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FOREWORD

This report was prepared by Ultrasystems , Inc .,  Irvine ,

California under Contract No. F33615- 75-C-5201, “Dete rmination

of Fluorocarbon Ether Autoxldatlve Degradation Iviechanism, ” and

covers work performed during the period 16 June 1975 through

15 June 1977. The Contract was initiated under Project No. 2303 ,

“Fundamental Basic Research on Material Leading to Superior

Non-metallic Materials Required In Advanced Air Force Systems , ”

Task No. 2303Q3 , “Polym er Research on Structural Materials and

Environment Resistant Materials .” The Investigations were carried

out by R. H. Kratzer , J .  Kaufman , J. H. Nakahara and K. L. Paclorek ,

Project Manager. This contract was administe red under the direction

of the Air Force Materials Laboratory , Lubricants and Tribology

Branch , Mr. C. E.  Snyder (AFML/MBT) , Project Engineer.
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SUMMARY

Elucidation of mechanisms operative in thermal oxidative

degradation of hexafluoropropene oxide derived polyethers and the

effect of metals and anti-oxidant/anti-corrosion additive s on this

process are reported . Thermal oxidative instability of the commercial

fluid , Krytox MLO-7 1-6 , at moderate temperature s (550 °F) was

found to be due to the presence of -‘3% of hydrogen terminated chains;

treatment at 650°F in oxygen volatIlized these chains by unzipping .

The hydrogen-fre e fluid was unaffected by oxygen at 650 °F and by
0M-50 and Ti(4Al , 4Mn) alloys at 600 F in oxidizing atmospheres .

M-50 alloy catalyzed the degradation of the hyd rogen terminated

chains below and at 600°F , but did not a’fect the remainder of the

fluid at these temperatures. At 650°F a chain scission process promoted

by the metals constituting the alloy or their oxide s or fluoride s came into

play. Ti (4A1 , 4Mn) alloy In the presence of CF3COF and COF 2 ,  formed

via decomposition of hydrogen terminated chains , degraded poly(hexa-

fluoropropene oxide) fluids at 550°F by chain scisslon .

The additive MLO -76—30 arre sted Krytox MLO-71-6 thermal

oxidative degradation at 600 °F and below both in the absence and

in the presence of metals by preventing the degradation of the hydrogen

terminated chains. Based on oxygen consumption and volatiles

production , the additive’s effe ctivene ss at 600°F was time limited

and at 650°F It was completely inactive both In the presence and

absence of M-50.

The structure of MLO-76-30 is as follows:

[C3F7OCF(CF3)OCF(CF3)CF2_O_]3P
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SECTIO N I

INTRODUCTION

Polyperfluoroalkylethers , as represented by the Krytox family

of fluid s , possess remarkable thermal stability associated with low

pour points and low vapor pre ssures. These properties render these

compositions attractive cand idate s 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 .

In the absence of information concerning the mechanisms of

the reactions these fluid s undergo with oxygen and metals , it is

difficult if not impossible , to devise improvements which would

prevent these undesirable processes from occurring . Additives were

developed which are reported to extend the useful operation temperatures

up to 650 °F1, but again their mode of action is largely unknown.

Thus , the objective of this contract was to elucidate the

mechanisms involved in the oxidative degradation of polyperfluoro-

alkylether fluid s at temperature s up to 650°F. Specifically , the aim

was to establish the effects that ferrous alloys and titanium alloys

have on the degradation mode of the flu id s under investigation and to

determine to what extent metal surfaces are affected when in contact

with polyperfluoroalkylether flu id s at elevated temperatures. A

further objective was to study the action of selected antl-oxidarit/

anti-corrosion additive s on the fluid degradation process.

1 
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SECTiON II

RESULTS AND DISCUSSION

The investigations performed on the commercial grade hexafluoro-

propene ox ide derived fluid s of the general formula C3F 7[OCF(CF 3)CF 2]
~

_

OCF(C F3) X  (X presumed to be F) showed these compositions to be

unstable in air above 550 °C in the presence of metals. This

degradative action could be arrested to a degree by addition of phos-

phines and related compounds 1-5 It has been claimed that the
• fluorine end-capped materials have an incipient decomposition

temperature slightly above 410°C (770 °F) and that the presence of

oxygen does not accelerate the degradation process 6 ~ These data

applie d to well characterized materials wherein the end group denoted

by X in the above formula was definitely a fluorine atom . Whether

this was also true for the commercial grade products , namely the

Krytox fam ily of flu ids , has not been verified. Furthermore, It is

unknown whether the commercial fluids contain impuritie s which

can trigger or catalyze the onset of degradation. In view of this

possible variation in composition the majority of the investigations

performed under this program utilized a specific batch of Krytox 1 43 AC

fluid , namely Krytox MLO-7l-6, with limited work conducted on other

batches to supplement and confirm conclusions reached .

To obtain meaningfu l results leading to elucidation of the operative

mechanisms a number of parameters needed to be established:

a) Thermal stability of Krytox MLO-7 1-6 both alone

and in the presence of metal or metals

b) Thermal oxidative stability of Krytox MLO- 71-6

both alone and in the presence of metal or metals

c) Effect of additives on the above processes

2
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In this program oxygen consumption 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 ,

weight loss or gain , and limited surface studies provided additional

but mainly qualitative data.

The studies performed on Krytox fluids in the absence of metals

are summarized in Table 1, whereas the volatiles produced In these

tests are listed in Table 2 .  Paralle l data obtained for experiments

utilizing M-50 coupons are compiled in Tables 3 and 4 with additional

analytical results pertaining to the products evolved being given in

Table 5.

