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In the design of a safe and reliable sodium-cooled reactor such as the
Fast Flux Test Fecility (FFTF), one of the more important problem areas is
that of friction and wear of components immersed in liquid sodium or exposed
to sodium vapor. Sodium coolant at elevated temperatures may severely affect
most oxide-bearing surface layers which provide corrosion resistance and, to
scme exteat, lubrication and surface hardness. Consequently, accelerated
deterioration may be experienced on engaged-motion contact surfaces, which
could result in unexpected reactor shutdown from component malfunction or
failure due to galling and seizure.

In this paper, we will first present an overall view of the friction and
wear phenomena encountered during oscillatory rubbing of surfaces in high-
temperature, liquid-sodium environments. We shall conclude with specific
data generated at the Liquid Metal Erngineering Center {(LMEC) on this subject,
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BACKGROUND

A. DEFINITIONS

Friction coefficient (f) is defined as the ratio of the measured frictional
force (F) in the direction of mction to the load (L) normal io the plane of
motion. For most nonsodium applications, the designer usually is interested
in the static friction coefficient (which is based upon the initial friction
force at the beginning of a stroke) and the dynamic friction coefficient
(which is based upon the frictional force during the stroke). In sodium and
other high-temperature reactive media where diffu<ion bcnding can occur under
certain time-temperaturc conditions, a third friction ccefficient should also
be considered.

This coefficient is usually called the breakaway ccefficient of friction
because the diffusion bonds must be broken away before motion can start.
Hence, the breakaway cocufficient of friction may b: considered to be the
initial static coefficient of friction measured after a significant dwell
pericd of surfaces in contact. If the breakaway coefficient does-not differ
from the static coefficient, it is conventional to state that no breakaway
was observed, although in reality the '"usual" friction force to initiate
motion was still present.

Wear in FFTF work, is expressed as the depth of flat surface worn away
per unit distance traveled per unit of contact pressure. This expression is
identical to the concept of volume of flat surface worn away per unit distance
tiaveled per unit contact load:

(em/cm)/(kg/cm2) = (cm3/cmYkg
or
(in./in.)/psi = ({in.3/in.)/1lb.

In many cases, the numerical values of wear coefficient (K) will be
expressed as a number times 10-11 (in./in. Ypsi, with the load noted, as
wear may be a function of icad as well as contact pressure (to convert from
these English wear values to the Metric wear values, multiply the former
wear values by 14.19). The reader is cautioned against the indisciiminate
comparison of wear coefficients reported by different investigators without
first checking for dimeasional cons:.stency.l:Z:3 For example, some
investigators report a dimensionless wear coefficient by dividing by “p", the
indentation hardness or yield pressire of tne softer material involved. Other
investigators utilize a "K' defined as the probability that a sheared asperity
will be lost from a surface. A vear coefficient so defined differs from ours
by the factor of "3p”. Since 3p is on the order of 10% psi, reported values
of wear coefficient can usually be distinguished as to type of units and their
order of magnitude. A wear coefficicnt expressed as a unitless number times
10-% has a p or 3p term factored out. While the use of the wear coefficient
with the 3p factored out has the adventage of a dimencionless coefficient with
a physical meaning, there is often a substanticl disadvantage in thac "p" is
often not readily available to the designer to celculate wear. Since K and
"p" are functions of temperature and previous processing history, predicting
wear from room temperature 'p' data is not recommended for high temperature
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applications. In such attempts, a kajwledgeable metallurgist can guess a
reasonable "p" value but probably not a reasonable K value. An experimentally
derived wear coefficient at the temperature of interest on the material of
interest is the value the designer should use to predict wear.

Two main types of wear are considered in this report: abrasive wear and
adhesive wear. In general, abrasive wear is observable in scanning electron
microscopy as grocved lines on the wear surface (Figure l). Adhesive wear
often exhibits a smeared, cold butter" appearance (Figure 2), indicating
that metal has plastically flowed. Other types of wear are occasionally
noticed, such as brittle intergranular fracture (Figure 3), and localized,
plowed surfaces (Figure 4). <Corrosive wear can also occur when sliding takes
place in a corrosive environment. Most structural materials selected for
applications involving liquid sodium exhibit negligible corrosive effects if
treasonable purity levels are maintained. However, as will be explained later
in this paper in more detail, the effect of the media upon formation and
dissolution of surface films can be of vital importance.

B. ENGINEERING CONSIDERATIONS

Friction forces are those forces which resist the movement of one bedy
relative to another contacting body. A fairly definite force is required to
start a body moving and it must be equal and opposite to the static friction
force; a different-sized fcrce is requirecd to keep the body moving at a
constant speed and it must be equal and opposite to the dynamic friction
force. Moreover, in high~temperature sodium under certain conditions,
diffusion bonding (or self-welding) of materials cen occur at contacting
regions under certain conditions and these bonded junctions must be broken
before one body can move relative to another contacting body; in this case,
the breakaway friction force must be overcome, which is composed of both the
static friction force and the force necessary to break the diffusion bonds.

In a typical moving device, there is a driving mechanism (engine or motor)
which can generate any required amount of force up to some limiting value,
then a sliding mechanism,wiich transforms the force into usable form by
employing cams, gears, etc. and at the same time dissipates some of the energy
as friction, while finally, there is an output mechanism which uses up the rest
of the available energy. I order to size the driving mechanism, the designer
should know the maximum friction values which may be encountered to initiate
motion and to maintain motion. In other instances, where the forces are being
imposed upon thin-~wall ar relatively fragile members, the designer must make
sure that forces imposed will not excecd those causing damage to the structure.
As a very rough rule of thumb, friction values which do not exceed 0.5 are
generally considered good for sliding surfaces at elevated temperatures.
Values above 0.5 geaerally portend significant surface damage, and values
above 1.0 are generally considered unacceptable. Individual cases must be
considered on the basis of all factors involved and the designer may decide
to adjust these criteria values downward, or possibly to adjust them upward.
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The variation of friction with temperature, time. rubbing distances, etc.
is also of considerable interest. Sudden changes 1in iriction from a high-
fricticn regime to a low-fricticn regime, or the converse. can be important.
For example, fuel assemblies in a reactor are separated by duct pads but are
clamped together to form a rather compact core. Sudden changes in friction
between contacting duct pads could affect the degree of core compaction and
cause sudden, undesirable changes in core reactivity. For this reason, the
frictional behavior of candidate duct pad materials have been explored under
a wide variety of conditioms.

