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ABSTRACT

The Micro-Ryder gear test was evaluated as a possible test device for
jet fuels. Although it correctl', assessed the effect of additives and atmosphere
it •as too severe to detect differmnces between highly-refined and conventionally-
refined fuels.

Scuffing tests generally agreed with earlier wear teats in assessin$ the
effects of fuel composition and operating variables. However, sno differences
were found: some sulfur compounds reduced scuffing, whereas they had not reduced
wear; scuffing is frequently more severe in dry argon than,in wet air, whereas in
wear tests this was reversed. Water appears to be the important factor reducing
scuffing.

K-Monel showed some major differences from steel, even stainless steels.
Specifically: (1) it scuffs easily in dry argon; (2) owly the additive n1-3 was
an effective lubricity Additive and (3) in wet air oleic acid was actually a pro-
scuff agent.

Abrasive wear was briefly studied. In the vane pump test, abrasive
wear can be the mwjor cause of veer. It is sensitive to the kind and amount of
abrasive particles, but no general cor:relation could be found with particle size,
hardness, or crystal structure, or concentration. Oleic acid can eliminate
abrasive wear.
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I. INTRODUCTION

tbU parforuavc of jet fuel: in friction and wear tests has been shown
to be a complex phenomenon. Highly-refined fuels, consisting almost entirely of

paraffinic and naphtheuic hydrocarbons, have vary poor lubricity. This can be
restored by adding heavy aromatice (such as methylnaphthalene) or surface-active
additives.

Most of the past vo-k has been with steel, which is subject to corrosion
by atmospheric oxygen. Indeed, corrosive wear (oxidative wear) appears to be the
most earious form of veer encountered. Blanketing the system with an inert gas
frequently reduces veer to zero. Water vapor also is important: if oxygen is
present, it aci-eIerstes corrosive wer.

Besides corrosion, tvo other kinds of veer say be important: abrasion
and scuffleg. Abrasive wear is caused by hard particles cutpendid in the oil
which scratch the metal surfaces. These hae' perticles can be iron oxides formed
by corrosion. Thus corrosive wear can trigger ebrasive wear. This report Sives
a brief account of abrasive wear in the Vickers vane pump, with some unexpected
results.

Scuffing comes about when the surface coating (oxide or adsorbed film)
is ruptured, lasdieg to cold-welding and metal trazsfer. It is a high-load
phenomenon, Atd not well under3tooJ. Research has therefore been carried out at
higher loads to determinm the effect of various additives on gcuffing. These
results are reported herein.

Corrosive wear has also been studied further, using metallurgies that
are resistant or inert to co-rosion. The mochtuisu of corro~ive vear is thereby
confirmed.

In addition, the Micro-Ryder gear test has been examinoed as a possible
test device.

I'



II. EVALUATION OF MICRO-RYDER AS A TOOL FOR STUDYING JET FUEL LUBRICITY

A. Introduction

Becaure of wide appeal of a gear test for evaluating the load-carrying
capacity of fuels and lubricants, it was desirable to evaluate jet fuels in this
type of test. Previous results have shown that the standard Ryder gear test is
not altogether satisfactory (see seconJ Quarterly Report in this series 15 August -

November, 1965). A program was therefore set up to evaluate the Hicro-Ryder gear
test as a jet fuel lubricity tester. Our conclusion is that this test device is
not suitable for Jet fuel testing.

The Micro-Ryder is just what t0e name implies. It is a smaller version
of the standard Ryder gear. Several of the drawbacks for the larger Ryder are not
found in the smaller Ryder. For example, the slave gears are loaded by means of
air pressure rather than gear oil; thus, test iuel cannot be contaninated. Also,
much smaller quantities of test fluid are needed (35ce ve several gallons); thus,
certain pure hydrocarbon types and lubricity additives which have been found use-
ful in jet fuels may be very easily tested in the Micro-Ryder. It remained for
this study to investigate the reproducibility of the Micro-Ryder as well as its
sensitivity toward jet fuels of various lubricity characteristics.

B. Modifications To Micro-Ryder

As mentioned, the Micro-Ryder is a smaller version of the standnrd
Ryder gear test machine. In order to use the Micro-Ryder for fuels testing,
several modifications had to be made. Due to the extreme severity for fuels,
tests of 2-minute duration were run at each load, rather than the standard 10
minutes. In addition, the equipment was modified to measure air pressures of
several millimeters of mercury. This modification was made because, for the range
of air pressures indicated on the machine, the gear loading was too high; a lzrge
amount of scuffing occurred at the lowest load, I pai. Tests were also run in an
argon attwosphere as well as in room air.

C. Experimental Results

The Micro-Ryder was not able to detect the difference in lubricity of
two non-additive fuels. Figure 1 shows data on a highly refined fuel, Bayol 35,
and a conventionally refined fuel, RAF-176-64. This figure is a plot of the per-
ceni scuff as measured by micruscopic examination of the gear teeth versus the
applied load in lbs/inch of tooth width. Normally, one rates Ryder gear data by
noting the load at which 22.5 % scuff occurs. As seen in the figure, Bayol 35
and RAF-176-64 appear equivalent at the 22.5% scuff point. At higher loads, the
conventionally-reflned fuel actually looks worse than the highly-refineJ fuel.
These findings are in direct contrast to those found previously with other wear
testers. Bayol 35 had been shown to be much poorer than RAF-176-64 in lubricity.
This is shown in Table 1, which compares the scuff load at 22.5% scuff in the
Micro-Ryder test with wear data from other testers used in this program, In 'he
ball-on-cylinder device, 4-Ball wear test, and Vickers vane pump, Bayol 35 was
definitely inferior to RAF-176-64. In the Micro-Ryder test it was not.

