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FOREWORD

This annual report describes the work performed by Ultrasystems,
Inc, during the period 6 November 1981 through 30 June 1983 under
Contract NAS3-22517, "Thermal Oxidative Deyradation Reactions of
Perfluoroalkylethers". The investigations viere carried out by D, H,
Harris, M. E. Smythe, R. H. Kratzer, and K, L. Paciorek, project
manager, at the Chemlcals and Materlals Research Department, Irvine,
Callfornia. The contract was administered by the NASA Lewis Research

Center with Mr. William R. Jones, Jr. as the project manager.,

We would like to acknowledge the cooperation and assistance
of Mr. C. E. Snyder of the Air Force Wright Aeronautical Laboratories,
Fluids, Lubricants, and Elastomers Branch. We also would like to
express our indebtedness to Dr. Paul R. Resnick of E. I. DuPont de

Nemours and Company for providing a model perfluoroalkylether.
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1. SUMMARY

Investigations of the thermal oxldative degradations of unbranched
(Fomblin Z) and hexafluoropropene oxide derived (Krytox 143AC) fluids in
the presence of pure metals and metal alloys, as well as evaluation of
the effect of additives are reporied, Both the P-3 (perfluoroalkylether-
substituted perfluorophenylphosphine) and the monophospha-s~triazine
additives at 1% by welight concentratie:t prevented the decomposition of
Fomblin Z fluid for over three days in oxygen at 28800. The degradation
inhibiting actlon persisted even at 0.1% concentraticn in the case of
the monophospha-s~triazine, In the absence of the additives, essentially

complete degradation occurred within 8 hr.

Limited data indicated better protection of M~50 surface by the
monophospha~-s~triazine than P-3 inhibitor, Based on the naiure of
products formed in the aegradations catalyzed by metals, the same bond
scission mechanisms appear to be operative in both types of flulds.
Krytox 143AC fluids, in which the hydrogen-terminated chain impurity
was present, exhibited an initial high rate of degradation when exposed
to 316°C and oxygen in the presence of pure metals or metal alloys.
Depending on the metal, the rates passed elther through a minimum
followed by an increase or they kept diminishing. The only exception
was Ti(4Al, 4Mn) alloy where no rate decrease was observed even aé
288°C. The effectiveness of metals and metal alloys in enhancing fluids’
degradation followed the same order in the branched and unbranched
materials, the difference being the temperature at which the decomposi-
tion occurred. The unbranched, Fomblin Z, flulds exhibit significantly
lower thermal oxidative stabllity than the hexafluoropropene oxide derived

materials.
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2, INTRODUCTION

Advanced alrcraft and re-sntry vehicles will require nonflammable
hydraulic fluids and lubricants functioning at elevated temperatures and
in oxidlzing atmospheres. Perfluoroalkylethers are excellent candidates
for these applications, Produsts obtained by telomerization of hexa-
fluoropropene oxide [ref.1,2] are oxidatively more stable [ref, 3] than the
unbranched materials [ref.4-8], yet the latter flulds exhibit better vis~-
cosity~temperature characteristics [ref. 9]. The thermal oxidative de~
gradation of both types of perfluoroalkyletiiers is adversely affected by
metals fref. 1-3,6-11], however, the presence of lnhibitors can arrest
the degradation almost completely [ref, 3,6-11]. The maximum temper-
ature at which the inhibitors functioned was higher for the hexafluoro-

propene oxide derived materials,

Certaln aspects relating to the instabllities of the two types
of materials were addressed previously [ref. 3, 6-8, 111. The current
study was directed largely at determining the effectiveness of the inhib-~
itors with respect tc concentration and exposure duration, as well as
the evaluation and the influence of different metals and alloys upon

degradation.
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3., RESULTS AND DISCUSSION

The present study was a continuation of the work described in
the flrst report generated under this contract [ref. 6], Two classes of
perfluoroalkylethers were investigated, namely the branched products
formed by telomerization of hexafluoropropene oxide [ref, 1,2] and
the "unbranched" fluids prepared from tetrafluo-oethylene and oxygen
under ultraviolet radiation [ref. 4,5].

