBFNRAISNIydG o0fSyR al YL Sa odzi ¢l a&a yz2ia RS
after exposure in the presence of the rust preventatives was as high as 20@yithrdetergents it was up to 65 pprandwith

cutting fluid it was 50 ppm.

wW2KFEG3IA 6Hnmpy RSGSNN¥AYSR (GKS STFSOGa 2F Hp LINRBOSa®R OKSY
1234yf, R1234ze(E), and-B2 (333%by weight of eachand a nonadditizzd 1ISO22 PORbricant, using sealed tube tests at

175°C (347°A)2NJ mn RlF&dad ¢Sad NBadzZ Ga ¢gSNBE O2YLI NSR (2 LINBOJA 2 dz
OKSYAOIta&a F2dzyR Ay LINROS&aa 7 dzA-BléandROEsysteRs CNdnialddactiana réskiltediik S w
changes in a number of properties, such as darker lubricant color, cloudiness, deposit, film formation, darker metal color,

dullness, corrosion, increased TAN, increasdal organic acids (TOAresence of metals in solutioand presence of reaction
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products (such as fluoride ions in the HBIGBnd/POE system). The extent of reaction depeshedn the chemical and its
concentration, the aging temperature, and the aging time.

R-1132a Chemical Stability

R1132a(1,1-difluoroethylene), also known as vinylidene fluoride, is primarily used in the production of fluoropolybuérs
recently has been introduceidr useas a blending agent with HFCs and HteéQseatepotential low-GWPrefrigerant
alternatives. In thisvork, R1132a was evaluated as a blending agent-#6BA (R1132a/32/1234yf, 3.5%/21.5%/75%).
Limited literature references exist that evaluate the chemical stability-d1 82a.

Low (2018) presented the evaluation of potential uses-afiB2a as a refgerant blend component and presented some
limited chemical stability data.-R132a was subjected to a seriglextended duration autoclave tests at temperatures of 90°C
(194°F), 100°C (212°F) and 12(P48°F) and approximately 40 bar autogenous presduceevidence of degradation of
material or pressure rise was observed during these tests. The length of exposure time was not reported.

R-152a Chemical Stability

The chemical stability of-B52a, 1,1difluoroethane, has been studiddfrequently over the last 30 years. Since it was not
introduced as a refrigerant in HVACR products, there was limited need to study it in its pure form or as a blendingisgent.
now beingproposed for usas a blending agent sincel®2a has a GWP afl50 (AR4)n this study, F516A contains R52a.

Bier et al. (1990) studied-B523 whichshowed traces of HF at 180(856°F) after five days in a steel container. Bier et al.
suggested that vinyl fluoride forms during therndglcomposition of R.52a and can then react with water to form

acetaldehyde. Hansen and Finsen (1992) conducted lifetime tests on small hermetic compressors with a ternary mixture of R
22/152a/124 and an alkyl benzene lubricant. In agreement with Bier,ghaly found that vinyl fluoride and acetaldehyde

formed in the compressor and decomposition also increased with time. Aluminum, copper, drdssolder joints lower the
temperature at which decomposition begins.

Huttenlocher (1992) presented therelsii @ 2F + aSIFf SR GdzoS adloAftAdGe addzRe oAl
was @ed at three temperatures150°C(300°F), 175°C347°F) and 200°C (392°F). There was no observable refrigerant or
lubricant decomposition reported with-R52aand alkylbenzene lubricant.

R-227ea Chemical Stability

The chemical stability of-BR27ea, 1,1,1,2,3,3;Beptafluoropropane, has not been studied for use in HYACR produl®7éa

is used as aflame suppression gas in data processing and telecommunfiaeifiies. Since it was not introduced as a refrigerant
in HVACR products, there was limited need to study it in its pure form or as a blendinglagaig.study, F5615B contains R
227ea.

There is only one study reported in the literature. Angeling R LY @SNY AT T A Oonwnnood adGdzRASR
stainlesssteel pressure vessel and showed that even at 425°C (797°F) there was no detectable sign of degradation after 50 hours
GKAOK RSYy2GSR GKS NBYI NJ I At#@39°qé4r°E)N¥irkt indicativrt o 4 dedotn@ositidnfonset wasH T S
observed after 46 hours.

15



1. MATERIALS

Tablel.1: Refrigerant and Lubricant Information

Fluid Details

Refrigerants

R-123 Chemours|.OT:130000024258, CAS &¥2 (1,1Dichloro-2,2,2trifluoroethane)

R-32 National Refrigerants, Inc, LOT: P19112511, CAS-3%Difluoromethang

R-152a Arkema Inc, LOT: 588930, CAS3756 (1,1-Difluoroethang

R227ea Airgas, LOT: 2B12717, CAS-83D (Heptafluoropropang

R-1233zd(E) Honeywell, LOT: L168714, CAS 1026&5-0 (trans1-chloro-3,3,3trifluoropropene)

R-1224yd(Z) AGC, LOT: 200618, CAS 11¥818 ((Z)1-Chlore2,3,3,3Tetrafluoropropene)

R-1336mzz(Z) Chemours, LOT: 13000132649, CAS4882 ((2)1,1,1,4,4,4Hexafluore2-butene)

R-1336mzz(E) Chemours, LOT: 130000144116, CAS 68B1A((E}1,1,1,4,4,4Hexafluore2-butene)

R 1234yf Chemours, LOT: 130000043292, CAS175% (2,3,3,3Tetrafluoropropene)

R-1234ze(E) Honeywell, LOT: L1a8714, CAS 2911849 (trans1,3,3,3Tetrafluoropropl-ene)

RA50A Honeywell, LOTBE09710-12, R134a/R1234ze(E), 42.0/58.0, CAS &#72/2911824-9, (1,1,1,2
Tetrafluoroethaneftrans-1,3,3,3Tetrafluoropropl-ene)

RA54B Chemours, LOT: CAD0866231, R32/R-1234yf, 68.9/31.1, CAS -AH-5/754-12-1,
(Difluoromethane/2,3,3,3Tetrafluoiopropene)
Chemours, LOT: 1354880036, R32/R-1234yf, 21.5/78.5, CAS A%-5/754-12-1, (Difluoromethane/

R454C
2,3,3,3Tetrafluoropropene)

RAS5A Honeywell, LOT: L1a8725, R744/R32/R-1234yf, 30/21.5/75.5, CAS 1238-9/75-10-5/754-12-1,
(Carbon dioide/Difluoromethane/2,3,3,3Tetrafluoropropl-ene)

RAG6A Honeywell, LOT: L1a8726, R32/R-125/R 1311, 49.0/11.5/39.5, CAS -1%-5/354-33-6/2314-98-8,
(Difluoromethane/Pentafluoroethane/Trifluoroiodomethane)

RA68A Koura, LOT: UN3161;1R32a/R32/R-1234yf, 3.5/21.5/75.0, CAS 73B-7/75-10-5/754-12-1, (1,%
Difluoroethylene/Difluoromethane/2,3,3;3 etrafluoropropene)

R513A Chemours, LOT: UN 10781 84a/R1234yf, 44.0/56.0, CAS 887-2/754-12-1, (1,1,1,2
Tetrafluoroethane/2,3,3,3Tetrafluoropropene)

RE14A Chemours, LOT: 1300001434541 BB0(E)/RL336mzz(Z), 25.3/74.7, CAS ¥8B5/691-49-9, (Trans
1,2-Dichloroethylene/(Z)1,1,1,4,4,4Hexafluore2-butene)
Honeywell, LOT: BR20153R2F ea/R1234ze(E), 8.9/91.1, CAS1-89-0/29118-24-9, (1,1,1,2,3,3:3

R515B
Heptafluoropropanetrans-1,3,3,3Tetrafluoropropl-ene)

R516A Arkema, LOT: 04075#4;1R34yfIR134a/R152a, 77.5/8.5/14.0, CAS 732-1/811-97-2/75-37-6,
(2,3,3,3tetrafluoro-1-Propene/1,1,1, 2etrafluoro-ethane/1, 1-difluoro-ethané

Lubricants

Polyol ester (POE)

CPI Fluid Engineering, REBAAF, 32 cSmixed acid with only antioxidant

Polyvinyl ether (PVE)

PVES8 cStwith only antioxidant

Polyalkylene Glycol (PAG)

Shrieve PA&X6, 46 cSt, anethylcappedoropylene xidewith only antioxidant

Mineral Oil (MO)

Trane, Qil00022, 58 cSt, Naphthenic White Mineral Qil

Additized plyol ester (POE)

Honeywell, 32 cShixed acidPOE wittstability additive packagéfree radical stabilizegcidcatcher
and antioxidant2% TCP, 2% alkylated naphthalene, 1.58thglhexyl glycidyl ether was added to th
standard POE il

Additized polyvinyl ethe(PVE)

Idemistu, FVC68D, 56¢8WVE with proprietary additive packafgnti-wear, antioxidant and acid
catcher)

(PAG)

Additized polyalkylenelgcol

Shrieve PAG 4646 &, dimethylcappedoropyleneoxidewith proprietary additive package
(antioxidant and aciatatcher)
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Table1.2: Metal Coupon Information

Material Name

Details

Aluminum(Al)

UNS AL3800, Cut from Casting Materiaht® M H p éEE mdbnpé

1095 Spring SteeMcMaster/ | NNE t | NIi b dz€o0 &RBESHA mMn YdmMo S c €

Iron (Fe) [ dzli G 28 nvomMOEpe £
Copper(Cu) 110 Qopger 7 Harg TempMcMaster—Carr, Part Number 8963K138¢ Eoc € En ®n pécz
[ dzi G2mdmep p E
Zinc ZincAluminum AlloyZamak ZA 8 InngotoMeths, Received'as Cast Bars,
/ dzi 02 nNOPMHpPEE MPHPEE ndnpce
Brass 260 BrassMcMaster/ | NNE t F NI bdzYo SNJ ydhpc YMHT S HEE oc

/dzi 02 NnOMHpPEE MODPHpPpE nodnpé

Table1.3: DesiccantMaterials Information

Material Name

Details

3A Molecular Sieve

Grace, type 594 3A molecular sieve

4A Molecular Sieve

Grace, type 594 4A molecular sieve

Activated AlumindAA)

UOP, type E201 activated Alumina

1.1 CHARACTERIZATIONNOXTERIALS

Key baseline measurements are recorded in Tabledand1.1.2 for refrigerants and lubricants used in this study.

Table1.1.1: Moisture Concentrations and Anions in AReceived RBfrigerants

. Moisture Fluoride Chloride lodide
Refrigerant

(ppm) (ppm) (ppm) (ppm)
R123 18 <10 <10
R32 17 <10 <10
R152a 24 <10 <10
R-227ea <5 <10 <10
R-1233zd(E) 11 <10 <10
R1224yd(Z) <5 <10 <10
R-1336mzz(2) 31 <10 <10
R1336mzz(E) 10 <10 <10
R-1234yf 10 <10 <10
R1234ze(E) 8 <10 <10
R450A 9 <10 <10
R454B 37 <10 <10
R454C 63 <10 <10
R455A 8 <10 <10

R466A 9 <10 <10 <100
R468A 6 <10 <10
R513A 14 <10 <10
R514A 48 <10 <10
R515B 13 <10 <10
R-516A 43 <10 <10
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Tablel1.1.2 Anions, TAN and Dissolveglements in AdReceived Lubricants

. Fluoride Chloride TAN Dissolved Elements in Lubricants by ICP (ppm)
Lubricant i
(ppm) (ppm) mg KOH ¢ i) Al Cu Fe zn Si
Mineral Oil <10 <10 <0.05 <3 <1 <1 <1 <3
PAG <10 <10 <0.05 <3 <1 <1 <1 <3
POE <10 <10 <0.05 <3 <1 <1 <1 <3
PVE <10 <10 <0.05 <3 <1 <1 <1 <3
Additized PAG <10 <10 <0.05 <3 <1 <1 <1 <3
Additized POE <10 <10 <0.05 <3 <1 <1 <1 <3
Additized PVE <10 <10 <0.05 <3 <1 <1 <1 3




2. EXPERIMENTAL METHODS

The chemical and thermatability of refrigerant and lubricants was evaluated by preparing material and fluid samples in sealed
glass tubes, accelerating their aging through use of elevated temperatures, followed by detailed inspection of the raatkrials
aged fluids.The evalution program was divided into two phases of testifidhe goal of theéPhase | test program was to
understand the thermal and chemical stability of low GWP refrigerants, in the preserafgsenceof compressor lubricants,
with common systemmaterials.The evaluation was performed on six low pressureriggrants (RL233zd(E), R224ydZ), R
1336mzz(Z), ®336mzz(E),B14A, and R23), six medium pressure refrigerants{®34ze(E), R50A, R515B,R1234yf, R
513A, and BB16A), and four high pressure refrigats (R454C, RI55A, RA68A, and RI66A).Following review of Phase | test
results, Phase Il testing was proposed, araufed on five key areas of additios&lidy: Phase I1&4 The evaluation of PAG and
PVE lubricant adtives with select refrigerant®?hase IIB The evaluation of new blend componentdB2a and R27ea;Phase
[IC¢ The evaluation of POE lubricant additives efgBAstability; Phase Il The expanded evaluation of32/R1234yf blends;
andPhase IIE The evaluation of desiccant materials with select refrigerants and lubric@etsiled information on the fluids
and materials stdied is contained in Tables 1113, with details to exposure calitions outlined in Tables 44.13

2.1 SAMPLE PREPARATIDIND EXPOSURES

Evaluations conducted this test progranutilized20refrigerantsbetween Phase | and Lubricants evaluated included mineral
oils, polyol ester (POE), polyvinyl ether (PVE), polyalkylene glycol (PAG) lubricants, or {freadastconditions. The selection

of testing temperature was based on refrigerant applicatiand thermal stability considerationsT'he selection of lubricant and
refrigerant combinations was based on refrigerant miscibility and solubility in the lubricantmatezials evaluated included

the metal coupons detailed in Takle? and filter drier materials detailed in Table 1.3

Sealed tubes for this study were prepared in accordance with the general procedure outlined in ASHRAE Sta2@iard 97
(Sealedslass Tube Method to Test the Chemical Stability of Materials for Use within Refrigerant SyBtemksss tubes utilized

in this study were largghan those describedn the standard to facilitate sufficient volumes of fluid for analytical methodokgie
Duplicate sealed tubes were prepared for each test condition, and contained 20% by weight refrigerant with the lubricants of
interest, as welhsat 100% refrigerant where appropriatereparation of duplicate tubes was performed for each test condition

for analytical purposesOne tube was consumed for the evaluation of inorganic anions by HPLC, and the second tube was first
used for evaluation by GMIS, followed by TAN, I€PES, and GEID evaluationsTubes were prepared with fluid volumes that
preverted over pressurization during the thermal aging procasd provided optimavolumes for analytical testing. For low
pressure refrigerants, 1.5 grams of refrigerant and 6 grams of lubricant were used, while for medium and high pressure
refrigerants, 1.25grams of refrigerant and 5 grams of lubricant were used. For 100% refrigerant conditions, the mass of
refrigerant was kept consistent to the mass of refrigerant in the refrigehabticant mixture conditions, utilizing 1.5 or 1.25
grams according to fluigressures. Metal coupons were prepared by cutting from thin sheets or machining from castings, as
detailed in Tabld..2. The prepared coupongere thoroughly polished, cleaned and kept dry priornuse. Desiccant materials

were dried for ateast4 hours G onne/ 6 p T H et€Cthe tubBeKrR Natdiidor coRpBrbnierk adyged to the tube

prior to addition of refrigerant and lubricant. For conditions with multiple couppnssent the couponswere individually
inserted into the prenecked tubes, thout intentional placement order or separation.

The material undeinvestigation was added to the tube first, followed by the lubricdrtor to additionof the lubricantto the

tube, the lubricant was tested for moisture by Karl Fischer coulometry and TotalNaeiber (TAN) by titrationLubricant
moisture concentratiy’ NS 1j dZA NBYSyda 6SNBE Xpn LI F2N aAySNIf hAif | yR
NEIlj dzA NSYSyGa ¢SNBE Xnodnp YIThyTAN reGuidmants dvdre nietirt all ilfstamtds lthfotighdutdbe NJA
duration of this projectWhen the lubricant moisture result exceeddle requirement, the lubricant was dried and degassed
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prior to use.Lubricant was added accurately to each tube with a syringe and carBullaequently, the tube was evacuated to
<26.7Pa &200mTor) prior to introdudion of the refrigerant.

Refrigerant samples were assessed for purity by gas chromatography and moisture by Karl Fischer coulometry prior to charging
the tubes.Refrigerant moisture concentration requirements weteh ppmfor all refrigerants in this test prograrivhen the
refrigerant moisture results exceeded the requirement, the lubricant moisture requirement was lowered, resulting in cansisten
moisture limits applied tdotal tube contents, with the exception of condins tested with 100% refrigerarfeor medium and
high-pressurerefrigerants, accurate charging of refrigerant was conducted throlighid addition with a tube charging
apparatuswhile the tube wasooled withliquid nitrogen. For low pressure refrigerantaccurate charge was performed via
introduction of liquid to the glass tube with a gas tigkyringe. After addition of the refrigerantd the tube, the tube was
submerged in liquid nitrogen while attached to the gas handling syséemithe tube neck wa sealed and annealeBatches of

sealed tube samples were placed in Parr pressure vessels for aging.

Exposures were conducted in air circulating ovérmsv pressure refrigerants, excludinglB36mzz(Z) and-R336mzz(E), were

aged forl4 daysat 127°G261°F) Medium andhigh-pressurerefrigerants, as well asE336mzz(Z) and-R336mzz(E), were aged

for 14 daysat 175°Q347°F) R466A was evaluated fdr4 daysat 150°Q(302°F) Agingtemperatures wereselected based on
applicationconsiderations and established time and temperature considerations for accelerated aging, published in prior works
(Kujak, 2015; Kujak, et.al., 2@ &ujak, et.al., 2021T.he evaluation of desiccant materials, in Phase IIE, were aged for 28 days
at 100°C(212°F}o enable consistency to previous work, which demonstrated instability of refrigerants and lubricants with these
materials at elevated temperatures (Field, 1995; Rohatgi, 1998; Magiral,,2014).

Aging studies were conducted in air circulgtiovens, at temperatures selected basedrefrigerant applicationschemical
stability considerationsas well as established industry practi¢esittenlocher, 1992; Kujak015; Kujak, et.al., 2018a; Kujak,
et.al., 2021).It is recognized that standard industry practices ofedect to useaccelerated testing adALT conditions df75¢C
(347°F) for 2 weekdNnhile this is a standard approach to screen and assess chemical stability, there is no data to support its
correlationto equipment operation or lifeAdditionally, these test conditions are oftennsidered overly accelerated for certain
scenarios, such as in the evaluationlaf-pressureapplications (such asater-cooledchillers) andess stablehemistries (R

123, RBI1). To enable a broad screening of chieal stability in this projecccelerated aginfpr Phase | testingias performed

at 17%C (347°F) for 2 weekar refrigerants used in medium aridgh-pressureapplications asvell as low pressure refrigerants
used inheat pump cyclesRefrigerantsR-123, R1233zd(E), R224yd(Z), and B14A are proposed for use in low pressure
applications were tested at 127°C (261°F) for 14 daRgl66A a refrigerant with known stability challenges with unadditized
lubricants (Kujak, 2018ayas chosen for study at 150°C (302°F) for 14 dey&nable consistency in the assessment of chemical
stability between Phases, the established times and tempeeat outlined in Phase | were also appliedPlmase IIAID of this

study. InPhase lIEesiccant materialsvere aged for 28 days at 100°C (212°F) to enable consistency to previous work, which
demonstrated instability of refrigerants and lubricants wiitlese materials at elevated temperatures (Field, 1995; Rohatgi, 1998;
Majurin, et.al., 2014).

2.2SAMPLE ANALYSIS

Sealed tubes we imaged in a photo bootand inspectionsvere performed befoe and after agingo documentvisual chages

of thefluids and materialsparticulate formation, and film formation on the tube walls. After visual analysis was completed, the
tube contents were analyzeloly multiple analytical methodddigh performance liquid chromatography (HPLC) was utilized to
guantify horganic anion concentration&as chromatographynass spectrometry (GRIS) was employed to identify and semi
guantify volatile components. Lubricant acidity (Total Acid Number, or TAN) was measured through titration. Dissolved element
contents in lubricats were quantified through Inductively Coupled PlasByatical Emission Spectroscopy (QPS). Lastly, gas
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chromatography (GC) with flame ionization detection (FID) was applied to quantify specific organic acids in the POE lubricant
samples.

Organic acid quantification wasnly conducted on the POE lubricant samplBOE lubricants have an ester backbdhat

generate organic acids as byproducts of reactions with water (i.e. hydrolysis readimnsdses in TAN can be observePOE
degradation occurs and the concentration of organic acids increases in the lubasarinsequence of hydrolysiBolyvinyl

ether (PVE) and polyalkylene glycol (PAG) lubricants have different chemical struandrésllow different degradation
pathwaysthan PCE lubricantsPVEs and PAGs likely decompose to small chained aldntidlsere is not establishethethod

within the industry for monitoring PVE and PAG lubricant breakdown products. More review on PVE and PAG chemistries and ¢
review of any relevant tegtg technologies would be needed to identify appropriate testing strategies.

2.3DETAILED SAMPLE ANALYSIS PROCEDURES

2.3.1INORGANIC ANIONS BY HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

HPLC analysis was conducted to determine the inorganic anion doati@ms of fluoride and chloride in all test conditions. In
analysis of the R66A test conditions, the concentration of iodide walso determined becauseiodine is present in the
trifluoroiodomethanerefrigerant used within the blend. The entire contents of the sealdoetwere transferred into a high
density polyethylendottle containing &known mass of deionized water and the mixture was stirred continuously for 16 hours
at room temperature to prorote the extraction of wateisoluble anions. The water extract was then separated for analysis.

The HPLC system utilizes a khghssure pump to delivesample to aeverse phase column that drives separatiortioé ions in
the sampleafter separationaconductivity detectoris used to quantify théons present in the sample.

