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Synopsis

Elucidation of mechanisms operative in thermal oxidative degradation of hexafluoropropene oxide
derived polyethers and the effect of metals on these processes are reported. Thermal oxidative in-
stability of a commercial fluid, at moderate temperatures (550°F), was found to be due to the presence
of ~3% of thermooxidatively unstable chains believed to be hydrogen terminated; treatment at 650°F
in oxygen volatilized these chains by unzipping. The resultant fluid was unaffected by oxygen at
650°F and by M-50 and Ti(4Al, 4Mn) alloys at 600°F in oxidizing atmospheres. M-50 alloy catalyzed
the degradation of the hydrogen-terminated chains below and at 600°F, but after completion of this
process did not affect the remainder of the fluid at these temperatures. At 650°F a chain scission
process promoted by the metals constituting the alloy, or their oxides or fluorides, came into play.
Ti(4Al, 4Mn) alloy in the presence of CF3COF and COF species, formed via decomposition of the
hydrogen-terminated chains, degraded poly(hexafluoropropene oxide) fluids at 550°F by chain
scissions.

INTRODUCTION

Poly(hexafluoropropene oxides) of the general formula C3F;[OCF(CFs3)-
CF.),OCF(CF3)X (X is F), as represented by the Krytox family of fluids, possess
remarkable thermal stability associated with low pour points and low vapor
pressures. These properties render these compositions attractive candidates
for high-performance hydraulic fluids, oils, and greases. However, their oxidative
stability is limited to approximately 550°F, and above this temperature these
materials are incompatible with ferrous and titanium alloys. This degradation
could be arrested to a degree by addition of phosphines and related com-
pounds.’-5 It has been claimed that the fluorine-endcapped materials have an
incipient decomposition temperature slightly above 410°C (770°F) and that the
presence of oxygen does not accelerate the degradation process.®” The latter
data applied to well-characterized materials wherein the endgroup denoted by
X in the above formula was definitely a fluorine atom.

In the absence of information concerning the mechanisms of the reactions these
fluids undergo with oxygen and metals, it is difficult, if not impossible, to devise
improvements which would prevent these undesirable processes from occur-
ring.

Thus, the objective of this study was to elucidate first the mechanisms involved
in the oxidative degradation of poly(hexafluoropropene oxide) fluids at tem-
peratures up to 650°F and then to establish the effects that ferrous alloys and
titanium alloys have on the degradation mode of these materials.
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EXPERIMENTAL

The sample decomposition tubes and the metal specimen holders were con-
structed essentially in the same manner as those used in the AFML Micro-O-C
test23 with the exception that the tubes were closed via a 29/42 ground joint
adapter with a 0—5 mm Teflon stopcock and 10/30 ground joint for ready at-
taching of the system to the high-vacuum line. To provide a sufficient supply
of oxygen for any oxidation process, these adapters were furthermore equipped
with a ~250-ml reservoir. For reproducible centering of the metal specimen
holder, a positioner was constructed which held the rod of the specimen holder
in the center of the 29/42 ground joint as shown in Figure 1.

To reduce the volume of fluid required for the test, the diameter of the bottom
portion of the tube was reduced to 11-12 mm and the metal coupon’s size was
scaled down from the 3/4 in. O.D., 1/4 in. 1.D. used in the above referenced test
to 3/8in. 0.D., 1/8 in. LD. This allowed the use of as little as 6-8 cm3 of fluid
per actual run. For heating of sample tubes in a vertical position, which was
necessary in all experiments involving metal specimens, a modified Lindberg
heavy-duty box furnace Type 51232 was employed.

[ — 29/42 Joint

——— Sample Holder

Round Bottom
Flask

420 mm

— 29742 Joint

— o= 22 + 1 mm I,D,

= 11-12 mm I1.D.
£
w
~
- Metal Specimen
- Spacer (6 mm I.D.)

Fig. 1. Decomposition tube arrangement.
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In a typical experiment the fluid was introduced into the degradation tube
which was then evacuated and filled to a known pressure at a known temperature
with a selected gas (air, Ng, or O2). Inasmuch as the apparatus was calibrated
and the fluid volume measured, the quantity of gas thus introduced was exactly
known. The degradation tube was then inserted into the preheated box furnace
and kept there for a specified period of time; throughout this exposure the
temperature was continuously recorded. After removal from the furnace the
tube was allowed to cool to room temperature, attached to the high-vacuum line,
and opened. The liquid-nitrogen noncondensibles were collected quantitatively,
measured, and analyzed by mass spectrometry. The liquid-nitrogen condens-
ibles, which were volatile at room temperature, were measured, weighed, and
analyzed by infrared spectroscopy, mass spectrometry, and GC-MS. The fluid
residue itself was weighed and subjected to infrared spectral analysis, differential
scanning calorimetry (DSC), molecular weight measurement, and viscosity de-
terminations. The tests performed are summarized in Tables I through III
whereas the product compilations are given in Tables IV through VI.

