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ABSTRACT

1. Under certa in condi tions , carbontetrach lori de is found to be

a negati ve boun dary lubrican t (gives a higher coeffi cient of fri ction than

that of dry surfaces in air) , while un der other conditions , it lowers

fricti on and gives a benefi cial effect . Both of these situati ons are ill-

us trated for heavi ly loaded sliding surfaces where the subsurface is under-

goin g gross plas ti c fl ow and an explanati on is presented which appears

to be consistent wi th all experi mental fac ts . Carbontetrachlori de is foun d

to be more reacti ve chemically when the sliding surfaces are heavi ly strained

or galled under high normal and shear stresses and containin g mi crocracks ,

a situati on that arises when cutting at low speed.

2. Initial results of fri ctional sliding unde r high normal pressure

obtained with ATA and MoS2 lubri can ts clearl y show that the newly deve l oped

chalcogen ides are more usefu l in reducing wear under high normal loads than

under light loads .

3. The non-dimens ional wear number (N w) obtained using dimensional

analysis to a limi ted system of wear quantity was found to be very useful para-

meter to the design engineer . More research is recornended towards obtaining

values of N
~ 

for a wide vari ety of systems .
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1. TH E CON FLICTING ROLES OF CARBO NTETRACHLOR IDE AS A

BOUNDARY LUBRI CANT

INTRODUCTION

Under certa in conditions , carbontetrach loride is found to be a
negative boundary lubricant (gives a hi gher coeff icient of fr iction
than that of dry surfaces in air ),  whi le  unde r other condit ions , it
lowers fri ction and gives a bene ficial effect. Both of these s i tua-
tions are illus trated for heavily loa ded sli di ng surfaces where the
su bsurface is undergoing g ross plas tic fl ow and an ex p lana ti on is

p resen ted whi ch app ears to be cons i s tent w i th all ex per imental facts .

Car bontet rachlori de is found to be more reac tive chemically when the
sl i din g surfaces are heav i ly st raine d or galle d under hig h normal an d
s hear s t resses an d co ntainin g m ic roc racks , a s i tuat ion that ar i ses w hen
cu tting at low s pee d.

At low cutting speeds , ca rbontetrachlori de is one of the most
effecti ve cutting fluids known from the point of view of the reduction

of cutting forces , and im provement of the surface finish. Yet , when
a cutting tool is slid back ove r a surface freshly cut using Cd 4 as
the cutting fl ui d, the coeffi cient of fricti on of the clearance sur-
face rubbing on the fresh ly cut surfa ce is higher than with sl iding
in air unde r the same conditions (1). This observati on suggests that
CC1 4 is a good cutt ing fl ui d despite the fact it gi ves a high coeffi-
ci ent of fr ict ion as a boundary lubricant. A similar resul t has been
reported us ing a fr ict ion apparatus that simulates condi tions on the
tool face of a cutting tool . In this test (2) a hard steel brine ll
ball is forced into a soft steel surface unti.1 a fully plastic zone
is produced beneath the ball. The defo rmed specimen is then rota ted
relat ive to the ball and the coefficient of friction is ’ measured.
When such an experi ment is perfo rme d on a surface wetted by carbon—
tetrachlori de , the coefficient of friction is high relative to the
value obtained in ai r. This again suggests that CC1 4 is a negati ve

boundary lubricant relative to air.

~ 

.
~~~~~ 
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However , workers in Dr. Tabor ’s l aborato ry at Cambridge Un ive rsity

have reported just the reverse role of Cd 4 (3) when a freshly turned
surface was wetted with Cd 4 and a loaded slider was drawn across the
surface . In these tests , CC14 gave a coeff i cient of fricti on lower
than that obtained in air .

In order to further explore this paradox , a test arrangement
similar to that used in reference 2 was constructed and used in further

studies of Cd 4 as a boundary lubricant .
At the outset , it should be explained that this work was conducted

on Cd 4 not because it represents an imDortant boundary lubri cant but

because the pheno menon explored is thought to exist  with other boundary
lubrican ts but to a lesser degree. Carbontetrachio ride cannot be used
in practi ce because it is very toxi c and unde r certain conditions , it
is too acti ve leading to chemi cal corrosion and an increased we ar rate .

E XPERI MENT A L SET -UP

Fig . 1 shows the principle of the test. A hard sphere is

loaded against a softer test specimen unti l the subsurfa ce is

fully plas ti c. Then , wi th the normal load still applied , the
deformed surface is rotated relati ve to the sphere . In order to

remove the singulari ty at the center of the s pecime n , a hole of
diamete r d1 is emp l oyed. It has been found that the coefficient

of friction is essenti ally independent of the s ize of the hole
emp l oyed in the range of 1/16 to 1/8 inch for a 1/2 inch diameter

sphere .
Fig . 2 is a schemati c view of the arrangement used. The hard

sphere is mounted in a chuck attached to a standard br ine ll testing

machine by means of a strain gage to rque dynamometer. The s pheres
used are standard 1/2 inch diame ter AISI 51100 bearing halls. The

soft specime n is a one inch diamete r cyl inder of A ISI 1018 steel,

1/2 inch high . The l ower cylin drical specimen is prov ided with a

centra l hole ranging in diameter from 1/16 to 1/8 inch . After the

vertical load is applied to the hardness tester and the l ower speci-

men has been indented , the cylindrical specimen is rotated by means

of the motor and gear arrangement shown in Fig. 2. Rotational speeds

from 2 to 1000 rpm are possible. This arrangement enables fricti on

to be measured ~‘Then one of the mating surfaces is fully plast ic.

The frictional torque is continuously monitored using a chart recorder. 
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Fig . 1. Princip le of Ful ly Plastic Friction Test .

Br i ne l l  Hardness  Tes ler /

Torque Dy namometer 1