3
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TABLE 1

COMPARISON OF WEAR TESTERS WITH MICRO-RYDER

Da.Xol 35 RAF-176-64

Bal1-on-Cylinder 0.63 0.38
WSD, mm

4-Ball Test 0.80 0.61
WSD, m

Vickers Vane Pumn 20L4 0
Vane WL, mg

Micro-Ryder Test 27 118
Scuff Load, #/inch

5



-The effect of a lubricity additive in the Micro-Ryder test was also
examined. Figure 2 gives data on 0.17 of ER-3 to Bayol 35 using room air atmos-
phere. The effectiveness of PR.ý is readily seen in the Micro-Ryder, as Bayol 35
plus tie additive exhibits about eight times the load-carrying capacity of Bayol 35
alone.- Ihis comparison is made at the 22.5% scuff point. This result is iu agree-
xeet vith previous data obtained on the standard Ryder gear earlier in the program.

findings,"The effect of atmosphere (Figure 3) also is in agreement with previous

Sfindings, i.e., better performance with Bayol :)5 is found in inert gas environment.

- At first, it was planntd to use the Micro-Ryder to measure gear scuffing
I at'hgh temperatures in both air and 'inert atmospheres. In order to estimate the

severity of th-1 Micro-Ryder at elevated temperatures, a low viscosity liquid,
.- rmal heptane, was tested at roo.a temperature. Heptane at room temperature has
- viezosity of-0,43cp, which is t.he viscosity of Bayol 35 at 300F. Thus, just the
viscosity effocttslone can be astimated by comparing heptane with Bayol 35 in an
argon atmosphere. This is shown in Figure 4. Two points are to be made here.
First, if a tost were run at 3000 in an argon atmosphere with Bayol 35, the data

. would exhibit the trend shown by the heptane curve in Figure 4. That is, with no
S" oidation occurring (argon atmosphere) only the viscosity effect would show up at

the higher temperatu're. The second point is that the Micro-Ryder is even more
severe for the lower viscosity fluid. At less than 0.5psi applied load, the
scuffing rose immediately to 22.5% with heptane. Therefore, testing jet fuels
such as Bayol 35 at higher tem>)eratures would make the severity of the Micro-Ryder
worse than It is at room temperature.

D. Conclu•ions

Vie Micro-Ryder test is too severe for fuels testing. The failure of the
Micro-Ryder to rate Bayol 35 and RAF-176-64 correctly may be due to running tests
at loads below which it was designed. At these low loads, the test is apparently
insensitive to fuels of various lubricity characteristics. On the other hand,I additive and atmosphere effects agree with previous findings.

No addit' nal work with the Micro-Ryder is planned since it is apparently
too severe for fueis testing. However, the viscosity data indicate that the Micro-
Ryder might be suitable for testing fluids in the lubricating oil range, that is,
higher criscosity fluids.

t 6
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III- SCUFFING OF STEEL - EFFECTS OF ADDITIVES

Most of the previous work was carried cut at low loads, deliberately so
that scuffing would not occur. Under these conditions, various additives were
found to be good antiwear agents. One of the best was oleic acid; corrosion
inhibitors and special lubricity additives were also very effective.

Inasmuch ab scuffing is one of the important modes of wear, some tests
have now been run to assess the effects of additives under scuffing conditions.
Scuffing was accentuated in the four-ball test by running at elevated temoeratures
(240F), and in the ball-on-cylinder test by running at a high load (4kg). These
test results indicated that most lubricity additives are good antiscuff agents as
well, and that their effectiveness is dependent upon the atmospheric environment.
In general, the additives were more effective in wet air than in dry argon.

A. Four-Ball Tests

Scuffing was determined in tle four-ball tesL using the conventional
procedure. A series of tests at increasing loads were run and the resulting wear
scar diameter plotted against load. Scuffing is evidenced by a s9Ldden inrrease in
scar size; the load at which this occurs is the scuff-load. Usually scuffirg Vas
accompanied by an erratic friction trace and a loud chattering noise. At very, high
friction, the motor's overload trip dould stop the test. This is termed "seizure.`

In all cases the tests were run under a controlled atmosphere, usually
either dry argon or wet (saturated) air. The temperature of 240F was chosen to
give the most severe conditions without encountering excessive evaporation of the

fuel sample.

I. Commercial Fuels

Figure 5 shows that a couventionally-refined fuel, RAF-176-64, gave a
higher scuffing load than a highly-refined fuel, PW-523. PW-523 scuffed at I kg
and seized at 3kg; RAF-176-64 was satisfactory at 5kg. This agrees with the wear
data obtained in the ball-on-cylinder device at lower loads.

2. Additives

The scuffing tendencies of various lubricity additives is given in
Table 2. The additives were evaluated at 50ppm in PW-523, in both dry argon and
wet air. In argon, only ER-3 had any appreciable effect on scuffing. It in-
creased the scuff load from 1 kg to 4-5kg. Other additives--ER-l, ZnDDP, and
oleic acid--were completely ineffective. In wet air, the additives were somewhat
better. Figure 6 shows that both oleic acid and ER-3 prevented scuffing out to
15kg. This behavior agrees with literature findings that acidic-type additives
are most effective where an oxide coat is present.

ER-I and ZnDDP were much less effective. Some scuffing occurred with
ZnDDP at loads as low as 2kg, but the friction never became high enough to cause
seizure even at 7kg.

II
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It is importaut to note that wear was almost always higher in met air
tt-an in dry argon, but when scuffing occurred, it was usually at lover loads in
dry argon. The effect of the additives was to decreasse corros:ive wear (and the
resulting tendency to scuff), but to then expose the fact that a dry ivart atmoo-
phitre leads to scuffing.