I . Mechanistic Considerations of Volatiles Production

Gumprecht , et al. 6,7 have shown that the thermal decomposition

of poly(hexafluoropropene oxide), C
3F7OCF(CF3)CF2[OCF(CF3)CF

2
]-

OCF(C F3)F produces in vacuo as the main products CF 3CF CF 2 ,
CF3COF and COF2. Examining Tables 2 and 4, it is apparent that the

major products formed in the investigations reported here were SiF
4

- arid CO2 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 nitrogen atmospheres as shown

by Run 11 (see Tables I and 2) .  This instability of fluorinated olefins

In the presence of oxygen has been established by stud ies conducted

on Teflon where in oxygen no tetrafluoroethylene was observed . 8

The following process could be responsible for hexafluoropropene

consumption ,

CF3CF CF2 
—

~~ CF3COF + COF 2

3 
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TABLE I

EXPERIMENTAL DATA FOR THERMAL IDEGRPJ)ATION STUDiLS

OF iutrrox FLUIDS a

Starting Temp 
d Oxygen Tota l ltryt ox 0/C F 0

Test Mater ial Atm Duration Viscosity MW Consumed 
— 

Products Consmd . R at ~o 6

No. b Used F hr Change Total

g ~~ ,~e mg /gt mg ~~~~~~ mg a tm/mel

- 
1 10 ,43  A u - 610 24 —0.38  5500 1 , 7 ~2 0 . 16  1 3 , 7 1 . 3  —

2 11 .82 AIr 540 24 — 5500 1 ,2  22 0 . 10  1 2 . 3  1 . 0  —

3 11.33 N
2 

610 24 — 5500 — — — 0.7 0.1 — —

4 11.87 N 2 610 216 — 5500 — — — 11.5 1.0 — —

5 12 . 0 5  AIr 610 216 +0.80 5500 1 1 , 9  100 0 .98 13 0 . 6  1 0 , 8  — —

6 1 8 . 59 AIr 650 24 +0.89 5500 11 .6 100 0.62 159 .3 8.6 — —

7 20.76 Air 650 24 +0.60 5500 51.0 84 2.46 338.3 16.3 — —
8 3.55 Ak 650 24 +3.70 5600 17 ,0 27 4.79 152.7 42.9 — —

9 3.42 0
2 

650 24 +5.47 5600 17 .9 6.1 5.24 181 .4 53 ,j — —
IC 3.28 02 650 215 +6.01 5600 24 ,8 8,4 7.56 238.0 72,6 — —

ii 10.26 N
2 650 216 +1.02 5500 — — — 64.l~ 6.3 — —

15 28.96 02 550 208 ÷2 ,39 n .d. — — 214 1 73~ 9 — —

19 16.74 0
2 650 24 +1.62 5500 90,0 31.3 5.38 805.7 48 .1 560 1.6~

22 12,44 0
~ 

650 120 +2.63 5500 88.9 30.8 7.15 ‘80 62 .6 410 2,25

23a 13.49 0
2 

650 24 +1 .88 5000 77 ,5 26,8 5, 74 731,1 54.2 480 1.68

25 1 13.23 0
2 

650 24 +0.73~ 5400 k 80.8 27.6 6.11 802 ,1 60.6 550 1, 52

27 12.55 0
2 

650 24 +1 .27 5400 39 .1 12.6 3.12 308.3 24.6 230 1.76

34A 13.43 02 
600 24 — — 21.4 7.5 1,59 25’..S 18.8 — -

348 13.26 0
2 

6110 192 +2 .51 5200 ~0,8 1 4.4 3.08 381.1 2~~.7 — —
• 411 12 ,47 0

2 
500 24 +l.39~ — 2.2 0.8 0.18 2.2 0.2 — —

a) In Test No. 23 Kr yt ox M LO- 76-2 8  was used , in all other tests Kr yt ox M W - F l - S  was emp loyed • bi Test Non , 1-5 were performed in

50 ml sealed am p oules totally enclosed in the furnac e: Test No. 6 was conducted In a 90 ml sealod aro pou le: the remainder of ti - c tes ts  were
performed in 438 ml apparatus In which only the liqui d port Ion of the sample was at the denot cd ~rm ccr3 t u re , ci All  the mea surements  w e’ -~-

conducted at 100 *0 . 0 2 °F using Cannon-Manning sem i-mi c rov iscomet e r s :  if differences betweert untreated Kry t ox fl u ids  and a r i L r ? f l  sarrole
were loss than 0 . 3 5 % .  these are not lI s ted .  di The molecular weight of untreated Kry to x  MLO-71-6 w et  found to be 5500:  th at of Kr’ ~. x
M LO—7 6— 2 8 was fou nd to be 4800. ci Perce nt of the oxygen available. f) O xyqe n consumcd In m o , ,’ of K r ytox em ployed.  q) Products
formed In mg /g of Krytox employed. It ) This Includes 0 , 7 mg in the -78 °C fract ion whic h cou ld not be q u a n t i t a t i v e l y  de te rmined  duo :c’
small sam ple size. I) This test was performed using 17 o f M L O — 7 6 - 3 0  in M L O — 7 l - 6 .  1) The v i s c o s i t y  of the solu tion of I~ of M L C - 7 6 - 3 0
in MLO -71-6 pr ior to heat eat ment was + 0, 85  with respect to Xrytox M L O — 7 1 - 6 .  It ) Th e molecular  weight  of I ” , of M LO- 76-30  in
M LO -7l-6 prIor to heat trea tment was 5400 ,  ii This test was performed us ing a s i lve red  reaction tu ba .

4
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TABLE 3

I 

- EXP ER IM CN TAL DATA FOR TH E RMA l. DEC RAOA TION STUDIES OF

• M-50 METAl. IN ERYTOX FLU IDS

Oxygen Totel KrytoX 0/C 3 F60 Cou pon
Consumed Products Consmd . Weight

Teat Fluid Atm Temp Duration ViscosI t~ MW d “~ r” — — Ratio Ga ls/Loss

No. Used °F hr Cha nge e 1 2 hg ~‘S S mg/g mg mq/g mg atm /mol mg/cm

12 1 2 . 2 2  02 550 24 — 5500 9.0 3 . 1  0. 74 48 .5  4 .0 — — + 0 . 1 8

13 1 2 . 1 3  02 600 24 — 5600 70.0 24 . 6  5 .84  SF6. 7 47,5 340 2 . 1 6  + 0.42

14 1 2 . 3 3  02 650 24 + 1 . 5 2  5500 82 .5  28.9 6.69 7 9 8 . 3  64. 7 560 1 , 5 3  * 0 . 4 2

16 1 12.01 02 650 24 + 1 .90  5600 27 .3 9.6 2 . 2 7  1 8 4 . 9  1 5 . 4  — — . 5.0

17 12 .9 6  02 650 2 16 + 14.93 6900 283.0 100 2 1 . 8  2 623 .5  202 1580 1 .86 — 6.3

18 12 . 80 N2 650 216 — 6500 — — — 47 . 7 3. 7 — — + 0.6

2O~ 12 .87  02 650 24 + 1.49 5900 96.0 3 2 . 6  7 .46 826 .0  64 .1  520 1 .92  + 0,87 k

21 12 .90  02 600 2 16 + 2.98 5500 94.9 33 .3  7.36 774. 9 60.1 490 2 . 0 1  + 3 .0

12 .8 1  02 650 24 a. 1 .26 5000 108 .5  37 .1 8 .47 1 0 2 1 . 0  7 9 ,7  690 1 .63 . 0.67

26 1 14 .28 02 650 24 — 0 4 7 m 5 400
fl 9 1 . 9  3 1 . 8  6 .44 830 .8  50.2 610 1 . 5 6  * 0.67

28A° 12 .93  02 650 48 s.d . — 118 , 6  42.1  9 .1 7  10 5 0 .4  01 .2  — — s.d .
288 1 2 . 1 9  02 650 48 n ,d.  — 130.3  4 5 . 2  10 . 7 1 1 4 3 . 5  93 .8  — — s.d .
28C 1 1 . 3 9  02 6St 48 s.d. — 242.9 03 .5  2 1 . 3  2 1 8 0 . 0  191 — — s.d .
280 9.86 02 650 24 s.d. — 1 1 7 . 0  40.4 1 1 . 9  997.2 10 1 — — s .d.