~~~~~~~~~ Sp here

~~~~~~~~~. 1  ~~~~~~~~~~~~~~~~~
I l l t I I I  

_____

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ]

Brine II Ho rd rtes s Tester

Fig. 2. Schemat ic Arranger’~nt of Test  Appa ratus .
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TEST RESULTS ON STEEL

Fig. 3 is a typical friction torque (inch poun ds ) vs. rotational
displacement (rev) curve for s l id ing in air followin g indentati on in

air. The initial torque is very low (
~ 8 in. lb) but rises to a va l ue

of about 50 in lbs during one revolution . During this period of rising

torque , the rotating surface is severely qall ed and Fig . 4 is a plan

view of such a galled surface.

- loo~
_

R e v o l u t i o n s

Fig. 3. Fri ction torque vs. Rotational Displacement for Sl i ding in
Air. Load on sphere = 1000 kg, sliding speed = 2 rpm , hole
riimTr’tpr . O .12~ in.

•
4

-

Fig. 4. Galled Surfa ce After Three Revolutions Under Conditions of
Fig. 3.

-~ - 
_. z. ~~. -. .~~~~~~~ ~~~~~~ . 
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If dry sl iding is interrupted after the initial transi t ion to

the steady state , the s teady state value of fr ict ion tor~ue is obtaine d

immedi a te ly wi thout any trans it ion . This is becaus e the surface was

fully galled during the ini t ial  transit ion and afte r that , there is no

further dete ri orati on of the surface even when noti on is interrupted.

Fig . 5 shows the variation of the mean fri c tional st ress (
~ ) vs. mean

normal stress (~
) when sliding in air unde r initial and steady s~ ate

conditions .

Steady  1 D iameter  o f
Slate m ~ Central Hole , in ,/ 0.5
• 0 0 .125 / ~50 — A A 0.06 2 Steady  S ta te

0 ~ lO~~~~~’~~/o4

~~~ 40 -

7 /

~~3Q A

:~:- /./~~~~~~~~~~~~~~~ 2

o_ _ _
0 20 40 60 80 100 120 140

Normal  S l r e s s , a ( kps i )

Fig. 5. Var ia t ion of Mean Shear Stress ( T )  with Mean ~o rma l Stress ( o )
for Slidin g in Air  Under Initial (Open Points ) and Steady State

(Solid Points ) Conditions.

The frictional torque (M) is converted to mean shear stress (~
)

as fol lows (2)

12 M
T = 

~~(d0
3 

- d1
3) (1)

Lines of constant coefficient of fri ction (f = ~ ) are also shown in

Fi g. 5. for purposes of reference. The coefficient of friction is

ini tially about 0.1 for the dry case but rises to abnut 0.5 under

steady state conditions.
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Fig. 6 shows the var iation of T with a for Cd 4 and Fig . 7 shows

the fri ctional torque vs. rotational displacement for the same case.

It is evident that frictional torque reaches the steady state value

instantaneously in this case and consequently the initial and steady

state values are the same as in Fig. 6. Also , the initial and steady
state fricti on coeffi cients wi th Cd 4 are the same (O~28) compared
with the O~5 for the dry steady state case. Fig. 8 is plan view

photomic rograp h of the CC1 4 surface wh ich is seen to be far smoother
and crack free than the air surface (Fig. 4). A thin film of ma terial

was present on the surface that had been indented and rubbed with Cd 4
wh i ch was inden tified as FeC1 3.