In view of possible and actually expected variations in different fluid batches
the majority of tests performed utilized a specific batch of poly(hexafluoropro-
pene oxide) fluid, namely, Krytox MLQ-71-6, with limited work conducted on
other batches to supplement and confirm conclusions reached. The molecular
weight of this fluid was found to be 5500 using a Hewlett—Packard osmometer
Model 302. The primary standard used was tris-perfluoro-n-heptyl-s-triazine;
measurements were conducted in hexafluorobenzene. In all the determinations
of the treated fluid, the original Krytox MLO-71-6 sample was used as the
standard.

Prior to testing the metal coupons were polished using first Norton No-Fil
Durite finishing paper Type 4 2204, followed by open-coat silicon carbide papers
Grades 400A and 500A. Subsequently the coupons were washed in Freon 113,
dried, weighed, and suspended in the test apparatus. After the completion of
a given experiment, the metal coupons were weighed after washing with Freon
113 and drying inside an inert atmosphere chamber.

Oxygen consumption, when applicable, and volatiles production were the
primary and quantitative criteria of the degradation extent. The changes in
viscosity and molecular weight of the residual fluid together with the metal
corrosion characteristics, i.e., appearance and weight loss or gain, provided ad-
ditional but mainly qualitative data.

RESULTS AND DISCUSSION

Mechanistic Considerations of Volatiles Production

Gumprecht et al.57 have shown that the thermal decomposition of poly(hex-
afluoropropene oxide), C3F7;[OCF(CF3)CFs], OCF(CF3)F, produces in vacuo
as the main products CF3CF=CF,, CF3COF, and COF,;. Examining Tables IV
and V, it is apparent that the major products were SiF4 and CO, together with
some BF3;. No hexafluoropropene was detected under oxidizing conditions,
although it was one of the main products observed in the tests conducted in ni-
trogen atmospheres as shown by run 11 (see Tables I and IV). This instability
of fluorinated olefins in the presence of oxygen has been established by studies



PACIOREK ET AL.

1400

‘pefopdwe pinjy jo 8/3ur ul pawrio] s}PNPOIJ 3

‘pakordwra pmyj yo 8/3w Ui pewnsuod ussAx(

*9[qeIBAB UBSAX0 oY} JO YU o

*008% @ 03 punoj sem 8z-9/-OTIN X0IALI] JO 18} {00CS 9 03 punoj sem 9-1/-QTIN X0IAIY psjesjun Jo JySom IB[NI[OW YT, p
*PoISI| J0U 31e 888Y) ‘%GE () UBY) SSI] 1am

ardures usAL3 B pUe SPIN{J P2IBIIJUN UIIM)S( SIOUDISJJIP J1 {SI019WOOSIACIDTWITINGS SUTUURIA[-UOUUE)) SUTSN J,70°0 F 00T 78 PIIONPUOI 319m SIUIWINSBIW 3Y} [[V 5
aanjeradura) pajousp auj e sem spdures oyl Jo uongrod pmbiy ayy ATuo Yorym ur snjeredde (w-gg§ Ul pauriojaad aI1am §159)

3} Jo Japurewa 9y} ‘Bnodure Pa[ess [W-(G B Ul PIJONPUOI SBM g "0OU 1531 ‘90BUINg 8y} UI paso[oua {830} segnodwe payess [W-(g Ul pawtiojrod a1am G- ‘SOU 389 ], q

"pakordwie sem 9-T,-QTIN XOIAI3] $1897 IoUI0 [[¢ U] ‘Pasn $BM §3-9/-QTIN X0IAIY] €7 "0U 389} U]

- - L'8¢ T'18€ 80°¢ ¥yl 80V 0039 16+ g6l 009 20 901 ave
- - 8'81 9'¢ge 69'1 L ¥1g - - ¥3 009 20 Vel Ve
891 (4514 (24 1L big 8'9¢ SLL 000¢ 881+ 14 099 0 6¥°€1 L1
s oT¥ 959 08L STl 808 6'88 005¢ €9'c+ 021 099 20 ¥el (44
L9t 099 18y L'G08 8€'S g'1e 0°06 005¢ 91+ ¥e 099 20 ¥L91 61
- - 6'6L J34t4 - - Pu - 666+ 803 099 %0 96'8% ST
- - €9 L'v9 - - - 005S 01+ 912 059 N 93°01 11
- - 9GL 0'8¢¢ 9¢'L ¥'8 875 0095 10°9+ 916 099 %0 82°¢ 01
- - 189 ¥'ist ve's 19 6'L1 0094 Ly'g+ ¥e 099 0 (444 6
- - 6'c¥y €'eS1 6LV Lg o'LT 009¢ L8+ ¥4 099 1y 6g'e 8
- - €91 €'8¢¢ 9'e 8 0'1¢ 005S 09°0+ ¥e 099 ny 9L'0g L
- - 9'8 €691 290 001 911 005S 68°0+ 144 099 1y 69'81 9
- - 801 9081 86'0 001 6’11 005S 080+ 91¢ 019 ay S0°21 g
- - 01 STI - - - 0059 - 912 019 N L811 14
- - 10 Lo - - - 009S - ve 019 N €'l €
- - 01 €731 01°0 (44 ¢l 0095 - ¥e 1129 1y 811 4
- - €1 L'€1 91’0 44 L1 006¢ 86°0— ¥z 019 iy €701 !
ajow,/urye b1} 38/8w 3w 13/8w 2% 3w pMIN % 1y do wyy 3 ‘pesn q'ou
‘oryex ‘pouInsuod sjonpoad pawunsuod ‘adusyd ‘uonryBan(g “duwa J, [eldjeWw 989,
0°4%0/0 PN €104, us3£xQ oASOOBIA Suppels