3. Hydrocarbons

fVeveral hydrocarbons had been shown to be good antiwear agents in paraf-
finic; fuels. These Include olef ins like dodecene and aromatics such as methyl-
naphthalene and indene. The scuff ing performanre of these hydrocarbons, as 5%~
blends in Bayol 35, is given in Table 3, and illustrated in Figures 7 and 3.
Dodecene had almost no effect, but the two aromatics were roughly as good as the
lubricity additives--although oi course the cor'centrction wrs tar greater. Both
methylnaphthalene and indene increased the scuff load from about 1 kg to 8-10kg
in bo-th dry argon and wet air. Again, with the aromat~.c blerlds, scuff ing occurred
sooner in dry argon then in wet air.

The effect of atmosphere on scuff lead is summarized in Table 4. For
paraffinic fuels without additives, scuff ing occurs in wet air before It occurs in
dry argon. This is the effect noted earlier--that corrosive wear zan lead to
scuffing. The effect of additives or azomatics is to give a modest increase in
the scuff load in dry argon, but a major increase in wet air. Thus, scuffing of
these blends occurs sooner in dry argon then in wet air. It seems moat probable
at present that the acuffing in dry argon is due to the lack of water rather than
to the lack of oxygen. If this is true, the best performance should be in wet
argon. This will be tested in future work. The effect of concentration will also
be examined.

B. Scuff in Teaw~erature in Ball-on-Cylinder Test

The dctermination of scuff load in the four-ball teat is a time-cunsuming
operation, involving several separate teats. An alternative procedure was Co in-
crease the load swootbly until scuff ing occurred. The Roxana four-ball machine is
ideally suited for this, for the load is applied pneumatically. However, this
procedure was net satisfactory. Reproducibility was extremely poor and the scuff
load was always far higher than obt~ained with the separate-teat method.

k.-3ther approach was to run the ball-oni-cylinJer teat. at constant load
but to increase the tewperature itnt~il scuffing occurred. Scuffing war evidenced
by high frictia~n and severe chattering noise. This technique was not entirely
successful, but it revealed some interesting facts.

The taste were carried out in dry argon only. The fuel sample was pre-
heated to 120F, and during the test the temperature rose continuotisly at a rate of
about 1Of.'minuto. If no scuffing had occurred at 3501i, the test-was stopped. 'the
totail test time was therefore about 25 minutes.

Figure 9 shows the behavior of bayol 35 in cths test. At 240g, no
scuff ing was obtained up to 350F. At 2000S and 40003, scuffing wan co"Leste as
soon as it occurred at all. However, at 10O0g the scuff ing behavior was Inter-
mediate: friction rose somewhat more slowly, and then leveled o~f before final
failure. This run was repeated, but the test was stoppvi at the high friction

I. *iA
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TAB'x 4

AXI0SPUERIC EFFECT OK SCUFFING LOAD

(Four-Ball Tests, 240F, 1200RPM, Steel-Steel)

Scuffina Load, ks .
Additives In Arson In Wt Air

i. Effect of Lubricity Additives:

Base Fuel - FW--523 1 <0.5

50ppm ER-1 2 >10;'15 I
50ppm ER-3 5 >15

50ppm Oleic Acid 3 >15

50ppm ZnDDP 2 2

2. Effect of Hydrocarbons:

Base Fuel - Bayol 35 3 (1

57. Dodecene 4 1

5% l-Methylnaplathalene 10 W1O

57. Indene 10 710
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FRICTION AT VARIOUS TEMPERATURES
(Ball-on-Cylinder Tests-240 RPM, Dry Armon, Bayol 35)
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FIGURE 9 - FRICTION AT VARIOUS TEMPERATURES
(BALL-ON-CYLINDER TESTS - 240RPM,
DRY ARGON, PAYOL 35)
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level before failure. Figure 10 is a photonicrograph showing the difference in the
appearance of the wear scars. When failure had occurred, the wear scar showed
welding and metal transfer. When the test was stopped before failure, there was
no sign of welding or metal transfer.

A plot of scuff temperatur3 vs. load (Figure 11) shows that scuff tempera-
ture decreases smoothly as load increases.

Additives were also tested in this manner, using a load of 4000g. Results
are given in Table 5. Those additives that gave a higher scuff load in the four-
ball tester also gave a higher scuff temperature in the ball-on-cylinder device.
ER-3 was best, showing no failure. A photomicrograph of the wear scar from this
run is also shown in Figure 10. The other additives'were in the order oleic acid,
ZnDDP, and ER-I. It is noteworthy that whereas ZnD)DP and ER-I showed no effect on
scuff load in the 4-ball test, they did show some effect on scuff temperature.
It may be that this procedure is more sensitive in picking up small differences,
or it could be t 1~at this is due to a fundamental difference in the test procedures.
In the scuff temperature test, the additive has a longer time to establish a
protective film. This will be checked further.

Of the hydrocarbons, methyln.aphthalene showed no failure, while dodecene
was entirely ineffective.

Two sulfur compounds were also examined: 170ppm of thiophenol (50ppm as
S) showed some effect, but 550ppm of butyldisulfide (200ppm as S) was as good as
50ppm oleic acid. Earlier data had shown that butyldisulfide was not effective in
reucing wear at room temperature. This deserves further investigation.

In summary, the investigation of scuffing generally agrees with earlier
data cn wear. However, unlike wear, scuffing is frequently more severe in dry
argon than in wet air. It appears that water vapor may increase wear but decrease
scuffing. Another difference is that sulfur compounds, which were quite ineffective
in reducing wear, showed some anti-scuff tendencies, at least at higher tempera-
ture,?.

