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ABSTRACT

This work is composed of three parts, which are:

1) A thecretical analysis of a dynamic thermocouple formed by the
Junction of two metals sliding over each other,

2) A report on an experimental investigation of the dynamic
thermocouple,

3) The results of friction and galling tests ars given for,
titanium rubbing on steel, titanium on titanium, surface coated
titanium on steel, surface coated titanium on unconted titanlum ana

surface coated titanium on surface c¢oratoed titanlwa,
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PART I ON THE THEORETICAL ANALYSIS OF A MYNAMIC THﬁRMﬁGOUPLE”“ S &
-
[~
The "Dynamic" thermocouple formed by the moving juncticns of two dis- -

simllar metals is analyzed theoretically., It ia found that if the two

leads from the cold Junction, in series with a potentiometer are aym-
metrically placed in two bodies rubbing over each other the s.m.f.

msasured by the potentiometer satisfies .aplace's equation in terms of

the positioning of the leads in the body. The boundary condition is that the
potential at any contact area is the Seebeck eim.f, corresponding to the
contact area temperature,

It 1s shown that in the case of two semi-infinite rubbing bodiea with
many randomly distributed contacts, small in area compared to the distance
betwesn them, that the potential measured by thermocouple leads placed
at an infinite distance away from the contact areas is the average of

the Seebeck e.m.fs., corresponding to the contact temperatures, weighted

by the square root of the areas,

PART II  EXPERIMENTAL RESEARCH ON THE DYNAMIC THERMOCCUPLE

An experimontal investigation is made of the d.c. or time averaped
e.m.f, produced by a dynamic thsrmocouple to establish its relationship
to the interface temperature generated by friction. Tests are made to see
if this d.c¢. e.m.f, is due entirely to thermal effects, Experiments to
compare the dynamic thermocouple s.m.f, with theoretically estimated
interface tempecatures indicate that the real contact areas between two

rubbing metals corresponda to the normal load and the yield pressurs of

the softest material,
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PART III  THE GALLING AND FRICTION CHARACTHRISTICS OF SURFACE CONATED
TITANIUM SPECIMENS

Rubbing tests are made to find the coefficient of friction and

galling characteristics of surface coated titanium rubbing on stesl,

1 uncoated titanium, and coated titanium.
In resistance to galling considersble improvement over the use
! of uncoated titanium is found for surface coated titanium rubbing on

steel, and on coated titanium, but not for coated titanium rubbing on

%. uncoated titaniunm,
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ON THE THEORETICAL ANALYSIS OF A DYNAMIC THRRMOCQUFLE

By
Eber W. Gaylordl
William F, Hughee?
Fredric C. Appl3
F. F. Lingh
Pittsburgh, Pa,

NOMENCLATURE

E = Seebeck a.,m,f,

L/ = Peltier coefficient

o = Thomson coefficient

T = electrical resistivity

J = gurrent flux density

P = potential messured by a potentiometer placed ir the
thermocouple circuit

¢ = P ~ P(00)

mn(r) = intensity of the current source for the nth contact area

(x,y,8) = coordinates in body B

(§.7.5) = coordinates in body A

T(x,y,2) = temperature in body B

To = cold Junction temperature

N = subscript referring to body A

()p = subscript referring to body B
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INTRODUCTION
The dynamic thermocouple, better known as the "Herbert Gottwein"

thermocouple utilizes the junction between two dissimilar metals which

—— pew W PEE

are rubbing together as one junction of a thermocouple eircuit, (Fig. 1).

R i ' The e.m.f. generated in this circult is.used to estimate the temperature
: : at the interface of two rubbing dissimilar metnls,

1 In metal cutting research, the dynamic thnrmocoupleé, formed by the
outting tool and its moving tool chip, has been used to estimate the average
interface temperature. In this application, the measured interfance ;
temperature has been found to agres rather well with the theoretically H
determined area averaged interface temperaturel.