In i t i a l  S t e a d y  Diameter  of
S la te  Central Hole , ln

• 0 0.12 5
50- A A 110 1

0 0.06 2
U,

I
0.3 In It i al 3

a Steady  Sto le

o ~~~~~~~~~~~~~~~~~~~~ 

T~
__ j —_ 

~
_
~7

-_ 
~~~~~~~~~~~~~~~ 

s

0 20 40 60 80 100 120 140 160 1 8 0
Norma l S t r e s s , a ( k p s l )

Fig . 6. Var iation of Mean Shear Stress ‘ T )  wi th Mean Normal Stress (a)
for Sliding wi th CC14. There is no di fference between ini tial
and Steady State Values.
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- 50 c~~
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J 1*1~J~~I~

I I
3 2 1 0

Revoluti ons
Fig. 7. Fri ction Torque vs. Rotational Displacement for Sl i ding with

CC14 . Loa d on sp here 1000 kg, sliding speed = 2 rpm, hole

• 
. d4

FIg. 8. Pla n View Phothm icro graph of Surface A fter 3 Revolutions with
CC14 present.
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In a further series of tests , indentati dn and rotation to the
• steady state were carried out in air fol l owed by the application of

CC14. Fig. 9 shows the friction torque vs. disp lacemen t~ t races for
rotation in air followed by the application of CC1 4. The friction

torque is seen to drop to a very low value when CC14 is applied to the

galled air surface . Fig. 10 shows. values of -
~ vs. a for indentations

produced in air and rotated unti l galling occurred (3 revolutions) .

Then CC14 was applied to the cavity and values of T were measured.
The val ues marked initial were those measu red immediately befo re the
CC14 had an opportunity to react with the surface while the values

ma rked steady state are those pertaining afte r three revolutions in
the p resence of Cd 4. The latter values are nearly an order of magni-

tude lower than the former ones .

cc i 4 A i r  
. 

100

.,.,. 5 O c ~~

_ _ _  
I ~ 

0 U

2 1 0 3  2
Revo lut ions Revolut io ns

Fig. 9. Fricti on Torque vs. Rotational Displacement for Sliding Initia lly
in Air Followed by Application of CC14. Load on sphere 1030 kg,
sliding speed = 2 rpm , hole di ameter = 0.125 in.

Fig . 11 shows val ues of shear and normal stress obtained for sur-
faces having di fferent values of surface roughness befo re indentation
when lubri ca ted by CC14. While t here is little di fference in the

initial values of f with roughness , the steady state values show a

large diffe rence , rougher surfaces y ielding lower values of f.

_ _ _ _ _  ~~~~~~~~~~~~~~

_•-

~~~~

•
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Stead y - Diameter  of• In it ial
~ t a te  Central Hole , -In.

• 0 0 .1255 0 -  A A 0.101
-
~~ a a 0.06 2
0.

~~ 4 0 -  f

~~ 3 0 -  
.

- 
.,‘

~~ 
‘ Initial

2 0 -

0 20 40 60 80 100 120 140
Normal S t r e s s , a (k ps i )

Fig. 10. Variation of Mean Shear Stress (-i ) with Mean Normal Stress (c )
for Slidin g in Air Follo wed by Slid ing wi th Cdl4.

~ S l ead y Sur face RoughnessIn it Ial
5 0 —  ‘ S t a t e  ~ . , n  A A

• 
- 

100
200

o a -  700 . f
1—• V 4000

0 • . Lapped 0 Lopped

.-~
—-- 

~~~

—-

~~~~~~~~~
_ — - 

L_~- —j~~~
— 

---- 
- - -

C. -f-- 1 J 1 1
o 20 40 60 80 100 120 140 160 180

Normal S t ress , & (kps i)

Fig. 11. Variat ion of Mean Shear Stress (-i ) with n ~oniial Stress (a)
for Sli d ing with CC14 when the Initial Surfa ce Reug hncss
has Di fferent Values in ~i in ,AA. 
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DISCUSSION AND INTERPRETATION OF RESULTS ON STEEL

The fore going resul ts are consisten t wi th the fol lowing explana-
tion . Carbon tetrachlori de is ine ffective as a boundary lubricant and

is , in fact , a negati ve boundary lub ricant if it does not react chemi-

cally wi th the surface being lubricated to form a brittle compound in

the case of steel (FeC1 3). The negati ve action comes from the fact

that it excludes oxy gen in air. Since metal oxi des are somewhat bene-

ficial in l owering frictional resistance , the p resence of air is
important.

It is well known that surface asperities are merely flattened by

an indenter but not removed completely unless the indente r is slid

across the surface (4). This is because the plasti c zones beneath

each asperi ty grow as they are flattened un der increased load , but

only un ti l adjacent pl as ti c zones interact. Afte r that , there is g ross
plastic flow beneath the indenter instead of locali zed fl ow beneath

indi vidual asperities (5). Fig . 12 shows schematically a rough surface

before and after indentation. For a given material , the mean stress
at the surface of asperities will increase as the spacing of adjacent

asperities increases and hence as the surface roughness increases .