The wear process is generally thought of as a harmful one, and, indeed in
the majority of practical situations, this is the case. Wear may be classified
by the wear mechanism involved, e.g., adhesive wear or abrasive wear, or
quantified by a wear coefficient. Wear may be judged by its engineering
consequences; ''light or beneficial" wear if it helrs the surfaces to runm in
properly, "severe" wear if it is too rapid, “galling" if the surface becomes
very rough and irregular, and "seizing" if the engine or motor driving the
system stalls or a protective clutch slips.

In addition, in many applications (for example, in a sodium-cooled reactor)
there is aiso concern about the quantity and size distribution of the partic-
ulate matter generated as wear debris. Particulate matter is of engineering
concern because of four potentially undesirable effects.

(1) Wear debris particles can wedge between clese-fitting moving surfaces
and cause scaling problems, damage, or even seizing.

(2) Wear debris particles can cause erosion when entrained in rapidly
moving fluid,

(3) Wear debris particles can plug fluid access holes into hydrostatic
bearings or other critical small passazeways.

{4) Wear debris particles can serve as unwanted nucleation sites in
crystallization processes.

In addition, within nuclear reactors, circulating debris parcicles can
become activated and then cause radiation problzms in their deposition sites,

Total allowable wear can be a difficult criterion to apply, especially
when the allowable wear value is a small number. [r some cases of adhesive
wear, Wear debris particles are transferred back and forth between contacting
surfaces and there may appear to be very small dimensional or weight changes
even though a significact amount of material near the surface may have been
disturbed and transformed into a crypto-crystalline state. Wear measurements
based upon weight change (converted to volumetric change by dividing by
density, and to depth of wear by dividing the volume by the co-.tact area of
the test specimens) are further complicated by the presence of sodium; i.e.,
absorption of sodium into a porous coating or even corrosive effects may tend
to mask or obscure small weight changes due to wear.
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C. THEORETICAL CONSIDERATION

In the classic thecry »f friction accredited to Amontons (1699), frictional
force is assumed to be independent of the apparent area of contact, and the
coefficient of friction then becomes independent of the applied load.. For our
purposes, we will find it convenient to think of the force required to move a
slider in a direction parallel to the surface as composed of three terms: a
shearing frictional force; a plowing force; and a diffusion bond separatiecn
force.

The shearing friction force obeys the classic theory. When a load is
applied, the asperities on each surface sink into each other until the actual
area of contact is sufficient to support the applied load. This eventual
actual area is equal to the load divided by the yield pressure of the softer
surface. When the surfaces slide over each other, the force required to shear
this actual area is the shearing frictional force.

The plowing force is that force required to cause macrcscopic flow of
metai. This flowing metal can be in material in front of a slider or be
material which is part of a generated debris particle.4 In the former case,
the plowing force is equal te the cross-section of the resultant wear groove
times the mean pressure required to move the material in the surface being
grooved by the slider.l 1In the latter case, a generated debris particle is
forced to flow and then adhere to one or both sides of the rubbing couple,
forming a new and wavier surface. For a given load, quasi-flat surfaces which
are partially submerged into mating surfaces at various points will require
smaller plowing forces with increasing number of points of contact. Hence,
the plowing force required to flow metal is sensitive to surface waviness,
which would decrease the number of points of indentation. Further, the
greater the apparent contact area for a given load (i.e., the smaller the
apparent contact pressure), the greater the number of points of contact. Thus,
a low contact pressure on flat surfaces wili give a lower plowing force.
Finally, ductile materials have higher plowing force terms than hard, brittle
materials because work hardening of ductile materials will cause the shear
plane to be shifted below asperity peaks to a shear surface of greater area.

The diffusion bond separation force involves bonding forces that are more
dependent on time, temperature, and surface film formation than on applied
load. 1If the surfaces in contact are lapped and clean, the diffusion bond
separation force will be a strong function of apparent contact area and
independent of contact pressure.>

Since the shearing force is directly proportional to load, the coefficient
of friction concept is valid for those cases where shearing friction force is
the only significant component of force required for one surface to slide cver
another. When the plowing force and diffusion bond scparation force are
significant, dividin: the summed required forces bv the normal load results in
friction coefficients that arc not independent of load. Specifically for a
given contact pressure, light loads would result in higher apparent coefficients
of friction than high loads. For given loads, an increase in contact area can
raise, lower or have no effect on the apparent coefficient of friction as has
been discussed above.
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D. RELATIONSHIP BETWEEN FRICTION AND WEAR

The relationship between friction and wear can be stated simply: there
is no relationship. A high friction sliding combination can show high or low
wear. A low friction combination can also exhibit high or low wear.” In
general, pure ‘adhesive wear involves flow of metal along with the transfer
of wear debris particles back and forth between surfaces and thus results in
high friction and low measured wear. Pure abrasive wear does not involve the
forces required to flow metal but material worn away is lost to both surfaces.
Thus, this type of wear often shows lower friction and higher wear.

Either friction or wear may lead to failure through seizing. Seizing is
a phenomenon that may involve excessive shearing forces in the case of
friction seizing or involve excessive plowing forces in the case of galling
seizing. Wear can generate debris particles that must be smeared between
two moving surfaces, leading to galling seizing. The wear debris particles
can cause galling far downstream from the point they were generated.

E. DIFFERENCE BETWEEN SODIUM AND OTHER ENVIRONMENTS

A liquid sodium environment arocund rubbing surfaces creates three new
conditions that can affect the friction picture.

(1) Either a lubricative surface film or an ultraclean, bare metal may be
the thermodynamically stable surface phase, depending on the
temperature and oxygen level of the sodium.

(2) The chemistry of the material surface can change with time due to
mass transfer, particularly in & T systems.

{3) The question of whether wetting of rubbing surfaces by liquid sodium
has occurred must always be considered in systems operating under
700°F.

The first condition listed above means that the measured coefficient of
friction for a rubbing couple can be greater or less than it would have been
in air or in an inert atmosphere, depending on the liquid sodium temperature
and purity. When bare metal is the stable surface phase, the surfaces tend
to bond together. Wear debris particles probably have less chance of escaping
from contacting, sliding surfaces, thus increasing the required plowing force
term. The diffusion bonding separation force becomes an important consideration
when minutes have passed with surfaces in static contact at temperatures above
1000°F when bare metal is the stable phase. The breakaway friction coefficient
can become high. The kinetics of film formation at certain temperatures can
be such that exposure time under isothermal temperature conditions will affect
the friction results.