21
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TABLE 5

ADDITIVE EFFECT ON SEIZURE TEMPERATURE

(Ball-on-Cylinder Tests--4000g, 240RPM,
Argon, Steel-on-Steel)

Base Fuel:- Bayol 35

Seizure
Cylinder Temperature Run Time

No. Additive OF. Min.

136 None 177 5

50ppm ZnDDP 280 (285) 14 (15)

50ppm Oleic Acid 328 19

50ppm ER-i 265 11

50ppm ER-3 >350 27

137 None 160 3

5% Dodecene 185 5

5% 1-Methylnaphthalene 360 25

5% Indene 310 22

140 None 195 5

50ppm S as Thiophenol 252 13

200ppm S as Butyldisulfide 330 18

24



IV. EFFECT OF VARIOUS METALLURGIES

During this program, it has been shown that mild corrosive wear, high
corrosive wear, or severe scuffing can all occur, depending on operating conditions
(e.g., load), fuel type, additives present, and atmosphere. It has also been shown
that corrosive wear can lead to another form of wear, abrasive wear. It was felt
that the role of metallurgy on the type and extent of wear that occurs could be
important. Therefore, metals of varying degrees of corrosion resistance and hard-
ness are being investigated. These include K-Monel, stainless steel-302, and gold
in the form of gold-plated steel.

A. K-Monel

1. Four-Ball Tests With K-Monel

K-Monel was chosen as a metal to study because it is known to have very
good resistance to corrosion. The Rockwell C hardness, Rc, of the K-Monel used for
this work is 27. A typical composition of K-Monel is 66% nickel, 29% copper, and
3%. aluminum.

Bayol 35 was tested at several loads using the four-ball tester with
K-Monel balls. The results are shown in Table 6 and Figure 12. Sevezal things ,my

be seen from these results. First, with K-Monel, scuffing occurs very easily in
dry argon. Even at 1 kg scuffing was always obtained. Previous tests with 52100
steel did not scuff in argon at these low loads. The effect is probably more than
just the effect of a softer ball, since 52100 steel which had been softened to 2 5Rk
did not scuff at 5kg in dry argon. Tests using K-Monel in vet air showed very
small increases in wear scars with increasing load (Figure 12). Moreover, these vet
air tests exhibited very smooth friction traces.

Photographs of the wear scars for 3kg are shown in Figure 13. These

photographs illustrate the great difference between the type of surface damage with
K-Monel when tested in dry argon and wet air atmospheres. This is very similar to
the difference reported earlier between dry argon and vet argon when running with
no lubricant in the ball-on-cylinder machine. The presence of water vapor prevents
scuffing; the absence of corrosion with K-Monel gives a small wear scar.

For tests with K-Monel in wet air, the friction coefficient showed a
slight decrease with increasing load, Figure 14. This is typical of non-scuffing
friction.

The effect of an aromatic (1-methylnAphthalens) added to Bayoi 35 is
shown in Table 7 and Figure 15. As shown, scuffing occurs readily in dry argon.
The observed scuffing w&3 characterised by severe noise, high and erratIc friction,
and large wear scars (WSD usually greater than 2m). The wear scars that iccurred
during scuffing tests appeared as In Figure 13(a). Synergism, similar to that
found with chrome steel occurred near 30% l-methylnephthalene (see Figure 15). For
wet air. low concentrations if l-methylnapbthalene are no more effective in wear
protection than Bsyol 35 alone. With pure l-methyloapbtbalene, scuffing occurred
in wet air as well as in dry argon. Apparently. wet air does not reduce the souf-
fins tendency for l-mothylnophthalene with K-Nonel as previously found for chrom
steel.

Several fuel lubricity additives were tested in Sayol 35 to detrmvie
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TABLE 6

4-BALL TESTS: K-MO.NEL

(1200rpm, 1SMin, Room Temperature, Bayol 35)

Dry Argon Wet Air
Co Fr WSD Co Fr WSD

Load, kj @ 15Min (Ma) @ 15mia m

1 0.77* Scuff 0.L6 0.51

2 0.51 Scuff - -

3 0.53** Scuff 0.12 0.58

3 (Repeat)ý 0.57 Scuff 0.12 0.58

4 - - 0.14 0.54

5 - - 0.13 0.57
- - 0.13 0.61

10 - - 0.09 0.61

* Highest value.
**Ball slipped.



1 .0 , I I I I

0.9 K-MONEL

0.8

E
E 0.7

w0x 0.6 * _ ___ __ ___-_

S0.5-

W 0.3

0.2

0.1-

0 i1... I I I I I IO0 1 2 3 4 5 6 7 8 9 10

S~LOAD, Kg

77F, SaYoL 35s wET .,IR.,)

07

0.1.,

S. ...o. . ., .. .. . ; . . • .:. : -- /i• i



(a) DRY ARCON (3.5 Min.)

VIOMi 13 - MIRb)UU A3 els W& SCA
(P=,t LAML KUStS 12C0tIK, R-NDMW..

~-9 1.01 m



w

x

InI

vnc c 10 ON 0c=vt9Kw

(?=-U TVILUSIW - 1201*1W. 15 KMN 771.