Two separate mobile phases were used in thigestigationdependng on the target ania. For chloride and fluoride analysis,

the mobile phase was a dilute solution ohydroxybenzai acid mixed with 2.5% methanol. For chloride, fluoride, and iodide
analysis, the mobile phase was a dilute solution of potassium acid phthalate. The concentrations ofvanéxhestermined by
calibrating the chromatograph with anion standard solutionsrst the peak area was proportional to the anion concentration.
Results are reported in ppm based on the mass of refrigerant used, not the totalohtgse contents.The quantitationlimit

for both methodswas determined to beKm n~ LILIY T dzZONMK R S REN N | WIRY XXmnn LILIY A2 RARY

2.3.2VOLATILE COMPOUND ANALYSIS BY GAS CHROMATONAZSPHRFECTROMETRYMGL

After aging and recording the appearance changes, the tube was freiletiquid nitrogen opened.,fitted with a valve, and
briefly evacuated to remove residual air before being allowed to warm to room temperature for andlpsigyas phase was
analyzed by connecting the valve on the tube to an evacuatesgsgapling loogo fill for injectionon thegas chromatograph
For samples below atmospheric pressure, thegampling loop was equalized with the pressure in the tube and injected under
vacuum For samples above atmospheric pressure, the gas sampling loop was equalized with the pressure ssthdbglap
15 psi, ventedo atmospheric pressure, and injectedihile this approach provides the ability to rapidigtectand identifythe
production of voléle or semivolatile specieshat result from chemical reactiong is challenged in its ab#itto be quantitative
across a range of refrigerants and lubricants, without useatibration foreach condition. GMS data in this report is therefore
considered sermguantitative, with components reported in peak area percentagdsuture work should eek to utilize
gualitative insights from this project to identify calibrations needed to improve the understanding of key reaction products.

Gas chromatographyseparation was conducted using a capillary column with % &yanopropylphenyl/94% dimethyl
polysiloxanestationary phase and helium carrier géscolumn temperature program with stdmbient cooling was necessary
to separate the components on the analytical colurtipon elution from the column, each chemical was ionized by electron
ionization at 70 eV and ions between 22 and 500 m/z (mass/charge) units were detBotedach sample, the total ion
chromatogram was integrated and the resuliskey speciesire expresed as percenbr ppmarea of the total MS response.
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Components of interest were given proposintifications based on interpretation ahass spectraising NIST and internal
libraries, as well as fragmentation knowledg&his method allowed for senjuanttation of organic volatile species with a
molecular mass of akeast 22g/mol. This methodology has sufficient sensitivity to detect low concentrations of volatile
components present in theange 0f0.001% totalpeak area, and results are reported for fxgadetermined to be >0.01% total
peak area.

After the completion of GBS analysis, the residual refrigerant was removed from the lubricant via evaporation dlysligh
elevated temperatures (35°C (99. The lubricant samples were then analyzed fod#gi dissolved elementandorganic acids,
where applicable.

2.33LUBRICANT ACIDITY BY TOTAL ACID NUMBER (TAN) TITRATION
ASTM D665 (Standard Test Method for Acid Number of Petroleum Products by Potentiometric Titration) provided the basis for
the methodused to measure TANhe quantitation limit for this method 0.05 mg KOH/g of oll.

2.34 DISSOLVED ELEMENTS BY INDUCTIVELY COUPLEDPIASMAMISSION SPECTROSCORESLCP

ICROESwas used to quantify idsolved elements in lubricanteubricant senples were diluted in kerosene arah internal
standard was used to account fpotentialinterferences in the matrix of the exposed samples. A stock +aldthent, oitbased
standard was used to create external calibration curves. The sample resporsmscatwavelengths could then be compared

to the response of the standards preparattknown concentrations, anthe concentration of each dissolved element in the
lubricant sample could be determined. The following elements were evaluated: &ggraluminum (Al), boron (B), barium
(Ba), calcium (Ca), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), potassium (K), magnesium (Mg), manganese (M
molybdenum (Mo), sodium (Na), nickel (Ni), phosphorus (P), lead (Pb), silicon (Si), tina¢®my {Ti), vanadium (V), and zinc
(Zn).The quantitation limitoftth YS G K2 R 64 & R Sppréfoléane@RistatbPove Bith eieeption of barium

OKH  LI&GWiuWm XKH  DLILEY dzY A ¥ dzY sdictogKd JLIYpdwEssiumXXp )Jadd phosphors pKp  LIR&¥uls are
reported for key elements that were observed above the reporting limit of the method and specific metals used in the test
program.

2.350RGANIC ACIDS BY GAS CHROMATOGRAPHY WITH FLAME IONIZATION DEFEDTION (GC
Thelubricantsamplesrom the POEcontaining conditions were analyzed via-6ID for quantitation of organic acids generated
during the hydrolysis of the POE molecule. Gas chromatography was conducted using a capillary column witimaahifaezid

polar statonary phase and helium carrier gagh a FID detector with a hydrogeair flame Using external calibration curves
prepared for isobutyric, isovaleric, valeric, hexanoic, heptanoic, branched nonanoic, and linear nonanoic acids, theationcentr

of each a@ganic acid in the lubricant was determined by comparing the measured peak area in the sample to the calibration
curve for eaclorganicacid. The quantitation limits were determined experimentally for each of the acids as concentration in
the lubricant pror to dilution. The quantitation limit of this method was determined to be 200 ppm for all acids of interest.
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3. RESULTS AND DISCUSSION

3.1 CHLORINAED REFRIGERANTS

3.1.1 R123WITH MINERAL OIL

The results for R23 in theabsence and presena@é mineral oil are shown in Tables 5.1, 5.2, 5.59, and . R623 was evaluated

to establish baseline data on refrigerant and lubricant stability given lack of historic data at thartonemperature used in

this aging studyIn the presence of lubricd, breakdown of RL123 was indicated by the presence of chloride at elevated
concentrations (>100 ppm)n the absence of lubricant,-R3 was determined to have limited refrigerant breakdown by
evaluation of fluoride and chlorideThe GEMS evaluation othe headspace of theged R-123 conditions withmineral oil
indicatedan increase in the concentraticof R133awhich isthe expected decomposition product of 23 produced via de
chlorination of R123. In addition R1132a wasdetected indicating furtter breakdown of the R33a. No lubricant
decomposition was noted in the evaluation of TAN, and limited interaction with metal coupons were observed, with no
reportable dissolved metals by KCES.

R123tested without lubricantwas observed to have a 5 to 10 timesluction in observedlecomposition productsompared
to lubricated test conditionsNewdecomposition productsvere alsoobserved with proposed identification as-R122 and R
1112a. R1122 and RL122a are olefin pragcts which indicate the elimination of HCI from thelB3rather than the reduction
chloride from R123 in the presence of lubricant. Both of these reactivechanismsre well understood andot new to the
researchers. The presence of lubricant typicdtiyes greater instability with chlorinated saturated fluorocarbons.

3.1.2 R1233zd(EWITH MINERAL OIL

The results of R233zd(E) in the@bsence and presena& mineral oil are shown in Tables 5.3, 5.4, 5.59, and .9.68ited
refrigerant decompositionwas indicated by anion and GKIS analysis No stereoisomer rearrangemeris believed to have
occurred as a result of the aging process, however low levelseo$tereoisomerR-1233zd(Z) were detected in the baseline
refrigerant and all testonditions.There was one exposure that indicated some thermal instability an increase in chloride
concentration The condition containingmixed metals (Cu, Fe, Al) and mineralsbibwed60 ppmin chlorides No lubricant
decomposition was noted in & evaluation of TAN, and limited interaction with metal coupons were observed, with no
reportable dissolved metals by CES.

3.1.3 R1224yd(ZWITH MINERAL OIL

The results of R224yd(Z) in th@bsence and presena# mineral oil are shown ifables 5.5, 5.6, 5.59, and 5.1here was no
refrigerant decomposition indicated by ani@malysis For the evaluation of R224yd(Z), the GBIS analytical method was
challenged in its ability to measure changes in concentrations obtheeoisomerreaction product,R1224yd(E) due to its
elevated concentration in the baseline refrigerant and variability in peak area response with the headspace methodology.
Therefore no conclusions could be drawn on stereoisomerization reactions of this refrigerdrnsiatidy. The GEMS analysis

was able taletermine the presence of two new species in the headspace at trace to low concentrations, with proposed identities
as 3,3,arifluoro-1-propyne and 3,3 3rifluoropropene(R1243zf), both of which indicathe elimination andor/ both reduction

of chlorine In the case of the formation of the propyne, HF was elimindtech the R1224yd(Z) and the formation of R43zf
indicates the possible reduction of HF from thd 24yd(Z)No lubricant decomposition was notad the evaluation of TAN,

and limited interaction with metal coupons were observed, with no reportable dissolved metals {3HEP

3.2LOW PRESSURE REFRIGERANTS

3.21 R514AWITH UNADDITIZED LUBRICANTS
The results for the evaluation of54Ain theabsence and presenaf unadditized lubricantare shown in Tables 5.7, 5.8, 5.60,
and 5.71 Fluoride and chloride ionaere detectedin several of the aged fluids, indicating refrigerant decompositidrese
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observations occurred more prevalently in conditions tested without lubrigarttin the presence oPAG and PVE lubricants.
GCMS analysis produced limited insights to refrigerant decomposition or stereoisomerizaggioducts and the only
observation ofpotential fluid degradation was observed a&te eluting unknowrin the GEMS analysisf all condtions tested
with PVE (Figure 3.6.1The authors propose that this igg@ssiblechemical interaction between the-R336mzz(Z) and the PVE
lubricant breakdown productsAll HFOs evaluatetbrmed a uniqueHFGPVEbreakdown productwith either additized or
unadditized PVHdentification of this andhe other HFGPVEunknown compounds las not been determined at this time.
Various PMS members and their coamies are helping with the proposeadentifications Additional breakdown products
attributed to PAG breakdown werebserved but were not an interaction with the HEMlo lubricant decmposition was
measured in theevaluation of TAN, andnly subtleinteractions were visually observedith metal couponsEvaluation of the

f dZo NAROFY (G FT2NJ RAaazt @SR YSiGlFfta Ay f dzo NR Ol ydntaing brassland tfieS R a
zinc alloytested with PAG, POE, and PVE.

3.2.2 R1336mzz(ZWITHUNADDITIZED AND ADDITIZED LUBRICANTS

The results for thevaluation of RL336mzz(Z) ithe absence or presenad unadditizedand additizedubricantsare shown in

Tables 5.%.12, 5.60, and 5.7Fluoride ions were measured in sevarathe aged fluids with PAG (unadditized and additized)

and PVE (unadditized and additized), indicating refrigerant decomposition. The presence of the additive package waise PVE
noted to reduce observed fluoride levels, while the additive package in the PAG had comparable or increased levels af measure
fluoride in the aged fluid<5GMSanalysis produced furthensights to refrigrantdecomposition andtereoisomerizationTwo
components weraletected in the headspace of the aged tubes, at varying composition, indicatkatjvity of the refrigerant

due to accelerated agindgr1336mz(E), the stereoisomer of-R336mzz(Z), was measured in elevated concentrations in
conditionstested without lubricants, as well as with POE lubricaimtghe instances without lubricant present, this stereoisomer

was measured in peak area coné@tions up to 6% after aging.i&n the differences in boiling points between the (E) and (2)
stereosomers K 7.5C §45.5F) anck 33.4eC € 92.1gF)respectively) of R336mzzthe impact of partial pressures on component
response can contribute to challenges in use of GC peak response as means of comparing stereoisomerization across condition
Analyticalcalibration of GC response woul@ necessary to properly quantifiye extent of this observedeactivity. 1,1,1,4,4,4-
hexafluorobutine, the saturated version of -EF836mzz was also detected in varying concentrations, with elevated
concentrationdn both the additized and unadditize®VE condition9A late eluting peak of inteistas described previolisas a
possible HFPVE interactionwas detected in all conditions tested with PVE (Figure 3.6t} late eluting component was

found at potentially elevated concentrations, with peak area percentages fr8fb,lhowever the ééct of the high boiling point
refrigerant (R1336mzz(Z)) on contaminant peak response remains an open queatiditional impurities were present in the

GCMS chromatograms and were attributed to be PAG or PVE breakdodtine presence of additivegielded limited impact

on reduction of these observed peakacreases in TAN and the presence of organic acids after aging showed POE lubricant
decomposition.Elevated TAN was most significant when in the presence of POE wittinthelloy, however results were
O2yaraidsSyd oXndo YI Yhlk3d 2Af0 ¢6KSYy O2YLI NBR (2 eRvatkdS NJ NX
concentrations ofdissolved zinc complemented the elevated TAN, and other conditi@mded minimalreportable levels of
dissolved metals by IGPESwith the exception of silicon which was detectedalhunadditized and additized P\¢&nditions at

low concentrations (<& ppm). The presence of elevated silicon is noted to potentially originate fromti@acwith the glass in

the sealed tubegsbut a correspondingresence oboron was not at reportable levels in the analysis.

3.2.3 R1336mzz(EWITH UNADDITIZED AND ADDITIZED LUBRICANTS

The results for the evaluation of E836mzz(En the absence and presenaé unadditizedand additized lubricantsre shown

in Tables 5.1%.16, 5.60, and 5.7Fluoride ions were measured just above reporting limits in several of the aged fluids with
PAG(unadditized and additized) and PVE (unadditized), indicating refrigerant decompo3itienpresence of the additive
package in the PVE was noted to reduce observed fluoride levels, whilepfaet of theadditive package in the PAfas
challenging to @cern due to low levels reporteCMS analysis produced further insights to refrigerdetomposition and
stereoisomerizationThe presence of-R336mzz(Z), wadetectedin all fluids tested, as well as in the baselnaterial, however
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no conclusion to its increase or decrease in concentration couleshdae 1,1,14,4,4-hexafluordoutanewas monitoredclosely

given itsformation in the above R1336mzz(Zvaluations Its presence, while trace, was observed to vary across tests, with
presence most commonly observadaged fluids containinthe additized and unadditized PVE lubricarithis observatioiis
consistent with results from-R336mzz(Zgvaluationsin which this component was found to have the greatest concentration

in the PVE test conditions (unadditized and additizédyontinued observation of &te eluting pealdue to the interaction

between breakdown products of-R336mzz and PVE lubricantasvdetected in all conditionested with PVEFigure 3.6.1)
Additional impurities were present in the @€S chromatograms and were attributed to be PAG or PVE breakdtven
presence of additives yielded limited impact on vetion of these observed congpinds Increases in TAN and the presence of
organic acids after aging showed POE lubricant decomposition. Elevated TAN was most significant when in the presence of PC
gAUK GKS TAYyO lftft2e3 K26SOSNI NBadz (& o héSefriGeayits ith theSsginie 0 M7
test condition.The presence of dissolved zinc complemented the elevated TAN, and other conditions yielded minimal reportable
levels of dissolved metals by KOESwith the exception of silicon which was detected in saveonditions atow concentrations

(<15 ppm. The presence of elevated silicon is noted to potentially originate from reactions with the glass in the sealed tubes
but acorrespondingpresence oboron was not at reportable levels in tamalysis.

3.3 R1234ze(E) AND ITS BLENDS

3.3.1EVALUATION @¥1234ze(EANDITS BLEND WITML34a(R450A WITH UNADDITIZED AND ADDITIZED LUBRICANTS
The resultfor the evaluation of R234ze(E) and-B50Ain the absence and presenad unadditized andadditized lubricants

are shown in Tables 5.45/22, 5.61and 5.73With the exception of smatimounts ofreportedfluoride in one test condition (R
1234ze(E)dditized PAGyrass), ndluoride ions were measured in arother test conditions.Two key species were monitored

during G@VIS testing to understand refrigerant bakdown and stereoisomerizationf the R1234ze(E).Review of
chromatograms for th@resence of R234ze(Z) and 3,3{8Bfluoropropene (R1243zf), did not yilel insights to any production

of thesemolecules after agindA late eluting peak of interest was detectespectra and proposed chemistoy this unknown

are captured irFigure 3.6.2This componentvas presentn all conditions tested with unadditizexhd additized PVE lubricants.
Additional species were present in tBEMSchromatograms and were attributed to be PAG or PVE breakd®iaa presence

of lubricant additives yielded some impact to the quantity ofdtdown detected, however did not fully reduce the observed
breakdown.Increases in TAN and the presence of organic acids after aging indicated POE lubricant decomposition. Elevated TAI
was mosssignificant when in the presence of POE with the zinc ¥, S @S NJ NBadz G4 6SNBE O2yaArai!
compared to other refrigerants with the same test condition. The presence of dissolved zinc complemented the elevated TAN,
and other conditions yielded no reportable levels of dissolved metals B ESRith the exception of silicon which was detected

in several conditions dow concentrations (<15 ppm)rhe presence of elevated silicon is noted to potentially originate from
reactions with the glass in the sealed tubbat acorrespondingresenceof boron was not at reportable levels in the analysis.

3.3.2EVALUATION @¥515BANDR-227eaWITH UNADDITIZED LUBRICANTS

The results for the evaluation of35Bin the absence and presencd unadditized lubricantare shown in Tables 5.23, 5.24,
5.61,5.73 During initialstudy, fluoride was observed in 3 test conditions, indicating pt&t refrigerant decomposition, and
follow-on study confirmed the elevated fluoride determined in the condition tested with POEiandTwo key species were
monitored duringGGMStesting to understand refrigerant be&kdown and stereoisomerization of thelR34ze(E) component
Review of chromatograms for the presence efEB4ze(Z) and 3,3{Bifluoropropene (R1243zf), did not yield insights to any
production of these moleculeafter aging, in alignment to results determined with testing of pusg2R4ze(E) and-B50A. In
further consistency to otheHFG;, alate eluting peak of interest was detectedith spectra and proposed chemistof this
unknownare captured in Figure 3.6.Zhis peak was present in all aitions tested withPVE. Additionalpecies were present

in the GEMSchromatograms and were attributed to be PAG or PVE breakdimereases in TAN and the presence of organic
acids after aging indicated POE lubricant decomposition. Elevated TAN was most significant when in the presence of POE wit
the zinc alloy, howe§ NJ NS adzf 64 ¢gSNBE O2yaradSyd oXnodo YI Yhlk3a 2Af0
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condition. The presence of dissolved zinc complemented the elevated TAN, and other conditions yielded no reportable levels of
dissolvedmetals by ICEDESwith the exception of silicon which was detected in several conditaiisw concentrationsX{0

ppm), with only one reported value >10 ppm in the instance e ea with PVE anzinc. The presence of elevated silicon is

noted to potentiallyoriginate from reactions with the glass in the sealed tulieg a correspondingresence oboron was not

at reportable levels in the analysis.

Given initial observations of reportable fluoride levels timaticated differences in reactivityf R515Bcompared toR 1234ze(E)

and R450Aresults, further review of the new blemty agent, R27ea, was pursueih its pure form The results for the
evaluation of RR27eain lubricant freeandunadditizedubricantconditions are shown in Tables 5.57, 5.58, 5&Yd 5.81There

was no refrigerant decomposition indicatday anion data or inthe GGMS evaluation. GGMS testing did identify several
additional species in the chromatogramvhich were attribued to PAG and PVE breakdowmcreases in TAN and tipeesence

of organic acids after aging indicated POE lubricant decomposition. Elevated TAN was most significant when in the presence ¢
th9 gAGK GKS TAYyO Fft28r K2gSOSNI NBadz 1a 6SNB 02y asemeld Sy i
test condition. The presence of dissolved zinc complemented the elevated TAN, and other conditions yielded no repottable leve
of dissolved metals by IGPESwith the exception of silicon which was detected in several conditione@tiow concentations

(K0 ppm) The presence of elevated silicon is noted to potentially originate from reactions with the glass in the sealed tubes
but acorrespondingpresenceof boron was not at reportable levels in the dysis. These evaluations with pureR7eaindicate

that the R515Bmay have some&hemical instability and will generate fluorideowever further study would be needed to
improve understanding of the potential breakdown products.

3.4 R1234yf AND ITS BLENDS

3.4.1EVALUATION @¥1234yfANDITS BLEND WITM134a (R513A)WITH UNADDITIZED AND ADDITIZED LUBRICANTS

The results for the evaluation of R34yf and F613Ain the absence or presence of unadditized and additized lubricarets

shown in Tables 5.25.32, 5.62, and 34. Huoride ions were measured in several of the aged fluids with PAG (unadditized and
additized) and PVE (unadditized), indicating refrigerant decomposition. The presence of the additive package in the PVE wa:
determined to reduce fluoride levelselow reporing limits, while the impact of the additive package in the R#«S determined

to have most effectiveness in the reduction of fluoride in conditions tested with mixed metals (Cu/FRefigw of GBIS
chromatograms for the presence 8f3,3trifluoropropene (R1243zf), did not yield insighto production ofthis moleculeafter

aging.A continued observation o late eluting peak of interest was detectddy R A 4 NBERRMFEY OB R! ¥Ry #15 Y
with mass spectra noted iRigure 3.63. Review of the masspectrasuggests a potential empirical formula aHz (MW 124).