«SpIN[4 (2p1x() 2uadoxdoionjyexsy)A[0J JO seIpnI§ uoepeada(] [suwiay, ], 10J v1e(] [ejusuwiadxy
I 419v.L



1401

POLY(HEXAFLUOROPROPENE OXIDE) FLUIDS

*880] JyS1om pInjj = pewao] sjonpold jo jydiom x 10LQ :uolssexdxae ay) Suisn pajenoed sem
HA8%—H87 $1591 ut pakojduws pingj Jo jySrem ay[, ‘paywaeds sswy j& UsSAxo Surysiusajdel pue sajqISUIPUOD 3Y) uraowal ‘esimdals paurioyiad a1om (878G S159, ¢
*(GT "ou 1893 998) J,0G9 e parecijald sem 1891 SIY} UL pasn ‘9-12-O TN ‘PINYJ XOIAIY Y], ,
W0 6GFY°T SI (SWILI 3y JO BaTE 9Y) Suipn[our ‘sapis Y10q) uodnod a3 Jo BaIe 3y ], ;
‘pakojdwe pinjy Jo 3/3ur ut pawrioj s30NPoi 3
‘peforduws pinjy 3o 3/3ux Ul PAWNSUOD UIBAX() 4
‘afqeyieAR Ua8Ax0 3] JO JUAI] ,
*008% 3q 03 PuUNOj seM 87-9.4-O'TIN X041 JO 18y} {Q0GS 9 0) punoj sem 9-1,-Q'TIA X03AI3] Pajesrjun 8y Jo JySiom Ie[nds[ow 3y, p
"PIISI[ JOU 919M 3SAY) ‘9GE"() UBYJ SE3[ 9Iam
ajdures uaals e pue SpPIN[J PajeaIIunN UM} SIOUSIFJIP JI {S19)8UI0ISIACIOIWIWIAS FUIUUBA-UOUUE)) SUISn  ,70°0 F 001 38 PIONPUOI BIaM SJUSWSINSEIW Y3 [[V »
Tw 91§ sem (3 g1 eo) pinyg snurw snjeredds ay)
Jo swmjoa ayy ‘uoryoafoad ax1-103uly € Y paddinba sem pesn snyeredde 9y aanjeradws] pajousp ayy Je sem a[dwes ay) Jo uonzod pinbi oYy A[uo $959) asays uf ¢
‘podordwe sem 9-1.-O'TJA X01A1Y] 51593 I9UJ0 3Y) [{e Ul ‘Pasn seM 87-9.,-OTIN X0IATY $Z "0U 159] U] ¢

0g'0 + - - 0 (44 12°0 Lo 0~ 009$ 0z’ + ¥ 009 20 LE'6 16€
L'ge— — - ¥'L6 8'168 L0T  0%¢ 8'L6 000§ €18 — ¥ 099 %0 91’6 H8C
pu - - 101 %'L66 611 VoV oL1l - pu A4 099 0 986 ase
pu — - 161 0'0812 €T 9'€8 6°2ve - pu 14 099 20 6£'TT  D8%
pu - - 8'¢6 SeYIl Lot sy €081 - pu 8y 049 20 6121  d8%
pu - - g’18 V0501 L1'6 1844 9811 - ‘Pu 8¥ 049 20 £6°61 (V8%
L90 + €91 069 L'6L 01601 Ly'8 T'L8 $'801 000G 9’1 + ¢4 099 20 18°C1 Li44
oe + 10°C 06¥ 109 6'VLL 9€'L £'ee 676 005S 86'¢ + 916 009 20 0621 18
90 + - - L'e L'Ly - - - 0099 - 9128 049 N 0821 81
€9 — 98’1 0891 602 G'6%9% 812 001 0'€8¢2 0069 €671+ 912 099 20 9631 L1
0g + — - ¥er 6781 L3g 96 gL 0095 06'T + ¥e 099 20 1081 91
oo + £9°1 099 L'v9 £'86L 69°9 6°8¢ 9'z8 0099 oS8T + 44 099 %0 €€e1 48
o¥'o + 91°¢ 0ve oLy LILS ¥8'S 9Ve 8°0L 0094 - ¥e 009 20 E1'sT €1
810 + - - oy a8y L0 1'e 0’6 009S - ¥e (US4 %0 [4a4t 48
y g/t ajour/urje Bu 33/3w Sw 38/3wm % gux pMIN % 1y do uny 3 ‘ou
‘sso1/ured ‘01381 ‘pamInsuod sjonpoad pauInsuod s98ueyd  ‘uonjemqg “dure, ‘posn 189,
1y8rem vodno)  0%48D/0 pmgg B0, uadfxQ 31800817 pmig

qefOTV OG-l JO 8ouRsa1d 9y Ul spInjy (SpIx( dusdordoionygexoy)L[0 ] JO SAIPNIE UOIIBPEISI(Y [EWIIY ], 10F BIB(] [EPusuLIedxy
I1 31dV.L



PACIOREK ET AL.