ZBE 9 . 16 02 650 24 — 8. 13 5000 97 .8 34.0 1 0 . 7 8 9 1 . 8  9 7 ,4  — — — 2 2 . 7

29 1 13 .28  02 600 24 + 076 m S400~ 1.2  0 . 4  0.09 3 . 3  0 .2  — — + 0.36

30 1 5 .46  02 600 233 — 0,38
m sso~

5 90.4 31 .5 14 .0  900.1 139 650 1, 5 4  24.4
31)? 12 .28  C2 600 48 n.d .  — 2, 5 0.9 0.20 8. 7 0.7  — — s.d.

3 18 1 2 . 2 7  02 600 24 s.d. — 1.8 0.6 0 . 1 5  7 .8 0 .6 — — s.d .

3lC 1 2 . 2 7  02 600 24 s.d. — 6 .5  2 .3  0 , 53  1 1 . 9  1 . 0  — — s .d.
4 310 12 . 2 6  02 600 24 s.d. — 8.9 3 . 1 0. 72 1 5 . 7 1 . 3  — — s.d.

3 1E 1 2 , 2 5  02 600 24 s.d. — 7.8 2. 7 0.64 1 5 . 0  1 . 2  — — n.d.
- 31F 1 2 . 2 4  02 600 24 s.d. — 9 .5  3 .3  0.18 )2 . l  2 .6  — — s.d.

3l G 12 . 2 2  02 600 24 s.d. — 22 . 1  1.7 1 .81 2 3 8 . 2  1 9 . 5  — — nd.

3 lH 12.06  02 600 24 _ m 5600 2 5 . 1  8. 7 2 .08 2 7 8 . 5  23. 1 — — — 3 2 . 7

33 1 1 3 . 2 1  02 650 46 + 0.64 s .d.  120 . 7 4 1. 7 9 . 1 4  12 7 6 . 8  96. 7 170 1 . 6 3  *
35 1 9~ 37 02 600 24 + 3.20 5600 -.2.0 0, 1 0 . 2 1  2 . 2  0 .2  — - . 0.30

a) In Test No. 24 Er ytOx ML0-7 6-28 was used , in all the other tests Itrytox MW-l i -h  was emplo,’ed. bi In these tests only the U’~’..Id portion of the
sample was at the denoted tem pe rature : the apparatu s used was equipped with0 a finger—like proj ection , the volume of the apparatus minus  the Cryt ox(~ 12 g) was 416 nil. ci All the measurements were conducted at 100 *0 .02  F using Cannon—Massing nem l-micro v isco,n et ,r s If differences be tween
untreated krytox f lu ids  and a given sample were less than 0 . 3 5 % ,  these were not l i s ted .  d) The molecular weight of the untr e e red It r’ytox ML O- 71-6
was found to be 5500; t i-at of Kr yto x Ml,C,-76-20 was found to be 4800.  e) Percent of the oxygen avai lable .  fl Oxygen conr wd in mg. g of Kr r.çtox
employ ed. g) Products formed In rna/ g 01 Kevin,. empl oy ed, hi The area of the coupon (both a ides , i ncludi ng the are a of the is) ii. 1.6459 cm
I) The Itrytox fluid , M L O- 7 l-6 used In this test was pro tracted at 650 F (see Test No.  I S ) .  J )  In th I s  test three M - 5 0  coupons wer e employed.
hi ThIs ii the avsra qe wright gels of the thre e coupons . I) Th I n test  wee performed u sing 1% of M t 0 - 7 6 - 3 0  in M L 0— 71-6 .  ml The visc osi t y of the
Solution of 1% of M LO -76-3 0 In M l,0 — 71— 6 prior to heat treatment wan .0 .85 with respect to Itrytoti ML O-? l —6.  n) The molecular we ight of 1% of
M t O-16-3 0 In M LO—7I- 6  prior to heat t reatment was 5400. 0) Tests 20A- 28D were performed ute p’*lse , removing the cnnden ul ble$ and
replen ishIng oxygen at times ipe cified. The weight of fluid employed in Tents 200- 20C was calcul a ted using the expression . 0. 701 x w eiq ht  of
product0 formed • fluid w r I g h t  loss. p1 Tests 3 lA—H were p er formed using 1% of M W-7 6-3 0  in MLO— ll - 6 , removIng the condensib iss end r epl enishIn g
oxygen at t imes specified. The weight of fluId employed Is Teats 3 18—3 114 was calculated using the •ir pr esa ion: 0. 734 a weIght of products formed —
fluId W Oi 9 h t  b aa .  
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although it is more likely that in the presence of oxygen , the polymer

radical unzips directly into CF 3COF and COP 2 ,  i. e, :

—Wh-CF-CF -0-CF-CF o (0) 
~ CF COF + COF ,

2 2 3 2
CF 3 CF3

The production of CO2 and SIF 4 is due to the reaction of the prim ary

product such as COF 2 with the glass surface:

2 COP 2 + Si02 ‘- SiF~ + 2 CO2

Regarding the fate of CF 3COF , several possibilitie s exist.

Under the existing conditions , COF 2 might be predominantly formed

or the originally liberated CF3
COF degrades further via salt type

pyrolysis found to be operative in the case of e.g. the sodium salt

of trifluoroacetic acid , i.e. :~

0 0 0 0
I I I I

-O-Si-O-Si-0- + CF COF ~ -0-Si-F + CF COO-Si-0-

0 0 0 0

COF 2 
(0) CF2 : ÷ CO2 + F-Si-0—

0

Another poss ible path involves hydrolysis followed by

degradation , i. e.:

CF 3COF + H 20 . CF~C0OH + HF

CF3COOH CF~H + CO2

Since In all the tests only small quantities of CF3H were found this

process is either relatively unimportant or CF3H once formed is

~

-- -

~

-- - -- - -  
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oxidized further. The production of volatile hydrogen-containing

fluorocarbons is to be expected inasmuch as the se type s of products

were also encountered in the degradation of perfluoroalkylether

substituted heterocyclics ‘ 
. Regard ing BF3, this compound is

formed in a reaction analogou s to that responsible for SIP 4 production .