The dynamie thermoconuple hns also been applied to the investigation
of frictional heating between two metallic surfaces sliding over each
other?, In this case the force between the two rubbing surfaces is much ~
lower than it is between & tool and tool chip. Only a small fraoction of

L the apparent contact area between the interface ' f the two rubbing ;

1 | [ metals is true contact area. Correlation between the measured thermo~ {

couple e.m.f. and theoretioally determined temperatures has not bean 4

{> as conclusive as in the tool chip problem,

The following work is an analysis to determine how the instantaneously

[ measured a,m,f, of the dynami¢ thermocoupls i3 related to the instantaneous

temperature distribution over the contact interface of the moving junection.

{ |
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ANALYSIS

Consider as a model a large body of metal B rubbing on a large
body of metal A at a given instant of time with axis (x,y,z) and (§,1.8)
respectively; see Fig., 2, With a lead of metal B located at (x,v,z) in
body B, and metal A at (B.N,%8) in body A, Lhe potential measured by the
potentiomster will be some function PXY.Z.§,M.5),

It will be assumed that the rubbting does not in itself penerate
any voltages in the system so that the potential is the same as it.
would be in a static system with the same temperature and contact
situation, Assume that electrical time constants due to inductive and
capacitive effecta are zero so thet e’zctrically the system has reachsd
steady state,

The interface between the two metals may be considered to consist
of any number of arbitrarily small contact areas which in the limit
become & continuous contact area with anv arbitrary temperature distri«
bution,

Next consider the thermoelectric effects in the thermocouple,
Referring to an ordinary thermocouple, seo Fig, 3, the Seebeck e.m,f,

of a thermocouple is

T
E = MeTa = Ml + | (h-cp)dT o

T
For the purposes of analysis the Sesbeck e.m.f. is diwided into two
parts; the Feltier e.m.f.,MpT =7asTa which will be assumed to be

generated at the junotions of the dissimilar metals and the Thomson
%

e.m.f., (Fa-0p)dT which is assumed to be generated in the
Y1
metal,

Let us now consider relations which must hold within the metal B,

. wwmwﬂwr-m =Lt
Anvads s o ake ’
A =t

T A e 4 L
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,. ' First consider the one dimensional case, Fig., 4. Taking account of
;;‘. the Thomson e,m.f, and the Joule effect in the element,
Tx+ax AX
| ' Viwax = Va =J0;dT_J7?_
. T (2)
: l From which?
| _ dT. - Vv !
o Jo = V8% = V8% (3) :
! By similar reasoning for three dimensions
i 1
l .
% J = XO-QVET" erv ) 3
oo For steady state current flow ¥
| +J =0
: veJ (5)
Combine (4) + (5)
5
2
Referring to Fig, 2 note that!
Ty 2
Vixyzy = Pt J GedT T Vo = Mula (7)
From 7 one finds that To
" 2
: ViV = VP + Ve (0 Vy T) "
Combining (6) and (8)
VeP = 0
: : (9)
} By similar reasoning _
f - 2 -
’ ' ‘ VA P - O (10)

| Along the boundaries with no current flow




E ]
1
v

i

it

For the boundary conditions where there ias contact, the voltape

| l Equation 4 becomes 66 VB T — vB V =0 (11)

% t ' Combining (11) and (7) gmives: ‘
!' gk - o +
, i (12) ;

drops around the circuit equal zero.

T xyz Ens
] P = |(0y-000T + TaT - TisTo~ B| T ds - A | 3
* y 10 (13)
[‘ or %Y.z $1.8
[ : P = E(Tx._y.o) - B '%- 'ds - A l‘ds
' 9.0 Ho (14)

P where E( T'xyo) is the Seebeck e.m.fs corresponding to the temperature
on the boundary,

Since this boundary condition involwves both blocks, A & B, the

have to be solved simultaneously,

|
‘. i C potential is a function P(X,%Z, §,M,5), and equations 9 and 10 would
! This problem may be simplified by assuming that both blocks are

identical with regard to boundary conditiona and that the leads are

: symmetrically placed st (X,¥,Z) = (E,1.%).