1402

14 89T 10J 4,059 18 uadAxo u1 pejearjaid sem Yorym 9-1,-OTIN X01AIY Suisn paurioysad a1om §353) 9S9Y [,
*$S0] 9y S1am pinfJ = paurtoy syonpod 1ydrem x €3L°0 :uorssaidxa ayj Suisn paje[nofes
sem DGE puB geg s1593 Ul pakojdwe pingj jo 1y3em ay ], "paywaeds aw) 38 wodLxo Jurysiuaidal pue sajqisuapuod 9y3 uraomral Aq pawroyiad a1am HGE—V6E 51, ¢
10 G L,L°T ST (SWLL 8y} JO BaIR 8y} SuIpnjoul ‘sapis yjoq) uodnod sy} Jo BaIe Y], y
‘peAojdue pin[j jo 8/5w ur pawiof $10NpoId 3
‘peAojduwe pmyj jo 3/3w ul pawnsuod udlLx() ;
‘a[qe[rea. UIZAX0 aY) JO JUIIS] 5
*00GG 2q 01 PUNO} sBM 9-1/-OTIN X0IATY Pajearjun 943 Jo JySiom IeMod[ow a4y, p
‘P21SI] J0U 9IoM 889Y] ‘% GE"() UBY) SSA] 91am
a[dwBs UIALS B pUE SPIN{J Pajealjun U3aM)a( SPOUSISJJIP JI (51930UN0ISIAOIDTWIWSS FUTUUB-UOUUBR)) 3UISn J,Z0'0 F (01 78 PAIONPUOI dI8M SIUSWSINSBIW 3} [[V »
T 91¥ sem (3 g "8d) X094A13] 9y} snurw snjeredde ayy
Jo swnjoa a8y} ‘uonyoafoxd exif-108ury € yjim paddimbe sem pesn snjeredde sy ‘eanjeredurs) pajousp ayl Je sem a[dures ayj jo uorptod pinbij ay3 A[uo )89) asay) U] ¢
"9-1L-Q'TIN X043 S8 PIsD PINj Y[,

LT0+ 4 '8y 150 61 g 0059 8€°0+ ¥a $09 20 0801 (144
0 0 6C 020 80 (44 0099 LT+ ¥e 059 %0 €273l 144
89°0— 111 6'9€21 01t (44 9'¢el 00g¥ 8- 144 049 0 ST'TT 068
pu 91 Vy'vest 9v1 €9 L'e81 pu pu 8y 059 0 €9°¢1 d6e
pu o8y 9539 [48Y 1°€3 £'99 pa Pu 8v 06¢ 20 1631 V68
LT°0+ 991 881 L1 g9 8'81 00¥S - ¥a 046G ?0 GO'11 Lg
L1To—- (44" 6°LT9T €'¢1 9'09 oOvLl 0o6¥ 91— ¥e 009 %0 ov'1I 9g
q gWo /3w 38/8wt 3w 588w % Su pMIN % o‘edueyd aq Ao uny 3 ‘pasn ou
‘ssof/ured syonpoid 810, PawNsu0d Ua3Lx() K1S00STA ‘poudq “dwa g, ping 189,
1y31om
uodno)

qeAO[IV (WY ‘IV¥)LL JO 30uasai1d ay) ur ping (9p1x() suadozdoonpjexay)£[od JO SIpN}§ Uo1jBpeIda(] [BWLISY,], 10] B18(] [BIuswILIadxy
III 419V.L



1403

POLY(HEXAFLUOROPROPENE OXIDE) FLUIDS

‘saloads pajeuLIonyj L)) 09 37) pojBUTILId) UF0IPAY pue SULJajo A[UIBW alam 9sY,[, »
‘sjonpoud [e109 Jo juadzad 3 S ¢
‘pokojduie sem 9-9/,-Q'TIN X0IAIY] $189] I9Y30 [[ Ul {pasn sem g§g-9/-O TN XOIATY] €7 “0U 1591 U]