MFFECT OF l-METHLNAPHTEAMNE WITH K-MONEL

(1200rpm, 1Min, 3kg, 77F)
Ti

Dry Argon Wet Air
Wt% 1-Methylnaphthelene Co Fr WSD Co Fr WSD

In Bayol 35 @ 15Min •) @ 15Min (m)

None 0.57 Scuff 0.12 0.58

5 Off Scale Scuff 0.14 0.51

15 0.34 Scuff 0.14 0.63

30 0.08 0.44 0.08 0.53

100 (1-Methylnaphthalene) 0.81 Scuff 0.48 Scuff
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their effectivenera on K-iMonel. Resulta at U~g load are Ahown in Figure 16. In-
cLxided also in Figure 16 are values from tests with Bayol 35 plus 3G% 1-methyl-
naphthalene. As may be seen from Figure 16, in dry argon M-.3 was the only addi-
tive (excluding l-me thylnalohcha lone) which eliminated scuff ing. The amount of wear
that occurr.~d in dry argon with ER-3 was practically identical to that obtained
with 30%. l-methylrAphthalene.. In wet air, none of the additives tested were ef-o
fective in reducing thiewear level of Bayol 35 alone. Cleic -acid, to the contrary,4 acted as a pro-scuff agent in wet air. The test was repeated, and again scuffed.
Anew solution of oleic acid in Isyol 35 was then~ made and agein scuffing occurred. -

The reason-for the pro-scuffing characteristics of olei c aci6 in wet air is notknw tti ia diioa oki en oe
Fiue loic as i ann'3wr also tested at 1 k-,g load. Results cre shown in
Figre17.Asmay be seoleic acid scuffs in dry ergou as does the base fluid,
Ban' 3.However, no ttelower load, oleic scid does not act as a pro-scuff
agen inwetair. As beforo, ER-3 is effective is controlling scuff ing in dry argon,

but neither oleic acid nor ER-3 lowers the wear of Esyol 35 in wet air.

Friction data for the additive tests are shcown in Table 8. In most cases,
when scuffing occurred, the friction coefficient was high or off-scale. One test
with oleic acid showed high friction throughout most of the test but dropi~ed in
friction for the last few minutes.

To summarize, K-Monel it easily scuffed in dry argon; loads as ~w as
1 kg are too high. Wet air prevents scuffing with Bayol 35 but not with 1-methyl-
naphthalene. A solution of 30% l-rnethylnaphthalene shows synergism in dry argon-
scuffing is prevented. Concerning additives, ER-3 prevents scutffing in dry argon;
the others are ineffective. In wet air, none of the additives, except oleic acid,
has any effect on wear compared to Ecyol 35 alone. Oleic acid, however, apparently
acts as a pro-scuff agent at 3kg in wet air.

2. Ball-On-C~ylinder Tests

Several ball-on-cylindcr tests were run using K-Monel balls cn a 52100
steel cylinder. Test conditions were: 24Grpm, 240S load, 160F, in both dry argon

and~wet air. Beyol 35 was used as the test fuel. In both cases, the tests had to
be discontinued in less than 3 minutes due to excessive chatter, Friction was wild
and off~-scole, end metallic contact was 100%.

As me-ationad earlier, K-Mcnel ccintainas nickel, copper, and aluminum-. All
three Of the33 Metals are miscible with steel. Boch nickel and aluminum are known
to have veary poor scuff resiatarob6 when in combination with steel whereas copper
against stee' has onliy a fair scuff resistance.* However, steel-on-steel, e com-
pletely miscible system, is satigfactory under these test conditions. Thuc. the
use of easily scufirod di&seimilar metals is not the *nswer here. The low chemical
reactivity of K-Monel or its relative softness may be the cause of its poor fall-
or-cylinder performance.

* Cofin Jr, L ;; Proc. By..! Fwilt, and Wtar, Robert Davies& Edo, p. 3(A
Ptleavlar, Not (1959); see nlso Goodsoit, C. L., Ibid., p. 67.
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TABLE 8

FRICTION SHOWN BY ADDITIVES WITH K-MONEL

(1200rpm, 15Min, 77F)

Coefficient of Friction(@ 15Min)
Dry Argon Wet Air

Wt7 Additive In Bayol 35 1 3kj kg 3kg

None 0.77* 0.57 0.16 0.12

0.1 0leic Acidý 0.60 Off Scale 0.09 0.06**

0.1 0leic Acid 0.65 - - 0.22

0.1 ER-31 0.16 0.13 0.14 0.14
0.1 ER-3) - - - 0.12

0.1 ER-i - Off Scale - 0.10
0.1 ER-4 - Off Scale - 0.10

* Highest value.
** Friction coefficient was erratic at level of 0.3 to 0.9 for

first 11 min, then dropped to 0.06.
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B. Stainless Steel - Type 302

Tests were run using the four-ball tester with 302 stainless steel. This
metal is mcre corrosion resistant than the previously-tested SS-440C. Thus it more
nearly resembles K-Monel.

The results at I and 3kg are shown in Table 9. Of all the tests at 3kg
only 1-mathylnasphtbaleon does not scuff (wet air). Under the same conditions,
scuff4ng occurred with 1-methylnaphthelene on K-Monel. With SS-302, 1-methyl-
naphthalene shows much better performance in wet air than in dry argon (Table 9).
With [-Monel, there was no difference in performance between the two atmospheres
with l-methylnaphthelene. The difference between K-Monel and SS-302 with 1-methyl-

I. I naphthalene cannot be fully explained at this time. Apparently, SS-302 is behaving
more like a steel then like a non-corrodible metal such as K-Monel.

Figure 18 shows the effect of 1-methylnaphthalene concentration on the
weer of 88-302 for 1 kg load. As previously found for other metallurgies,
synergism is seen at 30% l-mthylnaphthalene in dry argon. In wet air, 1-methyl-
naphthalene is better than both Bayol 35 and Bayol 35 with 30% 1-methylnaphthalene
(see also Table 9).