This assumption would be reasonable if both blocks were semi-infinite

and the leads were placed an infinite distance away from the contact

area, With this assumption

Va2V =V (15) i

By simultaneously placing both leads at (X,y.0 ) and (§,7,0). equation

1, gives the boundary condition

P = E(Taye) T

llw-_... o i . a e bt fma s Ml Lk o e Vel e il e ‘. Gl iiaiaebn el




% Hence we now have the problem reduced mathematically to a potential

problem in a model the shape of one of the rubbing bodies with the 5

' boundary conditions that the potential is equal to the Seebsck e.,m.f, on
the boundary where rubbing contact is made, nndgg:o on the boundary i%

where no contact is made, i

In most practical applications of the dynamic thermocouple where the

contact area 1s small compared to the size of the rubbing bodies one would i

be interested in solving for the potential at infinity in terms of the

contact area temperatures and their correspondine Seebeck e.m.fs,

MANY RANDOMLY DISTRIBUTED SMALL CONTACT AREAS. !

> ow ey

The foregoinpg theory will be applied to a crse which might represent

S

the frictional rubbing of two metal surfaces under a 1light load, where it

will be assumed that there are many contact asperities and the totsl real

contact area is small compared to the apparent contact area, The problem

- ek P F 2

is to determine what temperature a potentiometer would indicate if the

| thermocouple leads are placed a large distance away from the contact

areas, .C”
In reducing this cagse to a potential problem as previously shown,
conaider a semi-infinite solid, Fig. 5, Near the orisin and on the sur- if

face thers 18 a distribution of ares sources of current. These sources

are held at constant voltage, sach source being at some value, The slize

and value of the potential of each source varies,
It is desired to find the potentinl in the solid at some large
distance removed from the localized region of sources, With P (o)

'[ defined as the potential at this point define for convenience @ = P~ P(o0)

l As previously derived V2¢ =0, %g = 0 on surfaces with no
' contact and ¢ = E,— P(e0) = V), on surface of the Ny, source area of a

l total of N source arcas,

P e et S et - . . - 1 o7 ———— .
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Contributions to ¢ (%.y.Z) due to each source area can be
e
added, Let R denote the point where potentisl iz to ba measured ard ?‘
a point'in the area source, then the contribution of the n'th source to

the potential is:

Fa(R) = .Ln la;ﬂ.i ° (17)

where mn('ﬁ,) is the intensity of the source as a function of Fn

For N sources

PR = § [ Dallel da,

n Rn - To | (18)

and on the i, source ecquation 18 expresses the boundary condition ~s:
N ~
\/’ - Z M™Mn ( rﬂ) dA
L ——h ey n
n=4 'RL" Tn I
An

For large values of R equation 1% makes ¢(i) ro to zero for

finite sources, which is consistent with the definition of ¢,
The solution of the problem lies in findins the value of the curront
intensity yn, (F-:,) in terms of the source potentials V. To simplify
this step divide equation (19) into two parts
V, = }; —R.“ln-‘—'.'el- dA, j—_.,u_m-dm
e IRy - ™ IRy~ (20)
Examine the first,n part of 20, If the areas, A , are small comparsd to

values of Ry, one could write

N J mn(ﬁ:)dAn
= oo (21)

i | R - T =1 R~

nRLS A, n¥L

mn(rn) dAn

PR . LW TS
P S
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= ==
where |R ~ | is a mean value.