Two different batches of Fomblin Z fluid were obtai.ed from
the U.S. Alr Force, AFWAL-MLBT, The bulk of work performed under
the first phase of this program utilized the batch MLO-72~22, which
was shown to be somewhat more oxidatively stable than the sample
recelved later by the Alr Force, MLO~79-196, The evaluations of the
affectiveness of the inhibitors were carried out using the first batch
of the fluld; other investigations had to be conducted with the batch
MILO=-79~196 due to the depletion of MLO-72-22 material.

For the poly(hexafluoropropene oxide) studies, the same batch
MLO-71-6 of Krytox 143AC ag that utilized in the past [ref. 3,6] was
employed.

3.1 Inhibitor Action on Unbranched Perfluoroalkylethers

Earlier work [ref. 6] indicated that the Ti(4Al, 4Mn) alloy
leads to maximum degradation of perfluoroalkylethers. This was verified
by the current investigations to be discussed in the later portions of
this report. Based on the above, Ti(4Al, 4Mn) alloy was sslected for
the Inhibitors' evaluation tests summarized in Table I. The two inhibitors
studied were a phospha-s~-triazine [ref, 12] and a perfluoroalkylether- ,;
substituted perfluorophenylphosphine. The structural arrangements of

the two compounds are presented below:
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[C,F,OCF(CF,)CF,OCF (GFB)GPZ'"sP

)CF!J CCF(CF,)OCF,CF(CF

© 3 TO_ o 3)OCF,

3P7OGF(GF3)OPZO(CP 3)0031’7

Monophospha~s-triazine

The tests performed are summarlzed in Table I.

The fluid utilized in these experiments was pretreated at 343°%C
in oxygen for 24 hr, To {llustrate fluid behavior in the absence of
metal and inhibitor and the effect of metal alone and in the presence
of the inhibitor on the fluld degradation, Tests 40, 41, and 42, respec-
tively, were Included in this tabulation, although the actual runs were
conducted under the previous phase of the program [ref, 6]. The degra=-
dation arresting action of the Inhibitors as measured by volatiles pro-
duction, although significant in the absence of metal (compare Runs 40
and 61), was really drastic in the presence of the Ti(4Al, 4Mn)
alloy (compare Test 41 with Tests 42 and 544).

To evaluate the duration of the inhibitors' protection at 28800 .
tests 46, 55, and 54 were conducted. To assess the concentration of
inhibitor required to arrest fluid degradation, the 56 series of tegts was
carried out. The results of these tests are presented graphically in Figure
1. Both of the inhibitors, P~3 and OZPN3,, seem to exhlbit essentially
the same behavior insofar as duration of protection is concerned. The

low concentration, 0.2% (test series 56), of phospha~s~triazine appears



to arrest the degradation for an equivalent period of tiine compared to
the higher concentration, 1% (test serles 54), however, the degree of
protection seems lowered as determined by the rate of degradation
product formation., It should be noted that a number of {ndlvidual runs
within this serles were carried out for 8 hr intervals. Sincs it requires
certain time lapse to heat the fluld to temperature, after insertion

in the oven, it is possible that the onset of "catastrophic” decomposi-
tion would occur sooner had the material been heated without inter~

ruption for the 104 hr period.

It is noteworthy that the phospha~s~triazine at 1% concentration
in Fomblin Z fluid seemead to previde dbetter surface protection than
the P-3 inhibitor for a M-50 metal coupon in oxygen at 28800, at least
over a 24 hr perlod, as evidenced by the surface appearance (Figure 2),
The surface, In the absence of any inhibitor, wasg drastically corroded
as shown in Figure 3. In a lightly corroded specimen, the overall sur-
face alloying metal content remained unchanged as can be seen from
Table II, however, the "deposits" were enriched in chromium and vanadium
with the metals depleted in the light areas (Figure 4). Thus, in highly
corroded gpecimens whore flaking did take place, loss of these metals
would be expected to occur. This agrees with the SIMS analysis of
M-50 metal exposed to Krytox fluid in oxidizing atmospheres at elevated
temperatures, where depletion of chromium and vanadium was observed
1000 & below the surface [ref. 11].