The ptential source is proposed to be defluorination oflLR34yf combined with &CHCH fragment (m/z 29)from the
breakdown of the PVE lubricanthis component was present in all conditions tested with unadditized and additized PVE
lubricants. Additional species were present in BE€MSchromatograms and were attributed to be PAG or PVE breakdodhen.
presence ofadditives in the PAG lubricant did not appear to reduce the presence of observed breakdown product&® the
MSchromatograms, while the presence of additives in the PVE did appear to reduce the presence of PVE breakdown products
as well as the pesence of the unknown peakacreasesn TAN and the presence of organic acids after aging indicated POE
lubricant decomposition. TAN was most significant when in thesgmee of POE with the zinc containing materibtseigs and

zinc alloy) however resii @ ¢ SNB O2yaAraidSyid o6Xndo YI Yhl ksHithdhe Game sk Sy
conditions. ICROES further support the interaction with zigontainingmaterials as zinc dissolution was observed in the aged
fluids evaluated with brass anihz alloysSilicon was also detected in several ditions at low concentrationS¥.0 ppm), with

only two reported values10 ppm in instancewith PVE lubricants andR34yf.The presence of elevated silicon is noted to
potentially originate fomreactions with the glass in the sealed tubes; however, boron was only measured at or below reportable
limits in the analysisThe pure RL234yf evaluationindicate that the RL234yf has some chemical instability and will generate
fluoride, however full urderstanding of theefrigerant decomposition produ¢t) are unknown at this timemuch like they are

with R1234ze(E)
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3.42 EVALUATION G¥516AANDR-152aWITH UNADDITIZED LUBRICANTS

The resuk for the evaluation of 816A in the absence or presence of unadditized and additized lubriaesmthown in Tables

5.33, 5.34, 5.63, and 5.7Bluoride ions were measured in several of the aged fluids with PAG and PVE, indicating refrigerant
decompositon. Review of chromatograms for the presence of 3;Biffuoropropene (R1243zf), did not yield insights tany
production of this moleculafter aging due to potential celution on the GC column with- B52a in the blendA new canponent

was detected irthe zinecontainingconditions after aging, at low peak area concentrations, with a proposed identification of
vinyl fluoride(R1141) Consistent with RL234yfPVE breakdown notegrevioudy, alate eluting peak of interest was detected

in all PVE containg conditions and iseferencedas & ¥234yft +9 ! y{1 Y26y £¢3X A 0K Figuréi36.34 LIS O
Additionalspecies were present in th@GMSchromatograms and were attributed to be PAG or PVE breakdown. Increases in
TAN and the presence of organiddscafter aging indicated POE lubricant decomposition. Elevated TAN was most significant
6KSYy Ay G(GKS LINBaSyOS 2F th9 gAlGK GKS TAyO ftft2ex K28SOSN
refrigerants with the sameaest condition.Elevated TANs were additionally measured in POE conditions with Al/CitliEe.
presence of dissolved zinc complemented the elevated TAN, and other conditions yielddghificantreportable levels of
dissolved metals by IGPESSilicon was also detectddii f 2 ¢ € S@St & 6 Xmc LILIYO ahkobndisioB S NI f
containing PVE, which could be indicative of reactivity with the glass tubes abutell correspondingresence oboron was

not at reportable levels in the analysis.

Further review of R52a was pursuedigenobservations ofavinyl fluoride (R1141) refrigerant decomposition product in the
GCMSevaluation of R516A The resits for the evaluation of R52ain the absence or presence of unadditized lubricants are
shown in Tables 5.53.56, 5.67, and 5.80nitial observations after tube aging indicatesgverereactivity as there were
challenges with tube breakagehile under test, specifically in conditions containing zifiginyl fluoride formation is significant

then tube overpressure would be expected sindgew fluoride has a boiling poir72°C ¢98°F).Tubes were prepared a second
time and aging was pesfmed with an increased countercharge of refrigerant in the pressure vessel toecamihproved
opportunity to maintaintube integrity while agingat elevated temperaturesVisual observations after aging supported catalytic
reactivity with zinc, as vability in visual results was significant, with several conditions showing indication of significant
reactions via color change amthpact to catalysts (Table 5.55 and 5)5€luorideions were measured in several of the aged
fluids, withthe majority of observations aligning to the presence of zReview ofGGMS chromatograms further indicated
reactivity with zinc, given elevated levels of vinyl fluoride produced, consistent®@NIS findings for RB16A. Additional
species were present the GEMSchromatograms and were attributed to be PAG or PVE breakdown. Increases in TAN and the
presence of organic acids after aging indicated POE lubricant decompo&giavith other refrigerants, the increase in TAN was
most significant in the presee of inc, however measured TAN was S6ttmeshigherthanthe TAN levels typically observed
with other refrigerants and this lubricant/metal combinatiolinally review of dissolved metals also yielded some uniqueness
in results.Despite elevated TAM the presence of POE and zinc, the dissolved zinc was not significantly ejeratddstead,
untypical for POEs, an increase in silicon and boron was detected, signifying likely reactivity with the gl&bdoibevas also
detected atlow level9km 1 LILIY 0 dcghtaiDiggyPRE; ihick oguld be indicative of reactivity with the glass tubes as well.

Theseresults are consistent with work performdal Bier et al. (1990). Bier et al. suggested that vinyl fluoride forms during
thermal decompositin of R152a and can then react with water to form acetaldehyde. Hansen and Finsen (1992) conducted
lifetime tests on small hermetic compressors with a ternary mixture -@2R52a/124 and an alkyl benzene lubricair
agreement with Bier et al., they fod that vinyl fluoride and acetaldehyde formed in the compressor and decomposition also
increased with time.

3.43 EVALUATION OF BLENDRQE34yfANDR-32WITH UNADDITIZEEND ADDITIZEDUBRICANTS

Two blends of R234yf and F82 wereinvestigated to improve the understanding of potential impact €fZ34yf concentrations

on the stability of the blendResults for R54B (31.1%-R234yf) and RI54C (78.5%-R234yf)in the absence or presence of
unadditized lubricantsare shown in Tabk 5.355.40, 5.64, and 5.76This data was evaluated against data for each pure
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component, R1L234yf, discussed in 3.4.1, aneBRwhose results with unadditized lubaints are detailed in Tables 5.51, 5.52,
5.67, and 5.79Fluoride ions were measured inruitions for all 4 fluids studied,-B2, R454B, R454C, and R234yf Even
though fluoridewasnoted inmost exposurethat contained RL234yf, the amount of fluoride was not correlated to the amount
of R1234yf present

For R32, fluoride was nbdetectedin the majority of exposureswith the exception of the evaluation of& with unadditized
PVE andinc metal.The presence of silicon was observed in the 10882 Bvaluations with unadditized PVEs at low levEtfe
presence of elevated silicda noted to potentially originate from reactions with the glass in the sealed tut@sever, boron
wasdetected at levels near theeportinglimit (1 ppm).

For the evaluation of R234yfcontaining fluids with PAGs, sight correlation is observedbetween elevated R1234yf
concentrations andluoride generation In generalthe least amount ofluoride was measuredvith R454B and unadditized
PAG followed byR-454C andR-1234yftest conditions.

No correlation was determined in the case of fluoride generation with these fluids when exposed to PVEs;1#34lifR
containing refrigerants appeared to have similar levels of fluoride generation when tested with the unadditized PVE @as well a
similar reductions in measured fluoride when tested with the additized FRé&view ofGGMS chromatograms across these
varying blends of R234yf with R32 did not yield any new insights on reactivity. In gen@&MSobservatiorswere consistent
across the di#rent blend compositions with the exception of32 which yielded no observation of thiate elutingunknown
component attributed to interaction between the PVE and E4yf molecules.

Increases in TAN and the presence of organic acids after agingtétdiR@E lubricant decomposition in several conditjoms
alignment with prior discussion on inaged POE interactions with zinontaining materials (brass and zink)o increases in

TAN appeared to correlate with variations in the concentration-aPByf. ICROESesultsfurther supported the observation

of interaction with zinecontaining materials, as zinc dissolution was observed in the aged fluids evaluated with bragscand
alloys.Silicon was also detected in several conditions up to ~30 fismresence in the aged fluid did not appear to correlate

to the concentration of R234yf in the refrigerant blend and was more typically observed in tests with additized and unadditized
PVE and PAG lubricanthe presence of elevated silicon is notedottentially originate from reactions with the glass in the
sealed tubeshowever, boron wasnly detected at levels near theeportinglimit (1 to 3 ppm)

3.4.4EVALUATION Q#32/R-1234yfBLENBOONTAININGR-774 (RA55A)WITH UNADDITIZHDJBRICANTS

The results for the evaluation of455Ain the presence afinadditized lubricantgre shown in Tables 5.41, 5.42, 5.64, and 5.76
Generally, theaddition of R744 (CQ) did not increasehe reactivityof R-32 and RL234yfchemistries GGMS analysis gave no
indication of any unique breakdown or interactions due to the presence 44R(CQ). Review of the GBIS chromatograms
indicated typical breakdown products of PAG and PVE lubricants, as well as the presence of the decompakititiritpged

to the interaction of RL1234yf and PVE. The peaks area percentages of these components appeared to be reduced when
compared to data from other blends containinglR34yt

Fluoride ions were measured in several of the aged fluids with PA®¥&, indeting refrigerant decompositionincreases in

TAN and the presence of organic acids after aging indicated POE lubricant decomposition. Elevated TAN was most significa
when in the presence of POE with the brass and zinc alloy, however iessidlS O2y aAradSyid o6Xndo Y3I Y
to other refrigerants with the same test conditiohe presence of dissolved zinc was also found to be prése¢hese same
conditions.The other evaluated lubricants had limited dissolved metals preseiti, only small amounts of reported zinc in
several instances in tesbnditionswith PAG The presence of elevated silicon is noted to potentially originate from reactions
with the glass in the sealed tubdsut acorrespondingpresenceof boron wasnot at reportable levels in the analysis
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3.45 EVALUATION @¥1234yfBLENDED WITRI1132a (RA68A)WITH UNADDITIZED AND ADDITIZED LUBRICANTS
The results for the evaluation of468A wih unadditized and additized liricants are shown in Tables 5:8316 5.65, and 5.7.7
GCMS analysis gave no indication of any unique breakdown or interactions due to the present&3#dbut the addition of
R1132ashowed increasedeactivitythan that of just an R32 and R1234yfblend.

Fluoride ions were measureat elevated concentrations in several of the aged fluids with PAG and PVE, as well as one condition
with POE, indicating refrigeramtecomposition.The presence of the additive packages in the PVE and PAG lubricants were
determined to reduce fluoride levelcompared to the unadditized conditions. For additized PVE, fluoride was reduced to below
reporting limits, while for additized PAG, the fluoride levels were significantly reduced, but still meaRapextable TANs were
found in all POE test conditions, as well as in the exposure with additized PVE aftieiglevatd TAN observed with PMEas

not typical to otherevaluations with zineandcould be indications of increased reactivilevated TAN® the presence of POE
gAUK GKS oNlaa FyR TAyO Ffftz2e 6SNB O2yaradSyd oXnodo Y3
condition.ICROES further suppoet the interaction with zinecontaining materials and POEs, as zinc dissslutias observed

in the aged fluids evaluated with brass and zinc all8jiicon was also detected in several conditions at varying concentrations
up to ~30 ppm. The presence of elevated silicon is noted to potentially originate from reactions withsthindlee sealed tubes

In addition,the presence oboronwas atlow reportable levelg2-5 ppm)in the analys, further confirming an interaction with

the glass

3.5I0DINATED REFRIGERANTSEBCEND (R66A)

The results for the evaluation &466Ain the absence and presencewfadditized lubricantss shown in Tables 5.4.50, 5.66,

and 5.78 R466A was the only high pressure refrigerant evaluated in a lubrftaatconditions sice it is known that lubricants
can @use instability of theR13I1. Significant amounts of fluoride and iodide were generated in exposures containing
unadditized PAG, POE, and PVE lubricartiBe no reportable anions were measured with the lubricéete test conditions.
Given significant levels of refrigerantdakdown observed during anion analysis, only conditions with <500ppm fluoride were
evaluated in subsequent testinBeview of th&s GMSchromatograms indicated the presence of several decomposition products
in the headspace of the aged tubégifluoromehane (R23) was observed in all test conditions evaluated, ranging from 0.4
6.7% peak areayith more significantdvels (~6% peak areaZ3)observed in tubes containing lubricant versus tubes that were
lubricantfree (<1.5% peak areaZ3).In addition to R23 generation, small amounts of other iodieentaining breakdown
products were observed in all test conditions, as well as the presence of fluoroethane in the PVE test condition.

Review of theGGMSchromatogram for the common peaks astated with PVE lubricamtreakdown(isobutane, acetaldehyde,
ethane,and ethana) yielded limited peak presenceith only ethanoldetected inmeasugble quantities; any production of
ethanewould potentially co-elute with R23. It is possible the reducktemperature used in aging the4®86A had a role in the
decreased presence of lubricant decomposition when measured>8S Elevated TANs were observed in the limited
conditionsthat wereavailablefor evaluation For PVE and POE conditions evaluatel lriass, significant increases in TAN were
observed, compared to observations in other refrigerariricant systems tested with brass. For POE, TAN levels viienes3
IANBFGSNI GKFY (@®BIgKOH/ gdilyith bras§ WEABSTRN léviHs witnixed metals (Cu/Al/Fe) were elevated
at 0.09 mg KOHY/g olror PVE test conditions with brass, the TAN was elevated at 0.47 mg KOH/g oil, which is sighifjbantly
than all other unadditized PVE data points with brass material, which typically Alsld/dues not exceeding 0.08 mg K@Htil.
Both conditions that were evaluated with brass were found to contain elevated levels of dissolveldwiconcentrations of
02 NRY ¢ ad indcdbd¥d)silicon leveisall three aged fluidsThe presence of silicon and borare noted to potentially
originate from reactions with the glass in the sealed tubes.
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Followon work in Phase IMgas conductedo determinethe impactof a proprietary POE additive package the stability of R

466A Evaluatiors were expanded to review stedard system metals (Cu/Al/Fetdss, andzinc) along with individual copper,
aluminum, and iron coupons.Results of the aging studyre shown in Tables 5.49 and 5.50 and indidatated refrigerant
reactivity. Fluoride was reportable in only one test condition, in the presence of copjymenther reportable fluoride or iodide
wasmeasured Review of theGGMSchromatogramdurther indicated limited reactivity of the refrigerant dubricant While
trifluoromethane (R23) was observed in all test conditigrits presence was significantly reduced, with peak area percentage
ranging from 156810 ppm. As typical with POEs, robricantbreakdown products were detected in tHeGMS headpace
analysis of the aged tubes, and increased TAN levels were only observed in the condition with zinc, indicating continued
compatibility challenges with this metdtvaluation of organic acids had no detectable species across the metals evaluated,
despte the elevated TAN observed with zint.is likelyother acidicdegradationspecies could be present in this additized
lubricant, driving an increased TAN after aging with 2maddition to no detectable organic acids, the evaluation of the lubricant
phase by IGP®ES found there to be very limited dissolved elements in the aged fluids after test.

3.6 SUMMARY OMNTERACTIONS BETWHER REFRIGERANTS AND LUBRICANT

Evaluation of the headspace of the sealed glass tllye&GEMS gave insights beyond the typical monitoring of refrigerant
breakdown productsin addition to monitoring key refrigerant species after aging te&§MS allowed further insights to
lubricant breakdown as well as the potential interactions between lubtiead refrigerant chemistrie©f the lubricants studied
in this program, PAG and PVE lubricants had breakdown products that were able to be observed due to theilasiétyi For
test conditions with PAG lubricant§ GMS analysis frequentlydetected peaks with the proposed identitiesf propanal,
acetaldehyde and acetone all beingcomponents which wer@ot observed in the headspace of the new lubricahged test
fluidswith PVE lubricants werfeundto have several proposed breakdown products agtel byGCMSas wellwith identities
proposed agthane, acetaldehyde, ethanol, and isobutaheaddition to these low molecular weight species, PVEs were also
discovered to form unique breakdown products witllB36mzz(E/Z),-R234ze(E)and R1234yf.While R1132aand R1130(E)
are two additionalolefin chemistry that werestudied, neither was determinedo create aunique breakdown product when
aged with PVE. This observation coulddoe to the oncentrations in the blend studied, &mrom lack of reativity with the PVE
lubricant.Further work is needed to understand #IR32aor R1130(Exan react with PVE.

Thisobservation of HFO interactisrwith PVE lubricants wagreviouslyobserved in AHRI 8007, wh&CGMS analysis was
performed on aged tubes with a blend oflR34ze(E), R234yf, and R82. This AHRTI 9016 studgparated thevariousHFO
chemistries,except for R514A and R468A and it was quickly determined from th6& GMS chromatograms thatunique
decompaition HFOPVEproductsare formed at various leveldVith the isolation of contributing chemistries, further mass
spectra interpretation was performed, ansl dscussed in Figures 3.6316.3.

12% TCP, 2% alkylated naphthalene, 1.58hglhexyl glycidyl ether was added to the standard POE oil
30



x10 5 |+El Scan (rt: 38.434-38.511 min, 15 scans) 12a R1336mzzZ PVE68 Zinc.D Subtract

2.2+ b
qg
)

PN
‘
77.0
146.0

91.0

0.8

65.0

0.6

o

~
0.4 b o

Ll

20 40 60 80 100 120 140 160 180 200 220 240 260 280
Counts vs. Mass-to-Charge (m/z)

Figure3.6.1: GGMS spectreaof late eluting unknowncompoundpresent in R1336mzz(E), R336mzz(Z), and
R-514A exposures with PVE luil y (i & = y-B3E6BRPVIEAY 10yn2 & Y éMS falyfes. Qufrent mass
spectra interpretation suggests a potential empirical formula ofHgF, with likely unsaturation and

fluorination. Potential source is a proposed reaction with-EB36mzz breakdown combined with PVE
breakdown. [Credit: Rob Yost, National Refrigerants]
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Figure3.6.2: GGMS spectraof late eluting unknown present in 234ze(Epxposures with PVE lubricants,
y 2 (i S R-1234ze(BPWE Yy 1 Y 2 ¢ GGMStables. This unknown compound had spectral similarities to
2-fluoro-2-methylpropane, and is likely a higher molecular weight compound consisting of aCEi&kt ion
or other ionfragment with a mass/charge ratio of 61.
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Figure3.63: GCMS spectraof late eluting unknown present in R234yf exposures with PVE lubricants,
y 2 (i S R-1234yEPUBV Y | Y 2 6GGMStabiés.Current mass spectra interpretation suggests a potential
empirical formula of GH7Fs. Potential source is a proped defluorination of RL234yf andthe addition ofan
ethane groupfrom PVE breakdown.

3.7 CHEMICAL COMPATIBILITY WITH FILTER DRIER MATERIALS

The results for the evaluation of twelve refrigerants1&33zd(E), ®224yd(Z), ®14A, R1336mzz(Z), B336mzz(E), R
1234ze(E), 815B, R1L234yf, R516A, RAS5A, RA68A, and RI66A) with 3 filter drier materialgh the absence angresence
lubricantare shown in Tables 5.82.118 Overall, limited reactivityvas seen, likely because of the lower temperature test
conditions There was no refrigerant decomposition indicatedthe anion data, and only two test conditions yielded any
indication of refrigerah reactivity by GGMS Trace amounts o8,3,3trifluoro-1-propyne were detected in lubricanfree
conditions tested with R233zd(E), and trace amounts of vinyl fluoride were observedSh@A testing, most typically in ¢h
presence of activated alumin@he presence of PAG and PVE decomposition species, previossiteddiyGGCMSin this study,
were not observed in significance during evaluation of the filter drier mater@SMS indicated only trace refrigerant
breakdown product in a few casasdfew lubricant breakdown products in the headspace of the sealessdlabe

Reviewof low pressure refrigerants,-R233zd(E) and-R224yd(Z),tested with mineral oils had limited observatiottsindicate
lubricantreactivity. In the evaluation of RL233zd(E) with mineral oil, there weobservationsof increasel TANin dl conditions
tested with mineral oil, with no reportable dissolved elemeriter R1224yd(Z), resulting TAN and dissolved elements both had
no reportable observations.

Review of the remainingnedium and high pressunefrigerants, tested with POE, adidiéd PAG and PVE lubricaimdicated
limited lubricant reactivity, with some subtle observations consistent across lubric&us.additized PAGand PVEsslight
increases in TAB XXn @ ny gYiBweré bbiservedn only a few instance#n testing with POES, slight increases in T/HNLQ
mg KOH/ g dilwere observed in somestance with 3A and 4A malalarsieve materialsand testing with activated alumina
produced consistent increases TAN (0.16).66 mg KOWY oil) and organic acids measuredth all refrigerants tested.
Evaluations with all three lubricants yielded no detectable dissolved elements BYESRvith the exception of silicaBilicon
was detected in many conditions, with slight increases iraimsts with tested PAG and POE lubrical4® (ppm), while PVE
lubricants were noted to have consistent measurements of elevated silicd6 {fpm Si)Thepresence of elevated silicon is
noted to potentially originate from reactions with the glass in tlealed tubes, or potentially du® interactions with materials
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and binders of the desiccant materialBoron concentrations were only observed at reportable limits in a few instances, at low
concentration (32 ppm), likely indicating interaction witthe desiccant materials as opposed to the glass of the tubes.

An observation across all test conditions with filter drier materials was the frequent visual observation of faint amdurgs of
particles in the tubeslnspection of tubes before and aftegimg determined a presence tdiesefaint particles, with a slight
increase in their presence after aging in many conditiénsther evaluations were pursed to understand the origination and
nature of the particles found in the testingjo better understad particle origination, additional tubes were prepared by adding
the activated desiccant (3A, 4A, and AA) materials to the glass tubes, and evaluating the impact of the additid84afelE)
as well as an HRB-1349 for reference Materials were subjet to liquid only exposure, as well as the ligindnersion withthe
liguid nitrogen freezethaw cycle that is typical of sealed glass tube preparati®@sults from this evaluation indicatehat
particles could originate from thdesiccantmaterials befoe any exposure to refrigerants, and that exposure to refrigerants,
especially when paired with a freetleaw cycle, increased the amount of particles prasamilarly in bothrefrigerans (Image
3.7.1). Further review of the particles liberated duringetbe nonagedexperiments with particles obtained from aged sealed
tubes, indicated the chemical composition to be consistent wlith makeup of the desiccantbeads, with a slight shift in
elemental composition to indicate that the shed particles weréeicin silicon than the elemental composition of the unused
desiccanbeads.