From continuity of currents

Mnp(F)dAa =

n={ An

(22)
On the basis of equation 22, if there is a random distribution
of sources with respect to current flux, J ™Mn (l’h)dAn , and
if all values of IRL- Tnl are larpe compared to |R|,-n,l then the
firat part of equation 19 will pmo to zero as N, the number of sources
becomes very large, rmiving
-
\/L = __EELE.gégzlr. Ci/\b
L I Ru-Fu )

To evaluate ecuation 7 assume that all sources are circlea of

vadius a, The current strength for such a source is given in reference 4

Ki
Yai - pi (24)

- -—
where .B'L’ lRL" |"¢,| and K is some proportionality constant to be

mg‘(ﬁ) =

evalusted, Substituting 24 in 23 ylelds K = -15,{-; riving

Vi
T/ al - pt (25)

Substitutinp 25 in 22,

Jmncp ) dAn = 2 VoG,
n=i1Ja,
= Tran ; Hence Zvn'\/—fn = Q

my(pd

(26)

(27)
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Since \40

i

En_ P (o)

S En+/An
2AAq

Fquation 28 gives the conclusion, that if the Seebeck e,m,f. is

P (e0)

(2%)

linearly related to the temperature one would measure the souare root
area averapge temperature rather than the area averape tamperathre.

In the frioction problem the physical interpretation would be that
if the. s were any correlation between the size of the protuberances and
their temperature, then the temperature corresronding to the dynamie
thermocouple e.m.f. would be weirhted more heavily to the temnerature

of the smaller protuberances,

M o s st e T
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Fig. 1. Bchematio of Dynamic Thermoocuple.
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- - Tx Jx > Tx+ ax

Vi +ax

% i A‘)‘

i‘l
1 . Fig. 4. One Dimensiomal Current Flow in the Metallic Solid.
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LXPERIMENTAL RIVISARCH ON THRE DYNAMIC TiERMOCOQUPLE

INTRODUCTION

In a rubblng process of one metallic surface over anothar, hent is
generated at the interface by friction. This heat will cause a rise in

temperature at the interfance., A large chonme in temperature should
cause a change in the properties of the material nt the interface,

The measurement, of the true interfnce tempernture prensents a problem
because the temperature muy fall. off raridly below ths surface and, the
exact nature of the contnot area between the metals may not be known, If
full contasct area were made and the interface tempsraturs were uniform
over a sufficlently larpe area, then interfrce temperature could he
determined by imbedding of thermocounlea below the surface und computing
the temperature at Lhe surface,

In the friction problam however., uniform contrct would reacuirs vary
large normal forces hetween the two rubbine metals nuch as occurs in
metal cutting. With much smaller normal loads only certrin smell portions
or surface nsporities make contact. In the experimental work to ha described
this waa the case,

DYNAMIC THRERMOCOUPLE

The dynamic thermocouple discussed previously in The Theorotical
Analysis, is described by Bowden and Tabor (2), When the e.m.f. generated
by the thermocouvle, during rubbinm, is recorded on a cathiode ray
oscilloscope there is traced a pattern of random fluctuat-lons of voltape
with peaks thnt are very high ecompared to the time averared or d.c,
compurient of the thermocouple e,m.f., Theno voltare renka were interpreted
3y Bowden and other investijgators to represent very hipgh temperature
flashes at points on the interface of two rubbing metals, In somo cares
they wore estimnted to reach the melting point of the metal with the
lowest melting tempernture, Howsver it remains to be proven whether these
voltage peaks represent the temperature at the interface, On the basie
of the praceeding analysls only contaot asperities whose temperatures were
very hinh could be in contact when such a flash occurred,

In this project the time average or d,c. comronent wan investipated,
This was done by electrically filtering the randomly fluctuatine comronent
of the dynamlc thermocouple e.m.f. 'The problem is to determine if this
e,m,f, corresponds to any sort of time space averaped temrerature of
the interface,

In being able to prorose that any correlation between the d.o,

component of the dynamle thermocounle e.m.f. and temperature exists the
following assumptions have to be made and verified,:

- "“‘W*-‘F“ vima -
. . - — o
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1) If the unfiltered e.m.f, produced by the dynmamic thermocounrle

is different from what it would be ar determined purelvy on the hesis
of the Seebeck e.m.f, then that difference should be a voltare that
time averanes to zero and is completely filtered,

e 2%

2) The Seebeck e.m.f. or thermo-electric power characteristics of
the rubbing pair of dissimilar metals should not be anprecisbly
altered by the mechanical effect of rubbing.