3.2 Effect of Different Metals on the Degradation Rate of Unbranched

Perfluoroalkylethers

Studies performed on Krytox fluids [ref. 6] indicated that pure 3
metals catalyzed degradation less than the alloys in which these metals ‘

were present. Furthermore, the action of the pure metals was not gelf
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catalyzing which was shown to be the case with, e.g., T{(4Al, 4Mn)
alloy. To determine whether this behavior applied also to Fomblin 2
flulds, tests summarized in Table III were conducted. Since

the batch MLO-72-22 was no longer asailable, fluld batch MLO-79-196
was utilized. This material appeared to be rendered thermo~oxidativaly
unstable by pretreatment at 342°C in oxygen (Tests 63 and 71) as shown
by the high rate of volatile production of the recovered fluld compared
to the as received material (compare Tests 64 with 72A and 72B), This
result is not due to an Inadvertent impurity introduction since the repeat
pretreatment, Run 71, afforded parallel data, It can be thus speculated
that using the relatively large quantity of materlal results ih an incom-
plete oxidation and formation of chains terminated by reactive groups
which break down on subsequent exposures. Indications of similar
behavior were noted for the batch MLO-72-22, where the mg/g value

at 316°C for the pre~treated fluld was higher than that recorded during
pretreatment at 343°C [ref, 6], This effect {s, however, much more
pronounced in the case of batch MLO-79-196. The "activated" material
exhibited highly accelerated degradation in the presence of metals,
Runs 66, 69, and 70. Accordingly, the evaluation studies were perform-
ed using the as recelved fluid, with Runs 72A and B serving as the base
data. It is apparent from the compilation given in Table III and from the
bar graphs presented in Figure § that each of the metals enhanced degra-
dation, with Ti(4Ai, 4Mn) alloy having the greatest influence, The
latter material could be tested only for an 8 hr period since during that
time the major portion of the fluld was degraded. With pure titanium
metal, the degradation rate increased on prolonged exposure,
whereas the opposite trend was observed for aluminum, These

results are in line with the data obtained for hexafluoropropene oxide
derived fluids (Krytox 143AC fluids) [ref. 6].
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3.3 Fomblin 7 Dagradation Product Investigation

*»

Degradation of Fomblin Z fluids, In particular in the presence
of Ti(4Al, 4Mn) alloy, yielded a large portion of volatile yst
relatively high molecular weight products [ref. 6-8]. These, 8.g., in
Run 73, amounted to 51% of the volatiles formed. In the absence of
metals, the volatiles consisted of OOPZ, SiP4, and 002
predominance of unzipping [ref, 6-8]. Basegi on Infrared spectral analysis,

, showing the

acyl fluoride terminated chalns were present in the "high" molecular

wei&;ht products. In agreement with the mechanism advanced by Gumprecht

[ref., 2] for metal fluoride assisted chain scissions in perfluoroalkyl ethers,

both acyl fluoride and triflucromethyl terminated chains would be expected

to result., The ready transformation of acyl fluorides into methyl esters

and the suitability of the latter derivatives for mass spectral analysis

has bz®n shown in the investigation of other perfluoroaikylethers [ref. 13].
The combined gas chromatography-mass spectrometry (GC~MS)

of the esterifled -78°C fraction of the condensible volatiles from the run

conducted in the presence of Ti(4Al, 4Mn) alloy (Test 73) afforded a

spectrum of products as shown by the trace given in Figure 6. Only a few of

these could be identifled, e.qg., OZFSOGFZOCF3 (retention time 9,9 min),

C,F.OCF OCFZGP OCF, (rt. time 16 min), CF,OCF,CF,CO CH3 (rt. time

257772 23( 372772772

" < y
17.6 min)}, CZFSOCFZOCFZCPZOGPZOGP3 (rt. time 21.1 min}, and

CFSOC}PZOFZOC}PZCFZC,)OF'ZC‘,OZCJI-I3 (rt. time 22.9 min).
The difiiculty in structure and molecular weight assignment lies
in the absence of molecular and M~-19 lons in many of the compounds
associated with an extensive breakdown Into small, non-characteristic
fragments, The mass spectrum of the model perfluoroalkylether CFSO—
[GPZO]4OP3 (MW, 418) presented in Table IV emphasizes this problem.