Image 3.7.1 Particles present after exposure of desiccant beads with liquid
refrigerant, prior to any accelerated aging. (Left to right, 3A Molecular
Sieve, 4AVlolecular Sieve, and Activated Aluminum)
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4. TEST PLANS

Table4.1: Phasd Test Plar; Low Pressure Refrigerants

Refrigerant | Lubricant % Metal Temp | Duration Vlsua_l GGMS.' TAN Orggnlc Anions | ICP
Lubricant Inspection | Analysis Acids
No Oil 0 Al/Cu/Fe | 127°C| 14 days X X X
No Oil 0 Brass 127°C| 14 days X X X
R123 NQ Qil . 0 Zinc 127°C| 14 days X X X
Mineral Oil 80 Al/Cu/Fe | 127°C| 14 days X X X X X
Mineral Oil 80 Brass 127°C | 14 days X X X X X
Mineral Oil 80 Zinc 127°C | 1l4days X X X X X
No Oil 0 Al/Cu/Fe | 127°C| 14 days X X X
No Oil 0 Brass 127°C| 14 days X X X
No Oil 0 Zinc 127°C| 14 days X X X
R12332d(B) Ftineral ol 80 | AUCulFe | 127°C| 14 days X X X X | X
Mineral Oil 80 Brass 127°C| 14 days X X X X X
Mineral Oil 80 Zinc 127°C| 14 days X X X X X
No Oil 0 Al/Cu/Fe | 127°C| 14 days X X X
No Oil 0 Brass 127°C | 14 days X X X
No Oil 0 Zinc 127°C | 14 days X X X
Rr1224yd(2) Mineral Oil 80 Al/Cu/Fe | 127°C| 14 days X X X X X
Mineral Oil 80 Brass 127°C| 14 days X X X X X
Mineral Oil 80 Zinc 127°C| 14 days X X X X X
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Table4.2: Phasd Test Plar; Low Pressure Refrigerants

Refrigerant Lubricant % Metal Temp. | Duration Vlsua_l GGMS. TAN Orggnlc Anions | ICP
Lubricant Inspection | Analysis Acids
No Oil 0 Al/Cu/Fe| 127°C | 14 days X X X
No Oil 0 Brass 127°C | 14 days X X X
No Oil 0 Zinc 127°C | 14 days X X X
PAG 80 Al/Cu/Fe| 127°C | 14 days X X X X X
PAG 80 Brass 127°C | 14 days X X X X X
R514A PAG 80 Zinc 127°C | 14 days X X X X X
T Rasorez(z) __POE 80 | AlICuFe| 127°C | 14 days X X X X X | X
POE 80 Brass 127°C | 14 days X X X X X X
POE 80 Zinc 127°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe| 127°C | 14 days X X X X X
PVE 80 Brass 127°C | 14 days X X X X X
PVE 80 Zinc 127°C | 14 days X X X X X
No Oil 0 Al/Cu/Fe| 175°C | 14 days X X X
No Oil 0 Brass 175°C | 14 days X X X
No Oil 0 Zinc 175°C | 14days X X X
PAG 80 Al/Cu/Fe| 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
PAG 80 Zinc 175°C | 14 days X X X X X
R1336mzz(2) POE 80 | AlICulFe| 175°C | 14 days X X X X X | X
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14days X X X X X X
PVE 80 Al/Cu/Fe| 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
No Oil 0 Al/Cu/Fe| 175°C | 14 days X X X
No Oil 0 Brass 175°C | 14 days X X X
No Oil 0 Zinc 175°C | 14 days X X X
PAG 80 Al/Cu/Fe| 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
PAG 80 Zinc 175°C | 14 days X X X X X
R1336mzz(E) POE 80 | AlICulFe| 175°C | 14 days X X X X X | x
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe| 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
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Table4.3: Phasd Test Plarg, Medium Pressure Refrigerants

Refrigerant | Lubricant % Metal Temp. | Duration Vlsuql GGMS. TAN Orggmc Anions | ICP
Lubricant Inspection | Analysis Acids
No Oil 0 Al/Cu/Fe | 175°C | 14 days X X X
No Oil 0 Brass 175°C | 14 days X X X
No Oil 0 Zinc 175°C | 14 days X X X
PAG 80 Al/Cu/lFe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
PAG 80 Zinc 175°C | 14 days X X X X X
R1234ze(E) POE 80 | AICulFe| 175°C | 14 days X X X X X X
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
No Oil 0 Al/Cu/Fe | 175°C | 14 days X X X
No Oil 0 Brass 175°C | 14 days X X X
No Oil 0 Zinc 175°C | 14 days X X X
PAG 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
R-450A PAG 80 Zinc 175°C | 14 days X X X X X
o6.0ve1osaze() | POE 80 | AlCuFe| 175°C | 14 days X X X X X | X
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
No Oil 0 Al/Cu/Fe | 175°C | 14 days X X X
No Oil 0 Brass 175°C | 14 days X X X
No Oil 0 Zinc 175°C | 14 days X X X
PAG 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
RS5158B PAG 80 Zinc 175°C | 14 days X X X X X
or 1oazaaze(E) |___POE 80 | AlCufFe| 175°C | 14 days X X X X X | X
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
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Table4.4: Phasel Test Plarg, Medium Pressure Refrigerants

Refrigerant | Lubricant % Metal Temp. Duration Vlsua_l GGMS. TAN Org?‘”'c Anions | ICP
Lubricant Inspection | Analysis Acids
No Oil 0 Al/Cu/Fe 175°C 14 days X X X
No Oil 0 Brass 175°C 14 days X X X
No Oil 0 Zinc 175°C 14 days X X X
PAG 80 Al/CulFe 175°C 14 days X X X X X
PAG 80 Brass 175°C 14 days X X X X X
R1234yf PAG 80 Zinc 175°C 14 days X X X X X
POE 80 Al/Cul/Fe 175°C 14 days X X X X X X
POE 80 Brass 175°C 14 days X X X X X X
POE 80 Zinc 175°C 14 days X X X X X X
PVE 80 Al/Cul/Fe 175°C 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C 14 days X X X X X
No Oil 0 Al/Cu/Fe 175°C 14 days X X X
No Oil 0 Brass 175°C 14 days X X X
No Oil 0 Zinc 175°C 14 days X X X
PAG 80 Al/Cu/Fe 175°C 14 days X X X X X
PAG 80 Brass 175°C 14 days X X X X X
RS13A PAG 80 Zinc 175°C | 14 days X X X X X
e6.0iniaayr | POE 80 | AlCufFe| 175°C | 14 days X X X X X | X
POE 80 Brass 175°C 14 days X X X X X X
POE 80 Zinc 175°C 14 days X X X X X X
PVE 80 Al/Cu/Fe 175°C 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C 14 days X X X X X
No Oil 0 Al/Cu/Fe 175°C 14 days X X X
No Oil 0 Brass 175°C 14 days X X X
No Oil 0 Zinc 175°C 14 days X X X
PAG 80 Al/CulFe 175°C 14 days X X X X X
R516A PAG 80 Brass 175°C 14 days X X X X X
77 SR 1234yf PAG 80 Zinc 175°C | 14days X X X X X
8.5%R134a POE 80 Al/Cu/Fe 175°C 14 days X X X X X X
14.0% RI52a POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C 14 days X X X X X X
PVE 80 Al/Cu/Fe 175°C 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C 14 days X X X X X
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Table4.5: Phasd Test Plarg;, High Pressure Refrigerants

Refrigerant | Lubricant % Metal Temp. Duration Vlsue_d GGMS. TAN Org_anlc Anions | ICP
Lubricant Inspection | Analysis Acids
PAG 80 Al/Cu/Fe| 175°C 14 days X X X X X
PAG 80 Brass 175°C 14 days X X X X X
PAG 80 Zinc 175°C 14 days X X X X X
RA454C POE 80 Al/Cul/Fe 175°C 14 days X X X X X X
21.9%6R32 POE 80 Brass 175°C 14 days X X X X X X
78.96R 1234 POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cul/Fe 175°C 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C 14 days X X X X X
PAG 80 Al/CulFe 175°C 14 days X X X X X
PAG 80 Brass 175°C 14 days X X X X X
PAG 80 Zinc 175°C 14 days X X X X X
R-455A POE 80 Al/CulFe 175°C 14 days X X X X X X
gl";’f:g‘;‘ POE 80 Brass 175°C | 14 days X X X X X X
75.5% RL234yf POE 80 Zinc 175°C 14 days X X X X X X
PVE 80 Al/Cu/Fe 175°C 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C 14 days X X X X X
PAG 80 Al/Cu/Fe| 175°C 14 days X X X X X
PAG 80 Brass 175°C 14 days X X X X X
PAG 80 Zinc 175°C 14 days X X X X X
R-468A POE 80 Al/Cul/Fe 175°C 14 days X X X X X X
gf;fgfégzﬂ POE 80 Brass 175°C | 14 days X X X X X X
75.0% RL234yf POE 80 Zinc 175°C 14 days X X X X X X
PVE 80 Al/Cul/Fe 175°C 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C 14 days X X X X X
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Table4.6: Phasd Test Plarg;, High Pressure Refrigerants

Refrigerant| Lubricant % Metal Temp. | Duration Vlsua_l GGMS. TAN Org_anlc Anions | ICP
Lubricant Inspection | Analysis Acids
No Oil 0 Al/Cu/Fe 150°C 14 days X X X
No Oil 0 Brass 150°C 14 days X X X
No Oil 0 Zinc 150°C 14 days X X X
PAG 80 Al/Cul/Fe 150°C 14 days X X X X X
RAG6A PAG 80 Brass 150°C 14 days X X X X X
49.0% F82 PAG 80 Zinc 150°C | 14 days X X X X X
11.5% RL25 POE 80 Al/Cu/Fe 150°C 14 days X X X X X X
39.5% RI3IL POE 80 Brass 150°C | 14 days X X X X X X
POE 80 Zinc 150°C 14 days X X X X X X
PVE 80 Al/Cu/Fe 150°C 14 days X X X X X
PVE 80 Brass 150°C 14 days X X X X X
PVE 80 Zinc 150°C 14 days X X X X X
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Table4.7: PhasdlA Test Plarg Evaluation of PAG and PVE Lubricant Additives with Select Refrigerants

Refrigerant Lubricant % Metal Temp. | Duration Vlsua_l GGMS. TAN Anions | ICP
Lubricant Inspection | Analysis

PAGAdditives 80 Al/Cu/Fe | 175°C | 14 days X X X X X

PAGAdditives 80 Brass 175°C | 14 days X X X X X

PAGAdditives 80 Zinc 175°C | 14 days X X X X X

R1336m22(2) 5\ enqditives 80 | AlICulFe | 175°C | 14 days X X X X | X
PVEAdditives 80 Brass 175°C | 14 days X X X X X

PVEAdditives 80 Zinc 175°C | 14 days X X X X X

PAGAdditives 80 Al/Cu/Fe | 175°C | 14 days X X X X X

PAGAdditives 80 Brass 175°C | 14 days X X X X X

\ PAGAdditives 80 Zinc 175°C | 14 days X X X X X
R1336m2z(E) 5\ Eaqditives 80 | AlCulFe | 175°C | 14 days X X X X | X
PVEAdditives 80 Brass 175°C | 14 days X X X X X

PVEAdditives 80 Zinc 175°C | 14 days X X X X X

PAGAdditives 80 Al/Cu/Fe | 175°C | 14 days X X X X X

PAGAdditives 80 Brass 175°C | 14 days X X X X X

PAGAdditives 80 Zinc 175°C | 14 days X X X X X

R12342e(B) —pygaqdiives | 80 | AliCuFe | 175°C | 14days X X X X | X
PVEAdditives 80 Brass 175°C | 14 days X X X X X

PVEAdditives 80 Zinc 175°C | 14 days X X X X X

PAGAdditives 80 Al/Cu/Fe 175°C | 14 days X X X X X

PAGAdditives 80 Brass 175°C | 14 days X X X X X

R1234yf PAGAdditives 80 Zinc 175°C | 14days X X X X X
PVEAdditives 80 Al/Cu/Fe 175°C | 14 days X X X X X

PVEAdditives 80 Brass 175°C | 14 days X X X X X

PVEAdditives 80 Zinc 175°C | 14 days X X X X X

PAGAdditives 80 Al/Cu/Fe | 175°C | 14 days X X X X X

PAGAdditives 80 Brass 175°C | 14 days X X X X X

R-S13A PAGAdditives 80 Zinc 175°C | 14 days X X X X X
cooxnissyr | PVEAddiives | 80 | AliCulFe | 175°C | 14 days X X X X | X
PVEAdditives 80 Brass 175°C | 14 days X X X X X

PVEAdditives 80 Zinc 175°C | 14 days X X X X X

PAGAdditives 80 Al/Cu/Fe 175°C | 14 days X X X X X

PAGAdditives 80 Brass 175°C | 14 days X X X X X

R-454C PAGAdditives 80 zZinc 175°C | 14 days X X X X X
b oRizsar | PVEAddiives | 80 | AliCufFe | 175°C | 14 days X X X X | x
PVEAdditives 80 Brass 175°C | 14 days X X X X X

PVEAdditives 80 Zinc 175°C | 14 days X X X X X

PAGAdditives 80 Al/Cu/Fe | 175°C | 14 days X X X X X

RAGSA PAGAdditives 80 Brass 175°C | 14 days X X X X X
3.50 RI132a PAGAdditives 80 Zinc 175°C | 14 days X X X X X
21.5% R32 PVEAdditives 80 Al/CulFe 175°C | 14 days X X X X X
TSO% RN ByEAdditives 80 Brass 175°C | 14 days X X X X X
PVEAdditives 80 Zinc 175°C | 14 days X X X X X
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Table4.8: PhasdlB Test Plarg Evaluation ofNew Blend Components.

Refrigerant | Lubricant % Metal Temp. | Duration Vlsuql GGMS. TAN Orggmc Anions | ICP
Lubricant Inspection | Analysis Acids
No Oil 0 Al/Cu/Fe | 175°C | 14 days X X X
No Oil 0 Brass 175°C | 14 days X X X
No Oil 0 Zinc 175°C | 14 days X X X
PAG 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
R152 PAG 80 Zinc 175°C | 14 days X X X X X
ol POE 80 Al/Cu/Fe | 175°C | 14 days X X X X X X
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
No Oil 0 Al/Cu/Fe | 175°C | 14 days X X X
No QOil 0 Brass 175°C | 14 days X X X
No Qil 0 Zinc 175°C | 14 days X X X
PAG 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
R227 PAG 80 Zinc 175°C | 14 days X X X X X
corea POE 80 | AlCulFe| 175°C | 14 days X X X X X X
POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
Table4.9: PhasellCTest Plarg Evaluation ofR-466A with Additized POE
Refrigerant Lubricant % Metal Temp. | Duration Vlsua_l GGMS. TAN Orggnlc Anions | ICP
Lubricant Inspection | Analysis Acids
POEAdditives 80 Al/CulFe 150°C | 14 days X X X X X X
RAGEA POEAdditives 80 Brass 150°C | 14 days X X X X X X
29.0% R32 POEAdditives 80 Zinc 150°C | 14 days X X X X X X
11.5% RL25 POEAd(ditives 80 Aluminum| 150°C | 14 days X X X X X X
39.5%R3IL [ poEAdditives| 80 Copper 150°C | 14 days X X X X X X
POEAdditives 80 Iron 150°C | 14 days X X X X X X
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Tabk 4.10 Phase ID Test Plan;, Expanded Ewaluation of R-32 and R1234yf Blends

Refrigerant | Lubricant % Metal Temp. | Duration Visual GGMS. TAN Org_anlc Anions | ICP
Lubricant Inspecion | Analysis Acids
PAG 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
PAG 80 Zinc 175°C | 14 days X X X X X
R454B POE 80 Al/Cu/Fe | 175°C 14 days X X X X X X
68.96R32 POE 80 Brass 175°C 14 days X X X X X X
31.1%R1234/f POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C | 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
PAG 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PAG 80 Brass 175°C | 14 days X X X X X
PAG 80 Zinc 175°C | 14 days X X X X X
POE 80 Al/Cu/Fe | 175°C | 14 days X X X X X X
R-32 POE 80 Brass 175°C | 14 days X X X X X X
POE 80 Zinc 175°C | 14 days X X X X X X
PVE 80 Al/Cu/Fe | 175°C | 14 days X X X X X
PVE 80 Brass 175°C 14 days X X X X X
PVE 80 Zinc 175°C | 14 days X X X X X
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Table4.11 Phase IIHest Plarg, Evaluation ofDesiccant Materials with Sett Refrigerants and Lubricants

Refrigerant Lubricant % Material Temp. | Duration | Visual GGMS. TAN Org_anlc Anions | ICP
Lubricant Analysis Acids
No Oil 0 3A 100°C| 28 days X X X
No Oil 0 4A 100°C| 28 days X X X
No Oil 0 AA 100°C| 28 days X X X
Rr1233zd(E) Mineral Oil 80 3A 100°C| 28days| X X X X X
Mineral Oil 80 4A 100°C| 28 days X X X X X
Mineral Oil 80 AA 100°C| 28 days X X X X X
No Oil 0 3A 100°C| 28 days X X X
No Oil 0 4A 100°C| 28days X X X
No Oil 0 AA 100°C| 28 days X X X
R1224yd(2) Mineral Oil 80 3A 100°C| 28days| X X X X X
Mineral Oil 80 4A 100°C| 28 days X X X X X
Mineral Oil 80 AA 100°C| 28 days X X X X X
No Oil 0 3A 100°C| 28days X X X
No Oil 0 4A 100°C| 28 days X X X
No Oil 0 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
R514A PAGAdditives| 80 AA 100°C| 28days| X X X X X
o vt Rasomez(z)__ POE 80 3A 100°C| 28days | X X X X X | X
POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
No Oil 0 3A 100°C| 28 days X X X
No Oil 0 4A 100°C| 28 days X X X
No Oil 0 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
PAGAdditives 80 AA 100°C| 28days X X X X X
R1336m2z(2) POE 80 3A 100°C| 28days| X X X X X X
POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
No Oil 0 3A 100°C| 28 days X X X
No Oil 0 4A 100°C| 28 days X X X
No Oil 0 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
PAGAdditives 80 AA 100°C| 28 days X X X X X
R1336mzz(E) POE 80 3A 100°C| 28days| X X X X X | X
POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
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Table4.12 Phase IIHest Plarg, Evaluation of Desiccant Materials with St Refrigerants and Lubricants

0, ~ T
Refrigerant Lubricant Lubr/iocant Material Temp. | Duration | Visual A(; g:\;l sSis TAN OArg%r!c Anions | ICP
No Oil 0 3A 100°C| 28 days X X X
No Oil 0 4A 100°C| 28 days X X X
No Oil 0 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
R123476(E PAGAdditives 80 AA 100°C| 28 days X X X X X
+1234z¢(8) POE 80 3A 100°C| 28days| X X X X X X
POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
No Oil 80 3A 100°C| 28 days X X X
No Oil 80 4A 100°C| 28 days X X X
No Oil 80 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
R515B PAGAdditives 80 AA 100°C| 28days| X X X X X
8.9%R227ea o
91.1%R 12347¢(E POE 80 3A 100°C| 28 days X X X X X X
POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
No Oil 0 3A 100°C| 28 days X X X
No Oil 0 4A 100°C| 28 days X X X
No QOil 0 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
R1234yf PAGAdditives 80 AA 100°C| 28 days X X X X X
POE 80 3A 100°C| 28 days X X X X X X
POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
No Oil 80 3A 100°C| 28 days X X X
No Oil 80 4A 100°C| 28 days X X X
No Oil 80 AA 100°C| 28 days X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
?;i}iﬁm . [ PAGAdditives| 80 AA 100°C| 28days| X X X X X
8o 1an POE 80 3A 100°C| 28days| X X X X X X
14.0% RL52a POE 80 4A 100°C| 28 days X X X X X X
POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X

N
N



Table4.13 Phase ETest Plarg;, Evaluation of Desiccant Materialwith Select Refrigerants antubricants

Refrigerant Lubricant % Material Temp. | Duration Vlsua_l GGMS. TAN Org_anlc Anions | ICP
Lubricant Inspection | Analysis Acids
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
PAGAdditives 80 AA 100°C| 28 days X X X X X
R-455A POE 80 3A 100°C| 28 days X X X X X X
3-102/2/5;‘3‘;‘ POE 80 4A 100°C| 28 days X X X X X X
75.5% RL234yf POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
PAGAdditives 80 3A 100°C| 28 days X X X X X
PAGAdditives 80 4A 100°C| 28 days X X X X X
PAGAdditives 80 AA 100°C| 28 days X X X X X
R468A POE 80 3A 100°C| 28 days X X X X X X
gf"ggﬁf&gza POE 80 4A 100°C| 28 days X X X X X X
75.0% RL234yf POE 80 AA 100°C| 28 days X X X X X X
PVEAdditives 80 3A 100°C| 28 days X X X X X
PVEAdditives 80 4A 100°C| 28 days X X X X X
PVEAdditives 80 AA 100°C| 28 days X X X X X
R466A POEAdditives 80 3A 100°C| 28 days X X X X X X
ﬁg; Qgs POEAdditives 80 4A 100°C| 28 days X X X X X X
39.5% RL3I1 POEAdditives 80 AA 100°C| 28 days X X X X X X
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5. CHEMICAL STABILITY RESULTS

Table5.1: Appearance Changder R123 Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant| Metal Lubricant Color Pamg:::ﬁte off CDA 110 G1095 AA380 C260 7AS
Tarnished (silve
No Oil - - and red - -
Al/Cu/Fe discoloration
Mineral Oil - - - Slight gopper -
plating
Copper
R-123 No Oil ) Brown ring a coloration
B liquid line above liquid
rass line
Mineral Oil - Faint residug DuIIed/cc_)pper
coloration
7i No Oil - - -
inc
Mineral Oil - - -

W Ay b detectedchange

Table5.2: Pre and Post Exposure Photographs fel B3 Phase | Evaluations

Al/Cu/Fe Conditions

100% Refrigerant (left), Refrigerail (right)

Brass Conditions
100% Refrigerant (leftRefrigerantOil (right)

Zinc Conditions

100% Refrigerant (left), Refrigera®il (right)