APPARATUS '

Two friction testing machines have been usad for investipating the
dynamic thermocouple. The older machine which will be referred to as the old
friotion apparatus is described in a previous report "Ipvestigation of
Galling and Friction Characteristics of Titanium Alloys5, It consists
of a plate revolving in a vertical plane with a slider or rod pressed
against it by a normel loading spring. The assembly consisting of the
slider and normal loading apparatus pivots on bearings in a plane
parallel to the plate apainst a strain ring which messures the tangential
load by means of strain gauges. The dynamic thermocourle circuit, see
Fig, 6, is completed by connecting the moving plate to a mercury bath
ty means of a flexible cable,

W A < PP e A AP R T e £ Arems

-

The second machine, shown in Fig, 7, which will be aalled the new
friction apparatus, was conatructed during the present contract, With this
apparatus, see Fig, 7, the plate revolves in & horizontal plane, The
rubbing specimen, a slider, is held in a counter-weighted arm mounted
on bearings which allow it to swing in a vertical plane, The normsl
load is applied by hanging weiphts on the arm. The tangential loading
scheme is the same as that used by E. Rabinowioz®, The loading arm is
made free to move in a horizontal plane by the deflection of a leaf
spring.

A strain gauge ring measures the tanpentinl load or frictional foree,
A dash pot is added to the aystem to prevent oscillations of the loading
arm,

The new apparatus was built so that the two rubbing test specimens
ean be completely enclosed in a furnace, This makes it poasible to
calibrate the Jeebeck e,m,f, of ths pairs of metals used as dynamic
thermooouples, The furnace also makea it possible to study the thermal
eff'ects of friotlon at elevated temperatures,

A number of refinements over the older apparatus are inherent in
its design, They are--

1, The flexible ocable and its possibility of generating electrical
noise is eliminated,
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2, A s8lot in the vertical shaft which turns the plate allows thermo=-
couple leads to run down from the test specimen to the mercury bath
at the base eleminating the possibility of havine a temperature
gradient in an intermediate metal in the thermocouple circuit,

3. Because there is no bearing friction in the tanpential load
measuring system the tangential load can be determined more accurately.

METHOD OF ESTIMATING INTHRFACE TEMPVRATURE FROM FRICTION MEASUREMENTS

The theory for estimating interfass temperature from friction
measurements is given in "An Investigation of Sliding Frigtion and
Interface Temperatures Between Two Dry Metallic Surfaces"?’,

In brief the analysis is as follows:

Due to friotion a uniform heat flux g is assumed to be genarated
over the arsa of the interface of a slider rubbing over a plate, A
portion rQ of this heat flux is assumed to go to the slider and (1-ov@

to the plate, 9% is assumed to be constant over the interface contact
ared,

Assuming that tho contact area is a cirole of radius "a" the averape
temperature rise at the interface above the bulk temperature of the
sliding pairs of metals is

©= 0,731 _Qa  (29) where K is the thermal conductivity of the
Ky

slider.

Using an analysis by Block® is found by calculating the temperature
of the plate surface due to (1- 5 and eaquating the maximum temperature
of the plate surface to the alider surface, plving

i Va
= R = > 5
1+ B (2pt 40 (30)
‘1
= O
IEEY " (31)
The gap in between, 0 < =<5 , is given by F. Ling as
= : (32)
- Kp A% 32
P % Ti+ oq14(i-€79] I(R)
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where
V = 3liding velocity
K = thermal conductivity
S = density
C = gpecific heat
dnK/fc = thermal diffusivity

() refers to slider
()2 refurs to plate
I(r) = Block's Function?