The second cond2iion means that materials that show acceptable friction
and wear properties in short-term tests also must be exposed for long times in
a & T loop to see if any catastrophic surface effects occur on either of the
contacting materials,
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The third condition involves the phenomenon of wetting in liquid metals.
Depending somewhat on time, sediwn purity, cumponent wmaterial, and upon the
condition (films and cleanliness) of component surfaces prior te immersion in
the sodium, there is a temperature at which wetting of the solid surface will
occur. Fcr most structural materials, this temperature falls somewhere
between 500 and 700°F. Below 500°F, generally wetting will not occur except
after relatively long periods of immersion. Between 500 and 700°F, signifi-
cant periods of time may be required for sodium to wet the surface and tests
inadvertently cculd be performed on unwetted surfaces. Unwetted surfaces
immersed in liquid sodium have bcen observed to exhibit extremely low frictiom,
probably due to droplets of liquid sodium being trapped between the rubbing
surfaces, If solid surfaces are pressed together before being immersed in
sodium, the non~wetting liquid will not penetrate between the surfaces,
resulting in friction values not characteristic of surfaces in sodium.

Heating to well above the wetting temperature (750 to 900°F range), prior to
initiating rubbing under sodium will eliminate either of the above
conditiors. However, pretest heating should not be done when it will not
simulate the actual application where ruibing in sodium will commence prior
to wetting.

F. OXYGEN CONSIDEKATIONS INVOLVED IN METAL-TO-METAL SLIDING CONTACT IN LIQUID
SODIUM

For years, the technical community involved with friction testing in
liquid sodium has known that oxygen coutent of the sodium is a critical
parameter. Lubricative layers of NaxCry0, were assumed to form on metai
surfaces that contained chrcmium. The accepted stoichicmetiry for this sodium-
chromium-oxygen compound is now NaCr0O2. The oxvgen content and temperature
regimes where this lubricative layer is stable under equilibrium conditions is
theoretically predictable from thermodynamic cquilibria data. [If this layer
is present, the coefficient of friction is low. The kinetics cf formation of
the lubricating layer are critical as to whether equilibrium conditions are
achieved. The unethod of determining the oxygen content turns out to be extreme-
ly important in evaluating friction data since each method can give different
tesults. The above three topics, i.e., thermodynamic equilibria, kinetics, and
effect of the method for determining oxygen on evaluating friction data, are
discussed in the following text.

1. Thermodynamic Equilibria Calculation

The equations dealt with are:

NaCr02 -~ 2 (0O dissolved in Na to the point of saturation) + Na
+ pure Cr , . . . (1)

NaCrO0p=s=2 (0 dissolved in Na) + Na + Cr in stainless steel (2)

according to Gross, et al.,® the change in free energy for Equation 1 is

QF, = 8300 + 19.6T (3

In units of calories/2 g-atoms of oxygen.
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The free energy for Equation 2 would be:

2
da.d a3
AF =48F, +RT In _f_&__ﬁ_a_ = 0, (&)
NaCr0j
where:
C0 in Na
8 T ¢
0 in Na at sat,
CCr in austenitic stainless steel (SS)
a =
cr CCr in SS in eguilibrium with pure Cr
= .0
ay. 1
= 1,0
RaCro,
AF, = 8300 + 19.6T
Thus;
RT [2.1n (Cy in Na’CO in Na at sat.)+ In acp] = -8300 - 19.6T (5)

pPividing through by 2 RT, changing ln to log, and solving for log Cp in Na
yields

- 1/2 log a - 907/T - 2.142 (6)

log CO in Na = log CO in Na at sat. Cr

Theve are vawvious equations for leg Cy jn wa at sat. In 1970, Gross, et al.,

sed the relationships
log Co in Na at sat, = 3.21 - 1777/T, 7
which combines with Equation 6 to give:

log CQ0 in Na = 3.07 - 2684/T - 1/2 log acr (&5

However, as of the end of 1972, the oxygen saturation equation for sodium
recommended by Argonne National Laboratory is:

log Co in Na at sat = 7.023 - 2828/T, (9
which combines with Equation 6 to give
log C0 in Na = 4.881 - 3735/T - 1/2 log acr, (10)

where T is in degrees Kelvin and C is in parts per million by weight.
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The activity of chromium in stainless stecl (acr) is neither known nor
constant. For example, if the atomic percent chromium in ls-5 85 is taken as
a rough approximation (~ 20%), then an initial chromium activity of 0.2 cam
be used. Other rationalizations can be used to choose another slightly
different activity value. -

In Figure 5, a plot cof the parts per million of dissolved oxygen in
equilibrium witit NaCrOy vs temperature is given for various assumed acr
values. The appropriate chromiwn activity curve indicates a division between
the regime of low friction lubricated sliding and the regime of unlubricated
sliding. After long- time exposure in sodium, the activity of chromium in
mctal surfaces probably drops as all the surfaces in the sadium start to move
toward a high iron, ferrite composition. The effect with 1160°F sodium of a
gradual lowering of the chromium activity in the rubbing surfaces on the
dissolved oxygen level in equilibrium with sodiun chromite is shown in Figure
6. This figure indicates that a high friction regime can be encountered with
time, possibly in a sudden manner rather than as a gradual increase in friction.

2. Kinetics

Equilibrium conditions are not necessarily attained if the temperature of
the sodium is low enough. Friction tests at 900°F on stainless steel rubbing
against itself have indicated that an ls~hour hold time is required Lo change
from a high friction regime to a low friction regime. If the old rule-of-thumb
approximation in chemical kinctics holds true that the resction rate doubles
svery 20°F, then the relationship so labeled in Figure 7 may approximate the
actual reaction time for sodium chromite forration on 18-3 55. Figure 7 also
estimates the reaction time if the rule-of-thunb is off by a factor of two.
The resultant spread in the kinetic estinates shows ‘hat below 525°F the
lubricative layer will probably take more than 2 days to form, while at 1160°F
this layer would form in less than 15 minutes and possibly in less than L
second.

3. Effect of the Method of Determining Oxvcen on Evaluating Friction Data

In the period 1970 - 1973, there were six main methods being used by the
technical community for determining oxygen in sodium: (1) extrusion amalgama-
tion, (2) total consumption amalgamation, (3) vanadiuum-wire equilibrium,

(4) oxygen meter, (5) plugging meter, and (b) assumption of cold-trap-tempera-
ture control. The twc amalgamation techniques involve bypass tubes with sodium
at main-vessel temperature flowing through these tubes, which should be crimped
or valved off at this temperature. The vanadiun-wire technique involves
heating the sodium passing by a vanadium wire to 1382 + 9°F and allowing the
oxygen to distribute between the vanadium, sodium, and structural metal for a
time period sufficient that cqual! activities cf oxygen are achieved in the
three materials, or between just sodium and vanadium if the structural metal

is not heated high enough for equilibria to occur. The oxygen meter involves
emf measurements using a solid, ceramic wlectrolyte, with the sodium usually

at either 600°F ar 900°F.* Both of the latter two methods measure oxygen
activity rather than oxygen content. The plugging meter measures the temperature
at which precipitates start to plug a small opening at low temperature.