Sunmrizing, data with SS-302 illustrate the importance of moisture and/or
oxygen in the atmosphere during the wear test. Additional data in vet argon and
dry air are being obtained to determine which factor is the more important one.
Under the present conditions, the four-ball test is too severe even at 1 kg for
evaluating Bayol 35 with SS-302 under non-scuffing conditions. Thio is also true
for K-Monal in dry argon. Operating at lower speeds may reduce the scuffing
tendency since lower sliding temperatures would be reached.

C. Gold On Cold

Gold was chosen to study because of its high resit.ance to corrosion.
Thermodynamics considerations indicate that gold does not normally form oxides
(the free energy of formation of gold oxides is +l0.5kcal per oxygen atom). The
following work was carried out using steel bells electrolytically coated with gold,
the gold plating being 1/10,000 inch thick.

1. Four-Ball Tests

Because of the extremely thin coating of gold, it was found that the
4-bell machine was too severe, even at the lightest attainable load of 1 kg. Over
a reape of light loads (1-5kg) the gold coating was broken through, as evidenced
by the nature of the friction trace and micros:opic examination of the wear area.
A typical friction trace exhibiting breakthrough of the gold coat is shown in
Figure 19. The gold cost appears to have broken-through at 3.5 minutes.

With a noble metal such as gold, no corrosive wear would be expected to
occur. However, an Increese in wear scar *te observed in going from dry argon to
wet air, as shown below-

Dr Yao_ Wet Air

WSD, M O.Z* 0.37

Conditions: 1200rpm, I kg. 77?, Boyol 35
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TABLE 9

4-BALL STUDIES WITH SINLESS STEEL 302

(1200rpm, 15Min, 77F)

Coefficient of Friction @ M•1 n
Wt% 1-Methylnaphthalene Dry Argon Wet Air

In ayol 35 1 ks 3k& 1 kg 3L

None Off Scale 0.47* Off Scale 0.36*

None** Off Scale - Off Scale -

30 0.25 Off Scale 0.23 0.44*

100 0.16 0.39 0.08 0.02

Wear Scar Diameter, s
Dry' Arson Wet Air

1 kg 3k l1

None Scuff Scuff Scuff Scuff

None** Scuff - Scuff -

30 0.24 Scuff 0.130 Scuff

100 0.2 Scuff 0.24 0.33

* Friction trace erratic.

** Repeat test.

3i 37.
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Thus, wear of the steel substrate is occurring, another indication that the gold
coating has broken through.

2. Ball-On-Cylinder Tests

Because of the difficulties encountered testing gold-plated balls on the
4-ball machine, additional tests were cazried out under much lighter loads using
the bl!-on-cylinder device. For these tests, a gold-plated ball was loaded against
a gold-plated cylinder. The results at 20g load are shown in Table 10 along with

data obtained at 100g. At 20g, it can be seen that the atmosphere has no effect on

the wear scars. lhis is in contrast to steel-on-steel where higher wear was
obtained in wet air. Microscopic examination of the wear areas showed that the gold
coat had not bhen broken through in these 20& tests. The friction trace also showed
no signs of tearing through the gold-plate. This is illustrated in Figure 20 for

dry argon.

At 100g load and 180F, atmosphere has very little effect on the wear scars
(see Table 10). The friction traces and examination of wear areas again indicated
that the gold had not been broken through. Several tests were also run at lOOg
load but at 250F. At this telpermture, the test was apparently more severe than at
180F as the gold-coating was broken through.

To sumasrize, at very low loads, far below those required for scuffing of
steel surfaces, no difference between dry argon and wet air was observed in the wear
characteristics of gold. That is, no corrosive wear occurred with gold as did with
steel surfaces. Because of the difficulties encountered using the gold-plated balls
at higher loads, no further work is anticipated with the gold-on-gold system. In
the future, metals will be used which either have very durable coatings or consist
of a single metallurgy entirely.

D. Comparison Of Various
Metallurgies Studied

A comparison of several metals, all run with Bayol 35 as the fuel, is shown
in Table 11. As a first attempt to find a property which might be used to cor-
relate the wear performance of the various metals, Brinell Hardness, the elasticity
(E), and the hardness to elasticity ratio (H/K) is also tabulated. As may be seen
in the table, the difference in the wear characteristics of the various metallurgies
may not be attributed to any of these mechanical properties of the metals. For
example, K-Honel and the softened 52100 steel with roughly the same hardness per-
formed vastly different in dry argon. Again, K-Honel and stainless steel 302, having
the same hardness to elasticity ratio, have very different wear performance in wet
air. Apparently, as may be seen from the table, metals which are both soft and
corrosion resistant scuff very easily, especially in dry argon. The reason is un-
known at this time, and additional work must be done.

Another comparison of several metallurgies is shown in Figure 21 where
gold-coated steel is compared to steel and stainless steel 40C, all in wet air.
Note that at low loads the gold and the 440C both show less wear than the 52100
steel. With increasing load, the gold and the 52100 steel show higher wear levels
than the stainless steel 440C. This is probably due to lower corrosion resistance
of the 52100 steel as compared to the stainless steel 440C. At the higher loads
the gold coating has been broken through, and the gold system behaves very much like
the 52100 steel system.
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TABLE 10

BALL-ON-CYLINDER TESTS: GOLD-ON-GOLD

(32Mmi, 240rpm, 180F, Bayol 35)

Dry Argon Wtt Air
Co Fr WSD Co Fr WSD

Load (grams) @ 32Mi _ @ 32Mi

20 0.83 0.40 0.63 0.42

100 0.49, 0.40, 0.37 0.46
0.71 0.40
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TABLE 11

COMPARISOM OF VARIOUS METALLURGIES IN| 4-BALL TEST

(1200rpm, 15Min, 77F, 5kg)