} ‘ Values of o« versus R for the combinations of materials used in this
; project are shown in Figs. 8 through 10,

Using experimental friotion data

Ps_UNV = power dissipated by friotion

where

AL = coefficient of friction
. N = normal load

P
Letting Qa T

d. o.2320-
Ppoa (33)

The radius o which is needed to solve the above equation as well as to
determine &« is found by assuming that the contaot area 1s determined
by the ylsld stress of the softer material, That ie

L a=.N_ (34)
1
" where S is the yield stress of the softer material,

The yield stress was determined from handbook values given for the
materials used,

Equation 33 was evaluated for constantan on steel, steel on conatantan
and copper on constantan, see Fig (11) throught (12),

RUBBING TEST3 OF DYNAMIC THERMOCOUPLES

Rubbing tests were performed on the new apparatus with the following
pairs of metals:

). Conatantan slider on steesl plate
2, Steel slider on constantan plate
3. Copper slider on condtantan plate,

B Tl PT SO LRI o .
- okd T
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The normal load, tangential load, and rubbine velocity wnre detore
mined, The dynamic thermacouple e.m.f, wea electrically filtured and its
d.c. component was measured by a potentiometer,

The dynamic thermocouple e,m,f, of the rubbins matorials had pre-
viously been calibrated against, a atandard reference tharmocouple by
plasing the apparatus in a furnace. Calibration curves for tha matorials
used qre shown in Figs. 13 throught 15,

Tharmocouple moansurements were made with the plate moving and with
it stopped, It was found that after runbing storped the e.m,f. immediately
fell back to the aame value it had before rubbing beran., Thin e,m,f,
correosponds to the bulk temperature of the plate and alider. Using the
calibration curves the inorense in e,m,f'. between thu atatinnary and the
running stato was evaluated in terms of a temverature rise 6, Irlction
measurements were used to evaluate the powor dissipated in rubbing, P,
and the experimentally determined values of ¥ were plotted, nee Ips, 16
through 19. The thooretically estimated values of § for eorresrondinm rubbing
spoeds and normal loads ars alao plotted,

A

AGREIMINT OF ACTUAL VALUMS OF S WITH miikoRY

The experimentally determinod points for f show conalderahlo sontter
and aro genorally lower than the theoreticnlly estimated values for
conatantan slidera rubbing on ateel platos or stesl sliders rubbing on
constantan plates, With coprer nliding on constantan the exporimentally

' determined values of anre higher than the theoreticnl values,

- Howevor, the results should not be expested to apree too well with
! the theorotlcally determined values bronuse of the amsumptions that were
' made, The sipgnificnnce is that they are of the same order of magnitude,

Y' The assumptions that make the apreement hetwoen the experimental and
: theoratical values doubtful are:

i 1) It is doubtful that the real controt area in just one oircular

: area.

2) 'The assumed yield atresses of the softer matorials, 30,000
psi for constantan and 10,000 psi for coppor may differ proeatly ]
from the actual yleld atress of the materials during rubbing. %

3) The portion of the heat flux dissipated to the slider, ¢, is not
constant over the entire contact aroca,

' . L) Some porticns of the contact area may have been contamineted

: with murfrce oxides or othor films., These contaminated aurens may

f‘, | have supportod some of the normal load with out producing any thermo=-
i - alectric effects,




CORIFFICIENT OF IFRICTLON AND DYNAMIC THiRHOCQUPLE @.m.f.