Pre Exposure

PostExposure

Pre Exposure

PostExposure

Pre Exposure
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Table5.3: Appearance Changder R1233zd(E) PhaseEvaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal Lubricant Color Panllczzit:::te o CDA 110 G1095 AA380 C260 ZA8
No QOil - - Slight Darkenin - -
Tarnished
Al/Cu/F . . . '
ue Mineral Oil - - - slight copper -
plating
R-1233zd(E) . No Oil - - -
rass Mineral Oil - - Dulled/ C_oppe
coloration
No Oil - - -
Zinc - -
Mineral Oil - - -

W Ay b detectedchange

Table5.4: Pre and Post Exposure Photographs fel B33zd(E) Phase | Evaluations

Al/Cu/Fe Conditions
100% Refrigerant (left), Refrigera®il (right)

Brass Conditions
100% Refrigerant (left), Refrigera®il (right)

Zinc Conditions
100% Refrigerant (left), Refrigera®il (right)

PostExposure

PreExposure

PostExposure

PreExposure

PostExposure

Pre-Exposure

I
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Table5.5: Appearance Changder R1224yd(Z) Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal Lubricant Color PartllczziLIJrITe]lte or CDA 110 G1095 | AA380 C260 ZA8
Tarnished (Silve
No Oil - - and Red - -
AlICulFe Discoloration)
Mineral Oil - - - - -
] Slight coppe
R1224yd(Z) No Oil - - coloration
Brass Slight
Mineral Oil - - 19T capPe
coloration
Zin No Oil - - -
"¢ [Mineral Ol - - )

W Ay b detectedchange

Table5.6: Pre and Post Exposure Photographs fel R24yd(Z) Phase | Evaluations

Al/Cu/Fe Conditions
100% Refrigerant (left), Refrigera®il (right)

Brass Conditions
100% Refrigerant (leftRefrigerantQil (right)

Zinc Conditions
100% Refrigerant (left), Refrigera®il (right)

PreExposure PostExposure

PreExposure PostExposure

PreExposure PostExposure
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Table5.7: Appearance Changder R514A Phase Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant Metal | Lubricant Color Partllc:;illjrl?te or CDA 110 G1095 AA380 C260 2AS
. . ._|Slight darkenin Slight
No Oil - |Slightdarkrin aboveliquid ling darkening )
. . Slight
Al/Cul/Fe PAG - - Slight darkenin darkening -
POE - - Slight yellowing - -
PVE - - - - -
Copper colore
No Oil - - below liquid
line
R514A PAG - - -
25.3% RL13QE) Brass iah
74.7% RL336mz£Z) POE _ _ Slig thpper
coloration
PVE _ } Slight copper
coloration
No Oil - - -
Slight
Zinc PAG i | darkening
POE - - -
Slight
PVE i i darkening

W Ay Radetectedchange

Table 5.8 Pre and Post Exposure Photographs febRIA Phase | Evaluations

PreExposure

PostExposure

Al/Cu/Fe Conditions

No Oil, PAG, POE, PVE (LeRight)

Brass Conditions

No Oil, PAG, POE, PV

E (Left to Righ

i

Zinc Conditions
No Oil, PAG, POE, PVE (Left to Righ
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Table5.9: Appearance Changder R1336mzz(Z) Phase | Evaluations

Liquid Cloudiness Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color P?)Tllgil:::te CDA 110 G1095 AA380 C260 ZA8
. Slight
No Oil ) ) ) darkening )
PAG - - - - -
Al/CulFe Sight Brassy Dark tarnish
POE . - - andcopper -
yellowing coloration -
plating
PVE - - - - -
No Oil - - -
Slight coppe
R-1336mzz(Z Brass PAG - - coloration
POE Slgh_t ) Slight coppe
yellowing coloration
PVE - - -
No Oil - - -
PAG - - Slight darkenin
Zinc POE SIQh.t - Slight darkenin
yellowing
PVE - - Slight darkenin

W Ay Radétectedchange

Table 5.10 Pre and Post Exposure Photographs fel B36mzz(Z) Phase | Evaluations

PreExposure

PostExposure

Al/Cu/Fe Conditions

Brass Conditions

i‘ M N

[}

No Oil,PAG, POE, PVE (Left to Right

i

—
W7
I

i

Zinc Conditions

No Oil, PAG, POE, PVE (Left to Righ

T
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Table 5.11 Appearance Changdsr R-1336mzz(Z) Phase IIA Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal Lubricant Color Partllgitlxrlzte or CDA 110 | G1095 AA380 260 A8
Additized PAG - - - - R
AVCUIFe ™) dditized PVE| - - - : :
Additized PAG| - - d'?;r’l'('eir;fé
R1336mzz(¥ Brass Sull and
Additized PVE - - ufl-an
darkened
Zinc Additized PAG - - R
Additized PVE - - R

W Ay Riddetectedchange

Table 5.12 Pre and Post Exposure Photographs fel B86mzz(Z) Phad#A Evaluations

Al/Cu/Fe, Brass, Zirflceft to Righ

Pre Exposure

PostExposure

Additized PAGConditions

t)

Additized PVE Conditions
Al/Cu/Fe, Brass, Zirflceft to Righk
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Table 5.13 Appearance Changdsr R-1336mzz(E) Phase | Evaluations

Liquid Cloudiness Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color P?)rrtllgliilrﬁte CDA 110 G1095 AA380 C260 7A8
No Oil - - - Slight tarnisl -
PAG - - - - -
AllCulFe POE - - - Slight tarnisl -
PVE - - - - -
No Oil - - -
PAG | - ' "caoraton
R1336mzz(E| Brass Slight
POE | Slight yellow - 'ght coppe
coloration
PVE - - -
No Oil - - -
. PAG - - -
Zinc POE i} N -
PVE - - -

W Ay b detectedchange

Table 5.14 Pre and Post Exposure Photographs fel B36mzz(E) Phaseévaluations

PreExposure

PostExposure

Al/Cu/Fe Conditions

No Oil, PAG, POE, PVE (Left

to Righ
W

Brass Conditions

{
1 |

i

No Oil, PAG, POE, PVE (Left to Righ
1 I ‘ .

Zinc Conditions

No Oil, PAG, POE, PVE (Left to Righ

1l

|

i
| k

W
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Table 5.15Appearance Changdsr R-1336mzz(E) Phase IIA Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant| Metal Lubricant Color Partllc::itlerTe:te o =pA 110 G1095 AA380 C260 ZA8
Additized PAG - - - - -
AICUIFe) Gditized PVE - - - - -
. Dull and
R1336mz2( Brass Additized PAG - - sl
Additized PVH - - Darkened
. Slight
Zinc Additized PAG i i Darkening
Additized PVE - - -

W Ay Radetectedchange

Table 5.16Pre and Post Exposure Photographs fedl B36mzz(E) Phase IIA Evaluations

Additized PAGConditions

PreExposure

PostExposure

Al/Cu/Fe, Brass, Zitfteft to Right)

Additized PVE Conditions
_AllCulFe, Brass, Zirfceft to Right

53



Tabk 5.17 Appearance Changdsr R-1234ze(E) Phase | Evaluations

Refrigerant

Liquid

Lubricant Color

Metal

Cloudiness,
Particulate o
Film

Copper
CDA 110

Iron
G1095

Brass
C260

Aluminum
AA380

Zinc
ZA8

R1234ze(E

No Oil -

PAG -

Al/CulFe POE _

PVE -

No Oil -

PAG -

Brass POE i

PVE -

No Oil -

PAG -

Zinc POE i

PVE -

W Ay b detectedchange

Table5.18 Pre and Post Exposure Photographs Bi234ze(E) Phase | Evaluations

PreExposure

Al/Cu/Fe Conditions

No Oil, PAG, POE, PVE (Left to Righ
= “1: “ T ]

i

K u

Brass Conditions
No Qil, PAG, POE

TW!

1

-
1 O

, PVE (Left to Righ

¥
i

Zinc Conditions

No Oil, PAG, POE, PVE (Left to Righ

21

PostExposure
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Table5.19 Visual Observations for-2234ze(E) Phase IIA Evaluations

Additized PVE

Liquid Cloudiness, Copper Iron | Aluminum Brass Zinc
Refrigerant Metal Lubricant Color PartlltzziLIJrITe:te O | ~DA110| G1095| AA380 C260 ZA8
Additized PAG - - - - -
AllCulre Additized PVE - Faint @rticles - - -
Additized PAG - - Dull and drkened
R1234ze(E)| Brass Additized PVE - - :
. Additized PAG - - B
Zinc

W Ay Ribdetectedchange

Table 5.20 Pre and Post Exposure Photographs Ri234ze(E) Phase IIA Evaluations

Additized PAGConditions

Al/Cu/Fe, Brass, Ziffceft to Right)

Pre Exposure

PostExposure

|
|

Additized PVE Conditions
Al/Cu/Fe, Brass, Zirfceft to Righk
T

| 50 )

i
r!
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Table5.21: Appearance Changdsr R-450A Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color Partllc:;ﬁrlTe:te o ~DpA 110 G1095 AA380 C260 7A8
No Oil - - - - -
PAG - - - - -
Al/CulFe POE i _ _ _ _
PVE - - - - -
No Oil - - -
R-450A PAG - - -
42.0% RL34a Brass POE - - -
58.006R 1234z¢(E PVE i _ _
No Oil - - -
PAG - - -
Zinc POE Sllgh't ) -
Yellowing
PVE - - -
W Ay b detectedchange
Table5.22 Preand Post Exposure Photographs fordB0A Phase | Evaluations
Al/Cu/Fe Conditions Brass Conditions Zinc Conditions
PAG, POE, POE, PVE (Left to Righ No Oil, PAG, PO
W i T T T

PVE (Left to Righ

PreExposure

PostExposure

L

=

No Oil, PAG,

E, PVE (Left to Righ
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Talde 5.23 Appearance Changdsr R-515B Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant Metal Lubricant Color Pam'(::illjrsz:lte o ~pa110| G1095 AA380 C260 7A8
No Oil - - - - -
AliculFe —PAG - - - - -
POE - - - - -
PVE - - - - -
No Oil - - -
R5158 PAG - - Slightly dulle
8.9%R227ea Brass Slight coppe
91.1%R1234ze(E) POE - - coloration
PVE - - .
No Oil - - -
Zinc PAG - - -
POE - - -
PVE - - Slightly dulle
W Ay b detectedchange
Table5.24 Pre and Post Exposure Photographs febE5B Phase | Evaluations
Al/Cu/Fe Conditions Brass Conditions Zinc Conditions
t to Righ No Oil, PAG, POE, PVE (Left to Righ (Left

No Oil, PAG,

PreExposure

PostExposure

POE,

PVE (Lef

|

N ‘ "

Wi

MEE

No Oil, PAG, POE, PVE

to Righ
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Table 5.25 Appearance Changdsr R-1234yf Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color Pam'(:::::ﬁte o =DAL10 G1095 AA3B0 C260 oAg
No Oil - - - Darkened -
PAG - - - R R
Al/Cu/Fe POE - - - - :
PVE - - - R R
No Oil - - _
Brass [— oo - :  Dulled_|
R1234yf POE - - I
PVE - - Slightly dulle
No Oil - - B
R - Slightly
Zinc PAS darkenedetched
POE - - -
Darkened/
PVE i i etched

W Ay b detectedchange

Table 5.26 Pre and Post Exposure Photographs fel B34yf Phase | Evaluations
Al/Cu/Fe Conditions Brass Conditions Zinc Conditions

No Oil, PAG, POE, PVE (LeRitght) No Oil, PAG, POE, PVE (Left to Righ No Oil, PAG, POE, PVE (Left to Righ
, | | i

' T IR TN

PreExposure

1

PostExposure
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Table 5.27 Appearance Changdsr R-1234yf Phase IlA Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant| Metal Lubricant Color Pam'(:::::ﬁte o =DA 110 G1095 AA3BO 260 oAg
Additized PA( - - - - -
AlCulFer ) dditized Vi - i j - -
Additized PA( - - Dull and
R1234vf Brass darkened
y Additized PVE - Faint @rticles -
Additized PA( - - -
ZINC | pdditized PVE - ) Slight
Darkening

W Ay Badetectedchange

Table 5.28 Pre and Post Exposure Photographs fel B34yf Phase II1A Evaluations

PreExposure

PostExposure

Additized PAGConditions

AI/Cu/Fe Brass, Zirfteft to Right)

Additized PVE Conditions

Al/Cu/Fe, Brass, Zit:eft to Right
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Table5.29 Appearance Changdsr R-513A Phase | Evaluations

Liquid Cloudiness, Copper Iron | Aluminum Brass Zinc
Refrigerant Metal Lubricant Color Pam'(:::::ﬁte o ~pA110 | G1095| AA380 C260 7A8
No Oil - - - - -
PAG - - - - -
Al/Cu/Fe POE N _ _ _ -
PVE - - - - -
No Oil - - -
R513A PAG - Faintparticles Dulled
44.0%R134a Brass POE - Dulled, opper
56.0%6R1234/f i coloration
PVE - - Slightly dulled
No Oil - - -
. PAG - - -
Zinc POE i} B -
PVE - - Slightly dulled

W Ay b detectedchange

Table5.30 Pre and Post Exposure Photographs febBRBAPhase | Evaluations

]
1)

PreExposure

PostExposure

Al/Cu/Fe Conditions

|

No Oil,PAG, POE, PVE (Left to Right

Brass Conditions

No Oil,PAG, POE, PVE (Left to Right

Zinc Conditions

I T 11
‘J

No Oil,PAG, POE, PVE (Left to Right

|
i
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Table 5.31 Appearance Changdsr R-513A Phase IIA Evaluations

. . Liquid Clo.udiness, Copper Iron Aluminum Brass Zinc
Refrigerant| Metal Lubricant Color Partllc::itlxrlﬁte o =pA 110 G1095 AA380 C260 ZA8
AllCulFe ﬁ'ﬁéﬁi E:\/E - - i - -
Additized PAQ - . ouland
R513A Brass
e Additized PVE - : Draeg‘ii':;d
Additized PA( - - -
4nC | Additized PVE - . dafl'(igr']‘itng

W Ay b detectedchange

Table5.32 Pre and PosExposure Photographs for-B1L3A Phase IIA Evaluations

Additized PAGConditions Additized PVE Conditions
Al/Cu/Fe, Brass, Zitfteft to Right) Al/Cu/Fe, Brass, Zirfceft to Right

LN IR

i

PreExposure

PostExposure
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Table5.33 Appearance Changdsr R-516A Phase | Evaluations

Refrigerant

Metal | Lubricant

Liquid
Color

Cloudiness,
Particulate ol
Film

Copper
CDA 110

Iron
G1095

Aluminum
AA380

Brass
C260

Zinc
ZA8

R516A
77.5%6R1234yf
8.5%R134a
14.0% RI52a

No Qil

PAG

Al/Cu/Fe POE

PVE

No QOil

PAG

Brass POE

PVE

No Oil

PAG

Zinc POE

PVE

Slightly dulle

Slight coppe
coloration

W Ay b detectedchange

Table5.34 Pre and Post Exposure Photographs febEF6A Phase | Evaluations

PreExposure

Al/Cu/Fe Conditions

L W'!' I

No Oil,PAG, POE, PVE (Left to Right

w\

PostExposure

Brass Conditions
No Oil,PAG, POE, PVE (Left to Right

Zinc Conditions

No Oil,PAG, POE,
i T
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Table 5.35Appearance Changdsr R-454B Phase IlEvaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color Partllc:;ﬁrlTe:te o' ~pA 110 G1095 AA380 C260 218
PAG - - - - -
Al/Cul/Fe POE - - - - -
PVE - - - - -
- Dulled and
PAG ) darkened
R454B Brass POE - - Darkeryellow
68.9%R32
31.1%R1234f PVE _ - Dulled and
darkened
PAG - - -
Zinc POE - - Dull-and
PVE i darkened

W Ay b detectedchange

Table 5.36 Pre and Post Exposure Photographs fedB4B Phase ID Evaluations

Al/Cu/Fe Conditions
PAG, POE, PVE (Left to Right)

PreExposure

PostExposure

Brass Conditions
PAG, POE, PVE (Left to Right)

Zinc Conditions

PAG, POE, PYIEft to Right)

|
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Table 537: Appearance Changdsr R-454C Phase | Evaluations

Cloudiness,

) . Liquid . Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color Partllc:;:frITe:te o' =DA 110 G1095 AA380 C260 218
PAG - - - - -
Slightly
Al/CulFe POE - - - darkened -
PVE - - - - -
PAG - - -
R454C Brass POE - - -
21.5%R32 PVE - - _
78.9%R1234/f a ;
PAG ) Sllgh.t
darkening
Zinc POE - ) Slight
darkening
R Slight
PVE ) darkening

W Ay b detectedchange

Table5.38 Pre and Post Exposure Photographs fedB4C Phase | Evaluations

PreExposure

PostExposure

&

Al/Cu/Fe Conditions
PAG, POE, PVE (Left to Right)

LT

Brass Conditions
PAG, POE, PVE (Left to Right)
' B0 T

Zinc Conditions

PAG POIPVE (Left to nght)
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Table 5.39 Appearance Changdsr R-454C Phase IIA Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal Lubricant Color Partllc:;:frITe]lte ° DA 110 G1095 AA380 C260 218
Additized PAQ - - - - -
ACUIFe ™ ditized PVE - - i - -
. Dull and
le";F/’O‘égz Brass | Additized PAG - i darkened
78.9% R1234/f Additized PVE - - -
. Slight
Zinc | Additized PAG - i darkening
Additized PVE - - -

Windicatesno detected change

Tale 5.4Q Pre and Post Exposure Photographs fedB4C Phase |IA Evaluations

Additized PAGConditions Additized PVE Conditions
Al/Cu/Fe, Brass, Zirfceft to Right) Al/Cul/Fe, Brass, Zirfceft to Righk
[ | | |

I I‘ I || ) J\‘,
l

e
|

PreExposure

PostExposure
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Table5.41: Appearance Changdsr R-455A Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color Pam'(:::::ﬁte o DA 110 G1095 AA380 C260 7A8
PAG - - - - -
Al/CulFe| POE - - - - -
PVE - - - - -
PAG ) - Sllglht cgppe
RA55A (?o oration
3.0%R744 Brass POE - - Slightly dulle
21.5% R32 - Slight coppe
75:5% RL2Z34yT PVE i coloration
PAG - - -
Zinc POE - - Slight
darkening
PVE - - -

W Ay b detectedchange

Table5.42 Pre and Post Exposure Photographs fed55A Phase | Evaluations

Al/Cu/Fe Conditions
PAG, POE, PVE (Left to Right)

k8

Brass Conditions
PAG, POE, PVE (Left to Right)

(K

T

PreExposure

PostExposure

T “H M J;!‘w ” u“

ZincConditions
PAG, POE, PVE (Left to Right)

mm
Rl

[

T

66



Table5.43 Appearance Changdsr R-468A Phase | Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal | Lubricant Color Partlltz:iLIJrITz:lte or cDA 110l  G1095 AA380 C260 2AS
PAG | Faint pale yellov - - - -
Al/Cu/Fe| POE |Faint pale yellov - - - -
PVE |Faint pale yellov - - - -
RA4G8A PAG Fa!nt pale yellov| Faint particles Dulled
3.5% RL132a Brass POE | Faint pale yellov - -
21.5% RB2 PVE |Faint pale yelloy - Slightly dulle
75.0% RL234yf - - - - -
PAG |Faint pale yellov| Faint particleg Slightly pitteqg
Zinc POE | Faint pale yellov - S“éhﬂy
PVE |Faint pale yellow - darkened

W Ay b detectedchange

Table5.44:Pre and Post Exposure Photographs fedB88A Phase | Evaluations

1!

PreExposure

PostExposure

Al/Cu/Fe Conditions
PAG POE PVE (Left to Right)

Brass Conditions
PAG, POE, PVE (Left to Right)

Zinc Conditions
PAG, POE, PVE (Left to Right)
[l 2 il
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Table 5.45 Appearance Changdsr R-468A Phase IIA Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant | Metal Lubricant Cglor Particulate or CDf\pllo G1095 AA380 C260 218
Film
Additized PAG| - - - - -
Al/Cu/F — - :
ure Additized PVE| - Light m@rticles - - -
R-468A - Dull and
g f’?ﬁégza Brass Additized PAG| - - darkened
. 0
75.0% RL234yf Additized PVE| - Light marticles Darkened
Zine Additized PAG| - - -
Additized PVE| - Light marticles -

WA v R hddletdctBdichange

Table 5.46 Pre and Post Exposure Photographs fed88A Phase IIA Evaluations

PreExposure

PostExposure

Additized PAGConditions Additized PVE Conditions

Al/CulFe, Brass, Zirfteft to Right) Al/Cu/Fe Brass, Zin@_eft to Right

Rl
ol e

|
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Table5.47: Appearance Changdsr R-466A Phase | Evaluations

Pre Exposure

PostExposure

T

NANRNAL .;\ o QIF I

[}
/

{

-

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant| Metal | Lubricant Color Partllc::itljlrﬁte or CDA 110 | G1095 AA380 C260 ZA8
No Qil - - Dulled - -
PAG | Black, thickened oil, film coating all surfaces. Unable to assess m
AllCulFe POE Pale Color F_alnt Chalky, - -
particulates dulled
PVE | Blackthickened oil, film coating all surfaces. Unable to assess me
No Oil ) . Dulled, copper
coloration
R—4?6A PAG | Dark Orange ) Significantly
49.00/0 Fag Brass dulled
11.5% RL25 -
Faint Chalky, dulled
39.5% RL3I1 ’ ’
’ POE Pale Color particulates copper coloratior]
PVE | LightOrange - Chalky, dulled
No Oil - - -
PAG Brown Opaque Dulled
Zine POE Pale Color - Slightly
darkened
PVE | Light Orange - Dulled
WA y R hddletéctBdichange
Table5.48 Pre and Post Exposure Photographs fed66A Phase Evaluations
Al/Cu/Fe Conditions Brass Conditions Zinc Conditions
No Oil,PAG, POE, PVE (Left to Right No Oil,PAG, POE, PVE (Left to Right No Oil,PAG, POE, PVE (Left to Right

o™ s

I

g
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Table 5.49 Appearance Changdsr R-466A PhaselCEvaluations

Liquid Cloudiness, Copper Iron Aluminum Brass Zinc
Refrigerant|Lubricant Material Color Pam:::illjrsz:lte ol ~pa110! G1095 AA380 C260 218
Al/Cul/Fe - - Dulled/Hazy -

Brass - - -

R466A N _
49.0% B2 |Additized Zinc - _ :

11.5% RL25 POE | Aluminum - - I:[
39.5% RL3I1

Copper - Faintparticles| Dulled/Hazy

Iron - - - ‘

WA v R hddletactBdichange

Table 5.50 Pre and Post Exposure Photographs fed66A Phase¢lCEvaluations

Additized POEConditions Additized POEonditions
Al/Cu/Fe, Brass, Zirfceft to Right) Aluminum, Copper, IrofLeft to

| |"u i' 11

ight)

PreExposure

LRI m"g, i N’ {
| i .