Based on the above equations to degrade poly(hexafluoropropene-

ox ide) to CO2 
and SIF

4 
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

1, 3 and 8) it varied from 1.5 to 2.2. If one considers the difficulty

of weighing back accurately the remaining fluid the agreement with

the theore tical value is not as bad as would appear fro m the observed
spread ,

To possibly eliminate the interaction of the primary products

with glass walls one of the experiments (Test 27 , Table I) was conducted

at 650°F in oxygen for 24 hr in a silver coated glass tube . At the con-

clusion of the heat treatment the portion of the tube which was submerged

In the hot zone was covered by a yellow deposit . In the volatile s formed

(see Table 2) no BF 3 
was detected; consequently, it can be assumed

that the yellow deposit was silver fluoroborate , AgBF 4 . Unfortunately ,

in view of the small quantity of the material produced , It could not

be subjected to any analysis. Based on the oxygen consumed and

volatiles formed , It appears that the degradation process is inhibited

by the pre sence of silver salts. If one compare s Tests 19 and 27

(see Table 2) ,  the actual degradation in the silver coated tube is

approximately 50% of that observed under normal conditions . The

product mix is markedly different from that found in the absence of 



silver; as noted , no boron trifluoride was detected and the quantitie s

of CF3COF and COF2 were greatly reduced (Indicating that these

species reacted with silver) . Also , the relative concentration of

carbon monoxide was increased.

No further tests were performed in apparatu s other than

glass. In view of the reproducibility of the results obtained in glass

tubes and the absence of volume to surface area effects upon

degradation extent It seems reasonable to assume that glass affects

only the degradation products not the process itself .

2. Degradation Studie s in the Absence of Metal

Examining the data contained In Table 1, several points become

apparent :

a) In the absence of oxygen (air) , even at 650 °F , the extent

of degradation as determined by volatile s 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 volatile s produced

(Tests 2 , 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 ox ygen and

volatiles production Is observed during the followIng 192 hr.

d) The rate or rather extent of reaction Is not greatly affected

by using pure oxygen instead of air (compare Tests 8 and 9)

as long as the oxygen partial pressure is kept above a

11
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certain minimum (compare Tests 1 and 34A) , i .e. not more

than 30% oxygen de pletion 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 batche s of Krytox reached d ifferent extents of

degradation under identical conditions (compare Tests

19 and 23).

g) The fluid recovered afte r all the tests listed exhibited the
*same infrared spectral and DSC characteristics as the

starting material. The changes in molecular weight and

viscosity were experimentally not significant.

h) The additive , MLO—76-30 , was found to arrest the

degradation at 600°F at least for the first 24 hr period

(compare Tests 34A and 41); however , as determined

by criteria employed under this program , it was

completely ineffective at 650°F (compare Tests 19 and 25).

This result Is contrary to that reported by others’.

Based on the findings cited above it can be deduced that up to

650 °F Krytox is oxidatively stable . The limited degradation observed

at 650 °F must be due to an oxidative Instability of some weak links or

end groups present In the flu id . This oxidation of these end groups 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)

*DSC -a d ifferential scanning calorimetry

12
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nor the liquid surface to volume ratio do significantly affect the

extent of reaction in turn indicate s that , at least over the time periods

employed , the fluid must contain sufficient oxygen to produce “ complete ”

reactIon of these end groups 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 material (molecular weight , viscosity ,

infrared spectral characteristics) and a specific constant degre e of

decomposition (as measured by oxygen consumed and volatile s formed)

was reached reproducibly with a give n fluid batch it must be deduced

that a certain number of chains had to be hyd rogen terminated. These

would be oxidatively relatively unstable and once attacked would

proceed to unzip . In this way only a limited numbe r of volatile s

would be formed , which was found to be the case (see Table 2) and

once all the “weak” chains were consumed or “burned off” a stable

fluid would result . It can be speculated that the additive arrests this

process , at least at 600°F , most likely by reacting with the radicals

originally formed. Based on the fluid consumed on prolonged exposure

to oxygen at 650 °F, the hydrogen terminated chains account for

ca 3.3% of Krytox MLO-71-6. The theory that the weak link s or rather

end groups are indeed hydrogen atoms and that the additive action

prevents the oxidation of these hydrogen terminated chains was subse-

quently supported by the finding that the additive MLO-76-30 effectively

suppresses the degradation of C3F7OCF(C F3)CF 2 {OCF(CF 3)CF 2 i~
OCF(CF 3)H

type fluid s

13 
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3. Degradation Studies in the Presence of M-50 Alloy

The degradation extent of Krytox MLO-7l-6 in the presence of

M-50 ball bearing alloy coupons In a non-oxidizing atmosphere , e .g .

nitrogen , was fou nd to be negligible even at 650 °F (see Table 3 ,

Test 18) . It is apparent that degradation in oxygen at 550°F is also

not very extensive (compare Tests 12 and 18) , yet increases by a factor

of ‘~ l0 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 1).

Also surprising is the finding that the use of more than one M-50

coupon failed to affect the exte nt of degradation as compared to that

reached using one coupon only (compare Tests 14 and 20 , also 28A

and 33). No really significantly increased degree of degradation was

noted on heating the flu id 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 6 00°F the metal is

merely accelerating the rate of the oxldative degradation so that the

extent reached at 600 °F approaches or equates that found at 650°F

under parallel conditions but in the absence of metal . It again supports

the stipulations advanced above that this process must be due to some

weak links , most likely hydrogen end groups .