- - - - €0 01 10 €0 0L 9'9¢ 9'€E 6°L3T 8% L1568 60 9t ave
L'g 89 - - 8°9¢ 6°56 601 9L £y 601 gLl 144 a'le L'89 90 g1 Ve
- - - - 801 G'6L T 08 86 91L (4 9'LG% Ley A4ty g0 e 868G
- - - - o € - - Ve €99 L'Le 8'€6¢ £€s gy 0 [ 44
10 [ - - 6'¢1 LLIT £'¢ 6'9% 06 GGL 1'8% £'9¢¢ b 444 1°99¢ 10 01 61
L'e (44 0'8¢ 181 91 S0'1 A A §0 £€6°0 176 961 G'ge Lg% V'L 8F 11
- - - - — - e - Vi LI 8'0¥ 1°L6 918 L'gal 0 90 0t
— - — - 0 §9'0 T0 L0 8'8 6'G1 8°G¥ L'LL 6'GY £'¢es8 12 8¢ 6
— - - - g0 18°0 6’0 8¢°T L'é 8¥1 0%¢ 8'8¥ 909 T'LL %9 ¥'6 8
-~ — - - 691 o’LS 0T Lg'¢ (34 {948 §'ee ¢'ell ILE T'Lel L's €61 L
91’0 960 0'e 8y 6'¢ 61°9 A A UL £7¢l 8'vE ¥'qs Loy 679 0’6 €71 9
9¢’0 Ly'o T1 g1 - - - - ot 9¢1 0y 19 T'LE 414 08 g0t g
Loy Lyo 1°€3 L9G 81 12°0 b A - - g'1e 19°¢ 08 6¥'¢ ¥'6 T ¥
- - €09 1%°0 - - — - - - §9¢ 8T°0 g1 100 811 10 g
80°0 100 - - 802 96°¢ g1 81°0 - - 9'LE €9y L’Le 9 ¥e £0 4
- — - - €'¢ €0 50 £0°0 - - 0°ey 88'G 809 G6'9 L'g g0 1
% Sw % 3w % 8w % Bw % 8w % Sw % Sw % Sw ou
oS19Y10 EER) Jd00840 4400 tadq %00 *A1S 0D 159,

«Spmig (eprx() suadoidoionyjexay)L[oJ Jo uorjepeida(] [BULISY ], UO paure}q() SIONPOIJ I[1IB[OA

Al HTdVL



PACIOREK ET AL.

1404

‘sjonpoad [8109 30 Judo1ad JYSOM
-pakordura sem 9-1.-QTIN XOIAT3] 51591 19YJ0 33 [[€ Ul {pasn sem §Z-9L-Q'TIN X0IAIY] 97 "0U 1593 U] §

v 10 A b A A A A b A A A A A gg6 17¢ & A 6 é 14
0e 10 — — 890 %9 TI¥ 99 90 e g0 91 GEeT  6LIT €ee 6'L8¢ 8LV 9'9%¥ g1 01T H8%
- - - — S¥0 9% 6¢ 068 80 €8 €0 ¢¢ 0€L 9631 L1y 991y 68¢ 6'L8S 60 %6 8%
e — LT0 8¢ ¢¢ ¢€6IT &0 4 ¥0 €6 LA S S WA 74 596 899L  V9¥ gI101 80 §9T D83
e — €0 9T LV 6'¢S 1 ¥er  vo 8% -4 & S AL T8 g0y 09y ST¥ 8vLy ¥0 1% d86
- - - — §00 S0 ¥I 671 8'0 6'L ¢0 671 L8 616 09¢ 8'LLE  ¥es 6'0G9 0 9V V8%
- - - - - - 0¢ 60z 90 9¢ 89 8'69 G'ce 8186 9LS 0’889 g0 67 ¥e
- - - — 100 10 90 IV - - €0 a% VL LS G9¢ 0€8c 99 L'egy g0 STV 18
¥00 €0 — - - - &1 96 €8 9Le L0 8¢ L'L 6°¢9 L'sg  €L8C  8'LS GLLY g0 €9V 0%
0¢ ¥¢ ¥ie 061 — - - - b A - - €% T 6% 901 8°0¢ L¥1 8 98¢ 81
g0 0y — — 100 €0 ¥¥ 86l - - - - 09 9'8G1 g'ge  9'€98 89S PPO¥T 0T 892 LT
- — - — 600 T0 8% 88 Lo g1 ¥ 6% L'é 087 v o Los (23] 001 81 98¢ 91
¢0 0c¢ — - - - = - 6'G 89y L0 LG 901 9%8 9¢e T'¥8¢ €9F  00LE 90 ¢r¢ 48
¥o 08 — - - - = - ¢eL  69L 9¢ L0209 £ve 9%¢ 9661 1GF §'eve 60 18T €1
- - - - - - - - L'ogE 6%l 69 6% - - oge 091 0'8¢ 96T ¥¢ 6l1 a1
% 8w W% 8wt 9% Bu % Sw % 8w q% 8w % 8w % 8w % fw &% Sw ‘ou
S19Y10 S5 Ya0 S4%0 40040 240D tad 200 Ya1S (010) 83,

s[BION 0G-JAL JO ddussald 8y} ul spinfy (ap1x() susdordoionjjexsy)A[od Jo uolyepeida( [WIAY,], U0 paurejqQ sPNpoeIJ AHBOA