For illustration, In Tables V and VI are presented the mass spectral
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breakdown patterns of a perfluoroalkyl group and a representative ester

terminated materials as enumerated above,

3.4 Investigation of the Effect of Pure Metals and Metal Alloys Upon
the Degradatien of Krytox 143AC Fluid

Under Phase I of the subject program study, the action of pure
metals on Krytox 143AC was Initlated. The results obtalned indicated
that heating a fluid, pretreated in oxygen at 34300, (to remove the
hydrogen~terminated chains) with pure titanium metal at 316°C tn oxygen
gave a steady degradation rate of ~ 10 mg/g/24 hr. To see whether a
larger metal surface area will promote the degradation in test series 48,
summarized in Table VII, three titanium coupons were employed. The
rate of degrad~tion over the first 24 hr was only ~ 1 mg/g and on sub~-
sequent exposure it reached 9 mg/g. These experiments were repeated
with fresh fluid and coupons, test series 57; identical results were ob~
talned for the first 48 hr, Extending the exposure for additional 24 hr
resulted in the rate increase to ~ 20 mg/g/24 hr. These data do not
correlate well with the one coupon studies, since it indicates accelera~
tion in degradation with time. On the other hand, the degradation rate
over the 72 hr period, Test 57A-C, is ~ 9.8 mg/g/24 hr which is the
same as that found previously [ref, 6]. One aspect is certain, pretreat-
ment of Krytox fluid does not arrest completely degradation by titanium
at 31600. Consequently, It is tempting to speculate that at this temp-

erature bond scission does take place.

Studies performed previovsly in oxygen at 316°C using non-
pretreated Krytox revealed that with pure metals the degradation rate
over the initial 24 hr period was substantially higher than over the
subsequent 24 hr [ref. 3,6,11]. Similar behavior was noted for the
Ti(6Al, 4V) and Ti(8Mn) alloys. Both of these alloys, however, on



prolonged exposure, caused acceleration in the degradation rate., This
data is given in Table VII and expressed graphically in Figure 7. To
facllitate comparison, in Figure 7 are also included results of the
studles reported earlier [ref. 3,6,11). The fast Initial rate is due to
the reaction of the hydrogen-terminated chains; the subsequent rate
increase must be due to chain scission process which is autocatalytic.
This has been observed to occur with M~50 alloy at 343°C, but not at
316°C where after the first 24 hr the rate over the next 192 hr dropped
to 0.07 mg/g/hr and s too low to be included in Figure 7 [ref. 3,11].
Of all the metals tested, Ti(4Al, 4Mn) alloy accelerated the fluid de~
gradation the most. Even at 28800, a conhtlnuous rate increase was
observed as shown in Figure 8 [ref. 3,11]. Apparently, all three ele-
ments (Ti, Al, and Mn) must be present ih an alloy to exhibit this
action, inasmuch as Ti(8Mn) and Ti(6Al, 4V) were much less detri-
mental to Krytox fluid than Ti(4Al, 4Mn) alloy. These results also
emphasize that temperatures at which a perfluoroalkylether is stable

in the presence of metal depends very strongly on the alloy. Having
stability data on related alloys and pure metals does not permit one

to predict the materials' behavior in the environment wherein an alloy

composed of the tested elements or groups of elements is present.