The actual proof of the above theory is the stability of the

fluid pretreated at 650°F in oxygen (see Test 15 , Table 1) to M-50

coupon at 600 °F In oxygen (see Test 35 , Table 3) as shown by the

minimal amounts of oxygen consumed and volatiles evolved in addition

to the unchanged appearance of the metal coupon Itself. Figure 1

14
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650 °F plus M—50
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8 

/

- 
‘

~~~~ 600°F plus M-50

1

~~ 600°F plus M-50 (Kr ytox pre treated at 650 °F)

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

~~. .— 600°F plu s M-50 plu s MLO-76’-30
I I I I I

2 4 6 8 10
Days

Figure 1. Oxygen Uptake by Krytox MLO- 7l-6
as Function of Time
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Is a graphical presentation of the results of these specific tests ,

upon which the mechanistic deductions are based .

At 650 0 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 increases with time . This is shown by the Test

Serie s 28 (see Table 3). Each of these tests was conducted for the

period of time recorded in Table 3 . At the end of each period the

volatile s were removed , separated Into liquid nitrogen condensible s

and noncondensible s , measure d and analyzed. Subsequently, fresh

oxygen was introduced and the re sidual fluid was heated for the next

designated period . The quantity of Krytox MLO-71-6 give n In Test 28A

was weighed in , all the other quantities were calculated based on

Test 14 using the expression:

Krytox weight loss in g = 0 .56 x total products 
= 0. 701 x total products .

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 illustrated by the data presented in Table 6 and

the graph given in Figure 2 wherein “corrections ” for the -weak link

process ” have been incorporated; Test 14 - Test 19 or Test 16 (wherein

pretreated Krytox was employed) being thus give n 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 lI r u s tI l  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

16
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TABLE 6

SE LECTED RATE S OF OXYGEN CONSUMPTION AND
PRODUCT FORMATIO N AT 65 0°F IN OXYGEN a

Test No. mg O2 /g mg O2 /g/hr mg Prod /g mg Prod/g/hr

14 6 .69  0 .28  64. 7 2 .70
16 (pretreated fluid) 2,27 0.09 15.4 0.64

19 (no metal) 5.38 0.22 48.1 2.01
14—19 1.32 0.06 16 .6  0 .69
28A 9.17 0.19 81.2 1.69

28A—l 4 2.48 0.10 16.5 0.69
28B 10.69 0 .23  93.8 1 .95
28C 21.33 0 .44  191 3. 98
28D 11.87 0 .49  101 4 .21
28E 10.68 0.45 97. 4 4.06

a) For experimental details see Tables I and 3.

TABLE 7

RATE OF OXYGEN UPTAKE AND PRODUCT EVOLUTION AS A FUNCTION
OF SUCCESSiVE EXPOSURE S OF KRYTOX MLO-7 1-6 PLU S ADDITiVE

MLO-76--30 TO OXYGEN AT 600 °F IN THE PRESENCE OF M-50

Test No. mg O2/g/24 hr mg Prod/g/2 4 hr

29 0 .09 0 .25
3 lA— 29 0.11 0 .44
31B 0.15 0 .64
31C 0.53 0.96
31D 0. 72 1.28
31E 0.64 1.22

31F 0.78 2 .62
3lG 1.81 19.46
3lH 2.08 23.09
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other instances it was increased) , no diffe rence could be noted in the

residual fluid neither by molecular weight measurement nor by infrared

spectral analysis. One is , therefore , tempted to speculate that the

rate Increase observed w ith time of exposure is not caused by a change

in the fluid but is due to production of active site s or specie s by the

metal which promote scissions to occur , these being then followed

by unzipping .

To assess the effect and efficiency of the anti-oxidant/anti-

corrosion additive supplied by AFML , Runs 26 , 29 and the Run 31 series

were performed . As noted previously, the additive is not effective

at 650°F (compare Tests 26 and 14 , Table 3) . This has nothing to do

with the presence of metal since in the absence of M-50 essentially

the same degradation behavior was observed (compare Test 25 , Table 1).

At 600 °F, however , completely different results were obtained (see

Run 29 and Test Serie s 31, Table 3) Inasmuch as the degradation was

greatly suppressed (compare Tests 13 and 29) as evidenced by oxygen

consumed , products formed and coupon appearance and we ight change .

Over an extended period of time , the rate Increase remained essentially
- the same (seven days) , especially with respect to the volat iie s formed.

Yet , It can be seen that some ox idation of the additive itself was taking

place af ter the th ird day . This is evident from the data presented In

Table s 3 and 7 and especially from the graph given in Figure 3. Between

r the 7th and 8th day (see Run 3lG) , the rate of degradation increased

markedly and from the break in the curve it can be deduced that a

differen t mechan ism comes into play at that stage . The latter assumption

is supported by the natu re of products formed Qnd the ir relative distri-

bution if one compare s the results of Runs 13 and 3lG (see Table 4 ) .

The action of the additive is still evident in Test 3lG by the lower

degradation rate , as compared to Test 13 , and the higher re lative

19 
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proportion of carbon muitoxide among the degradation products.

Actually it should be noted that even after 9 days of heat treatment in

oxygen the total oxygen consumed and products formed were somewhat

lower than the value s found under analogous conditions in the absence

of the additive , i. e ., 7 .36 versus 6.91 and 6.01 versus 5.00 respectively

(compare Test Series 3lA through 31H with Test 21 and Test 13) .

Examining the data plotted in Figure 3 and adding the total oxygen

consumed and volatile s formed , it is apparent that the additive is very

effective for six days in limiting the extent of degradation. However ,

after the nine day period the degradation , especially with respect to

coupon weight loss , become s severe . It should be noted that the

volatile product mix formed in the experiments utilizing the additi~,e

was significantly diffe rent from that found in the runs without additive ,

especially with respect to the CO quantitie s formed (see Table 4).

Based on the studies performed it can be concluded that the additive

acts by inhIbiting the degradation of the fluid itself , not by interacting

with the metal surface . The metal is unaffected because no corrosive ,

Rf COF~ type compound s are produced . Inasmuch as in the absence

of the additive the metal does accelerate the degradation of the weak-

ended chains it can be further speculated that this catalyzing action

is due to metal fluorides. It is believed that given sufficient time in

the presence of oxygen at 600°F all the hydrogen terminated chains

would be degraded even in the absence of metal , i.e . a degradation

level identical to that fou nd at 650 °F would be reached .

4. p~gradat ion Studies in the Presence of Tl(4A.1, 4Mn ) Al~~y

The investigations conducted utilizing Ti(4A1 , 4Mn) alloy In

Krytox MLO-7l-6 fluid are summarized in Table 8 and the type and

quant ities of the volatiles liberated are give n in Table 9. Comparing

L - - - 
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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 volatile s produced ,

is significantly acce lerated by the presence of the titanium alloy .

Actually the 24 hr exposure at 600 °F is more severe for tFe fluid than

48 hr at 650 °F in the presence of M-50 (compare Test 36 , Table 8 with

Test 28A , Table 3) . Based on the quantity of volatile s produced and the

oxygen consumed at 600°F in the presence of the TI (4A1 . 4Mn) alloy ,

it can be deduced that at 600°F the degradation involves chain scissions ,

not j ust  the weak end groups , which is postulated for the M—50 action

at 600 °F. This stipulation is supported by the observed decrease in

molecular weight and viscosity of the residual fluid

In view of the findings generated in the investigations of the

M-50 alloy it was expected (see Table 3 , Tests 13 and 21) that

possibly at 550°F the titanium alloy merely accelerate s the degradation

due to the “ active ” end groups (as was found to take place with M-50

at 600°F). However , this does not appear to be the case with the

Ti(4A 1 , 4Mn) alloy which is evident from Tests 37 and 39A-39C (see

Table 8) and even more so from the compilation in Table 10 and the

TABLE 10

RATE OF OXYGEN UPTAKE AND PRODUCT EVOLUTION AS A
FUNCTION OF SUCCESSiVE EXPO SURE S OF KRYTOX MLO-7 1-6

TO OXYGEN AT 550°F IN THE PRESENC E OF Ti (4A1, 4Mn) ALLOY

Test No. mgO 2 /g Krytox/hr mg Prod/g Krytox/hr

37 0 .0 7  0.69

39A—37 0 .14  1.32

39B 0.30 3.04

39C 0.46 4 .62
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graphical presentation In Figure 4. A similar action was observed with

M—50 at 650°F (see Figure 2); however , the operative mechanisms

must be diffe rent . This Is shown by the d iffe rent types of products

formed; namely the absence of carbon monoxide and hydrogen terminated

fluorocarbons as well as the production of materials of the gene ral

formula C3F7 [OCF(CF 3)CF2
] 0C2 F5 and C2 F6 (see Table 9). The

reduction In molecular weight of the residual Krytox and the drastic

decrease of viscosity in conjunction with the production of the

compounds of the type just mentioned would tend to show that chain

scisslons by a fluorinating agent , e .g .  AIF3, do take place . This

stipulation is in agreement with the work of Gumprecht who indicated

that the attack by AIF 3 leads to chain scissions and formation of

C F -terminated materials via the mechanism depicted below:2 5  F\ ,,,F
(~~A1.%F F F

I +—
—sw-CFCFOCFCF -~~- + A1F —