The tendency for Cd 4 to react with iron will increase wi th pressure.
For a smooth surfa ce , the pressure will be insufficient to cause Cd 4
to react to form FeCl 3 and the role of Cd 4 wil i be to excl ude oxyGen

which , in turn , results in high fri ction. This explai ns why the

friction was so high when a tool used to cut steel or al uminum using

CC14 was slid back ove r a freshly cut surface . The surf ace produced

was so smooth tha t the Cd 4 did not react to fo rm a metal ch lori de

on the backward pass. The values off recorded in reference 2 were

initial ones rather than steady state values . This explains why sliding

in air was so much lower than sliding with CC1 4.

The foregoing explanation is also consistent with the results

of Fig. 11 . The pressure is too low on asperities of a smooth

surfa ce to cause Cd 4 to react and hence its role is the negati ve

one of excluding ~~yyen. The experiments at Ca;:-bridge University (3)

were conducted on a m uch rougher turned surface than that of exper i -
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Indenter j 
-

.—_..........——.... ....—~...-
-—-._.—. ... Before Indent at io n

D~~~
te T Ind e nt at i on

t . p .

/ -
‘S

. /

Fig. 12 Schemati c view of rough surface before and afte r indentation . The dashed
line is the elastic- p lasti c boundary unde r entire indentor when plast i c
zones beneath asperi ties join up.

ments described in ref . 1 which were p roduced by a shaving cu t made
us i ng Cd 4. As a result , the p ressure on the Camb ri dge as peri t i es
was suffi c ient to cause Cd 4 to react af~d this resul ted in a reduction

in the coeff icient of fr iction . The results of Fi g. 10 are similar

to the dantridge ones in that a surface fi rs t rotated in air gives
rise to a galled surface and pressures are sufficiently high to cause

Cd 4 to react. This causes the steady s tate values of fr iction ‘ i t h
Cd14 to be lowe r than in air .

Having said all this, the role played by Cd 4 on the tt~ol fa ce in
meta l cutting is not clear. In fact , it may act as both positiv e and

negati ve lubricant - posit ive ve ry cl ose to the cutt ing edce and
negat ive as the chip proceeds fa rther up the f ,ice of the tool. From
the well established concentrate d shear model of cutting and the fact

that strain is not unifo rmly distributed in a metal but occurs on

relatively wi dely spaced planes , fracture must occur at the ends of
lamellae adjacent to the too l tip (Fig. 13). The most probable direction

of fracture is along AD for a duct ile ma terial hu t along AE for a

bri ttle material . Fig. 13 shows the slip line field suggested by Lee

and Shaffer (6) together wi th the corresponding ~‘bhr ’s Ci rcle dia g ram.
This analytical approach to metal cutting arbitrarily assumes that the

shear p lane is in the di rection of max imum shear stress (i .e. on pla ne 5).

The most probable fracture di rection for a bri ttle material will he at

an angle e = 45° to the pl ane of shear. In any case , the bo ttom sur faces
of the lamel lae will be jagged when freshly generated at the tool tip.

As the chip proceeds up the tool face , i ts surface wi 11 he hurni shed.

During the burnishing process , the role of Cd 4 i n reducing friction

will be a positive one if the pressure genera ted is sufficiently hi gh
to cause a reaction to occur with the metal be ing cut. Ho%eve r , as

L . ~~~~~~~ .~~~. i~~~~ . ~~~~~~~~~~~~~~~~~~~~~
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L 1/Th ~~~~~~~ 1
T

(. \{
C

t ~~~~~~~~~~~~~~~~~ Parallel-to BC Mohr ’s Circle
-e ~~~~~~

Fig . 13. Concentrated Shear I’~’~de1 of Cutt ing with Jk~hr ’s Ci rcle Diagram
for Sli p Line Field ABC. Fracture Surface at Tool Tip = AD
for Ductile Materi al but AE for Brittle Ma terial (AE is parallel
to BC).

the burnished surface of the chip proceeds further along the tool
fa ce , the pressure will drop and the role of Cd 4 may shi ft to that
of a negat ive lubri cant. On the other hand , the meta l chloride
genera ted during the initial burnishing acti on may be suffi c i en t to
have a positi ve effect during the post burnishing contact period in

which case we mus t concl ude that the net effect of CC14 on the tool
face is a positive one .

TEST RESULTS ON LEAD AND THEIR INTERPRETATION

Some add itional tests were performed wi th lead as the soft
cylindrical specimen . Fig. 14 shows tests performed in air. The
initial val ue of friction coefficient was low (~O.l8) but after a few

revo lutions , the shear stress corresponded to the bulk shear st re~igth
of lead (‘~lOOO psi). This is due to the fact the oxi de initially

present tends to prevent the lead from bonding to the steel sphere ,
thus preventing galling . As the oxi de ori ginally present is dis-

placed , clean lead on steel gives rise to high values of friction .