PostExposure




Table 5.51 Appearance Changdsr R-32 Phase ID Evaluations

Liquid Cloudiness, Copper Aluminum Brass Zinc
Refrigerant | Metal | Lubricant d Particulate or| PP Iron Coupon
Color Film Coupon Coupon Coupon Coupon
PAG - Faintparticles - - -
Al/CulFe POE - - - - -
PVE - - - - -
PAG - Faint @rticles -
) i Slight coppe
R32 Brass POE coloration
PVE - - -
PAG - - Faint pots
Zinc POE - - Fallzr; i;:]tots
PVE ) i darkening

WA v R hddletdctBdichange

Table 5.52 Pre and PdasExposure Photographs for-B2 Phase ID Evaluations

Al/Cu/Fe Conditions Brass Conditions Zinc Conditions
PAG, POE, PVE (Left to Right)

g

PreExposure

PostExposure
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Table 5.53 Appearance Changdsr R-152aPhase IB Evaluations

Liquid Cloudiness, Copper Iron Aluminum Brass
Refrigerant Metal Lubricant Color Partlltz:illerTz:lte ol DA 110 G1095 AA380 C260
No QOil - - - - -
Faintdark
Al/CulFe PAG i particles i . i
POE Pale ellow - - - -
PVE - - - - -
R152a No Oil ; - Slight copper
coloration
Faint dark
Brass PAG ) particles -
POE Pale gllow i Slight copper
coloration
PVE - - -

WA v R hddletdctBdichange

Table 5.54 Pre and PasExposurePhotographs for RL52aPhase IB Evaluations

Pre Exposure

PostExposure

Al/Cu/Fe Conditions
No Qil, PAG, POE, PVE (Left to Right)

\ H “

|fl H" i

Brass Conditions
No Oil, PAG, POE, PVE (Left to R|ght)
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Table5.55 Appearance Changdsr R-152aPhase IB Evaluations

. . _— Cloudiness, Zinc
Refrigerant Metal Lubricant Liquid Color Particulate or Film ZA8
) Variationg Clear to Variationg Dark Spotting; light
No Oil -
Brown heavy amounts
PAG - Small Amgunt of Gre Heavyamount of Dark Spotting
R152a Zinc Particles
POE Variation¢ Pale to | Variationg Light to | Variationg Heavy Dark Spotting
Brown heavy particles loss of material
PVE Variation¢ No Chang Light Particles Variationg Dark Spotting; light
to Yellow and heavyamounts

WA Y R hddletectBdichange

Table 5.56 Pre and PasExposure Photographs for-B52aPhase IB Evaluations

PreExposure

PostExposure

LA

Zinc Conditions
No Oil, PAG, POE, PVE (Left to Right)

"'l“lj
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Table 5.57 Appearance Changdsr R-227eaPhase IB Evaluations

Refrigerant

Metal

Lubricant

Liquid
Color

Cloudiness,
Particulate ol
Film

Copper
CDA 110

Iron
G1095

Aluminum
AA380

Brass
C260

Zinc
ZA8

R-227ea

Al/CulFe

No Qil

PAG

POE

Faintfilm

PVE

Brass

No QOil

PAG

POE

PVE

Zinc

No Oil

PAG

Faintparticles

POE

PVE

Slightly dulle:

Coppered an

hazy

WA v R hddletdctBdichange

Table 5.58 Pre and PasExposure Photographs for-B27eaPhase IB Evaluations

Al/Cu/Fe Conditions

No Oill, PAG POE, PVE (Leftto Righ

Brass Conditions
No Oil, PAG, POE, PVE (Left to Righ

PreExposure

PostExposure

. B
.

|

Zinc Conditions
No Oil, PAG, POE, RVEft to Right)

"l‘ “ \I"ﬁ, ™ um.

| 4;” ‘;‘
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Table5.59 Summary of Analytical Results of Aged Sealed Tubes2®R R1233zd(E), R224yd(Z2)

Inorganic Anions | TAN Lubricant Organic Acil Dissolved Elements in
Refrigerant | Lubricant Metal (ppm in refrigerant) KSE/ (ppm, ug/qg) Lubricant (ppm)
Fluoride Chloride oil g Valeric Heptanoic s;i';cnh;éi Al ‘ Cu | Fe | Zn Si
Al/CulFe <10 <10
R123 No Oil Brass <10 <10
Zinc <10 <10
127 Al/Cu/Fe <10 114 <0.05 <3| <1|<1|<1] <3
14 days Mineral Oil | Brass <10 258 | <0.05 <3| <1|<1|<1|<3
Zinc <10 242 <0.05 <3| <1|<1|<1]| <3
Al/Cu/Fe <10 <10
R1233zd(E) No Oil Brass <10 <10
Zinc <10 <10
127C Al/Cu/Fe <10 60 <0.05 <3| <1|<1|<1|<3
14 days Mineral Oil | Brass <10 <10 <0.05 <3| <1]<1]<1] <3
Zinc <10 <10 <0.05 <3| <1|<1|<1]| 4
Al/CulFe <10 <10
R1224yd(2) No Oil Brass <10 <10
Zinc <10 <10
127¢C Al/Cu/Fe <10 <10 <0.05 <3|<1|<1|<1| <3
14 days Mineral Oil | Brass <10 <10 | <0.05 3|<1|<1]<1] <3
Zinc <10 <10 <0.05 <3| <1|<1]|<1]| <3
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Table5.60 Summary of Analytical Results of Aged Sealed Tubes]1RA, RL336mzz(Z), R336mzz(E)

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in
Refrigerant Lubricant | Metal (ppm in refrigerant) mg (ppm, ug/g) Lubricant (ppm)

Fluoride | Chloride K%ﬁ/ g Valeric | Heptanoic ﬁ;?::;g Al Cu Fe Zn Si

Al/CulFe <10 15

No Oil Brass <10 <10

Zinc <10 <10
Al/Cu/Fe <10 11 <0.05 <3| <1|<1|<1]|<3
A © | PAG Brass <10 12 | <0.05 3| <1|<1] 1] <3
74.7% RL336mz2(2) Zinc <10 <10 <0.05 <3|<1l|<1]|1]|<8
Al/Cul/Fe <10 10 <0.05 | <200%0 | <200 <200V0 <3| <1|<1|<1]|<3
ﬂfys POE Brass <10 <10 | <0.05 | <200" | <2000 | <200 | <3| <1|<1] 1 | <3
Zinc <10 <10 <0.05 | <200%0 | <200 <200 <3|<l|<1]| 2 | <8
Al/Cul/Fe <10 <10 <0.05 <3|<l|<1|<1]| 6
PVE Brass 13 45 <0.05 <3| <1|<1]| 10| <3
Zinc <10 13 <0.05 <3|<l|<1]1 3

Al/Cul/Fe <10 <10

No Oil Brass <10 <10

Zinc <10 <10
Al/Cul/Fe <10 <10 <0.05 <3| <l|<1|<1]| <3
PAG Brass 11 <10 0.05 <3| <1l|<1|<1]| <3
Zinc <10 <10 <0.05 <3| <l|<1| 2 | <3
. Al/Cul/Fe 11 <10 <0.05 <3| <l|<1|<1]| <8

Additized

R1336mzz(Z) | pAG Brass 32 <10 <0.05 <3| <1|<1|<1]|<3
Zinc 13 <10 <0.05 <3| <1|<1l|<1]| 3
175¢C Al/CulFe <10 <10 <0.05 | <200%0 | <200 <200'P <3| <1|<1|<1]|<3
14 days POE Brass <10 <10 0.06 | <2000 | <200V <200\ <3| <1|<1l]|<1]|<3
Zinc <10 <10 0.20 | <200P 240 <200 (~80) | <3 | <1 | <1 | 49| <3
Al/Cul/Fe <10 <10 <0.05 <3| <1l|<1|<1]|12
PVE Brass 17 <10 <0.05 <3| <1|<1|<1] 12
Zinc 27 <10 0.05 <3| <1|<1l|<1]| 8
Additized Al/Cu/Fe <10 <10 <0.05 <3 |<1|<1|<1]11
PVE B_rass 12 <10 <0.05 <3| <1|<1|<1]| 9
Zinc <10 <10 <0.05 <3| <1|<1|<1]| 6

Al/Cu/Fe <10 <10

No Oil Brass <10 <10

Zinc <10 <10
Al/Cu/Fe 11 <10 <0.05 <3| <1|<1|<1]|<3
PAG Brass 10 <10 <0.05 <3| <1|<1|<1]|<3
Zinc <10 <10 <0.05 <3| <1|<1|<1]|<3
. Al/Cu/Fe <10 <10 <0.05 <3| <1|<1]|<1]|<3
Additized Brass 13 <10 <0.05 <3| <1|<1]|<1]|<3
R1336mzz(E) | PAG Zinc <10 <10 | <0.05 <3|<1|<1|<1]<3
175 Al/Cu/Fe <10 <10 0.08 | <200VP | <20Q\¥D <200VD <3| <1|<1|<1]|<3
14 days POE Brass <10 <10 0.05 | <200'° | <200 <200 | <3| <1 | <1|<1]|=<3
Zinc <10 <10 0.22 | <200\ (51238«) <200V0 <3|<1|<1|30| 4
Al/Cul/Fe <10 <10 <0.05 <3| <1l|<1|<1]|<3
PVE Brass 18 <10 <0.05 <3| <1|<1|<1]| 14
Zinc <10 <10 <0.05 <3| <1|<1l|<1]| 3
Additized Al/Cul/Fe <10 <10 <0.05 <3|<1|<1|<1| 6
PVE B'rass <10 <10 <0.05 3| <1|<1|<1]| 7
Zinc <10 <10 <0.05 <3| <1|<1|<1| 8

AQrganicacids were detected at concentrations lower than the verified quantitation liRésults are reported for informational purposes.
NDNot Detected

76



Table5.61 Summary of Analytical Results of Aged Sealed TubeE2Bize(E), R50A, R515B

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in
Refrigerant | Lubricant| Metal (ppm in refrigerant) | mg (ppm, ug/g Lubricant (ppm)
Fluoride | Chloride KC());V g Valeric Heptanoic 3;?”;:;2 Al ‘ Cu Fe Zn Si
Al/Cu/lFe| <10 <10
No Oil Brass <10 <10
Zinc <10 <10
Al/Cu/Fe <10 <10 <0.05 <3| <1 | <1 <1 <3
PAG Brass <10 <10 <0.05 <3| <1 | <1 <1 <3
Zinc <10 <10 <0.05 <3| <1 | <1 <1 4
. Al/CulFe <10 <10 <0.05 <3| <1 | <1 <1 <3
Additized
R1234ze(E) | paG B_rass 12 <10 | <0.05 <3| <1 ] <1 |<1]| <8
Zinc <10 <10 <0.05 <3| <1 | <1 <1 <3
175C Al/Cu/Fe| <10 <10 | <0.05| <200'> | <200\ <2000 | <3 | <1 | <1 | <1 3
14days POE Brass <10 <10 | <0.05| <2000 | <200'° <2000 | <3 | <1 | <1 | <1 | 4
Zinc 10 <10 | 020 | <2000| 290 | oog0 | <3| <1 | <1 | 74| <3
(~140»
Al/Cu/Fe <10 <10 <0.05 <3| <1 | <« <1 8
PVE Brass <10 <10 <0.05 <3| <1 | <« <1 7
Zinc <10 <10 <0.05 <3| <1l| <1 ]| <1]| <8
Additized Al/Cu/Fe| <10 <10 <0.05 <3| <1|<1|<1| 11
PVE B.rass <10 <10 <0.05 <3| <1| <1 ]| <1 12
Zinc <10 <10 <0.05 <3| <1 | <« <1 9
Al/Cu/Fe| <10 <10
No Oil Brass <10 <10
Zinc <10 <10
Al/Cu/Fe <10 <10 0.06 <3| <1 | <1 <1 <3
R-450A PAG Brass <10 <10 <0.05 <3| <1 | <1 ]| <1 <3
42.0% RL34a Zinc <10 <10 <0.05 <3| <1 | <1 ]| <1] <3
58.0%R1234z¢(E) Al/Cu/Fe| <10 <10 | <0.05] <200'0| <200 [ <200 | <3 [ <1 | <1 | <1 | 3
175 POE Brass <10 <10 | <0.05| <2000 | <200'® <2000 | <3 | <1 | <1 | <1 | <3
14 days Zinc <10 <10 0.21 | <200\ (ffgg\) <200\D <3| <1 | <1 | 48 <3
Al/Cu/lFe| <10 <10 0.07 3| <1 | <1 |« 7
PVE Brass <10 <10 0.07 <3| <1 | <1 ]| <1 5
Zinc <10 <10 <0.05 <3| <1 | <1 <1 12
Al/Cu/Fe| <10 <10
No QOil Brass <10 <10
Zinc <10 <10
Al/Cul/Fe 13 <10 <0.05 <3| <1|<<1]| <1 4
PAG (<10)
R515B Brass <10 <10 <0.05 <3| <1 | <« <1 <3
8.9%R227ea Zinc <10 <10 <0.05 <3| <1| <« 1 <3
91.1%R1234ze(E) Al/CulFe| <10 <10 <0.05| <2000 | <2000 <200 | <3 | <1 | <1 | <1 3
175C POE Brass <10 <10 0.10 | <20Q¥D <200 <200 | <3 | <1 | <1 8 4
14 days Zinc (5’% <10 | 017 | <200 (fzg%% <2000 | <3| <1 | <t|17] 5
Al/Cul/Fe (<21%3) <10 <0.05 <3| <1| <1 ]| <1 7
PVE Brass <10 <10 <0.05 <3| <1 | <1 ]| <1 5
Zinc <10 <10 <0.05 <3| <1 | << <1 <3

AQrganicacids were detected at concentrations lower than the verified quantitation liRésults are reported for informational purposes.
BRepeated measurements
NDNot Detected
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Table5.62 Summary of Analytical Results of Ad Sealed Tubes,-R234yf, R513A

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in
Refrigerant Lubricant Metal (ppm in refrigerant) Kn(;%/ (ppm, ug/g) Lubricant (ppm)
Fluoride Chloride g oil Valeric Heptanoic ﬁroir::r?(ig Al Cu | Fe Zn Si
Al/CulFe <10 <10
No Oil Brass <10 <10
Zinc <10 <10
Al/Cul/Fe 78 <10 <0.05 <3| <1|<1l|<1)|7
PAG Brass 34 <10 0.06 <3| <1|<1|<1]| 3
Zinc 33 <10 <0.05 <3|<1|<1]| 1 6
iy Al/Cu/Fe 28 <10 <0.05 <3|<l|<1l|<1| 4
Additized Brass 44 <10 <0.05 <3| <1| <1 <1l 5
R-1234yf PAG -
Zinc 36 <10 <0.05 <3|<1|<1|<1]<3
1756 Al/Cul/Fe <10 <10 <0.05 | <2000 <200vP <2000 | <3| <1|<1|<1| <3
L4days POE Brass <10 <10 0.07 | <200% <2000 <2000 | <3| <1|<1]| 12| <3
Zinc <10 <10 0.10 | <200'° | <200 (~80") | <200 | <3| <1 | <1 | 37 | <3
Al/Cu/Fe 60 <10 0.07 B|<1|<1|<1]| 14
PVE Brass 49 <10 0.06 <3|<1|<1|<1| 4
Zinc 44 <10 0.06 <3|<1|<1l|<1)|7
" Al/Cul/Fe <10 <10 0.10 <B|<1|<1|<1]| 6
Additized
PVE Brass <10 <10 <0.05 3|<1l|<1|<1]31
Zinc <10 <10 0.07 <3|<l|<1|<1]| 4
Al/Cul/Fe <10 <10
No Oil Brass <10 <10
Zinc <10 <10
Al/CulFe 89 12 0.06 <3|<1|<1]| 1 7
PAG Brass 51 <10 0.06 <3|<1l|<1]| 1 5
Zinc 11 <10 0.07 <3|<1|<1]| 3 5
. Al/Cul/Fe 16 <10 <0.05 <3|<1|<1l|<1)|<3
Additized
RS513A PAG B_rass 32 <10 <0.05 <3|<1|<1|<1]<3
44.0%6R134a Zinc 18 <10 <0.05 <3| <l|<1|<1]|<3
56.00R1234f Al/CulFe <10 <10 0.06 | <200 <2000 <200W | <3| 1 |<1|<1| 5
s oL Brass <10 <10 | 0.16 | <200% (flzfg) <200 | <3| <1|<1 |53 | <3
Zinc <10 <10 | 022 | <200 (flzgg) (ﬁ%?) 4 |<1|<1|65]<3
Al/Cu/Fe 51 <10 <0.05 <3|<1|<1|<1]| 7
PVE Brass 13 <10 <0.05 <3|<1l|<1|<1]| 4
Zinc <10 <10 0.05 <3|<1|<1l|<1)|<3
. Al/Cul/Fe <10 <10 <0.05 <3|<1|<1|<1)|5
Additized
PVE Brass <10 <10 <0.05 <3|<1|<1|<1| 4
Zinc <10 <10 0.05 <3|<l|<l|<1|5

AQrganic acids were detected at concentrations lower than the verified quantitation Regults are reported for informational purposes.
NDNot Detected
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Table5.63 Summary of Analytical Results of Aged Sealed Tubes1&A

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in
Refrigerant Lubricant Metal (ppm in refrigerant) Kg?_l/ (ppm, ug/g) Lubricant (ppm)

Fluoride | Chloride g ol Valeric Heptanoic ﬁ;in::;g Al ‘ Cu | Fe | zZn Si

AliCufFe| <10 <10

No Oil Brass <10 <10

Zinc <10 <10
R516A Al/CulFe 22 <10 <0.05 <3| <1|<1]|<1| <3
77.5%R1234yf PAG Brass 11 <10 <0.05 <3| <1 <1 <1 <3
8.5%R134a Zinc <10 <10 0.05 3|<1|<1]| 1 3
14.0% Ri52a AllCulFe| <10 <10 | 0.10 | <200 | <200 | <200 | <3 | <1 | <1 | <1 | <3
175C POE Brass <10 <10 0.05 | <200 <200 <200 | <3| <1|<1]| 1 4
14 days Zinc <10 <10 | 0.15 | <200NP | <200(~150Y | <200NP | <3 | <1 | <1 | 50 | <3
Al/Cu/Fe 14 <10 <0.05 <3|<1|<1|<1]| 6
PVE Brass 13 <10 <0.05 <3| <1|<1|<1] 16
Zinc 50 <10 0.05 B|<1|<1|<1| 11

AQrganic acids were detected at concentrations lower than the verified quantitation Regults are reported for informational purposes.