~~~ —w-CFCF CFCF O-~~—2 3 
~~~ 

2
CF3 CF 3 CF 3 CF 3

_
~1W.,~CFCOF + C2 F5CF 2 O-’~4-- + AIF 3

CF 3

A B

Of the two fragments A can degrade fu rther without assistance from

AIF 3 whereas B is a lower molecular we ight “Krytox ” telomer.

Inasmuch as no degradation was observed in the presence of

Ti(4A1 , 4Mn) alloy in an inert atmosphere even at 600 °F (Test 45 ,

Table 8),  It has to be assumed that at that stage AIF 3 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 already at

25
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550°F Krytox MLO-7l-6 undergoes thermal oxidative degradation

(Test 2 , Table 1). Consequently , at this temperature A1F3 is conceivably

formed via reaction of e . g . A12O3 (formed by surface oxidation of the

alloy) with the fluid ’ s oxidation products , COF2 and CF3COF , most

like ly via the path delineated for SIF 4 production . This type of a

process would also explain the rate increase with time (see Figure 4)

since the concentration of AIF 3 would Increase as degradation would

proceed . The postulation regarding AIF 3 formation and its action is

strongly supported by Test 43 (Table 8) whereIn pre treated Krytox

MLO-7l-6 (i .e.  fluid fre e of the weak end groups) was employed and

where the exte nt of degradation as measured by volatile s produced and

oxygen consumed and as judged by coupon appearance changes was almost

nil as compared to Test 37 in which the as received Krytox MLO-7l-6

was used. Similar results were obtained in experiment 44 , whi ch was

conducted in the vicinity of 600 °F. Thus it would seem safe to postulate

that at least up to 600 °F ox ides of the metals present in the Tl(4A1 , 4Mn)

alloy do not degrade hexafluoropropy lene oxide derived telomers , providing

these are terminated by a perfluoroa lkyl moiety , i .e .  compositions

of the type C3F 7(OCF(C F3)CF 2I XOR f .

The hypothesis has been advanced In the previou s discussion

that the anti-oxidant/anti-corrosion additive M LO- 76-30 functions

by preventing the weak end group initiated degradation of Krytox . In

agreement with this theory virtually no degradation took place by

subje cting 1% of MLO-76-30 in Krytox MLO-7 1-6 for 24 hr to oxygen at

550 °F and 600 °F in the presence of a Ti(4 A1 , 4Mn) coupon (see Tests

40 and 42 ,  Table 8). Comparing experiments 34A and 41 (Table 1) ,

it Is apparent that the additive , in the absence of metal , reduced

oxygen consumption and volatile products formation by factors of 8

27
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and 90 , respectively; however , the really drastic reduction become s

apparent in the presence of the titanium alloy (compare Tests 36 and 42 ,

Table 8) where these factors are 80 and 1400 , respectively. The

apparently much greater effectiveness of the additive in reducing

volatiles production as compared with its effectiveness in reducing

oxygen consumption must be attributed to the oxygen-additive

interaction as discussed in Section 3 above , The essentially

unchanged viscositie s and the lack of coupon weight gains or losses

further illustrate s the additive action. It should be added that the

coupon after Test 40 was shiny but of a golden color , whereas after

Test 42 it was dull with a reddish tinge ; in all the other runs with

Ti(4A1 , 4Mn) alloy , where extensive fluid degradation occurred , the

coupons were invariably coated by a white deposit,

Comparing experIment No. 43 , wherein pre treated flu id was

utilized , with Run 40 , which was conducted under analogous conditions

but In the presence of the additive MLO-76-30 , it Is apparent from the

oxygen consumed , volatiles produced and coupon appeara nc’~ that the

results were identical, Thus the pre treatment was as effective as

the additive at 550°F in arresting metal corrosion and fluid degradation .

At “600°F” (Run 44) , however , the additive was more effective by a

factor of 20 than the pretreatment as show n by oxygen consumed and

volatiles formed. On the other hand , it has to be noted that in Run 44

the temperature was 605°F whereas in Test 42 it was 600 °F. It is possible ,

yet unlikely, that this difference in temperature could be responsible for

the re sults observed inasmuch as at 650°F both the pretreatment and

the additive were found to be totally ineffective . It should be noted

that the pretreatment reduced the fluid degradation at 605°F (Run 44)

as compared to analogous conditions (at 600°F) using the as received

28 



Krytox MLO—7 1-6 (see Test 36) by a factor of 30 with respect to

oxygen consumed and volatile s produced , but the coupon itself was

covered by a white film ,

In the case of M-50 alloy , it was found that the use of more

than one coupon (see Tests 20 and 33; Table 3) failed to significantly

increase oxygen consumption and volatiles production. In the case of

Ti(4A1 , 4Mn) alloy , as can be seen from comparison of Tests 36 and

46 , more extensive degradation took place ; however , it was less than

would be expected from the relative surface area increase .

5. Metal Surface Analyses

Under this program only very preliminary surface analyses were

performed and these were limited to the M-50 Investigations. The

actual analyses were conducted by Seal , Inc. ,  using secondary ion

mass spectroscopy (SIMS) and ion scattering spectrometry (ISS) .

The results of the latter analysis were of an unusual nature and did

not lend themselves readily to Inte rpretation; consequently, the

major effort was concentrated on SIMS analyses.

To allow meaningfu l deductions, in addition to metal coupons

subjected to specific tests , as identified by the test sample designation

corresponding to that given in Table 3 , one coupon as received , one

polished and washed , and one coupon treated In nitrogen at 650 °F for

24 hr in the absence of fluid were also submitted to Seal , Inc . for

analysis .

The results of the positive and negative SIMS analyses at

-..950~ below the surface are presented in Table s 11 and 12 , respectively.

Before discussing these results it should be pointed out that a detailed
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• TABLI I)

COMPLETI POSITIVI SIMS . 
3
Ho~ PROBI GAS : 900-1000 A BCLCW SURI’AC C

Sampl.’1

Ion AR P MT 12 13 14 16 17 18 20T 20M 208 Ident If icat ion

10 300 40 60 50 10 20 108
11 1180 160 2 4 0 140 230 2 10

12 310 400 630 144 0 17000 820 250 530 540

13 80 320 80 40 60 13C. CII
16 60 60 120 50 80 30 0

59 1000 800 1440 1920 1220 1280 3140 1050 1900 1750 1’

23 1140 1960 4840 1180 2400 1460 200 eoo 3980 480 800 5530 Na