* These temperatures are selected based in part upon consideration of ceramic
electrolyte life,
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These precipitates are usually phases predictable from the oxygen-hydrogen-
sodiwn phase diagram und come out at distinctl temperaturces which are a
function of the hydrogen and oxygen contents of the sodium. The first phase
tu precipitate is probably Nakl, followed at some lower temperature by precip=
itation of a NaH + Naz0 mixture. The precipitation tesperatures are-good
indicators of thic ¢ffective zold-trap temperature. Knowing the effective
cold-trap temperature allows a good c¢stimate of the oxygen content. The last
method, which directly measures the cold-trap tumperature, would give a good
estimate of the oxygen content if the system is indeed under cold-trap
control.

Shifts in the sodium chromite cquilibriun with temperature may affect the
validity of the oxygen analyses in nonisothermai systems., This occurs when
the sodium is hot e¢nough so that the chromite reaction can move toward
cquilibria in the time it takes the sodium to cool from test vessel temperature
to a lower temperature at the point of sampling.

When using the flow-through sample tubes, relatively long times are
involved from the time of crimping to solidification, and sodium chromite can
precipitate on the walls of the tube. The extrusion amalgamation technique
climinates this precipitate (as well as other precipitates) and would thus be
an invalid analysis method in that it doces not account for some portion of the
compoeunds involving sodium and oxygen.

Th: oxygen meter method analyzes the activity which can be used to estab-
lish the dissolved oxygen content. Since an oxygen meter is usually operated
well below 1100°F, the sodiun in any system operating above this temperature
mnust be cooled down through a temperature range where reactions accur in
fractions of a minute (Figure 7). The sodiuwn will lose dissolved oxygen by
chromite deposition as it circulates into the cooler regions of the oxygen
meter circuit if the coriginal oxygen content is high. If the chrowium

activity of the structural mectal is known, Figurc 6 may be usable to predict
the maximum reading the oxygen meter will show, independent of how much higher
the dissolved oxygen content wus at test temperature. Al system temperatures
below 900°F, higher dissolved cxygen contents than equilibrium conditions can
be shown, as the chromite reaction rate is very slow compared to sodiun flow-
rates out of hot regions in a sod‘um system,

Oxygen analyses conducted with the plugging meter can be affected by the
sodium chromite rcaction. With high-tumperature, high-oxygen sodium the sodium
chromite itself may cause plugging in the plugging meter, though the temper-
ature of this plugging should be far higher thun the usual sodium hydride-
sodium oxide plugging temperatures. Idcntical plugging temperatures for the
sodiun hydride - sodiwn oxide precipitates do not necessarily mean the oxygen
contents of the two systems are idectical as there are an infirite number of
concentrations that will precipitate out a single phase at a fixed temperature
in a ternary system.
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The oxygen analyses used or plonned to be used for reporting the actual
oxygen values in friction tests at LMEC are the total consumption
amalgamation technmique or the vanadium-wire technigue. The total consumption
amalgamation technique measures all residue from sodiuwn in a previously scaled-
off flow-through sample tube after the sodiun has been dissolved in arctoury.
All the residué is considered to be Naj0 and the sodiun content of the residue
is measured. Multiplying the sodium content by l6/4b gives the oxygen content
if indeed all the residue is Na20. Oxygen tied up as NaCr0; would thus be
undervalued by a factor of four. If the only species in the residue were Nag0
and NaCrGp, it could be assumed that the oxygen dissolved in sodium at high
temperature eventually would end up as both N¢?0 and NaCr0; while the NaCrO;
originally piesent on the tube walls at high temperature would remain NaCr02.
This method is thus not spucific for dissolved oxygen in sodium but measures
a distorted total amount of oxygen.

The vanadium-wire technique measures dissolved oxygen only and does not
require that sodium be cooled before analysis. The codium is heated, in fact,
which does not affect the results since any NaCr02 is present almost certainly
on the walls, not iu the sodium flowing inte the vanadium-wire module. Thus,
the vanadium-wire device is a valid measure cf dissolved oxygen which is
normally the only oxygen species of intzrest.

The tests performed at LMEC in the friction and wear program in support
of FFTF were done in sodium that measured less than 5-ppm oxygen by the total

amalgamation method, or considerably less than 5-ppm oxygen by the vanadium-
wire method.

LMEC FRICTION AND WEAR TESTS AND RESULTS

A. FACILITY DESCRIPTION

The friction and wear tests at the LMEC are perfcrmed in vessels, each of
which is equipped with a flow-through, thermal convection cold trap attached
to the vessel wall itself, and with a parallel flow-through sample line. Th=
driving force through the sample line is by an electromagnetic (EM) pump. The
test specimens are immersed in 25 to 50 gal of sodium. The sodium flows out
of the vessel, through a 1/2-gal cold trap, and back into the vessel at < 0.1
gpm. In general, the cold trap runs continuous'y during testing at all
temperatures and times except during sampling.

The friction apparatus itself involves a weighted, driven plate supported
by three rubbing surfaces equally spaced from the center of rotation and 120
degrees apart. Friction and wear tests are being performed using very short,
reciprocating sliding contact, prototypical of certain FFTF component
operations. This type of motion is achieved by using the concept of a bell
crank (see Figures 8 and 9) to convert unidirectiona) rotation of a drive
motor shaft to rotation of a few degrees back and forth. The extent of the
rctaticn can be set anywhere from 3 to 13.5 degrces by means of a screw
adjustment external to the apparatus. Slack was designed into the drive
plate to provide a "quaci-universal' joint. Because of this slack, an indi-
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cating device was included to show the actual angle of rotation of the moving
wear surface immersed in sodiunm,

z FACILiTY CAPABILITILS aND LIMITATIONS

e

1. Specimen Configuration

The apparatus was designed to take any thickness or c-~figuration ¢r wear
surface up to 5 in, in any direction. Most tesls were pc.  med using a plate
rotating back and forth over three flat-faced pins, (Figu-: 'C). Other tests
involved the flat faces of three tabs rotating back and {urth over three other
flat~faced tabs (Figure ll).

2. Material Interactions

The number of {rictior and wear devices inserted inio each test vessel was
limited to three. This limitation was imposc¢d so rhat materials would not be
tested in the same vessel simultancously with another material where inter-
actions were expected,

3. Stroke Length and Veleczity

The length of strecke could be controlled from 0.005 i1n. to 0.500 in. LMEC
has oxpressed the stroke lengths in terms of pin diameters. The stroke starts
out from the rest position at one e¢nd of the stroke, not from the middle of
the stroke. Thus, a stroke of d (the pin dismeter) or greater is required to
move virgin plate mater:al over 100% of the pin. all stroke lengths less than
d involve rubbing by somc percent of the pin area only on the plate area
originally in contact with the pin, {.c¢., never oa virgin plate surface. I
Figure 12, the percentage of pin surface that never sces virgin plate surtece
is given as a function of sitroke length expressed in terms of pin diameter.