To check this , tests wer-e~performed using hydrogen peroxide (H202) as

the source of oxygen. The resul ts of these tests (Fig. 15) show

f inal values of f r ict ion equal to in i t ia l  values since the oxide sur-
face 1 aye r was replaced as rapi dly as it was disp laced when H202 was

present.
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Fig. 16 gives resul ts for lead indentations ma de in the presence
of CC1 4 foll owed by sliding. Initial val ues of friction ~.-iere only

slightly higher than those for the dry case since Pb Cl 3 has a sl i ghtl y
higher shear strength than lead oxide . However , what is more i mpo r-

tant, the Pb Cl 3 film initi ally produced during indentation is brittle

and ruptures during sl iding, expos ing clean lead to the steel ball.
This resul ts in fina l values of f ric t ion  w i t h Cd 4 that are the sa”e
as the fi n al va l ues for  a i r .  In bot h cases , the high val ues of f
result from galling . Thus , CC14 is a negati ve lubr i cant for lead due

pri marily to the fact that the film forme d chemi cally on the surface

(Pb Cl 3) is brittle , exposing clean lead as it fractures .

Lead is about the only metal for which CC14 does not reduce cutting
* forces below those obtained in air at low cutting speeds . The reason

1200 - • + +  • 
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. 
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Fig. 16. Variation of Mean Shear Stress ( T )  wi th Mean Normal St ress (a)
for a 1/2 inch d ian~ te r Hard Stee l Sphere Sl id ing on Le ad in
the presence of CC14.

for this is that the lead chlori de initiall y formed during chip
formation is brittl e , fractures during subsequent sliding of the
chip up the fa ce of the tool and thus exposes clean lead to the

to ol fac e which resul ts in high f r ic t ion.  

..~~~~~~~ ~~~~~~~~~~~~~~~~ ~~TT ~~~~~~~~~~~~~~~~~~~ IT1T~
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CONCLUDING REMARKS

This study reveals that Cd 4 can have a dual rol e as a boundary

lubricant . It can gi ve hig her fri ction than air ,if it does not

react ,by excl uding oxy gen . Or it can gi ve low values of friction if

conditions are such that it can react. The tendency for  a stee l

surfa ce to react with CC1 4 increases with an increase in surface

roughness since the resulting increase in pressure on the asperities

pro motes chemical action . Ca rbon tetrachlor ide is most effecti ve on

very roug h galled surfaces (highly strained) and results in a surface

burnishing acti on that is part chemi cal and part physical . It is

bel ieved that extre me pressure lubri cants generally perform in this

way al though not as dramatically as Cd 4.
Car bon tetrachlor ide is bel ieved to be a negati ve cutt ing fluid

(gives hither cutting forces than when cutting in air) for lead not

so ~‘u ch for the reason g-:nerall y stated - i.e. due to lead chloride

ha ’ ing a h igher shear stren gth than le ad i tsel f  but be ca use lead
chlo T -iJe is so brittle it ruptures on sliding, ex pos i ng clean lead
whic ~ in tarn leads to gal l ing.
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II. PERFORMANCE OF NEW CHALCOGE F4 IDES AS
SOLID LUBRICANTS

INTRODUCTION

There are many bearings in engineering practice that cannot be designed

to be hydrodynami c . Such bearings perform well when a solid lubricant is

applied to the bearing surfaces . The function of a so l id  lubri cant is to
p revent the con tacting surfaces from wel d ing which result in high fri ction ,

and wear and roughening of surfaces due to galling. Solid lubricants are ad-

vantageous with heavil y loaded bearings or bearings designed to operate

at speeds below that necessary to establish a hydrodynami c film.The important

property of solid lubricants is their ability to adhere strongly to a bearing
surface so that they cannot be readi ly displaced during sliding. Graphite

and Mol ybdenum d isulfide are the most commonly used sol id lubri cants . W h ile
these materials perform wel l  in many appl icat ions they have their limi tations .
For example , graphite requires minute amounts of wate r vapor or hydrocarbons

present in the atmosphere to perfo rm wel l. Graphite is not a good lubricant
in vacuum .I t also fails to lubricate above a mode rately high temperature (~9OO cF).