With o constantan slider rubbing on a steel plate there was found to
be some relation between £ » the temperature rise divided by the power
dissipated, and the czgff{Zient of friction; see Fig. 20, Experimentally
determined values of 15 are considerably larger for small coefficients of
friction than for larger valucas. The low coefficients of friction are

genorally associated with contemination of the plate surface,

DYNAMIC TIH.IMOCOQUFLYE e.m.f. AND GALLING

When severe galling takes place it was Jdiffioult with the circuit and
measuring instruments used, to determine a d.c., or filtered component of
the dynamic thermocouple e.m.f,

The e.m.f. fluctuates randomly over a wide range of values, The oo~
efflolent of friction also fluctuates, It has not been determined whether

the dynamle thermocouple e,m.f, in this case is due entirely to thermal
oflocts,

VOLTAGE PRODUCKD BY SIMILAR MKTALS RUBRING OVIdt BACH OTHUR

Work done by F. Ling7 oh the old friction testing apparatus rubbing
steel on steel showed a randomly fluctuating e.m.f. being produced, but
when thls was filtered there was no d.c. component, A similar test waas
run using tho new apparatus and produced the same results,

Those rasults help to strengthen the nssummation that the d.c.
componont of the dyramioc thermodouple e.n.f, 1s due entirely to thermal
offects,

TESTY OF HEATED DYNAMIC THERMOCOUPLKS

Using the old apparatus, & cone shaped constantan rod, Fig., 21, was
rubbed on a heated steel plate. A statio reference thermocouple wasa
placed a short distance back of the rubbing surface, Temperatures
calibrated from the a.m,f, of the plato rod junction are compured with
those measured for the static thermoccuple with the plate stationary,
stationary and fused to the rod tip, and with the plate moving, see
Fig. 22, The fairly small differences between the measurements for
theso three cases could have boen due to different heat transfer
characteristioa between the rod and plate feor the different typea of
contact, static, fused, and moving. The large temperature gradilenta in
the cone shaped test sample are shown in Fig, 23,

With the new friction testing apparatus rubbing tests of constantan
rubbing on steel and copper rubbing on constantan were made with the
specimens enclosed in a furnace. The ambient temperature rancc.. I'rom

i R B B D bt
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about B0°F to 200°F, 9, corresponding to the difference in the d.c.
component of the dynamic thermocourle e.m.f., when there was ruhbing and

no rubbing, was measured, Figs., 24 through 27 show values of @ versus
ambient temperature,

Due to a certain amount of non=uniform heatinpg of the arvaratus
enclosed in the furnace and the resulting heat conduction, especially

in the case of the copper slider, results were not as consistent as they
were when the entire apparatus was at room temperature,

However the values of 3 are small and more or less of the same

order of magnitude as they would be at room temperature for corresponding
rubbing speeds and normal loads,

The results show that rubbing at higher temperatures did not cause
any appreciably greater change in the dynamlo thermocouple e,m.f. than
it did at lower temperatures, These tests help strengthen the assumption
that rubbing does not in itself appreciably change the thermoelestric
power characteristics of the dynamia thermocouple,

CONCLUSIONS

1, Tests conducted so far have shown strong evidence that the time
averaged ord.c.e.m.f, of a dynamic thermocouple is due to thermal effects,

2, Correlation of measured dynamic thermocouple e,m.fs., with theory,
support the theory that the true contact area of two metals sliding over
each other is of the same order of magnitude as the area that would be
determined from the normal losd and the yleld streas of the softer material,
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THYE GALLING AND FRICTION CHARACTHRISTICS OF SURFACE COATED TITANIUM

INTRODUCTION

The galling and selzing of titanium rubbing on titanium or other metals
may be prevented or delayed by'coating the titanium rubbing surfrces with a
molybdenun dlsulphide or graphite imprepnated resin. The soatings provide
separation and pozsibly some lubrication between the metallic rubbing
surfnoes until the coating is worn off or destroyed,

This report includes the results of rubbing tests on several combinationm
of titanium and coated titanium rubbing on titenium, coated titanium, and
on steel,

This report is preceded by the report "Investigation of Galling and
Frictlon Charaoteristlcs of Titanium Alloys! Final Rerort Octeber 31, 1954,
Contract No, DA~36~061-ORD-361, Wal Report No, 401/65/37.