21 120 120 200 200 50 280 320 70 100 C2. M g

27 160 140 380 330 400 200 200 90 160 830 Al

28 170 120 2660 370 340 380 60 300 340 350 310 S I , C
2H4, 

etc .

29 260
31 70 2700 2080 120 60 100 CF

39 265 840 1200 580 860 130 220 760 1440 210 320 380

40 90 140 140 230 460 80 120 340 60 130 90 40
Ca

41 80 60 70 40 40 140 40 40 41
K

45 120 7
47 220 480 120 SIT . COT

50 200 500 660 360 300 200 200 CF2
51 430 860 1180 1200 1800 1400 1300 600 900 600

52 610 1080 2380 4000 6200 6400 360 1840 4 900 3000 4100 3400 52
Cr

53 115 140 340 600 1000 1100 320 800 500 600 600 53
Cr

54 100 160 920 2500 4600 5200 460 14 00 3900 2000 3 100 3100 S4
~~ 

S4 c
56 1150 1820 10660 27500 46200 44600 5700 14800 40200 22000 31900 30700 56 Fe
57 340 1000 2000 2100 480 1600 1000 1000 1000 57

Fe

69 5820 1320 Cr3
70 152 12 4 VT

7) 156 220 334 24 2 270 168 CrF

72 184 352 426 84 210 160 Cr0

73 270 550 732 204 350 248 Cr9’. FCF
75 652 642 141 4 1026 1242 464 1142 1108 56 FeF

00 136 76

82 200 
56

0 0

92 78 72 156 166 198 34 0 7 70 46 108 86 
92

Mo

97 280 7 CF2COF
98 130 230 186 162 90 98

Mo

100 66 128 68 2120 510 116 32 80 60 C2 r4
108 66 78 96 36 7 46 7 36

012 262 406 350 66 272 110 216 130
114 108 76 146 90 78 124 62 72 76 1

~~ Sr.
116 42 62 10 30 66 36 116 Sn
119 1264 230 C2F5
128 48 72 tOO 104 118 62 46 C

2F4C0

131 646 126 C3F5
139 484 La

147 248 C2F4COF

150 1 202 202 c 3 r6
155 156 LaO
157 66
165 1350 182 C3

)’7
181 120 48 c- 4 r ,

a) AR — as receIved , P • potlshnd , II? - _ inst tr ,uted s~ 650°F , 24 h r . N2 . no fluid . T — ) ‘ p .  N • mIddle , B — bottom : elI I: : .

6r run nommm I~~r..
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a

analysis of the data collected is not possible due to limitation of

funds , absence of reliable ISS results , and the presence of a large

variety of species in the surface commonly not encounte red in metal

surface analysis work . Furthermore , this presence of a large variety

of species in the surface makes a comparison of different samples

difficult since a large abundance of one species will decrease the

extent of ionization of another species, When comparing the output

at 56 (56 Fe) , which may serve as an “internal standard ” , It can be

seen (Table 11) that the counts registered can vary by a factor of 40

(1, 150 in the “as received” (AR) sample compared to 46 , 200 in Test

sample 13) . However , it can definitely be discerned that the untreated

coupons (AR and P in Table 11) have the iron present in considerably

lower state s of activation than all the other samples. Test sample 16

(5 , 700 counts at 56 Fe) would seem to be an exception; yet when taking

under consideration the relatively large abundancie s at 31 (CF) and

69 (CF3) the relatively low 56 output may become understandable .

It is also clear that all samples exposed to the fluid contain

fluorine and metal fluorides in the surface (output at 19 , 70-75) .  The

pre sence of a 19 signal in the SIMS of the “heat treated” (HT) coupon

(heated at 650°F for 24 hr in nitrogen in the absence of fluid) seems
10 Il 28 ,surprising; however , when considering the presence of B , B , Si ,

and e .g .  SIF (47) in the surface it must be concluded that the walls

of the previously used and therefore etched decomposition tube had

retained fluorine-containing specie s despite washing and flaming ,

which during the 24 hr heating period were released as, e . g . ,  8F 3
and S1F 4 ; these specie s apparently became deposited on the coupon

surface . These results of the positive SIMS are supporte d by the

negative SIMS spectra (see Table 12) .
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A further definite conclusion from the positive SIMS data is
that those metals present in the M-50 steel , which can form volatile
fluorides , are severely depleted with respect to iron In the surface
at least to a depth of “~1,000.~. This become s particularly evident
when all outputs are normalized for a constant 56 Fe count of 1, 000.
Inspection of Table 13 shows that vanadium and chrom ium in all coupons
exposed to Krytox MLO-7l-6 are reduced to 10-20% of the value found
In the untreated samples. Even the “heat treated” coupon (HT) showed
this depletion , although to a lesser degree , It Is of interest that the
degree of “volatilization” of vanadium and chromium out of the surface
apparently is the same irrespective of temperature (see Test sample s
12 and 14 , Table 13; 550 and 650°F , respectively) , exposure time
(see Test samples 14 and 17; 24 and 216 hr , respectively) , or atmosphere
(see Test samples 17 and 18; oxygen and nitrogen , respective ly) .

An analysis of concentration variations with depth into the
surface is rather Inconclusive . One would expect the concentration
of those species deposited of formed (e .g . ,  fluorides and fluorocarbo n
fragments) to be highest at a shallow depth and to decrease with
increasing distance from the surface . The opposite would be expecte d
for the constituents of M-50 , e.g., iron , chromium and vanadium .

Examining Table 14 it can be seen that this trend is followed in all
significant masses by Test sample 17. The fluorocarbo n fragments
19 (F) , 31 (CF) , 50 (C2 F4) ,  and 69 (CF 3) and the fluorides , e . g . ,
75 (FeF) are less abu ndant at greater depth than in the surface , whereas
the abundancles for the metals 52 (Cr) and 56 (Fe) Increase with greater
depth . However , In Test sample 14 this trend for the metals (51 , 52 , 56)
is reversed for unknow n reasons , as it is reversed for the fluorine-
containing specie s (19 arid 31) in Test sample 18. Quite obscure is the
finding for Test sample 16 that the concentration of 19 (F) on the surface
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(4R) is slightly lower than at ~~~~~~~~ whereas the concentration

variation for fluorocarbon species (31 , 50 , 69) w ith distance from the

surface is as expected .

To summarize, the SIM S spectra allow the following stipulations

to be made: (a) the metals In the coupons exposed to Krytox MLO-71-6

fluid are present in a higher state of activation as compared to the

untreated specimens; (b) at 950 R deep into the surface fluorine ,

• metal fluorides , and species con taining C-F and C-F-O entitle s are

present; (c) vanadium and chromium are severely depleted with respect

to iron in all the treated samples. The extent of depletion seems to be

unaffected by variation of exposure time , temperature , or atmosphere .

A comparison of the SIMS spectra obtained at diffe rent distance s from

the surface (4 , 40 , 900 
~~~ ) unfortunately was Inconclusive.