Mo lybdenum disulf i de does perfo rm sat i sfacto rily in vacuum and is usable to

hig he r temperature s than g ra phi te .
There is need for imp roved solid lubri can ts other than graphite or Molybdenum

disulf ide , part icular ly under high loads or low speed This need was clearly
identi f ied recently in the Naval Ai rcraft app l icat ions in the U.S. A. The
Na val Air Systems Command initiated and sponsored a program by the Naval Air

Deve l opment Center and Pennwalt Corporation to synthesize and evaluate a new
class of complex chalcogenide solid lubri cants . They have prepared ove r twenty

compounds including AsSbS4, FeMoS4,SbSbS4, and Ce2 (MoS4) . They foun d a
number of them to be amorphous . As extreme pressure and antiwear additives

they found almos t all of the chalcogenides to be superior to simple sulfi des .
Nowever , research work was mainly concentrated on arsenic thio antimonate (AlA).
There is need to study the performance of other chalcogen ides , which are not
yet full y characteri zed , over a wide range of speeds and loads relative to
their:

1 . Frictional properties.
2. Wear prevention characteristics .

-~~~~ .- . .
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3. Surface refining characteristi cs (run-in).

4. Film life .

5. Fretting, corrosion prevention characteristics .

A fric tion and wear test apparatus recently developed at Carnegie-

Mellon Univers i ty is ideal for studying solid lubri cant characteristics

since i t operates in the high load region where the subsurface of the

softer slidin g member is fully plastic. In the following, initial results

on the performance of MoS2 an d ATA solid lubricants in sliding AISI 52100

(hardened) ball on AISI 1018 steel and stainless steel involving subsurface

deformation are presented which clearl y inidcate the superior performance

of AlA unde r hi gh normal pressure ~n1y as compared to MoS2.

EXPERI MENTAL SETUP

In orde r to achieve slidin g under bulk plastic fl ow condi tions a modi fied

B rinnel hardness test set up is used. This set up as shown in Fig. 1(a) is

an imp roved version of that repor ted by Shaw , Ber an d Mamin [1]. The specimen

is moun ted on the tab le of the Brinnel hardness tester su pporte d by radi al and
thrust bearings . The torque required to rotate the specime n against the bal l

is measure d by means of a dynamometer . The necessary bulk flow is accom p l ishe d

by making an or di nary Brinnel inden ta ti on before rotati ng the s pecimen by a
motor . Fig. 1 (b) is a photograph of the modi fied Brinnel Hardness

tester for wear studies . In order to avoid the singulari ty that exists at the

pole in the case of an ordinary Brinnel test , a central hole in the specimen

is provided (Fig . 2). Experi ments with diffe rent sized holes for the same

ball di ameter revealed no signifi cant diffe rences so far as friction is con-

cerne d. However , when the size of the hole is too small and normal load too

h igh due to col l apse of the hole and side fl ow of the metal the hole was found

to fill almos t completely . To avoid such a situation and to provide geometri c

similari ty the du d0 ratio in Fig. 2 is ma in~ained approximately constan t (~2 .5)
in all the tests . Fri ction force is continuously monitored using a chart

recorder.

MATERIAL S USED

Solid lubri cants used in this study were kindly provided by Dr . A. Con te

of the Naval Air Development Cente r , Warministe r , Pennsylvania. They are

_________ —~~~~~~- ----~~~~~.- .--
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straight Molybdenum disulfi de (MoS2), straight arsenic thio antimonate (ATA)
5 wt.% of ATA in lubri cating grease (LS1—5ATA) , 5 wt.°~ MoS2 in lubricating
grease (LS1-5 M0S2) and lubri cating grease (LS1). AISI 52100 steel ball
was used for indentati on and the surface of 1 inch (AIS 1018) low carbon
steel and stainless steel cyl inde rs we re used as the slide rs . Lu brication

pockets were provi ded on the indentation as otherwise the lubri cant was
found to extrude out due to normal pressure .

TEST RESULTS
LOW CARBON STEEL

Fig . 3 shows the variation of fri cti onal stress (-r ) with normal stress
for ATA , MoS2, LS1 -5ATA , LS 1-5MoS2 and LS1 grease. Lines of constant coeffi-
cient of friction (~ ),which is the ratio of fri ctiona l stress to the normal
stress ,are also drawn in the fi gure . It can i~e seen tha t the frictional

coefficient is high for straight ATA (~~~ 
= 0.225) followed by strai ght MoS2

(u ~ J•09 ). The high fri ction of strai ght AlA can be due to the fact that
the surface is covered wi th an AlA film .Figs . 4(a) & (b) are SEN’s. Fig 4(c)

is a TEM of platelets of ATA showina s~ieet type structure . The
fri ction coefficients for strai ght g rease , grease with either MoS 2 or ATA

are very low (~ 
= 0.05) and about the same .