During each stroke, the relative velocity of the rubbing s:rfaces builds
up to a maximum veiacity, dies away to zero velocity, and then is motionless
for 1 sec or less prior to stroke reversal (Figure 17°). The average velocity
can be varied between 0.00l in./sec and 1.0 in./sec, but the average velocity
has ranged between 0.03 in./sec and 0.l in./sec in the tests performed to
date.

4, Testing Envircnment

In general, the vessels being used for friction and wear tests at LMEC are
capable of holding sodium ct 1200°F, although one vessel is capable of contain-
ing 1350°F sodium. The sodium in chese vessels is always ccld trepped st test
temperature and thus is capable oi being purified to very low oxygen and
hydrogen contents. The mercur; amalgamation, total consumption method has been
used to analyze for "total alkali as oxygen' and valucs of 5 ppm or less have
been achieved prior to each test. No rigorous correlation between the amalgam=
ation method results and oxygen ccntent estimated by oxygen activity measure-
ments (va.adium-wire or oxygen-meter) are possible; but sincc the LMAC systems
are cold tvapped to below 240°F, the oxygen content as estimated from activity
measurements wculd probacly be below ! ppm.
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The sodium in the LMEC systems for the friction tests was neither entirely
under isothermal conditions nor entirely under a AT condition. A small
percent, < 5%, of the isothermal sodium in the test vessel was subjected to a
AT condition to induce convective flow through the cold~trap circuit. The
sodiwn in the vicinity of the rubbing surfaces was relatively isothermal and
relatively quiescent.

Flat-faced rubbing surfaces were in full planar contact during dead-weight
loading while immersed in sodium, and during all changes in test temperature.
Standard operating procedures required that the sodium be initially brought te
> 700°F to achieve wetting before testing began. Testing usually was started
at 450°F (expected temperature for fuel change in FFTF) with the bulk of the
testing at l16C°F (maximum bulk temperature expected in hot leg of FFTF system}.

5. Tests Involving Carbide Coatings

Friction tests of carbide coatings at LMEC have shown that carbides are
the only family of materials among those tested that consistently give the
lowest coefficient of friction in liquid sodium. Since chromium was a desired
constituent of sliding surfaces exposed to sodium, a matrix material that com-
tained chromium was desired for codeposition with the carbide. Chromium
carbide was selected as a most prominent carbide candidate for two reasoms:
(1) chromium carbide would have the least complicated chemical stability
relationships with both the chromium in the matrix and the staimless steel
structures involved in sodium systems; and (2) chromium carbide has a cceffi-
cient of thermal expansion nearer to candidate substrate materials than other
common carbides.

Initial tests were with a chromium carbide pius nickel matrix applied by
a sparkedischarge method (the Mech-Electron process). Although the coatings
applied by this process were not continuous and were very thin, sufficient
promise was indicated that intensive testing with this coating began.

The chromium carbide in a Nichrome matrix was then applied by a detonation-
gun method (the Union Carbide D-gun process). This chromium carbide had
excellent dynamic friction properties in sodium and appeared as the most
promising candidate for FFTF duct wear-pad surfaces (Table 1, 2, 3, aud 4).

Extensive testing showed that the methed of surface finishing the ci .um
carbide coating after deposition was important. Nondimensional finishes
(brush finishes) gave better dynamic friction results than lapped finishes.
Three methods of nondimensicnal finishing were tested; these finishing
processes are called old dry brush, wet brush, and new dry brush in this
report. The wet-trush finish proved inferior to either of the dry-brush
techniques in terms of dynamic friction properties. The dry-brush finish gave
dynamic friction coefficients around 0.4 at 1160°F. Friction results from 85%
Cr - 15% Nichrome (807 Ni - 20% Cr) with the new dry-brush finish are shown in
detail in Figure l4. Friction from a typical individual, short stroke is
shown in each curve segment as a function of distance. The stroke distance is
expressed in terms of pin diameters. The cumulative rubbing distance {in
inches) for each stroke plotted, is given below each curve segment.
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The breakaway friction properties (static friction after a dwel’, also
sometimes referred to &s the self-welding cozfficient) of the chromium carbide
plus Nichrome proved, on occasion, to be higher than desired as vaiues around
unity were occasionally encountered. Possible solutiuns to this problem in-
volve changing the type of matrix material, changing the relative proportions
of carbide and matrix, and changing the parameters of applying the coating or,
indeed, the method of coating itself.

Titanium carbide with various btinders was also tested. Thz titanium
carbide with Nichrome binder had excellent coefficients of dynamic frictioo,
but again, poor breakaway friction coefficients. Substituting molybdenum for
Nichrome as the matrix material eliminated self welding tendencies, as measured
by a breakaway coefficient of friction, but the dynamic friction values were
high. Further friction testing of titanium carbide was terminated when
chemical stability tests of carbides in sodium at Westinghouse ARD eliminated
titanium carbide with either matrix as a candidate. Chromium carbide plus
Nichrome proved to be stable in these tests.,

In addition to defining and solving the problem of high breakaway friction
values associated with chromium carbide plus Nichrome, quality control tech-
niques for the D-gun process of applying this promising coating need to be
adapted to volume production methods. Although the quality of these coatings
is known to vary considerably at present, the main problem appears to be a
lack of quantitative method of inspecting the coated part. The Haniord Engineex-
ing Development Laboratory is plenning to develop such techkniques,

Finally, the designer must become familiar with the characteristics of
utilizing carbide coatings. Coating over sharp corners, neglecting to feather
the carbide at the edge of the coating when required, or forgetting that both
rubbing surfaces should be coated can all lead to unsatisfactory performance
and even to failure of the coating.

6. Tests Involving Inconel 718

The rather severe seizing and galling in sodium often encountered when one
or both of the ribbing surfaces is a Type 300 SS has created interest in
alternative structural materials for sliding coatact applications. Inconel
718 is an alloy often considered as a candidate for such applications. Tests
at 1160°F showed that galling is still present when this alloy is used under
low contact pressures. High contact pressure tests, at 2000 psi, gave much
better friction results than tests at 200 psi or 1000 psi. The load to achieve
the 1000 and 2000 psi was identical (Tables 5, € and 7). Chromizing Inconel
718 was examined as a method of eliminating the high friction values encounter-
ed at pressures under 2000 psi and appears promising. Friction curves of
chromized Inconel 718 are shawn in Figure 15,
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7. Tests Involving Wire-Wrap/Fuel Cladding

In C¥ 1971, three tests had been performed on fuel cladding im 1160°F
sodium; during 1972 these three tests were repeated except that the sodium
temperature was increased from 1160°F to 1350°F, while the number of rubbing
strokes was decreased from 10,000 to 2,000. Both series of the wire-wrap/
fuel cladding wear tests involved identical material planned for use in the
FFTF. The wire was 20% CW Type 316 SS wire, 0.0560-in. diameter. The fuel
cladding was 0.230-in. diameter tubing from the Hanford Engineering Development
Laboratory (HEDL} of the type planned for FFTF fuel cladding. The cladding
had a close-fitting rod inserted in it to represent swelled fuel pressing
against the cladding.