A HTVL



1405

POLY(HEXAFLUOROPROPENE OXIDE) FLUIDS

A0 *[BID (EAD)ID0]LAED JO PIISISUOD as8Y) SUOTIORI] ) 8L — Y3 UI PIPOI[[0D SIaM YOTYM S[BLIIIBWI I[IIL[OAUT A[QAIJB[OL AIaM IS, P
‘90BI], 5
‘sjonpoud [8303 Jo Jusdrad WSO M 4
"9-1L-0'TIN X0JAT3] sem pako[dws pinfy aYJ, »

Lo €91 LT 898 'yt §'66C 09 L'831 9 ¥'86 8'6 §'L0% 0¥e G019 0’6t €068 L 90 9
89 €¢ 6T 60 811 L's 9Tl 9'¢ 18 6'¢ | 4Y [4Y ¥°9¢ 8¢l 0’08 Sy e 61 44
- - - - - — - - - - - - ¥'9¢ 6'0 8'81 €0 e 44
(AN A ') AN 4 £ 0¥l T'eLT 18 4 G098 €9 8L 08 £'66 6'6¢ 0'0oLE 0'0g §'0LE - — 06g
LT G08 e ver 6’11 0°LIg ¥'e 1 44 9¢ 199 0’8 14 £2¢ 0689 ILe 8'989 - — dg6¢
ve Ll 80 2§ Lal 8'8L 194 §'Se 6'S 8'9¢ V'8 (&4 6% 1281 598 1°L38 - V6§
- - IAV A S 70 Lo 6'T1 812 ¥'or 161 98 8°G1 £'0¢ §'6S L'Le 1'69 - - LE
- - g1 96l 80 0'¢1 6'¢ 8¢9 (&Y L'98 9'¢1 6'60% 9'qe 8TV 9’09 T'L18 — ol 9¢
% 3w % 8w % 8w % 3w % 8w % Jw % Su % 8w % 8w c-ou
pSRYI0 Ya0 EEC) 40084 2400 t4d 0d YIS 00 189,

A0V (WP ‘IVH)LL, JO d0uasaid a9y} ul pmjyq (3pix() susdoadoronjexay)A[od Jo uonjepeids(] [BUWISY ], U0 paurelq() s1oNpPoid al1e[OA

IA VL



1406 PACIOREK ET AL.

conducted on Teflon where in oxygen no tetrafluoroethylene was observed.8 The
following process could be responsible for hexafluoropropene consumption:

[o]
CF3CF=CF; — CF3COF + COF,

although it is more likely that in the presence of oxygen the polymer radical
unzips directly into CF3COF and COFy, i.e.,

—————CF—CF,—0—CF—CF,0- %5 CF,COF + COF,

CF, CF,

The production of CO; and SiF, is due to the reaction of the primary products,
such as COFs, with the glass surface:

2COF2 + SlOz - SiF4 + 2002

Regarding the fate of CF3COF, several possibilities exist. Under the existing
conditions, COF2 might be predominantly formed or the originally liberated
CF3COF degrades further via salt-type pyrolysis found to be operative in the
case of, e.g., the sodium salt of trifluoroacetic acid:®

0O 0

—0—8i—0—8i—0— + CF,COF — —O0—Si—F + CF,C00—Si—O0—

o 0 o
}
)

coF, <2 CF; + €O, + F—Si—0—

(0]
Another possible path involves hydrolysis followed by degradation:

CF;COF + H;0 — CF;COOH + HF
CF3COOH — CF3H + CO,

Since in all the tests only small quantities of CFsH were found, this process is
either relatively unimportant or, more likely, CFsH once formed is oxidized
further. The production of volatile hydrogen-containing fluorocarbons is to be
expected inasmuch as these types of products were also encountered in the
degradation of perfluoroalkylether substituted heterocycles.l%11 Regarding
BF;, this compound is formed in a reaction analogous to that responsible for SiFy
production.

Based on the above equations, to degrade poly(hexafluoropropene oxide) to
COy and SiF4 requires two atoms or one molecule of oxygen per repeating unit
of the polymer. Consequently, the ratio of oxygen consumed per “mole” of
hexafluoropropene oxide lost should be equal to 2. In the experiments where
this ratio was measured (see Tables I and II), it varied from 1.5 to 2.2. If one
considers the difficulty of weighing back accurately the remaining fluid, the
agreement with the theoretical value is not as bad as would appear from the
observed deviations.
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Degradation Studies in the Absence of Metal

Examining the data contained in Table I, several points become apparent: (a)
In the absence of oxygen (air), even at 650°F, the extent of degradation as de-
termined by volatiles produced is very low (see test no. 11). (b) In the presence
of oxygen (air), the reaction at 540-610°F is relatively limited, at least during
the first 24-hr period, as indicated by the oxygen consumed and volatiles pro-
duced (tests 2 and 34A). (c) At 650°F the final extent of degradation is more
or less reached within the first 24 hr (compare tests 9 and 10); no significant
additional consumption of oxygen and volatiles production is observed during
the following 192 hr. (d) The rate or rather extent of reaction is not greatly af-
fected by using pure oxygen instead of air (compare tests 8 and 9) as long as the
oxygen partial pressure is kept above a certain minimum (compare tests 1 and
34A), i.e., not more than 30% oxygen depletion in air is reached. (A consequence
of this finding was that all further experiments were performed in pure oxygen
which permitted the use of a relatively small apparatus). (e) The reaction rate
is practically independent of the ratio of exposed liquid surface to liquid volume
(compare tests 9 and 19). (f) Different batches of Krytox reached different ex-
tents of degradation under identical conditions (compare tests 19 and 23). (g)
The fluid recovered after all the tests listed exhibited the same infrared spectral
characteristics as the starting material. The changes in molecular weight and
viscosity were experimentally not significant.