Lubricantt: Bayol 35

Brinell Brinell Hardness-
Hardness Elasticit, E Elasticity Ratio, Wear Scar Diam (,mm)

Metal H p2j x 10"- H/E x 106 Dry Argon Wet Air

WC 1800 81 22 0.13 0.13

52100 600 \ 29 21 0.28 0.63

SS-440C 600 29 21 0.21 0.31

SS-302 2" 29 10 Scuff Scuff

Kmcne! 260 26 10 Jcvff 0. 57

52100 261 29 9 0.30 0.47
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V o ABRASIVE WEA

A third important mode of wear is by abrasion. This can be of two
kinds: (1) If the surfaces are rough, the asperities of one surface cal plow or
scratch the other surface, (2) If hard particles (dirt or wear debris) are sus-
pended in the liquid, they can become entrapped between the rubbing surfaces and
cause scratching. This latter kind is of most interest here. It is particularly
critical if the surfaces are case-hardened, for then the initial wear will result
fn very hard wear particles.

Abrasive wear, like scuffing, is sensitive to other kinds of wear occur-
ring. For example, if corrosive wear takes place, the oxide wear particles can
cause abrasion. It will be shown that this is indeed a critical factor in our
work. It is also probable that abrasive wear can influence other kinds of wear.
For example, abrasive wear will cut through the protective oxide film on the
surface, exposing fresh metal. If enough fresh surface is exposed, scuffing can

4 occur. In fact, this appears to be the mechanism of 8cuffing ixi wet air: corrosionI causes abrasion,which causes scuffing.
A short program has been carried out in the Vickera vane pump to learn

more about 6brasive wear with jet fuels. From this work, the following conclusions
can be drawn:

* There is further evidence thaz corrosive weaz triggers
abrasive wear.

a The increase in wear with increaaivg load ts largely due
to an increase in abrasive wear.

SThe amount of abrasive wear is not linearly dependent cn
the amount of wear particles present, but requires a cer-

tain minimum amount before wear becomes serious.

• Abrasive weal could not be correlated with Mob hardness.
crystal structure or particle size of several mctal
oxides.

* Unexpectedly, abrasive wear can be controlled by additives.

Previous data had shown that the wear debris from the Vickers pump test
consisted of both iron ard iron oxide. The iron oxide is balieved to be from
corrosive wear; that is, the oxidation occurred at the metal surface and the oxide
particle was then worn off, rather than the reverse, the oxidation occurring after
an iron particle was worn away. The amount of unoxidizea iron is then a measure
of the amount of abrasive wear.

A. Abrasive WtNr Increases with Load

Two pump tests were run at different loads (different outlet pressures).
The wear debris was analyzed for Fe*, Fe++, end Fe+++., as well as for 0, C, and
H. From thi and the total weight loss, the amount of abrasive wear can be cal-
culated. Table 12 presents the data. Raising the load from 23Opsig to 350psig
increased wear from 3.2g to 6.1g. All of this increase was due to abrasive wear,
the corresponding values being 2.2 and & .9g. The amount of corrosive wear was
almost exactly the same in the two cases: 1.47 and 1.43g as iron oxides.
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TABLE 12

EFFECT OF LOAD ON ABRASIVE WEAR

(7•eckers Vane Pupp Tests - 90F, Room Air)

Pump Ptessure, poig 250 350

Ring Wear, mg 3122 59.1
Vane Wear, mg 125 171
Total Wear, mg 3247 6122

AnalyseR of Wear Debris, wt%

Fe* 53.9 71.8
Fe+ 2  11.7" 7:5
pe+3 11.3 136.3 6. 821.0
Oxygen 13.3 )6.7
C 5.4 7,6

H 0.4 0.6

Estimated Wear Debris*, mg 4055 6810

Fe0 in Wear Debris, mg 2190 4890

Fe - Oxides in Wear rebris 1473 1430

S _(Total pump wear) (%_Fe in steel)

% Totil Fe in Wear Debris

4
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This conclusion is entirely logical. It means that corrosion occurs
irrespective of load, but that abrasion is load-dependent.

B. Abrasive Wear Does Not Occur Until the
Amount ,of Wear Debris Passes A Threshold Value

It is obvious that abrasive wear will not occur unless corrosive wear
precedes it, for in the absence of oxygen no pump wear occurs at all. This makes
it possible to test the abrasiveness of wear particles, uncomplicated by corrosive
wear. Accordingly, the effect of particle concentration was evaluated in a series
of tests on Bayol 35 in a nitrogen atmosphere. New Bayol 35 was mixed with varying
amounts of Bayol 35 from an earlier test run in air at 250psig. The amoun, of wear
debris was 0, 25%, 50% and 100% (100% equals 1.6mg debris per gram of fuel). The
100% test (no dilution with fresh fuel) was run by first running in air at 200psig
and then in nitrogen using a new pump cartridge.

The data are given in Table 13. As expected, the fuels containing large
amounts of wear debris gave very severe wear: 13.3g for the fuel containing all
the wear debris from the preceding test, 11.7g for the fuel containing 507 of the
debris. Surprisingly, however, the fuel with 25% of the debris showed almost no
wear at all. Thus, abrasive wear is not a linear function of the amount of wear
particles, but is in the form of Figure 23.

lt oAnalysis of the wear debris from the high wear tests shows that very
little of it is iron oxide, thereby confirming that this is pure abrasive wear.
Table 14 shows that. the run containing 50% added wear debris started with 736mg
iron oxide in the fuel and finished with 553mg. The entire 11,775mg wear was
thus unoxidized iron.