NDNot Detected
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Table 5.64 Summary of Analytical Results of Aged Sealed Tube$5#8, R-454C R455A

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in

Refrigerant | Lubricant Metal (ppm in refrigerant) Kgng/ . (ppm, ug/g) _ Lubricant (ppm)
Fluoride | Chloride oil Valeric Heptanoic N:;n;:;g Al Cu | Fe Zn Si
Al/Cu/Fe 35 <10 0.06 <3|<1|<1| <1 | 6
PAG Brass 27 <10 <0.05 <3|<1|<1| <1]| 5
Zinc <10 <10 <0.05 <3|<1|<1| 1 3
Eéii‘gz AliCulFe | <10 <10 | 0.08 | <200 <200%0 <2000 | <3| <1|<1]| <1 |<3
31.1%R1234f | poE Brass <10 <10 0.16 | <200 | <200 (~90) <200ND | <3| <1| <1| 10 | <3

. <200 <200 <200
115;;;5 Zinc <10 <10 0.28 (~80) (~160Y (~100) <3|<1|<1]| 46 | <3
Al/Cu/Fe 29 <10 0.05 <3|<1|<1|<1]| 6
PVE Brass 19 <10 <0.05 3|<1|<1| <1 |11
Zinc 39 <10 <0.05 <3| <1|<1| <1 |28
Al/Cu/Fe 104 <10 0.06 <B|<1|<1| <1 |12
PAG Brass 17 <10 0.06 <3|<1|<1| <1 |12
Zinc 57 <10 0.05 <3| <1|<1| 2 8
B Al/Cu/Fe 22 <10 0.08 <3| <1|<1l| <1 |<3
gggtIZEd Brass 33 <10 0.07 <3|<1|<1| <1 |<3
Zinc 28 <10 0.07 <3|<l|<1| <1 |<8
i_‘;iigz AliCu/Fe | <10 <10 | <0.05| <200 | <200 <2000 | <3| <1|<1| <1 |<3
78.96R1234f | pOE Brass <10 <10 0.22 | <200% <200vP <2000 | <3| <1|<1| 27 | <3
. <200 <200 <200
ﬂsga:ys Zinc <10 <10 0.27 (~100) (~170) (~120) 13| <1|<1|206| 3
Al/CulFe 15 <10 <0.05 <3| <1|<1| <1 |17
PVE Brass 39 <10 <0.05 <3|<1|<1)| <1 |17
Zinc 48 <10 <0.05 <3|<1|<1|<1| 6
B Al/CulFe <10 <10 <0.05 <3| <1|<1| <1 |24
ég‘;“zed Brass <10 <10 | <0.05 3| <a]<| <] 7
Zinc <10 <10 0.05 <3|<1|<1]| <1

Al/Cu/Fe 17 <10 <0.05 <3|<1|<1| 2 3
PAG Brass 20 <10 <0.05 <3|<1l|<1l| 3 3
R455A Zinc <10 <10 <0.05 <3|<1|<1| 1 |<3
gi(f;/ffég Al/CulFe <10 <10 0.05 | <200'° <200\ <2000 | <3| <1|<1| <1 | 6
75.5% R1234yf | POE Brass <10 <10 0.13 | <200NP | <200 (~86) <200W | <3| <1|<1| 28 | <3
175¢ Zinc <10 <10 0.13 | <200%° | <200 (~116 <200W | <3| <1l|<1| 54| 9
14 days Al/CulFe 17 <10 <0.05 <3| <1|<1l| <1 |<3
PVE Brass 25 <10 <0.05 <3| <1|<l| <1 |12
Zinc 19 <10 <0.05 <3|<l|<1| <1 |<8

AQrganicacids were detected at concentrations lower than the verified quantitation liRésults are reported for informational purposes.
NBNot Detected
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Table 5.65 Summary of Analytical Results of Aged Sealed Tube68&A

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in
Refrigerant Lubricant Metal (ppm in refrigerant) Kn(;%/ (ppm, ug/g) Lubricant(ppm)

Fluoride | Chloride g oil Valeric Heptanoic ﬁ;?::;g Al Cu | Fe | zn Si

Al/Cu/Fe| 179 <10 <0.05 <3| <1|<l]|<1]12

PAG Brass 143 <10 <0.05 <3| <1|<1|<1]|19

Zinc 197 <10 0.05 <3| <1|<1| 3|31

N Al/Cu/Fe 40 <10 <0.05 <3|<l|<1|<1]| 4

gz(gtlzed Brass 52 <10 <0.05 <3| <1|<1|<1| 6

RAGSA Zinc 37 <10 <0.05 <3|<1|<1|<1]| 7
3.50 RL132a Al/Cu/Fe <10 <10 0.10 | <200%° | <200vD <200V0 <3| <1|<1l|<1]| <3
3;:33&?—?;34yf POE Brass <10 <10 0.08 | <200 | <200'° <200 | <3|<1|<1| 4| 3
- Zinc 169 <10 | 0.27 | <200N (flzgg) (flzfg) <3|<1|<1|59] 10
14 days AllCulFe| 84 <10 | <0.05 B <1|<1|<1] 7
PVE Brass 54 <10 <0.05 <3| <1|<1|<1]| 9

Zinc 111 <10 <0.05 3| <1 |<1l|<1|11

» Al/Cul/Fe <10 <10 <0.05 3| <1 |<1l|<1|11

gs/(gtlzed Brass <10 <10 | <0.05 <3|<1l|<1|<1]| 8

Zinc <10 <10 0.17 <3|<1l|<l|<1]10

AQrganicacids were detected at concentrations lower than the verified quantitation liRésults are reported for informational purposes.

NDNot Detected
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Table5.66. Summary of Analytical Results of Aged Sealed Tubef66&A

Inorganic Anions TAN Lubricant Organic Acid Dissolved Elements in
Refrigerant|  Lubricant Metal (ppm in refrigerant) Kn(;%/ (ppm, ug/g)BranChed Lubricant (ppm)
Fluoride | Chloride | lodide | g | Valeric | Heptanoic | === | Al ‘ Cul| Fe| zn | si
Al/CulFe <10 <10 <100
No Oil Brass <10 <10 <100
Zinc <10 <10 <100
Al/CulFe 598 <10 2070
PAG Brass 937 <10 10174 Not Tested
Zinc 1531 <10 14063
Al/CulFe 61 <10 165 0.09 | <2000 | <200¥P | <200 | <3 | <1 | <1| <1 | 7
5%3)6@2 POE Brass 212 | <10 | 366 | 0.89 | 270 590 400 | <3| <1|<1| 104
11.5%R125 Zinc 2210 <10 13246 Not Tested
S0 RSt Aluminum | <10 <10 <100 | <0.05| <2000 | <200%> | <200 | <3 | <1 | <1 | <1 | <3
14 days Copper 14 | <10 | <100 | <0.05| <200% | <200% | <200%> | <3 | <1 | <1| <1 | <3
Additized Iron <10 <10 | <100 | 0.05 | <200'° | <200%P | <200 | <3| <1 | <1 | <1 | <3
POE Al/Cu/Fe | <10 | <10 | <100 | <0.05| <200%0 | <200 | <200% | <3 | <1 | <1| <1 | <3
Brass <10 <10 <100 | <0.05| <200 | <200%P | <200 | <3 | <1 | <1 | <1 | <3
Zinc <10 <10 <100 | 0.70 | <200'> | <200%P | <200 | <3 | <1 | <1| 1 3
Al/CulFe Not Tested
PVE Brass 411 | <10 | 414 | 047 | <3| <1|<1]125] 48
Zinc 734 <10 2261 Not Tested

ASeverakonditions were not tested, either based on reaction severity indicated in visual observations, or significant reacauityreet
from Anion evaluation that was used as a screening step.
NBNot Detected
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Table 5.67 Summaryof Analytical Results of Aged Sealed TubesSR R152a, R227ea

Inorganic Anions | TAN Lubricant Organic Acids Dissolved Elements in
Refrigerant | Lubricant| Metal (ppm in refrigerant) Kcr)nl-?/ . (ppm, ug/g) _ Lubricant (ppm)
Fluoride | Chloride ol Valeric Heptanoic Ngir;cnh;éi Al Cu Fe Zn Si
Al/CulFe <10 <10 <0.05 <3| <1 | <1|<1] <3
PAG Brass <10 <10 <0.05 <3| <1|<1|<1] 3
Zinc <10 <10 <0.05 <3| <1| <1 |<1]| <3
R32 Al/CulFe <10 <10 0.12 | <200 <200%0 <2000 | <3 | <1 | <1 | <1 | <83
e POE Brass <10 | <10 | 045 | <200% (flzgg) (fégg <3| <1|<|22|<
14 days zZinc <10 <10 0.24 | <200V | <200' <200 | 3 | <1 | <1 | 67| <3
Al/Cu/Fe <10 <10 <0.05 3| <1 | <1 |« 4
PVE Brass <10 <10 <0.05 <3| <1|<1|<1)| 14
Zinc 25 (2% <10 <0.05 <3| <1|<1|<1| 7
Al/CulFe <10 <10
No Oil Brass <10 <10
Zinc 1128 <10
Al/Cul/Fe 35 <10 <0.05 <3| <1|<1)|<1| <3
PAG Brass <10 <10 <0.05 <3| <1|<1)|<1| <3
R152a Zinc 73 <10 | <0.05 <3| <1]<1] 5] <3
1756 Al/CulFe <10 <10 0.11 | <200 <2000 <2000 | <3 | <1 | <1 | <1 | <8
1 days POE Brass <10 | <10 | 020 | <2000 (fzggg <2000 | <3| <1 | <1 | 42| <3
Zinc Not Teste& 1.64 260 1190 910 <3| <1]| <1 4 39
Al/CulFe <10 <10 <0.05 3| <1 | <1 | <« 4
PVE Brass <10 <10 0.08 <3| <1|<1|<1| <3
Zinc 1689 <10 0.07 <3| <1|<1|<1]| 8
Al/CulFe <10 <10
No Oil Brass <10 <10
Zinc <10 <10
Al/Cu/Fe <10 <10 <0.05 <3| <1|<1)|<1| <3
PAG Brass <10 <10 <0.05 Not Analyzed <3| <1|<1| 4 <3
R227ea Zinc <10 <10 <0.05 3| <1|<1|<1| 3
Al/CulFe| <10 <10 0.07 | <200 <200% <200 | <3 | <1 | <1 | <1 | <3
14 days Brass <10 <10 | 017 | <200w | <200 | opg0 | <3| <1| <1| 20 <3
POE ) (-9
Zinc <10 | <10 | 020 | <200® (flzgg) (flzfg) 4 | <1|<1| 77| <3
Al/CulFe <10 <10 <0.05 3| <1 |<1|<1]| 7
PVE Brass <10 <10 <0.05 Not Analyzed <3| <1|<1|<1l| 6
Zinc <10 <10 <0.05 <3| <1|<1|<1)| 14

AQrganic acids were detected at concentrations lower than the verified quantitation Regults are reported for informational purposes.
BRepeated measurement

Not tested due to observed variability in duplicate tubes, and severe reactivity.

NINot Detected
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Table5.68 Qualitative Summary oKey Species Identified iEGCMSHeadspace Analysis of Agedaied Tubes, in Peak Area (ppm)

Proposedidentification R133a R1132a R1122 R1112a

RMHOS | & NBOQR 0.62% - - -

Al/Cu/Fe 0.29% <100 100 130

R123 No Qil Brass 0.24% 290 3480 120

127 Zinc 0.23% <100 560 620
14 days Al/Cu/Fe 1.20% 220 - -
Mineral QOil Brass 1.97% 2630 - -
Zinc 1.72% 2880 - -

YWndigates not detected.

Table5.69 Qualitative Summary oKey Species Identified i@CGMSHeadspace Analysis of Agedated Tubes, in Peak Area (ppm)

Proposed Identification R1233zd(Z) 3,3,3trifluoro -1-propyne 3,3,3trifluoropropene
RMHOoOIl R69U X 220 - -
Al/CulFe 100 - -
R1233zd(E) No Oil Brass 130 - -
Zinc 150 - 390
14 oy Al/CulFe 220 - -
Mineral Oil Brass 300 - -
Zinc 170 - 120

YWindicatesnot detected.

Table5.70 Qualitative Summanyof Key Species Identified i@BCMSHeadspace Analysis of Agedaded Tbes, in Peak Area (ppm)

Proposed Identification

R-1224yd(E)

3,3,3trifluoro -1-propyne

3,3,3trifluoropropene

R1224yd(Z)

127
14 days

RMHHN&@RG %Y T

Al/Cu/Fe

No Qil Brass

zZinc

Al/Cu/Fe

Mineral QOil Brass

zZinc

Unable to detect

changes

470 -
<100 -
190 110
160 -
<100 <100

W Ay Rat Getectesla

Table 5.71Qualitative Summary of Key Species ldentified@EMSHeadspace Analysis of Agedated Tubes, in Peak Area (ppm)

SR 2 >

N | 8 |38 B 28l 2| e 5 §S

Proposed g g <25 g S g 9 = = E 5

Identification | & @ 423 9 3 | §| = =] 82

4 a9 ) o < o @ w 0S5
o o =T - <K 3
Rpmn! ¥ | a 4150 610 - - - - - - -
Al/Cu/Fe 5170 450 - - - - - -
No Oil | Brass 7870 660 - - - - - - -
Zinc 6550 570 - - - - - - -
R514A Al/CulFe 950 200 210 | <100 | - - - - -
25.3% RL13((E) PAG Brass 472 - 730 | <100 | - - - - -
74.7% RL336M22(2) Zinc 700 160 420 | <100 - - - - -
127 Al/Cu/Fe 860 170 - - - - - - -
14 days POE Brass 420 100 - - - - - - -
Zinc 630 120 - - - - - - -

Al/Cu/Fe 1410 210 - - - - - - 320

PVE Brass 520 160 - - - - - - 430

Zinc 830 150 - - - - - - 710

WAy bt Gotededia
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Table5.72 Qualitative Summanof Key Species Identified i@BCMSHeadspace Analysis of Aged Sealed Tubes, in Peak Area (ppm)

— —~ Qo w
N 4 | o8| _ 3 >
N N < 3 s o 2 2 o) S N S
Proposed| £ E <2 § S g 3 8 & £ 2
dentification | @ 23] 9 3 2 < = =82
S 2 S8 | Y 2] 8 atf
o 14 > < @
T
RMoocYIiTow 4400 | 270 - - - - - - -
Al/CulFe 43700 | 290 - - - - - - -
No Oil Brass 66600 | 540 - - - - - - -
Zinc 66700 | 300 - - - - - - -
Al/CulFe 5400 | 270 | 1430 | 460 - - - - -
PAG Brass 5600 | 200 | 2110 | 120 - - - - -
Zinc 5300 | 410 | 3020 | 250 - - - - -
Additized Al/CulFe 6000 | 770 | 4930 | 660 - 180 - - -
R-1336mzz(2) PAG Brass 7400 | 640 | 3260 | 610 - 100 - - -
. Zinc 5500 | 870 | 2170 | 560 - 220 - - -
14 days Al/CulFe 33200 | <100 - - - - - - -
POE Brass 14600 | <100 - - - - - - -
Zinc 12000 | <100 - - - - - - -
Al/CulFe 1600 | 1340 - - - 140 | 170 | 140 | 14700
PVE Brass 2800 | 2040 - - - 200 | 260 | 760 | 22500
Zinc 2000 | 1650 - - - 180 | 200 | 1760 | 18500
Additized Al/CulFe 3300 | 2330 - - - 140 | 190 | <100 | 11100
PVE B_rass 6700 | 3030 - - - 170 | 240 | 110 | 13400
Zinc 4600 | 3080 - - - 180 | 270 | <100 | 13200
RmMooc YT T 69| 1362 - - - - - - - -
Al/Cu/Fe | 130 - - - - - - - -
No Oil Brass 210 - - - - - - - -
Zinc 160 - - - - - - - -
Al/Cu/Fe | 130 <100 | 580 | 100 - - - - -
PAG Brass 90 <100 | 410 <100 - - - - -
Zinc 80 <100 | 220 | <100 - - - - -
. Al/CulFe 70 - 450 | 220 - 120 - - -
R-1336mzz(E) Qi‘é';t'zed Brass 80 100 | 240 | 110 | - 120 | - - -
Zinc 50 - 270 | 160 - <100 | - - -
14 gy AliCulFe | 290 - - - - - - - -
POE Brass 170 - - - - - - - -
Zinc 120 - - - - - - - -
Al/Cu/Fe | 130 100 - - <100 | <100 | 130 | <100 | 5200
PVE Brass 100 <100 - - <100 | <100 | <100 | <100 | 2750
Zinc 100 120 - - <100 | <100 | 190 | 230 | 7450
Additized Al/CulFe 50 400 - - <100 | <100 | 130 - 2590
PVE Brass 40 330 - - <100 | <100 | <100 - 2010
Zinc 50 540 - - <100 | 120 | 200 - 3790

WAy bt Getedtedla
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Table5.73 Qualitative Summarnyf Key Species Identified iBCMSHeadspace Analysis of Agedaied Tubes, in Peak Area (ppm)

S £ 8 ~

~ — (0] — c

§|wc| £ 8| 5| 8|2 2 |¥s

Poposed) % | o8| & | § | 2| 5 | £ | 2|38

Identification E ..—% a >4 3 g} w w g 5
RMHonl S690% - - - - - - -
Al/CulFe - - - - - - -
No Oil Brass S - - - - - - -
Zinc S 5 - - - - - - .

o

Al/CulFe 2 3 680 | <100 - - - - -
PAG Brass é £ 980 | <100 - - - - -
Zinc = S | 690 | <100 | - - - - -
dditized | AVCU/Fe S 8 260 | 150 - 310 | <100 - -
R1234ze(E) /Ff e | Brass 5 ® [ <100 | 120 | - 380 | <100 | - -
1rse Zinc S :&3 260 220 - 400 | <100 - -
14 days Al/CulFe o o - - - - - - -
POE Brass o o - - - - - - -
ZinC - - - - - - - - -

Al/CulFe g g - - 100 | 290 | 600 - 2200

PVE Brass o o - - <100 | 160 | 360 | <100 | 1510

Zinc o o - - <100 | 140 | 440 | <100 | 1370

) Al/CulFe - R <100 | <100 | 230 - 270

ﬁg‘ét'zed Brass ; ; <100 | <100 | 160 ; 300

Zinc - - <100 | <100 | 260 - 300
Rnpn! s & N § 5 - - - - - - -
Al/CulFe 2 2 - - - - - - -
No Oil Brass ‘» ‘o - - - - - - -

. o o

Zinc g g - - - - - - -
R450A Al/Cul/Fe S S 310 <100 - - - - -
42.0% RL34a PAG Brass 2 3 280 <100 - - - - -
58.0%R-1234ze(E) Zinc “8 ‘8 150 <100 _ _ _ _ _
17%: Al/CU/Fe g g - - - - - - -
14 days POE Brass 8 8 - - - - - - -
Zinc — — - - - - - - -

Al/Cu/Fe 5 g - - 110 | 150 | 640 - 960

PVE Brass o o - - <100 | <100 | 280 - 650

Zinc o o - - <100 | <100 | 210 - 280
Rpmp. > Fa N| 8 S - - - - - - -
Al/Cu/Fe 3 2 R R R - R R R
No Oil Brass -g 'é - - - - - - -
Zinc g’ % - - - - - - -
R515B Al/Cu/Fe S 5 670 270 - 170 - - -
8.9%R227¢a PAG Brass e o | 600 | 190 - 130 - - -
91.10/0R-1234ZE(E) ZinC % ‘g 650 370 _ 350 _ _ _
175C Al/Cu/Fe £ 3 - - - - - - -
14 days POE Brass § o - - - - - - -
Zinc - = - - - - - - -

AlICulFe § § - - 270 | 780 | 1720 | 310 | 4020

PVE Brass o o - - 130 | 340 | 960 | 300 | 1970

Zinc o o - - 130 | 250 | 1370 | 340 | 1340

W Ay Ridt Getectedla
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Table5.74 Qualitative Summaryf Key Species Identified iBCMSHeadspace Analysis of Aged Sealed Tubes, in Peak Apza) (p

5| 8 o | 8 =
o = IS o 2 = o S
Proposed| @ £ é g S é 5 g g = §
Identification | o5 © = o 8 2 < = £ D X
S| 2| & | < | 2 3 =
= S < 14
RMHoneée¥x | @& - - - - - - - -
Al/ICulFe - - - - - - - -
No Oil Brass S - - - - - - - -
Zinc 5 - - - - - - - -
Al/Cu/Fe 2 - 220 | <100 | - - - - -
PAG Brass é - 220 | <100 - - - - -
Zinc S - 330 <100 - - - - -
. Al/CulFe S - 340 <100 - <100 - - -
R1234yf Qi‘g‘;‘zed Brass o - 800 | <100 | - | <100 | - - -
zZinc ° - 820 100 - <100 - - -
175 AlICulFe 3 - - - - - - - -
14 days o
POE Brass o) - - - - - - - -
Zinc - - - - - - - - -
Al/ICulFe § - - - - 230 | 290 | 120 | 720
PVE Brass o - - - - 280 | 290 | 110 | 850
Zinc & - - - - 280 | 1510 | 470 | 780
. Al/Cul/Fe - - - - <100 | <100 - <100
ﬁg‘é“ze‘j Brass - - - - | <100 | <100| - | <100
Zinc - - - - <100 | <100 - 110
Rpmo! I & NB - - - - - - - -
Al/Cu/Fe - - - - - - - -
No Oil Brass S - - - - - - - -
Zinc cc) - - - - - - - -
AlICu/Fe t - 180 | <100 | - - - - -
PAG Brass g - 120 | <100 - - - - -
Zinc S - 150 <100 - - - - -
R513A Additized Al/CulFe S - 600 <100 - <100 | <100 - -
44.0%R134a PAG Brass 3 - 570 1220 - <100 - - -
56.00R 12341 Zinc ° - 160 | <100 | - <100 | <100 | - -
17@ Al/CU/Fe g - - = = = - = -
l4days POE Brass o - - - - - - - -
Zinc o - - - - - - - -
Al/Cu/Fe g - - - <100 | 230 | 360 | <100 | 800
PVE Brass ;,__’ - - - <100 170 250 130 640
Zinc - - - <100 | 110 | 370 | 140 | 520
- Al/Cu/Fe - - - - <100 | <100 - 110
ég‘g“zed Brass - - - ~ | <100 | <100| - | 150
Zinc - - - - <100 | <100 - 100
W Ay Riot Getectedl &
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Table5.75 Qualitative Summary of Key Species Identified@GMSHeadspace Analysis of Agedaied Tubes, in Peak Area (ppm)

gl 8 o | 8 =

(<% = © [} c > © — a <

Proposed| ® 2 E S 5 8 K5 = % < 3

. m [T Q © = o < 3 < c

Identification | « 2 = 9 38 g [ = < X

S g o < K% 8 w =)
E= > < 14
Rpmc! X & NB - - - - - - - _
Al/CulFe - - - - R - - _
No Oil Brass < - - - - - - - _
Zinc o 180 - - - - - - _
?;g}‘:im f AlICulFe ¥ - <100 | - - 3 5 3 :

RS y

8.50%R134a PAG B.rass £ - <100 - - - - - -
14.0% RI52a Zinc E 170 | <100 - - - - - -
175 Al/CulFe S <100 - - - - - - _
14 days POE B.rass % - - - - - R - R
Zinc 8 620 - - - - - - B

Al/Cu/Fe - - - - <100 | <100 - 230

PVE Brass - - - - <100 | <100 - 280

Zinc 220 - - - 110 130 - 310

W Ay Rt Getecdtedl a
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Table 5.76 Qualitative Summanyf Key Species Identified iBGMSHeadspace Analysis of Aged Sealed Tubes, akPaea (ppm)