The work on the previous contract included tests of other surface
treatments as well as for resin coatings, The results of tests of Titanium
alloy RC 130 are included apgain in this report,

TYFE OF COATINGS

The following types of coatinpgs have been tested and will be referred
to in terms of the titles piven them in this description,

Treatment A
Surface troatment.
én) Fluoride Phosphate coated,

bg Heat treated, 5 hours at 800°r,

o) Molykote G Lubriocant.

Treatment B
Surface treatment,
Fluoride Phosphate conted,
Treated with layer of MOS; and phenolic resin,

Alr dried 6 hours, cured 12 hours at 300°F,
MOS, - Resin layer lopped to a thickness of 0.003" - 0,004",

Ao o P

DAG#213 Graphite - Epoxy resin formulation,

8, Spray coat with DAG#213, Before spraying the formulation was
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diluted l:l with solvent consisting of equal parts of toluene and
cellosolve acetate,

b. Air dry for 30 minutes,

¢, Cure at 350°F for 30 minutes,

de Cool in air.

Modified DAG#223 Molybdenum-disulplide~-Epoxy resin formulation.

a, Spray coat with modified DAG#223, Before sprayinn the formulation
wag diluted 1:1 with solvent consicsting of equal parts of xylens,
toluene, methyl isobutyl carbinol and methyl isobatyl ketons,

b, Air dry for 30 minutes,

¢, Cured at 350°F for 30 minutes,

d. Cool in air.

TYIES OF TEATS AND COMBINATION OF MATERIALS

Coated titanium specimens were tested with the following combinations
of rubbing surfacas,

1, Uncoated titanium sliders rubbing on uncoated dry steel plates,
2, QCoated titanium sliders rubbing on uncoated dry ateel plates.
3+ Uncoated titanium sliders rubbing on uncoated titanium plates,
L. Coated titanium sliders rubbing on uncoated titenium plates,

b Coated titanium sliders rubbing on coated titanium plates,

RLSULTS

Results of these tests are piven in Table I, Coefficients of friction
for the tests are shown on Figs, (28) throupgh (37).

Coeffiolient of Friction,

The coefficient of friction of coated titanium rubbing on coated or
uncoated metal has a range of values, 0,2 to 0.4} typical of the rubbing
of dry unlubricated surfaces, but lower than the coefficlient of friction
for the dry rubbing of unlubricated metals where galling and seizing ia
taking place., As rubbing time increases and the coating tends to wear
away the coefficlent of friction gradually rises,

While no such tests were made it might be interesting to see what the
coefficient of friction would be for a pure resin coating with no MO,S
or graphite added. Becnuse the coefflcient of friction for the coated
surfaces is not very low, the added MOs3 or graphite doea not appear to
provide very much lubrication.
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Combinations of Materials

Coated titanium sliders rubbing on uncoated steel plates showed a
substantial improvement, in resistance to gallins over uncoated slideras
rubbing on uncoatod steel plates, Galling did not take place until the
coating on the titanium sliders began to wear off,

Coated titanium sliders ruhbing on uncoated titanium plates did not
show & very good resistarce to galling, Galling occurred in all tests, The
-‘ uncoated titanium plates scratched easily and rapidly, These damared
& ' purts of the plate apreared to develop protuberences which wore the coating
K off the slider,

Coated titanium sliders rubbing on coated titanium showed a substantial
improvement in resistance to galling, The corting on ths plate secemed to
pravent the plate from forming large protuberences although it did not
prevent the plate from seratching,

SUMMARY

The results show that when titanium surfaces arae to rub on titanium
surfaces, both surfaces whould be coated,

When titanium surfaces are ruhbed on the surfaces of other metals,
it appears that only the titanium needs to be coated if the other aurface
is not easily scratched or galled. The meshanism by which the steel msur-
face did not gall was not determined. Perhaps the steel was harder than the
titanium or perhaps it was able to maintain some lubrication due to iron
oxide or other impuritlies on its surface,

fe @

[ A= §

Respectfully submitted,
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