A plate holding three segments of wire wrap was mounted cver a plate
holding three cladding specimens. Each of the three wire-wrap segments rested
on the crest of a cladding tube, resulting in three-point support between the
two plates. The cladding specimens were mounted on the bottom plate tangen-
tially to a l-in. radius and spaced 120 degrees apart (Figure 16}. Wire-wrap
segments were mounted on the upper plate at angles of 12, 20.5, and 29.5
degrees from tangency (Figure 17). This upper plate was driven through a
rotation of ~ 13 degrees, then rotated back, until slightly more than 2000
strokes of sliding contact between wire wrap and cladding were accumulated.
The stroke motion is thus an arc movement roughly parallel to the tube and
between 0.1 - to 0.2-in. length of relative movement. The inches of sliding
contact experienced by any point on :he cladding does not correspond to the
total inches of relative motion since each point on the cladding is rubbed
only when the wire is actually passing over it (Figure 18).

The wire-wrap/cladding wear test results for ~ 10% strokes at 1160°F
sodium and ~ 2 x 103 strokes at 1350°F are given in Table 8.

The actual wire cladding will have an angle of 4 degrees between it and
the tube axis. Line-up difficulties precluded using any angle below 12
degrees in these test series.

Preliminary tests at 90 degrees and at smaller angles indicated that the
depth worn away was sensitive to angle, with 90 degrees being the most severe
case. The three angles chosen were selected on the basis that 3, 5, and ?
times the sine of 4 degrees equaled the sines of these angles. It was hoped
that this would allow extrapolation back to 4 degrees. In the actual test,
depth of cladding worn away proved to be unrelatable to angle in the 12 to 30
degree range.

The depth of wear experienced indicated that a contact load of 20 1b
caused intolerably severe wear, while a load of 1.5 1b caused an acceptable
extent of wear if provided for in the design.

The effect of temperature in these tests, or the measured sawing force, Is
shown in Figure 19, where the ratio of sawing force to applied load is plotted
as a function of temperature. These data are from the 20-1lb load test and
were measured after completion of 10,000 strokes at 11l80°F.
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TABLE 1 Summary Table of Friction in Sodium — Pebbly Chrome Carbide @ 300 Psi

Test Test Conditions I'riction Results
Stroke
Materisle Temper-| Loads Average Length \;fuot:'ll/ Duell Break- Statsc Friction Dynamic Friction
: Ste we
No- Plate” T}‘}ff :;;r.::-e! :.:17::!1 ¢(,';',';, Distance they |, “"l‘Y Avg | Max | Awvg Avg | Max | Avg
Pin . e tin.) THHON | ynit. | Oue. | Final | lmit. | Obe. | Finsl
LP CrC 4 (20%, e 14,4400 [URY) 0 Ky Szt 024 - - 024 0.24 -
Cro- RNy
binder vs “no angt s - G.10 - 0.20 | 0.30 -
itaelf. -
Substrate - HO0 i~ 3 6.2¢ - 021 03
Incosel 718 : 2
coated by To0 anin e - 0.04 . - 008 0.2x -
Linde P-Gurl.
Fimish - woa - - a2 - - €.321 9.36 -
fhondimen- aoa
s10nal, o - 0.3% - - 0.38 | 0.40 .
pebbly, old R
Lry brosh. o RN - - 0.96 b - - 030 | 046 | .
1100 ' [ R Y - 0.0 - - 0 40 0.44 -
une
1150 | TIREENt 21t lotiserved 0Au | 0.52 | 0.4 0.46 | 0.52 | 0.48
t NI - 1" The
1ew | Lorres o ' T2 lbserved 0.40 0.4t a.40 0.34 | 0.50 | 0,34
1noo ! ! H D ernmreton | . . c.42 . - 0.12 | n.so .
ano ! N TEST el 0.30 - - 0.36 | 0.46 -
+ . s
t -, T eone
ano i S PR K E T P O T2 - 030 | 0,37 -
/00 P T2un/>)0n - 044 - - 0.3 | 0,46
700 I {Truzedeeg - 0.6 - - C 38 | 0.40
L00 1 l | TZon 1000 - - 0.36 - - 0.38 | 0.38 -
i
i ] |
4 |
T
!
1
)
i
|
|

*Urlese specifically hoted, plate material i1a sarme as pin.
1Strokes snd distance are curmulative values {rom beginning of test.
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TABLE 2

Sunmary Taosle of Friction in

Sodium -- Lapped Chrome Carbide @ 300 Psi

Teaat Test Conditions Friction Aesults
Materials Stroke Total Static Friction Dynamic Friction
Temper- Load/ Average Length Stroken/s Dwell Break-
No. - ature Pressure | Velocity {p1n Distence! (he) away Av
. s, . [ Max Avg Avg Max Avg
P1n Plate {"F) (ibi/iper) | in.feec) c:::rrr} tn.} Friction Inat. Obs. Fanal . Obs. | Final
LG [cre o q20% 450 13.67300 0.08 0.40 | 33765 - - 0.22 - - 0.22| o.50 .
Ir - 607 Ny
binder ve 500 42/nu - - 0.26 - - 0.2 | 0.4 .
itself.
Substrate - 600 4 s - - 0.20 - - 0.22| 0.52 -
Inconel 718 R ,
coated by To0 S0/0 e - - 0 3G - - 0.3¢ 530 -
Linde D-Gua. »00 S04 - - 0.3 - - 0.36 | 0.50 -
Lapped
finish with a fe v . . Q.37 _ .
320 grit — 00 AR . - 0.3n | 0.50
S1C to i_100¢ i (IR - G 1o - - 0.40) o.50 -
16 rma. S
| 160 i : 2702 2y [Hene Gon | 056 | 0.48 0.48 | o.me | 0.48
! ! ! Whwersed
i 110 | : [ atnnsion T e Usn {055 | 056 09521 a.70( a.s2
1000 J | s31050000 R - U 44 - - 0.48 | 0.62 .
900 I sS40 . - DL - - 0.44 0.56 -
g0 | J szerian]  x [oSiEeved | ose | - - os6| 060 .
oo | i L sys2 a0 - . 0.10 - - 0.50 ] 0.64 .
700 T { 1 534¢ /> 1a0ai - - { 0.5 - - 0.52 ] 0.64 -
i
600 ! } 5340701000 - - ! 052 - - 048! 056 | .
— —t-
4 1 x
{ 1 1
| :
t
4 |