£ 8 g u
) = — — )
(o} = o o © 5] c > — a <
Proposed| ® £ 3 |2 é g S £ § % % = §
Identification | @3 & | = [l g @ 3 S £ < 3 £
s z | kg o < o 3 - w1 a5
= > |« < 14
R454B | a NB( - - - - - - - - -
Al/Cu/Fe 2 - <100 | 230 | <100 - - - -
PAG Brass g2 <100 | 270 | <100 - - - - -
Rasa8 Zinc © 8| - [ <w00]| 220 | <100 | - - - - -
31.1%R1234yf Al/CulFe o) 'QE) - - - - - - - - -
POE Brass = 2 - - - - - - - - -
175C i © - - - - R R - - -
14 days Zinc 3 S
Al/Cu/Fe g - - - - - <100 | 350 - 420
PVE Brass - <100 - - - 120 570 | <100 | 600
Zinc - <100 - - - <100 | 710 | <100 | 490
Rnpn/z & N - - - - - - - - -
AlICu/Fe g - - 290 | <100 | - - - - -
PAG Brass 3 - - 250 | <100 | - - - - -
Zinc £ - - | 460 | 180 | - - - - -
Additized | AV/CulFe e - - 140 | - - - - - -
y PAG Brass 8 - - 190 250 - - - - -
Rasac Zinc S - - | 320 | <100 - - - - -
78.9%6R 1234/ Al/CulFe & - - - - - - - - -
POE Brass 2 - - - - - - - - -
1‘71533 Zinc 3 - - - - - - - - -
ays
Y Al/CulFe 2 - - - - - | 150 [ 380 | - | 560
PVE Brass ‘qc': - - - - - 250 | 390 - 910
Zinc g - - - - - 240 120 - 170
. Al/Cu/Fe a - - - - - <100 | <100 - <100
ﬁg‘ét'zed Brass - - - - - | <100 <100 | - | 130
Zinc - - - - - <100 | <100 - <100
Ripp!> Fa N - - - - - - - - -
AlCuFe | g - - 140 | - - - - - -
RA55A PAG Brass E» g - - <100 | - - - - - -
3.0% R744 Zinc R, 3 - - 140 - - - - - -
21.5% B2 Al/CulFe o £ R - - - - - - - -
75.5% RL234yf | ooy Brass 9 - - - - - - - - -
. £ ¢
175%C Zinc o= - - - - - - - - -
14 days AlCuFe | &° [ - - - - - - | <100 - 170
PVE Brass - - - - - - | <100 | <100 | <100
Zinc - - - - - - | <100 <100 170

W Ay Rdt Getectedla
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Table5.77: Qualitative Summary of Key Species Identified@i&MSHeadspace Analysis of Aged Sealed Tubes, akPaea (ppm)

% S - [} 3 g
o = ) © [J) > — IS
Proposed| ® £ 3 | 28| & S § § £ = 3
Identification | o © | = T g| & 8 2 s S £ N %
sl 2§ | < 2 g | Y| ¥ |35
= > < 14
Rncy! s Fa N - - - - - - - -
Al/Cu/Fe o - 100 | 250 | <100 | - - -
PAG Brass 38 <100 | 120 | <100 | - - - -
Zinc £ - <100 | 140 | <100 - - - -
) Al/CulFe > - <100 | <100 | <100 | - <100 | & - -
Additized S ]
R-468A PAG B.rass 3 - <100 | <100 | <100 - <100 b - -
3.5% RL132a Zinc ; - <100 | <100 | <100 - - o - -
21.5% R82 Al/Cu/Fe 2 - <100 | - - - - £ - -
TS0RRZBHE | poE Brass 8 - <100 | - - - - E - -
175C Zinc S - <100 - - - - -% - -
14 days Al/CulFe 2 - <100 | - - <100 | 170 | & | <100| 620
PVE Brass 2 ~ | <100 - ~ | <100 290 | 8 [ 170 | 750
Zinc 2 - <100 | - - <100 | 170 230 | 660
Additized |- AVCu/Fe a - <100 | - - - <100 - <100
PVE Brass - <100 - - - - - <100
Zinc - <100 - - - <100 - <100

WAy bt detedtedla
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Table5.78 Qualitative Summaryf Key Species Identified iBCMSHeadspace Analysis of Aged SealRdbes, in Peak Area (ppm)

(O]
Q o
2 5 | 3
& = % % —= ) 3 Qo
S| £ €| & |Ble|E |2 2| 5| B
Proposed| £ & S S g g | 9 £ K3 S = <
Identification | 2 & g ke 5 S| 8|8 |3 |&| = Q
3 E o 2 || <] 2|8 u 3
= L 5 3 < -
= E d‘cf
Rncc! X Fa N - - - - - - - - - -
Al/Cu/Fe 4300 - 110 - - - - - - _
No Oil Brass 14900 - 1550 100 - - - - - -
Zinc 7300 - 810 <100 - - - - - R
Al/Cu/Fe
PAG Brass Not Tested
Zinc Q
R466A Al/Cu/Fe | 60800 [ - [ <100 | - ] - - - e[ -
. | POE Brass 61800 | - | <100 | - - - - T8 [ -
11.5% RL25 - B
39.5% RL3I1 Zinc Not Tested s
Aluminum 150 - - - - - - - = - -
150c c 190 3
14 days opper - - - - - - - & - -
Additized | Iron 190 - - - - - - - O - R
POE Al/Cu/Fe 210 - - - - - - - - -
Brass 160 - - - - - - - - -
Zinc 310 - - - - - - - - -
Al/Cul/Fe Not Tested
PVE Brass 66700 | 320 | - | - [ -] -] -] - 1220 | 3040
Zinc Not Tested

ASeverakonditions were not tested, either based on reaction severity indicated in visual observations, or significant reactivity
determined from anion evaluation that was used as a screening step.
WA Y Ridt Getected a
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Table5.79 Qualitative Summary of Key Species Identified @GCMSHeadspace Analysis of Aged Sealed Tajbia Peak Area (ppm)

g 8
s g g = £ o 5
Proposed| £ & S S £ g @ g
Identification S o 9 3 < £ <
E a < 2 3 i

= <

|_

RoHZ | a NBOQ 140 - - - - - -

Al/Cu/Fe 170 - - -
PAG Brass 120 - - - - - -
R32 Zinc 160 250 - - - - -
Al/Cu/Fe 130 - - - - - -
175%C POE Brass 170 - - - - - -
14 days Zinc 100 - - - - - -
Al/Cu/Fe 150 - - 170 210 2040 -
PVE Brass 160 - - 240 310 2570 -
Zinc 110 - - 190 260 2940 -

W Ay Ridt Getectedla

Table5.80 Qualitative Summary of Key Species Identifiedd@MSHeadspace Analysis of Aged Sealed Tayjbia Peak Area (ppm)

§ () i o © [0} e -g‘
Proposed E § 23 g S § é % %
Identification = o T g & 3 3 s S =
2 a E s | & < 3 © w w

> <

RMpHI X | a NB - - - - - - - -

Al/Cu/Fe 180 - - - - - - - -
No Oil Brass - - - - - - - - -
Zinc 15700 - - - - - 380 | 1120 -
Al/Cu/Fe - 260 120 120 - - 120 - -
R152a PAG Brass - 210 170 - 160 | - - - -
Zinc 34200 1140 180 500 | <100 - 340 | 3160 -
14 3oy AllCulFe 110 - - - - - - - -
POE Brass - - <100 - - - - - -
Zinc 29600 - 750 - - - <100| 880 -
Al/CulFe <100 - <100 - 390 280 510 | 3080 -
PVE Brass - - <100 - 830 300 780 | 2900 -
Zinc 260 - <100 - - <100 | 190 620 -

W Ay Ridt Getectedla
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Table5.81 Qualitative Summary of Key Species Identifiedd@&MSHeadspace Analysis of Aged Sealed Tajbia Peak Area (ppm)

B ) 2 -%; o =
Proposed g 8 g § s %
Identification & 8 s I = £
<
RHHTSIZ & - - - - - -
Al/Cu/Fe - - - - -
No Oil Brass - - - - - -
zZinc - - - - - -
Al/Cu/Fe 280 <100 - - - -
R227ea PAG Brass 900 220 - - - -
zZinc 320 140 - - - -
L4 gy Al/CulFe - <100 - - - -
POE Brass - - - - - -
Zinc - - - - - -
Al/Cu/Fe - - 230 740 3420 -
PVE Brass - - 290 880 3280 <100
Zinc - 130 190 440 2670 <100

W Ay Rat Geteciesla
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Table 5.82 Appearance Changdsr R-1233zd(E) PhasiéE Evaluations

Refrigerant Material Lubricant Liquid CIoudlness,_ Particulate d Material
Color Film Appearance
3AMolecular Seve NQ Qil : - Faint @rticles -
Mineral Oil - - -
R1233zd(E) | 4AMolecular Seve No Ol - Faintparticles -
Mineral Oil - - -
No Oil - - -
Activated Alumina — - -
WV um Mineral Oil - - Some gllowing

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.83 Pre and Post Exposure Photographs Ri233zdE) Phase H Evaluations

3A Molecular Sieve&onditions
100% Refrigerant (left), Refrigera®il (right)

4A Molecular SieveConditions

100% Refrigerant (left), Refrigera®il (right)

Activated AluminaConditions
100% Refrigerant (leftRefrigerantOil (right)

PreExposure

PostExposure

PreExposure

PostExposure

PreExposure PostExposure

I
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Teble 5.84 Appearance Changdsr R-1224yd(Z) PhasHE Evaluations

Refrigerant Material Lubricant Liquid CIoudlness,. Particulate d Material
Color Film Appearance
3AMolecular Seve Ng Qil : - Faint Particles -
Mineral Oil - - -
No Oil - Faint Particles -
R-1224yd(Z) 4AMolecular $eve Mineral Oil - : -
. . No Oil - Faint Particles -
Activated Alumina Mineral Oil - - Yellowed

W Ay Rédetectedchange
1Faint particles observed pre and post exposure.

Table 5.85 Pre and Post Exposure Photographs fel R24yd(Z) PhasBE Evaluations
3A Molecular SieveConditions 4A Molecular SieveConditions Activated AluminaConditions
100% Refrigerant (leftRefrigerantOil (right) | 100% Refrigerant (left), Refrigera@il (right) | 100% Refrigerant (left), Refrigera@il (right)
PreExposure | PostExposure Pre Exposure PostExposure Pre-Exposure PostExposure
Tl ! 7 T ‘ TR

T I =
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Table 5.86 Appearance Changes for514A Phase IIE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant Color Particulate or Film Appearance
No Oil - Faint @rticles -
Additized PAG Paleyellow Faint particles -
3AMolecular Seve POE Pale ydow Faint particles -
Additized PVE - Faint @rticles -
No Oil - Faint @rticles Dulled
R514A Additized PAG Pale yeb: - Dulled
25.3% RL130(E) 4AMolecular $eve fize a'e yeow - - ure
74.7%R1336m22(2) POE Pale gllow Faint @rticles Dulled
Additized PVE - Faint @rticles -
No Oil - Faint m@rticles Slight llowing
. .| Additized PAG Pale gllow Faint mrticles Slght yellowing
A Al - - - -
ctivated Alumina POE Pale ellow Faint m@rticles Slight llowing
Additized PVE - Faint mrticles -

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table5.87: Pre and Post Exposure Photographs febR4A Phase IIEvaluations
3A Molecular SieveConditions 4A Molecular Siev&Conditions Activated AluminaConditions
No Oil, PAG, POE, PVE (Left to Rig| No Oil, PAG, POE, PVE (Leftto Rig| No Oil, PAG, POE, PVE (Left to Rig

PreExposure

4

7 ] Ti! 7"
DR TR Ty IR
i |

PostExposure
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Table 5.88 Appearance Changdsr R-1336mzz(Z) PhadéE Evaluations

. . . Liquid Cloudiness, Material

Refrigerant Material Lubricant Color Particulate or Film Appearance
No Oil - Faint @rticles -
Additized PAG Paleyellow Faint particles -
3AMolecular Seve POE Pale gllow Faint @rticles -
Additized PVE - - -
No Oil - Faint @rticles -
Additized PAG Pale ellow Faint @rticles -
R1336mzz(2) | 4AMolecular Seve POE Pale gllow Faint @rticles -
Additized PVE - - -
No Oil - Faint m@rticles -

. | Additized PAG Pale ellow Faint mrticles Slight llowing

Activated Aluming POE Pale gllow Faint m@rticles -
Additized PVE - Faint mrticles -

W Ay Raddtectedchange
IFaintparticles observed pre and post exposure.

Table 5.89 Pre and Post Exposure Photographs fel 886mzz(Z) Phas¢éHEvaluations

PreExposure

PostExposure

3A Molecular SieveConditions

4A Molecular SieveConditions
No Qil, PAG, POE, PVE (Left to Rig| No Oil, PAG, POE, P\Eft to Right)

Activated AluminaConditions

Py

No Oil, PAG, POE, PVE (Left to Rig

TIEW,
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Table 5.90 Appearance Changdsr R-1336mzz(E) Phase IIE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant Color Particulate or Film Appearance

No Oil - Faint @rticles -

Additized PAG Pale gllow Faint @rticles -

3AMolecular Seve POE Pale gllow Faint @rticles -

Additized PVE - - -

No Oil - Faint @rticles -

Additized PAG Pale ellow Faint @rticles -

R1336mzz(E) | 4AMolecular Seve POE Pale gllow Faint @rticles -
Additized PVE - - -

No QOil - Faint m@rticles -

. .| Additized PAG Pale ellow Faint mrticles Slight llowing
Activated Alumina POE Pale gllow Faint m@rticles -

Additized PVE

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.91 Pre and Post Exposure Photographs fel 886mzz(E) Phase IIE Evaluations

-
||

PreExposure

PostExposure

3A Molecular SieveConditions

4A Molecular Sieveonditions
No Oil, PAG, POE PVE (Left to Rig| No Oil, PAG POE, PVE (Left to Rig

Iy, ,,” H' l,

Activated AluminaConditions

No Oil, PAG, POE, PVE (Left to R|g
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Table 5.92 Appearance Changdsr R-1234ze(E) Phase IIE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant Color Particulate or Film Appearance

No Oil - Faint @rticles -
Additized PAG - Faint @rticles -
3AMolecular Seve POE - Faint @rticles -
Additized PVE - - -
No Oil - Faint @rticles -
Additized PAG - Faint mrticles -
R1234ze(E) | 4AMolecular Seve POE i Faint rticles i
Additized PVE - - -

No Oil - Faint @rticles Yellowed

. . Additized PAG - Faint @rticles Yellowed
Activated Alumina POE - Faint mrticles -
Additized PVE - Faint @rticles -

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.93 Pre and Post Exposure Photographs Bit234ze(E) Phase IIE Evaluations

3A Molecular SieveConditions 4A Molecular SieveConditions
No Oil, PAG, POE, PVE (Left to Rig| No Oil, PAG, POE, PVE (Left to Rig

Activated AluminaConditions

PreExposure

PostExposure

No Oil, PAG, POE, PVE (Left to Rig
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Table 5.94 Appearance Changdsr R-515B Phase IIE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant Color Particulate or Film Appearance
No Oil - Faint @rticles -
Additized PAG - Faint @rticles -
3AMolecular Seve POE - Faint @rticles -
Additized PVE - Faint @rticles -
No Oil - Faint @rticles -
R515B o . . . -
8.9%R227ea 4AMolecular Seve Additized PAG Fa!nt part!cle§
91.1%R 12347¢(E) POE - Faint @rticles -
Additized PVE - Faint @rticles -
No Oil - Faint m@rticles YellowOrange
. .| Additized PAG - Faint mrticles Yellowed
Activated Alumina POE - Faint mriicles N
Additized PVE - Faint mrticles -
W Ay Raddtectedchange

1Faint particles observed pre and post exposure.

Table 5.95 Pre and Post Exposure Photographs febE5B Phase |IE Evaluations

3A Molecular SieveConditions 4A Molecular Siev&Conditions Activated AluminaConditions
No Oil, PAG, POE, PVE (Left to ng No Oil,PAG, POE, PVE (Leftto Righ No Oil, PAG, POE, PVE (Left to Rig
il | T

o
3
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o
o
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o
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o
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o
o
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|
©
o
a
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Table5.96. Appearance Changdsr R-1234yf Phase IIE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant Color Particulate or Film Appearance

No Oil - Faint @rticles -

Additized PAG - Faint @rticles -

3AMolecular Seve POE - Faint mrticles -

Additized PVE - - -

No Oil - Faintparticles -

Additized PAG - Faint @rticles -

R 1234yf 4AMolecular $eve POE : Faint mrticled :
Additized PVE - - -

No QOil - Faint m@rticles -

. .| Additized PAG - Faint mrticles Yellowed
Activated Alumina POE - Faint mriicles N

Additized PVE

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.97 Pre and Post Exposure Photographs fel B34yf Phase IIE Evaluations

3A Molecular SieveConditions

4A Molecular SieveConditions

PreExposure

PostExposure

Activated AluminaConditions

No O|I PAG POE PVE (Leftto Rig| No O|I PAG POE, PVE (Leftto Rig| No Oil, PAG, POE, PVE (Left to Rig
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Table 5.98 Appearance Changdsr R-516A Phase IIE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant Color Particulate or Film Appearance
No Oil - Faint @rticles -
Additized PAG - Faint @rticles -
3AMolecular Seve Hz n° prt
POE - - -
Additized PVE - - -
RS16A zgdii"zed PAG : i:::: 2:3323 :
77.9%6R1234yf - '
8.5%R134a 4AMolecular Seve POE - Faint @rticles -
14.0% RL52a Additized PVE - - -
No Oil - Faint @rticles YellowOrange
. .| Additized PAG - Faint @rticles Yellowed
Activated Alumina POE - Faint mriicles -
Additized PVE - Faint @rticles -

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.99 Pre and Post Exposure Photographs febE6A Phase IIE Evaluations

PreExposure

PostExposure

3A Molecular SieveConditions

4A Molecular SieveConditions
No Oil, PAG, POE, PVE (Left to Rig| No Oil, PAG, POE, PVE (Left to Rigl No Oil, PAG, POE, PVE (Left to Rig

Activated AluminaConditions
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Table 5.100Appearance Changdsr R-455A Phase |IE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant C(glor Particulate or Film Appearance
Additized PAG - Faint @rticles -
3AMolecular $eve | POE - - -
Additized PVE - - -
R455A Additized PAG - Faint @rticles -
g'fg‘(’) A)WF;“Z‘ 4AMolecular $eve POFT . - Faint marticles -
75.5% RL234yf Additized PVE - - -
Additized PAG - Faint @rticles Yellowed
Activated Alumina| POE - Faint @rticles -
Additized PVE - Faint mrticles -

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.101Pre and Post Exposure Photographs fedB5A Phase IIE Evaluations

PreExposure

PostExposure

3A Molecular SieveConditions
PAG POE, PVE (Left to Right)

|||. || M\ i } 1!,

4A Molecular SieveConditions
PAG POE, PVE (Left to nght)

Activated AluminaConditions

Ay H

‘ s
n
Mﬂ
\r

Il

PAG, POE PVE (Left to Right)

‘db
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Table 5.102Appearance Changdsr R-468A Phase |IE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Material Lubricant C?)Ior Particulate or Film Appearance
Additized PAG - Faint @rticles -
3AMolecular $eve | POE - Faint @rticles -
Additized PVE - Faint @rticles -
R468A Additized PAG - Faint rticles -
gf‘;‘;ﬁégza 4AMolecular $eve | POE - - -
75.0% RL234yf Additized PVE - Faint mrticles -
Additized PAG - Faint @rticles Yellowed
Activated Alumina| POE - Faint @rticles -
Additized PVE - Faint @rticles -

W Ay Raddtectedchange
1Faint particles observed pre and post exposure.

Table 5.103Pre and Post Exposure Photographs fed88A Phase IIE Evaluations

4A Molecular SieveConditions
PAG, POE, PYIEeft to Right)

Activated AluminaConditions
PAG, POE, PVE (Left to Right)

3A Molecular SieveConditions
PAG, POE, PVE (Left to Right)

Pre Exposure

PostExposure

]
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Table 5.104Appearance Changdsr R-466A Phase |IE Evaluations

. . . Liquid Cloudiness, Material
Refrigerant Lubricant Material C(glor Particulate or Film Appearance
R-466A 3AMolecular $eve - Faint @rticles -
ﬁ-ggﬁ; 225 Additized POE|  4AMolecular $eve - Faint @rticles -
30.5% RL3I1 Activated Alumina - Faint mrticles Slight ellowing

Windicatesno detected change
1Faint particles observed pre and post exposure.

Table 5.105Pre and Post Exposure Photographs fed®&6A Phase IIE Evaluations

3A 4A
)

PreExposure

PostExposure

POE Lubricatio€onditions
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Table5.106 Summary of Analytical Results of Aged Sealed Tubes from Phase IIE

= Inorganic Anions | tap Lubricant Orge;nic Acids DissoLved Elements in
= m in refrigerant m, u i
Refrigerant Lubricant % (PP. : .) Kgﬂlg (Pom. gg)Branched rerenop)
s Fluoride | Chloride oil Valeric | Heptanoic Nonanoic Al Cu| Fe | zn | sSi
3A <10 <10
R1233zd(E) No Oil 4A <10 <10
AA <10 <10
100eC 3A <10 <10 0.13 <3| <1|<1l|<1]|<3
28days Mineral Oil| 4A | <10 <10 0.10 <3|<1|<1|<1]<3
AA <10 <10 0.12 <3| <1|<1|<1]|<3
3A <10 <10
R1224yd(2) No Oil 4A <10 <10
AA <10 <10
100C 3A <10 <10 <0.05 <3| <1|<1|<1|<3
28days Mineral Oil| 4A | <10 <10 <0.05 <3|<1|<1|<1]<3
AA <10 <10 <0.05 <3 |<1|<1|<1|<3
3A <10 <10
No Oil 4A <10 <10
AA <10 <10
Additized 3A <10 <10 <0.05 <3| <1|<1|<1]|<3
R514A PAG 4A <10 <10 <0.05 <3 |<1|<l|<1l| 4
25.3% RL130(E) AA <10 <10 <0.05 <3 |(<l|<1l|<1] 3
74.T%R1336mz2(2) 3A | <10 <10 0.06 | <2000 [ <200 [ <200 | <3 | <1 | <1 <1]<3
100C POE 4A <10 <10 0.07 | <2000 | <200%D | <2000 | <3 | <1 | <1|<1| <3
e AA| <10 | <10 | 020 | <2000 | <200 | <200 5 oq )| <|<3
) (~160) | (-11®»
. 3A <10 <10 <0.05 <3 |<1|<1|<1]|12
ngt'zed 4A | <10 <10 | 005 3| <1|<1]<1]15
AA <10 <10 <0.05 <3 |<1|<1l|<1]|11
AQrganic acids were detected at concentrations lower than the verified quantitation Re#ults are reported for informational
purposes.

NDNot Detected
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