Fig. 5 shows the vari ation of wear rate wi th  normal stress for straight
gre ase , LSi— 5MoS 2 and LS 1-5ATA. It can be seen that up to about 45 kps i there
is no signifi cant di fference in the wear rate. However , above this normal

pressure , the wear rate of AISI 1018 steel covered with LS1 grease increases ,

possibly due to film breakage. A much higher normal pressure (~ 65 kpsi) is
required before the wear rate of AISI 1018 steel surface coated with LS1-MoS2
starts increasing rapidly. The wear rate of stee i with LS1-5ATA increases

gradually up to 130 kpsi and the second stage of rapid wear rate was not
reached . If one comp ares the wear rates of AIS I steel covered
with grease , LSI-5MoS2 and LS1-5ATA , one can clearly notice a 5 fold increase

in wear rate with straight grease and a 3 fold increase with LS1-5MoS2 as
compared to LS1-5ATA. This clearly vari fies the superior performance of AlA

chalco genides under high normal pressure as compared to M0S2. Again from this

figure one would not notice much di fference in the wear rate when the normal
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Fig. 4(c) TEM mi crograph of a sample of AlA showing layer type structure.
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pressure s are low . This also clearly demonstrates the usefulness of CMU ’s

new wear tester.

Fig. 6 shows the variation of frictional stress with number of revolutions
unde r di fferent normal stresses for LS1 grease , LS1-5ATA and LS1-5MoS2. It
can again be seen from this figure that at low normal pressure (o ~ 45 kps i)

there is no noticeable di fference in fri ctional stress or friction coefficient
for the three lubrican ts . However , as the normal stress is increased above
55 kps i differences in the fri ctional stress (and consequently the friction
coefficient) are very high for LS1 grease , followed by LS1-5MoS2 and LS1-5ATA.
The high fri ctional stress with LS1 grease under high normal pressure is due
to film breakage and galling of the sliding surfaces . The sliding surfaces
were covered with M0S2 and AlA although some galling is observed with M0S2
due to partial film removal .

STAINLESS STEELS

Fig. 7 shows the vari ati on of wear rate of stainless steel with normal
stress for straight grease (LSI), LSI-5MoS2 and LS1-5ATA. It can agai n be
seen that up to about 45 kpsi there is no significant difference in the wear
rate . However , above this normal pressure , the wear rate of stainless steel
cove red with LS1 grease increases rapidly , possibly due to film breakage .

A much higher normal pressures (
~ 60 kpsi) is required before the wear rate

of stainless steel surface coated with LS1-5M0S2 starts increasing rapidly.
It can also be seen that the wear rate of stainless steel with LS1-5AIA is
increasing only gradually and the second stage of rapid wear was not reached
yet even upto 120 kpsi . If we were to compare the wear rates of stainless

steel surface covered w ith grease , LS 1-5 M0S2 and LS 1-SAT A , we can c le~~1y

noti ce an 8 fold increase with straight grease at ~ 100 kps i normal pressure

and a s im il ar increase wi th ATA -5MoS 2 at ~ 130 kp si  norma l pressure as compared

to LS 1—5ATA. S imi lar  to the tests wi th low carbon steel , the tests w i th
stainless steel clearly show the superior perfo rman ce of AlA chalco genides

unde r h igh norma l pressure as compa red to MoS2. As can be noted one would
not noti ce much difference in the wear rate at low normal pressures (< 40 kpsi).

Figs.8 (a) to (c) are micrographs of the s ta in less stee l surfaces with
stra ight grease, 5% M0S 2 and 5 % AlA respect i ve ly.  The su r face s covere d w i t h

grease and M0S 2 show considerable gal l ing whi le that cove red with 5~ AlA s hows a
smooth surface .

. - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CONCLUDING REMARKS

Initial results obtained with AlA and MoS2 lu bricants clearly show

that the newly developed chal cogenides are more useful in reducing wear

under high normal loads than under light loads . Also to evaluate their
relative performance a setup similar to the one descri bed here is required.
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III . DIMENSIONAL ANALY SIS FOR WEA R SYSTEMS

In a recent issue of Wear [1], Prof. D. C. Drucker discussed wear

from the point of view of dimen sional analysis and concluded that “dinie n-

sional analysis falls far short of providing familiar results for the most

elemen tary theo ry or experiment ” . This is only true if the problem tackled

is too ambitious .

The main feature of dimensional analysis is that it enables the number

of vari ables to be reduced by up to the number of fundamental di mensions

involved . For a dynami cs problem , such as that involve d in fri ction and

wear , this w i l l  be three . If the scope of a problem is such that it invo l ves

seven var iables befo re dimensional analysis , it will invo l ve four variables

afterward . This st ill leaves a complex functional relationship to be evalua-

ted. It is preferable to limi t the scope of the problem and in doing so ,

reduce t:~e fina l number of vari ables to two or p referably , only one .