SECTION III

APPARATUS AND EXPERIMENTAL PROCEDURE S

The sample decomposition tubes and the metal specimen holders

were constructed essentially In the same manner as those used in the
• AFML Micro-O-C test 2 ’3 (see Figures 5 and 6) with the exception that

the tube s were closed via a 29/4 2 grou nd Joint adapter with 0-3 mm

Teflon stopcock and 10/3 0 ground Joint for ready attaching of the system

to the high vacuum line. To provide a greater supply of oxygen for

any oxidation process , these adapters were furthermore equipped with

a ~‘-‘250 ml reservoir as shown in Figure 5. For reproducible centering

of the metal specimen holder a positioner was constructed which hold s

the rod of the specimen holder in the center of the 2 9/4 2 ground joint

as shown in Figure 6.

To reduce the liquid volume the metal coupons ’ size was

scaled down from 3/4 ” OD , 1/4” ID to 3/8 ” OD , 1/8 ” ID. This allowed

the use of as little as 6-8 cc of fluid per actual run. For heating of

sample tubes in a vertical position , which is necessary in all experiments

Involving metal specimens , a Lindberg Hevy—Duty box furnace , Type 51232 ,

was modified as follows. A stainless steel sample block (85 x 125 mm ,

100 mm high) was equipped with a 9 mm diameter , 83 mm deep center

hole to accommodate a thermometer or thermocouple and two 27 mm diameter ,

83 mm deep hole s , 30 mm cente r to center along the 125 mm length of

the block , to allow the insertion of two sample decomposition tubes.

This sample block was placed Into the cavity of the box furnace In such

a fashion that the bottom of the sample tube was located 170 mm above

the bottom of the box furnace (see Figure 7).  The box cavity was closed

by a 65 mm thick cover made of castable InsulatIon 22 manufacture d by

A. P. Green Re fractories Co. This cover contains two 27 mm diameter

and one 9 mm diameter holes so that two sample decomposition tubes
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and a thermometer or thermocouple can extend out of the box furnace

cavity .

In a typical experiment the fluid was introduced into the

degradation tube (see Figure 5) which was then evacuated and filled

to a known pressure at a known temperature with a selected gas

(air , N 2 or 02).  Inasmuch as the apparatus was calibrated the

quantity of gas thus introduced was exactly known. The degradation

tube was then inserted Into the preheated box fu rnace and kept there

for a specified period of time ; throughout this exposure the temperatu re

was continously recorded. Alter removal from the furnace the tube was

allowed to cool to room tempera ture , attached to the high vacuum

line , and opened . The liquid nitrogen noncondensible s were collected

quantitatively , measured , and analyzed by mass spectrometry . The

liquid nitrogen condensible s , which were volatile at room temperature ,

were measured , weighed and analyzed by infrared spectroscopy , mass

spectrometry , and GC-MS. The fluid re sidue itself was weighed and

subjected to Infrared spectral analysis , differential scanning calorimetry

(DSC) , molecular weight measurement , and viscosity determinations.

The molecular weight of Krytox was found to be 5500 using a

Hewle tt-Packard osmometer Model 302 . The primary standard used

was tris-perfluoro-n- heptyl- s-trlazine; measurement s were conducted

In hexafluorobenzene . In all the determinations of the treated Krytox

the original Krytox sample (as received from the Air Force Materials

Laboratory) was u~~~i ac the standard . Consequently , regardless of

the absolute value of Krytox molecular weight the relative diffe rence s

are with respect to this untreated material.

The metal coupons prior to testing were polished using first

Norton No—Fil Durite finishing paper Type 4 220A . This was followed
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by open coat Silicon Carb ide papers grade s 400A and 500A , respectively. -

Subsequently the coupons were washed with Freon 113, dried , we ighed , -

and suspended In the test apparatu s (see Figure 6) . Alter the completion

of a give n experiment , the me tal cou pons were we ighed , after washing

with Freon 113 and drying inside an inert atmosphere chamber , visually

inspected , and selected specimens were subjected to SIMS (secondary

ion mass spectrometry) and ISS (ion scattering spect rometry) analyses.
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