*Unless apecifically noted, plate material 18 same as pin.
fStrokes and distance are cumulative values from beginning of test.
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TABLE 3  Summary Table of Friction in Sodium -~ Dry-Brush Chrome Carbide @ 1000 Psi
Tent Test Conditionw Friction Results
l(u\:h.l.ng '
. Expuri-
Materials h . R
Load/ |Average IS.‘::;:leh enced Bresk- Static Friction Dynamic Friction
Number Pin Plate Pressure) Velooty | {1in Nutber (Dwell away (Ao T\ TTpeeTre T T H
(Ib)/(p-xi (in. Faec)|diam - of | {hr) Friction Averape]MaaitnuinlAverage, Averape]Maximum {Average
: eter) Strokes/ O™ Iatial {Obscrved| Final | Imtial [Observed | Fiaat
Distance
{in. )
!
- - Nene
6-2¢  lchronlum Cardide 16.7/1000 0.86 | 4/.48 = lobeereeq] 0-29 e = p o2 | oo0as -
13 vol.% Nichronme
1 . |_ &8 | - j =~ o - e l.0e
Substrate JA0 SS to/1:2 = = 9—12‘4{ - = _o.u
b— - ~ PO PR S T 1.6“_'2 PURE DI ST U S, 0‘92 SUSSIT SN S B UER L
D-gun appliud, R 22/1.7 - - 0.26 .‘ - - 0.26
diti
- (cooler gun condition) ‘ S T SRS T N AL N -l - ) - ' 0_?_,__1\
/.1 - - 0. - - . -
"New dry brush” {lalsh - O B 2 4 623 1.0 4 - 1
88/13.1 | - - 031 - - . -
587 3_1 03¢ 0.2
. _{Carbide size «<3p B - - - — - - - -
B Nichrome size < 204 10 — ﬁiﬂ :./13,»3 - - _0.1(. . - Al - ]oon 0.3 -
. /13,5 [ _ - 0.24 - _ 0.30 0.36 —~
HEDL Coatlog Ho. CHelb —_—
Unkon Catbide Process ~L— 1e/13. 7 —_ = . 0.17 = = _0.28 0.61 ) -
Le-1e I UK e 0.17 - - 0.20 0.2% -
I ] be/te.2 | - - 0.13 - - 0.26 0.3%. -
i . Vs06sena| 16 | L0t | a3 0.62 0.20 | 0.38 0.08 0.36
. 25004 /991( 108 o.n 0.4l 0.5% 0.4l 0_.4]] l Q.66 _ 0.48
T ; |
._..._-._-.__TI.._..A.. N T NS N I .S S ,:-.“ S |
one
— 086 | a/ooe | 480 lonyecveq! 2% = CRU b R L
- t—- - .- O LLTA LI - - ‘ 9,26 = e Q20 | 026 -
83/1004 | - 0.2% - _ 0.15% 0.2 -
| o100 | - | - 0,24 - - 0.21 0.2 - '
461010 - - 0.0 - - 0.2b 0.32 -
' g/aoys |- | o~ 9.31 - - 0.27 {6.31 -
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TABLE 4

Summary Table of Friction in Sodium -- Dry-Brush Chrome Carbide @ 500 Psi

Teast Test Condit.ons " Friction Resulta
l(ul.bu.u‘
Expers-
Materials Steake| 7 v Static Friction Dynamic Friction
[Tempera-] Linad/ |Average |Length Nenber |Dwety] Presk- e AL
Number Pin Plate ,VI.L.;;(:.."; Vclt;:n.lv’ d(il'::'_ o ) F.\\:-:y Average Maannum)Aversge Averaps] Maxiam Avegage
{ulftpath jin. Face cter) |Strokes/ FLEV9 nitial [Guserved| Final | lutial [Obseeved | Final
Distance
(in. ) ) . e _
None
$-4C_ 1 chromtum Cacbide ~ | 23.7/500 3.:.«_ R T YL - - | o2 | o026 -
13 Val.o Nlichrone 4/ .63 0.2 0.16 | 0.10
BN N N I 2V U R N S B o X' oo | o
10/1.6 - - 0.19 - - 0.18 0.19 -
Substrate 310 5§ .
ubstra 162.5 | o - 0,20 - - 0.20 | o.n -
D-gun applicd, -l 22/3.5 i- - ] .0_.29 - - __0.26 0._29__ -
(cooler gun condltion) &f6.1 - - 0.2% - - 0.28 0,30 -
1 - e e e e B
30/7.9 - - 0.21 - - 0.24 0.26 -
“New dry brush” finish - e "-/-“ , —_— — P — -0_;3 .;.Jh
| > .
Carbide slze <54 e e == - = - - = =
a Nichrome size < 204 0,18 &/11.9 - - 0.24 - - 0.26 0,31 -
10/1.8 - - .12 - - Q.24 0.30 -
HEOL Coating Ho. CN-1Y 16/12.6 | - - 0.2 - - 0.0 |0 -
Union Catbide Process S 22/12.7 —_ 0.22 0.5 0.0
2.7 - . - - . . -
Le-1e —— I RS S
28/12.9 - - 0.26 - - 0.29 0.3 -
. 62464/282 164 1.06 l 0.136 0.82 0.40 0.37 0.86 0.3
12504/332| 108 | 0.6 [ 0.46 0.39 0.30 0.46 0.6
- e - [ DT
\ 0.66 [a/553 ego | None g oy = _ 0.2 lo.2s .-
307537 - - { 0.22 - - 0.121 Q.22 -
T . - . RIS Voui § — A
se/560 | - 1 0.26 - . 0.22 0.20 .
IYETY - o.24 - - 0.12 0.28 -
I T T iou PRy SUOR [uuip oy Pl S iy SESY oy —_— T
30/563 - - 0.28 - - 0.28 [ % H -
-
' 34/569 - - 0.28 - - 0,28 0.3 -