Based on the findings cited above it can be deduced that up to 650°F (the
highest temperature employed in this study), Krytox is oxidatively stable. The
limited degradation observed at 650°F must be due to an oxidative instability
of some weak links or endgroups present in the fluid. The oxidation of these
endgroups or at least the initial steps of this reaction must take place in the liquid
phase and must therefore be caused by dissolved oxygen. The fact that neither
the oxygen partial pressure in the gas phase (to a degree) nor the liquid sur-
face-to-volume ratio do significantly affect the extent of reaction in turn indicates
that, at least over the time periods employed, the fluid must contain sufficient
oxygen to produce “complete” reaction of these endgroups and that, again within
the time intervals studied, consumed dissolved oxygen must be replenished from
the gas phase at a rate sufficient to maintain that oxygen concentration.

Inasmuch as the nature of the residual fluid was virtually the same as that of
the starting materials (molecular weight, viscosity, infrared spectral character-
istics) and a specific constant degree of decomposition (as measured by oxygen
consumed and volatiles formed) was reached reproducibly with a given fluid
batch, it must be deduced that a certain number of chains had to be hydrogen
terminated. These would be oxidatively relatively unstable and, once attacked,
would proceed to unzip. In this way only a limited number of volatiles would
be formed, which was found to be the case (see Table IV), and once all the “weak”
chains were consumed or “burned off,” a stable fluid would result: Based on
the fluid consumed on prolonged exposure to oxygen at 650°F, the hydrogen-
terminated chains account for ¢a. 3.3% of Krytox MLO-71-6. The support of
the theory that the weak links or rather endgroups are indeed hydrogen atoms
has been provided by collaborative investigations with Air Force Materials
Laboratory personnel. The results of this work will be published elsewhere.
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Degradation Studies in the Presence of M-50 Alloy

The extent of degradation of Krytox MLO-71-6 in the presence of M-50
ball-bearing alloy coupons in a nonoxidizing atmosphere, e.g., nitrogen, was found
to be negligible even at 650°F (see Table II, test 18). Itis apparent that degra-
dation in oxygen at 550°F is also not very extensive (compare tests 12 and 18),
yet increases by a factor of ~10 when the temperature is raised to 600°F (see test
13). The difference between the 600° and 650°F 24-hr treatments in oxygen
(tests 13 and 14) is surprisingly small, and the values measured are fairly close
to those found at 650°F in oxygen on prolonged heating in the absence of the alloy
(compare with tests 10 or 22, Table I). No really significantly increased degree
of degradation was noted on heating the fluid in the presence of the M-50 coupon
at 600°F in oxygen for 216 hr as compared to a 24-hr period (see tests 13 and 21).
This finding would then imply that at 600°F the metal is merely accelerating
the rate of the oxidative degradation so that the extent reached at 600°F ap-
proaches or equals that found at 650°F under identical conditions but in the
absence of metal. It again supports the stipulations advanced in the preceding
section that this process must be due to some weak links, most likely hydrogen
endgroups.

The actual proof of the above theory is the stability of the fluid pretreated at
650°F in oxygen (see test 15, Table I) to M-50 coupon at 600°F in oxygen (see
test 35, Table II) as shown by the minimal amounts of oxygen consumed and
volatiles evolved in addition to the unchanged appearance of the metal coupon
itself.

At 650°F in the presence of M-50 and oxygen the reaction of the “weak links”
is supplemented and then exceeded by another process, the rate of which in-
creases with time. This is shown by the test series 28 (see Table II). Each of
these tests was conducted for the period of time recorded in Table II. At the
end of each period the volatiles were removed, separated into liquid-nitrogen
condensibles and noncondensibles, measured, and analyzed. Subsequently,
fresh oxygen was introduced and the residual fluid was heated for the next des-
ignated period. The quantity of fluid given in test 28A was weighed in, and all
the other quantities were calculated based on test 14 using the expression

total products
0.7983

Test 28E was the last of the series, and at its conclusion the tube was opened
to the atmosphere, the coupon and fluid were weighed, and the latter was
subjected to the usual analyses. The results of this test series are better illus-
trated by the graph given in Figure 2 wherein “corrections” for the “weak link
process” have been incorporated, tests 14—-19 or test 16 (wherein pretreated fluid
was employed) being thus given as the first data point. The cause for the rate
decrease after 168 hr is unknown; on the other hand, it may be due to the metal
or rather metal salts produced either in the form of the flaked-off “rust” or as
the coating on the coupon. The coupon during the total exposure lost 9.3% of
its original weight, consequently the bulk of metal was not consumed. It should
be stressed that, although viscosity was decreased by 8% (in all the other instances
it was increased), no difference could be noted in the residual fluid neither by
molecular weight measurement nor by infrared spectral analysis. One can thus
deduce that the rate increase observed with time of exposure is not caused by

fluid weight loss (in g) = 0.56 X = (.701 X total products
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Fig. 2. Rate of oxygen uptake and product evolution as a function of successive exposures of Krytox
MLO-71-6 to oxygen at 650°F in the presence of M-50 coupon. (®,a) Run No. 14.

a change in the fluid but is due to production of active sites or species by the metal
which promote scissions to occur, these being then followed by unzipping.