If one compares the behavior of Fomblin Z fluids with that of
Krytox 143AC, the difference in the effect of metals on the thermal
oxidative stability is only one of degree, i.e., Fomblin Z materials
degrade at lower temperatures and at higher rates than the hexafluoro-~
propene oxide derived fluilds. Yet, the direction of action is the same

for the two Series of materials which indicates that the mechanlsms

involved are the same. The more detrimental action of metals on Fomblin

Z fluids as compared to Krytox 143AC implies that the bonding present

in the former is more susceptible to metal or metal fluoride attack. It

T o a r
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is tempting to speculate that the -OGFZO— arrangement present in
Fomblin Z somehow promotes this process, but since no investigations
were performed on pure poly(tetrafluoroethylene oxide), the hindering
action of the pendant trifluoromethyl group in Krytox fluid cannot be

discounted,
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4, EXPERIMENTAL DETAILS AND PROCEDURES

The perfluoroalkylether fluids employed in this study, namely
Krytox 143AC fluid batch MLO-71~6 (product of E. I. DuPont de Nemours
and Co.), and the Fomblin Z flulds, MLO-72-%2 and MLO-79-129
(products of Montedison), and P-3 additive were obtained through the
courtesy of Mr. C. E, Snyder, Air Force Wright Aeronautical Labora-

tories.

The degradation apparatus was a modified, scaled-down version
of the AFML Micro-O-C-Test arrangement [ref. 14]. It was described
in detail previously [ref. 6,11]. The schematics given in Figures 9 and
10 show the reaction tube configuration and the rod assembly [or holding
the metal coupon specimens. The metal coupons were 3/8" OD and 1/8"
ID. These were obtained from Metaspec Company, San Antonio, Texas.
For heating of sample tubes in a vertical position, a modified Lindberg
Heavy-Duty box furnace, Type 51232 (see Figure 11) was utilized. In
this arrangement, 180 mm of the 420 mm tube was at temperature; the
fluid occupied at the most the lower 75 mm (see Figure 9), the extra

gas reservolr was in the ambient environment.

In a typical experiment, the fluid was introduced into the degra-
dation tube (see Figure 9) which was then evacuatad and filled to a
known pressure at a known temperature with a selected gas (air, N,

2

or O Inasmuch as the apparatus was calibrated and the fluid volume

).
mea:ured accurately, the quantity of gas thus introduced was exactly
known. The degradation tube was then inse.. :d into the preheated box
furnace and kept there for a specified period of time; throughout this Q
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 non-

11




condensibles were collected quantitatively, measured, and analyzed
by mass spectrometry. The liquid nitrogen condensibles were frac~ !
tionated through -78°C into a ~196°C trap. The -196°C fractions

were measured, welghed and analyzed by infrared spectroscopy and
mass spectrometry. The ~78°C fractiogns were weighed, analyzed by |

infrared spectroscopy, and esterified prior to subjecting to GC~MS.

The fluld residue ltself was weaighed and sublected to Infrared spectral

analysis; i1 selected instances, molecular weight and NMR determina-~

tions were performed. ;

The metal coupons prior to testing were polished using first Norton |
No-Fil Durite finishing paper Type 4 220A. This was followed by open
coal, Silicon Carbide papers grades 400A and 500A, respectively. Sub- ﬁ
sequently, the coupons were washed with Freon 113, dried, welighed,
and suspended in the test apparatus (see Figure 10). After the comple-
tion of a given experiment, the metal coupons were washed with Freon
113, dried inside an Inert atmosphere chamber, then weighed and visually
inspected. The used coupons were subsequently sealed in Mylar envel-
opes.

GC~MS analyses were performed employing a DuPont 21-491B
double focusing mass spectruieter attached to a Varian Aerograph Model
2740 gas chromatograph and a DuPont 21-094 data acquisition and pro-

cessing system.
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5., CONCLUSIONS

Summarized below are conclusions reached.

1. Degradation Inhibitors perfluorcalkylether perfluorophenyl
phosphine (P-3) and a monophospha-s-triazine at 1% per welght
concentration almost completely arrested the degradation of Fomblin
7 in the presence of Ti(4Al, 4Mn) alloy in oxygen at 28800 for more
than 75 hr. At concentrations lower by a factor of 5, the monophospha-

s-triazine was found to exhlbit comparabie effectiveness.