C. Abrasive Characteristics of Iron Oxides Are Not

Correlated with Hardness. Crystal Structure or Particle Size

Several different iron oxides and other metal oxides were obtained and
tested for abrasive wear in the Vickers pump. They were added to Bayol 35 at
1OOppm, which should be enough to cause abrasive wear, based on earlier tests.
The results are given in Table 15. Both of the ferric oxides, (-Fe 203 and ;-Fe203,
gave severe wear, the weight loss being about,8 grams. Alundum (0-A120 3 ) gave
about 0.25g. The other three oxides--Fe3O4, F eO(OH) and Cu20--gave less than
50mg wear. FeO(OH) did give severe wear when the amount was increased to 320ppm, as
shown in Table 16, anccher indication that abrasive wear 49 concentration-depen-

dent. However, Fe304 gave nc wear, even at 100Oppm.

It was rather surprising that no correlatiou could be found between
abrasiveness and other properties such as hardness, particle size or crystal

structure. Aluminum oxide is easiiy the/hardest, yet it was not as abrasive as
ferric oxide. Its particle size, by microscopic examination, was only Qlightly
smaller, These data are also given in Table 16.

D. Oleic Acid Reduces Abrasive Wear

It has generally been assumed that additives such as oleic acid function
as antiwear agents by chemisorbing on the surface, :hus inhibiting corrocive wear
and •'so decreasing adhesion. It was therefore quite unexpected to find that
oleic acid could eliminate abrasive wear. A Vickers pump test was run on Bayol 35
containing 200ppncm-Fe203 and 500ppm oleic acid. Without oleic acid, only lOoppm
a-Fe2G3 would cause severe abrasive wear, 7079mg. Adding oleic acid reduced the
wear to 5mg, Table 17.
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TABLE 13

EFFECT OF WEAR DEBRIS ON ABRASIVE WEAR

(Vickers Vane Pump Tests, 350pstg, 90F, in nitrogen)

Base Fuel: Bayol 35

7. of Wear Debris* None _251 50.. 100%

Wear, mg

Vane 3 l1** 1681 155.
Ring 0 61** 10094 11768

Surfacs Finisb, p-inch
Vane, initial 20 6 6 8

Final 38 7 ý37 85

Ring, Initial 13 10 33 7

Final 8 33 128 70

Chemical Analyses of
Wear Debris, 7.

Fe -- 59.2 87.0 86.4
Fe+2 -- 6.6 0.7 0.4
Fe+3  -- 13.8 1.1 1.3
Oxygen -- 6.4 6.1 6.2
C -- 0.6 0.3 0.2

H -- 12.2 2.2 1.9

W* ear debris obtained from previous test at 350psig in air.

1007 equals 0.167 by weight in the fuel.

• Averages of two runs.
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TABZ I4

MATERIAL RALANCES OF ABRASIVE WEAR
DUE TO WEAR DEBRIS

- 25Z 50Z
Wear Debris Wear Debris

Wear Debris

Weight, mg 974 1.,803

% Fe' 59.2 87.0

% Fe Oxides* 32.6 4.0

Fe°, mg 577 1200C

Fe Oxides, r3 317 553

Feo Balance, mg

From Added Wear Debris 546 1090

From Pump Wear** 72 11775

Total Fe" 628 12865

Fe Oxides Balance, ma

From Added Wear Debris 368 736

* Sumation of 7. Fe+ 2 , % Fe+3 and uxygen.

** If arsumed all wear is abrasive; i.e. oil Fe .
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•• TABLE 16

C0HCERAT1N EFFECT ON ABRASIVE WZAR

(Vickers Vane Pump Tests, 350POig, 901, Nitrogen)

Base Fuel: Bayol 35

FeO(OH)Fe 304

Wear, Um
Vanes 5 1169 19 0

Ring 27 9378 6 0

Surface Finish. u-inch

Vanes, before test 8 6 ..

after test 10 151 --

Ring, before test 31 12 ....

after test 23 39 ....
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(Vickers Vane Pump Tests, 350pol, 90F, Nitrogen)

200ppm af-Fe203
IOOppM OerFe203 +500ppIM OWeC Acid

Bavol 35 in B&Zol 32 is BAwl 35 ,

I Wear, M
SVanes 3 942 1

R~ing 0 7027 4

Surface Finish, jrn-_ch !

Vanes, before test 20 6 13

after test 38 139 16
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To try to jet some explanation for the effect of oleic acid the solids
were filtered out oi the fuels and examined under the electron microscope and by
I.R. No difference could be noted in the I.R. spectra. The electron micrographs
of the oxide particles are shown in Figures 2k and 25. Some differences can be seen.
The fuel containing oleic acid showed more clumping of the solid particles and
the individual oxide crystals seem less sharp. One can only speculate whether
this has any significance.

To summarize the work on abrasive wear, it appears that not &-ough is
known about why particles are abrasive, why there should be a threshoid concentra-
tion, or why or how additives act to prevent abrasive wear, However, it is not
within the scope of this contract to investigate abrasive wear more thoroughly.
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1 IA

FIGURE 24 - ELECTRONMI'VROGRAPH OF M-Fe203
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FIGURE 25 ELECTRONMICROGRAPH (OF O( -Fe2O3 AFTER A

PUMP TEST WITH OLEIC ACID

56



VI. FUTURE WORK

Work in the immediate future will be largely limited to studies of
scuffing under various conditions. Specifically, this will include:

* The behavior of additives at higher concentrations. .

e The effectiveness of other sulfur compounds.

* The effect of higher temperature.

e The relative importance of oxygen and water vapor in I
the scuffing process.

* The effectiveness of additives on metallurgies other
than steel.
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