Instead of considering ~~ i~s~ general case for a fri cti onal slider ,

let us consi der the behavior of a single pai r of metals operating with a

given lubri cant. It is reasonable to assume that for this limi ted problem ,

the vo l ume worn away (B) will depend upon the sliding distance (-e), the

applied load (W), the hardness of the softer member of the pai r (H), and the

s liding velocity ( V ) .  That is,  we shou ld expect

B = 
~ (-a , W , H , v) (1)

where ~, stands for some function of the quantities within the parentheses.

There are thus five vari ables at this point. After performing a dimensional

analysis , we obtain

= cons t K (2 )

_ _ _ __ _ _
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The velocity drops out and there is now only one vari able (the non-

dimensional quanti ty

This is a familia r result since it corresponds to Archard ’s equa-

tion [2] when rearranged:

LW - H

There is a host of emp i ri cal data in suppo rt of equation (3) and the

fact that slidin g speed (V) plays a minor role in the normal range of

s peeds encoun tere d.

The nondimensional group (~~~~~~ ) is just as fundamental to wear theory

as Reynold s number is to fluid mechanics . And , just as it is convenient

to inte rp ret Reynold’ s number as a quantity p~~port ional to the ratio of

inertia to viscous forces acting on a flu id par t ic le , it is equally useful

to interpret the wear number in terms of two volumes as explained below .

Fig. 1 (dotted l ine) shows the e las t i c -p las t i c  boundary under a loaded

indentor [3]. The hardness is W /Ai where A 1 is  the area of contact of the

indento r with the plastic material . Plastic area A2 is pro portional to area

p

Fig. 1 Indentation of plastic material. E = elastic region , P p lastic
region .

_ _ _ _  
_  _ _

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _



—1
3.3

A1 and if the l oaded indentor is moved a distance L perpendicular to

the paper , the plas tically defo rmed volume will be A2L which is pro-

portional to A1 L. But

B~BH — 
A1 B B- 
:~~

— =  
~~~~~ ~ 

(4)

Thus , the nondimensional wear number U~ = ~~~~~
- is proportional to the

volume worn away to the vol ume that is plas tically deformed when sliding

through the same distance .

The val ue of NW will depend upon the metal pair in slidin g contact ,

the lubri cant or envi ronment, the geometry of the test arrangement and the

intensity of loading . If the load intensity is low , attri tious wear w ill

be predominant , but if the load intens ity is high or hard abrasive particles

are p resent , abrasive wear will be predom inant. It has been shown that

equation [3] holds for either attritious or abrasive wear [4]. However ,

the val ue of NW will be different for the two wear regimes , N
~ 

being much

large r for abrasive wear than for attritious wear .

A vari ety of test arrangements may be used to determine relative values

of N w for different wear resistant materials. For example , the Stellite

Division of the Cabot Corporati on uses the Dow-Corning Friction and Wear

Test machine shown diagramatically in Fig. 2. The test specimen is a

stationary block loaded against a rotating ring of AISI 4620 steel . A

tes t is norma lly run without lubr icant for 25 minu tes  at a sli d ing  speed of

28.8 fpm (0. 146 m/s) under a load of 30 pounds ( 134N) . Table 1 gives repre-

sentative results for three Stellite Alloy s having the compos i ti ons given in

Table 2.

L ~~~~~~~~~~~~~~~~~~~~~ - IIT1~____ TT.~~~~ .. _ _ _ _ _ _ _ _ _ _ _
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alloy

Fig. 2 Dow-Corning Friction and Wear Test Machine.

- - Table 1
FH

Alloy No. W ,N J,m B ,m H, 
~~a

25 133 .6 213 . 0.285 x10 9 2558 2.56 x 10~~

6B 133.6 213 - 0.293 X10 9 3685 ~~~~ x i o 5

6K 133.6 213 0. 453 x 10~~ 4067 6 .51 x

Table 2

Alloy No. Co Ni S~. Fe - X-~n Cr No • C

25 BAL 3.0 2.0* 30* 2.0* 30 1.5* 4.5-1.2

6B ~AL 3.0 2.0* 30* 2.0* 30 1.5* 14 5  —1.6

6K BAL 10 1.0* 30* 1.5 30 - 15 ~- .l0
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3.5

Un der these test conditions , alloy 25 is the most wear resistant

of the group. Diffe rent relat ive results w i l l  be obtained for di f fe rent

intensit ies of loading , in the presence of diffe rent lubricants or when

abra sive particles are present.

The nondimensional wear number (Nw ) that is obtained when dimensional

analysis is applie d to a limi ted system o f wear i s a useful quan tity for

use by the design engineer and mo re research should be directed toward ob-

taining val ues of Nw for a wide variety of systems . It is grat i f ying to

note that the Lubricat ion Div is ion  of the Ameri can Society of Mechanical

Engineers have plans for publ ishing a handbook of ‘i~ lues of N
~ 

coverin ç a

wide variety of situations [5].
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