Degradation Studies in the Presence of Ti(4Al, 4Mn) Alloy

The investigations conducted utilizing Ti(4Al, 4Mn) alloy in Krytox MLO-71-6
fluid are summarized in Table III, and the type and quantities of the volatiles
liberated are given in Table VI. Comparing the results of these tests with the
corresponding experiments performed in the presence of M-50 coupons, it is
apparent that the degradation, as indicated by oxygen consumed and volatiles
produced, is significantly accelerated by the presence of the titanium alloy.
Actually the 24-hr exposure at 600°F is more severe for the fluid than 48 hr at
650°F in the presence of M-50 (compare test 36, Table III, with test 28A, Table
10). .

In view of the findings generated in the investigations of the M-50 alloy, it was
expected (see Table II, tests 13 and 21) that possibly at 550°F the titanium alloy
merely accelerates the degradation due to the “active” endgroups (as was found
to take place with M-50 at 600°F). However, this does not appear to be the case
with the Ti(4Al, 4Mn) alloy, which is evident from tests 37 and 39A-39C (see
Table IIT) and even more so from the graphic presentation in Figure 3. A similar
action was observed with M-50 at 650°F (see Fig. 2); however, the operative
mechanisms must be different. This is shown by the different types of products
formed, namely, the absence of carbon monoxide and hydrogen-terminated
fluorocarbons as well as the production of materials of the general formula
C3F;[OCF(CF3)CF2], OCoF5 and CoFg (see Table VI). The reduction in mo-
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Fig. 3. Rate of oxygen uptake and product evolution as a function of successive exposures of Krytox
MLO-71-6 to oxygen at 550°F in the presence of Ti(4Al, 4 Mn) coupon.

lecular weight of the residual fluid and the drastic decrease of viscosity in con-
junction with the production of the compounds of the type just mentioned would
tend to show that chain scissions by a fluorinating agent, e.g., AlF3, do take place.
This stipulation is in agreement with the work of Gumprecht” who indicated that
the attack by AlF3 leads to chain scissions and formation of CoF5-terminated
materials via the mechanism depicted below:

F_ _F
~
Al
F ~I;~ \1;‘
————CFCFOCFCF,——— + AIF, — —«-—cpcp\ X('DFCFZO—--—
0
CF, CF, CF, CF,

!

————CFCOF + C,F:CF,0———— + AlF,

CF,
A B
Of the two fragments A can degrade further without assistance from AlFs,
whereas B is a lower molecular weight “Krytox” telomer.

Inasmuch as no degradation was observed in the presence of Ti(4Al, 4Mn) alloy
in an inert atmosphere even at 600°F (test 45, Table III), it has to be assumed
that at that stage AlF3 is absent and the three metal constituents of the alloy are
inactive. On the other hand, it has been shown that even in the absence of metal,
Krytox MLO-71-6 undergoes thermal oxidative degradation at temperatures
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as low as 550°F (test 2, Table I). Consequently, at this temperature AlF; is
conceivably formed via reaction of, e.g., Al;03 (formed by surface oxidation of
the alloy) with the fluid’s oxidation products COF; and CF3COF, most likely
via the path delineated for SiF4 production. This type of a process would also
explain the rate increase with time (see Fig. 3) since the concentration of AlFs
would increase as degradation would proceed. The postulation regarding AlF;
formation and its action is strongly supported by test 43 (Table III) wherein
pretreated fluid (i.e., fluid free of the weak endgroups) was employed and where
the extent of degradation as measured by volatiles produced, oxygen consumed,
and as judged by coupon appearance changes was negligible as compared to test
37, in which the as-received Krytox MLO-71-6 was used. Similar results were
obtained in experiment 44, which was conducted in the vicinity of 600°F. Thus,
it would seem safe to postulate that at least up to 600°F oxides of the metals
present in the Ti(4Al, 4Mn) alloy do not degrade hexafluoropropylene oxide-
derived telomers, provided these are terminated by a perfluoroalkyl moiety, i.e.,
compositions of the type CsF7[OCF(CF3)CFo], OR((Rs = C,,Fan+1).

This investigation was supported by the U.S. Air Force Materials Laboratory under Contract No.
F33615-75-C-5201. The authors are indebted to C. E. Snyder and Dr. C. Tamborski for helpful
discussions and suggestions.
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