2. The monophospha~s-triazine offered better surface protection
to an M~50 alloy on exposure to Fomblin Z at 28800 in oxygen for 24 hr
than was the case with the P-3 additive.

3. Titanium and aluminum were found to accelerate the degrada-
tion of Fomblin Z fluid to a significantly lower degree than Ti(4Al, 4Mn)
alloy.

4, Pretreatment at 34800 in oxygen of certain batches of Fomblin
Z fluid was detrimental to the materials' thermo-oxidative stability at
288°C

5. Products formed on degradation of Fomblin Z fluid, in the
presence of metals, indicated that the operative mechanisms are the

same as in poly(hexafluoropropene oxide).

6. Evaluation of the effect of different metals and alloys on
Krytox fluids revealed that no prediction can be made as to the degree
‘of influence of a given alloy upon fluid's degradation based on the
behavior of the alloy's constituent metals both in pure form or in com~

bination.
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7. The catalytic action of metals and alloys on the degradation
of hexafluoropropene oxlide derived fluids (Krytox 143AC) and Fomblin
Z flulds followed the same direction but it required significantly less

drastic conditions to decompose Fomblin 2.
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TABLE IV
ION FRAGMENTS AND INTENSITIES RELATIVE TO BASE

PEAK OF CF,OCF,OCF,OCF,0CF,0CT, (MW, 418)2
m/e m/e m/e
28 17.7 49 19.3 90 3,6
31 8.8 65 21,3 135 100.0
32 5.9 68 79.2 136 14,1
46 31,7 69 7.2 201 10,0

a) Peaks having intensities less than 2% of the base peak are

not reported.

TABLE V
ION FRAGMENTS AND INTENSITIES RELATIVE TO
BASE PEAK OF C,F OCF,OCF,CF,0CF,0CF, (1w, 452)®
m/e m/e m/e

28 13.4 81 5.8 136 9.3
31 26.5 97 42.9 147 3.0
47 30.4 100 56.8 164 28,2
50 33.0 101 4.6 169 8.6
59 12.0 109 5.1 185 65.5
66 13.1 116 4.1 186 9.3
69 89.6 119 106.0 197 4.3
70 18.3 120 38.6 213 31.8
75 28.8 131 3.1 251 23.0
78 10.6 135 75.7 301 9.4

a) Peaks having intensit

not reported.
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PEAK OF CF,OCF,CF,OCF,CF,OCF,CO

TABLE VI
ION FRAGMENTS AND INTENSITIES RELATIVE TO BASE

Me (MW, 426)°

3 2772 2772 2772
m/e m/e m/e
28 22.3 67 3.4 127 7.0
29 29.8 69 74,3 131 18.4
30 14,3 70 8.0 135 33.7
31 37,3 75 9.7 147 3.3
32 3.3 78 30.2 149 9.9
33 10.4 80 8.0 163 5.6
43 5.1 81 §3.0 166 3.1
44 9.5 82 3.0 169 4.5
45 16.2 97 20.8 175 4,8
47 35.5 99 15.4 178 5.7
50 39.2 100 51.7 185 34.6
51 8.3 101 a7 197 3.1
59 100.0 109 76.9 213 3.1
60 23.6 110 10.4 225 27.5
61 7.3 116 4,0 251 10.]
65 50.1 119 78.6 291 5.5
66 12,6 120 16.4 325 7.9
a) Peaks having Intensities less than 3% of the base peak are
nct reported,
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Figure 1: Effectiveness of inhibitors on Fomblin 7 degradation in
oxygen at 288°C asg a Function of time
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Figure 5: Effect of metals on the degradation of Fomblin Z fluid in
oxygen &t 28800
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Figure 9 : Decomposition tube and adapter
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sample holder)
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Holder Positioner

Detalls of positioning
sample holder
4 mmI,D.
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Details of Metal
Specimen Arrangement

Figure 10: Metal specimen holder arrangement
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