TABLE 5  Summary Table of Friction in Scdium ~~- lnconel 718 @ 2000 Psi

Test Test Condistions Friction Results
Materials Stroke Totai Static Friction Dynemic Friction
N Tzhr:apzr-— ‘ Load/ Cvru;:e L‘epnﬁ(h Strones/ Deell B.rz::-
. . sture ‘reseure elocity ' Instance’ thrt * Avg Max [ Avg Avg Max Avs
N Avarne e
Pin Plate (F) (1b)/1pea) | tin-Jwec, ““: (an.t ! Friction Inst. Obe. Final Inat. Obe. | Final
ete H | —eg
— ' T
12 [Inconel 18] 1160 15 37 2000 o [ Co2ee o Clserved ¢ el - - 0.60) 0.68 -
ve atseld — 1 ) eone
1160 I T N S 6.50 - - 0.50, 0.5t .
1100 | - - .5¢ - - 0.48| 0.56 -
1000 - - ¢ &0 - . 0501 0.40 -
900 Peme ot 72 100t sved 0 &5 - - 0.4s | 0.50 -
800 ke st - - | 0a2] 146] 148 050] 0.50] 0.40
700 X Paeeaiene! - i 050! y.e6 | 145 | 000 vsof 0.%0
T T 1 H
600 ! ! | ddesriiciet - | oeol . - 050] 0.60 .
550 ! | (e a0z ] - R boes ) . 032 c40) .
T
500 i P 12e300 022! - - €50 - - ¢.40! 0.50 -
! I i T
450 N 1 I VAL . - 0.50 . . 0.42] 00 .
400 1 | 12us, Loze . - [ - - c 42! 056 -
1 +
i
1
¥
]

Tie &8 pin.

*Unlass epecifically noted, plate material @
om beginning of test.

1Strokes and distance ars cunmulative values
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TABLE 6 Summary Table of Friction in Sodium -- Inconel 715 @ 1000 Psi
Teot Taet Conditions Friction Results
r
] | Stroke
' Temper- | losd/ | Average |[Length s:[r:‘:.‘“ Dweil | Breaw- Static Fraction Dynamuc Friction
No. { . sture  [Preseure [Velocity @ tmn | rOEeR [ away ~
\ : g | Max | Avg | Avg | Max | Avg
Pin Plate CF (b /1pasy !(m.."m ::::11)~ ‘ Lt l Friction init. | Obe. | Final Init. | Obs.| Finsl
‘ !
1¢ |inconel 718 450 1156 1007 .+ oe 11 leats ! - - Tt - - ooz | 1.28 -
ve iteel! 1 +
svo 4 [ Ter 2t - - v 7o - - oes ) 1.28 -
|
800 ‘ [y e i - . N - - 100 1.50 -
200 ' X ! 17602 - - R - - 100} 1.50 .
T ' X T
i o [ | I I 2m ! B - C e - - 1.04 1.%0 -
¢ ; $
U b i e L S . Vil ase] .
| } LR
T 0 M . y 1 i |
| focr i i SR L L - | . [ - L i.s0 -
| Lro- i i ! Far o1 . T . U onas b 112 150 -
: +
i |1 I : i T el rae | rael 2ao] 10
! i e ¥ IR
! I 1eo ; | roeay . N ) ton| 2o00| 100
! T v ‘ - t
l t 1ioc ! | . e s j les - . t.on] dan -
} [Meee | : i ces 1w [ . . 10| 1.0 -
! . T | . | evee 4 i oan . . oan} 1 a0 .
! !
i ' H
| L owes i \ Ceveaese L <t . . 120 1s0] -
¥ . M ' v v
! ) Too ' | | ' eTel e - . R - - 108 1.%50 -
i o3 ‘ J [RZYRIRINTN . - RIS - - 116 1.4d .
H 1 : 1 t + +
! 550 H Leninslces ! ! - ted - 1.28 ] 1.64 -
+ 1
| sos A P emae qaes - . R - - 10| 2.00 .
: + { t ]
' 456 | I rwTq Ny - - 1.90 - - 1.a6 | 1,98 -
. + — e e = |
e : ' v ewiZnieeT - . 2.00 . . |46 | 2.00 -
! : ! ! i
] ' |
. H
: 1 t
1 : !
i
v i

spacificaliy nee~d, plate materisl 1e samha se pin.

TStronee and dietasce arc curmulstive valuen f70m begtnning of teet.
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Inconel 718 @ 200 Psi

TABLE 7 Summary Table of Friction in Sodium --
Test Test Conditions Friction Resulis
Strok I
Stroke .
Materlals Temper- Load/ Average Length s;r:;'::./ Dwett Break- Static Friction Dynamic Friction
No. . ature Preswsure | Veloaily imn Distance thr) away Av W
b . B ax Avg Avg Max Avg
Pin Plate CF) | Ubiupan) | (inssec) | diam (in.1 J Friction | 1 t. | Obs. | Final | Inst. | Obs. | Finel
16 jinconel 718 e 9.1/200 0.07 0.61 T3)4000 ‘ 2nn 1 490 1.56 1.90 1.3 2.02 1.36
vs iteelf ~ine
11ea l Rt ler |ouserved Vo | 1,50 ) 1,36 36| 176 1.34
!
yion ! | rednsaou - - 1.54 - - 156 1.50 .
V000 I | T R B . e | - . ool 13e] .
_ one
u ! | eeagrjons T2 [observed 1.2¢ - - 0.56 | .26 -
Lo b
G0 ! Perdarnde - - (2} - - 114 1.84 -
t
w0 [T . . tos b - s06) 1sal L
T .
woa | ; Deswosgna 1L . Vven | - . 1240 tso| .
[ i ) j
540 { { | wmddryese ﬂ - ] - e | . - 150 1.96 -
H . 1
won | | ensaryog P o L Lo ] - - 130 1e0] .
t 1
ave ! ! Venteeres V.| . |02 R . 136 | 1.82 -
T - + et
400 ' : e 1080 - 1' 142 - - 132( 1.e2 -
i I ) I i
T - + +
H | i . . T .
C + — j
] ' i ! . ! I
I i | '
. . . | I
' *
! |
H i i
i ! ! i !
w ! 1 i !
+ t
| ' | f
s — L !
T T f
v T
! !
.

L1

*Uniess spriifically noted, plale material o same a2 pin
YStrohes and distance are cumuiativy values Irem deginning of tast.
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TABLE 8

Wire wrap/Cladding Results

Load on Wire Oxygen Wire and Tube wWear Depthix
papladding | to. ot | Tempare | comend | izl | TG
(1b)
12 + 6.5 0.4
10,000 1160 <5 20.5 + 6.5 0.3 w0.3
9.5 + 6.5 Q.5
1.5
12 + 6.5 0.%
2,000 1350 .8 20.5 + 6.5 0.65 ~0.3
29.5 +6.5 0.2
12 + 6.5 .0
10,000 1160 <5 20.5 +6.5 2.4 “~ 0.6
29.5 + 6.5 1.1
5
12 +6.5 0.9
2,000 1350 3 20.5 + 6.5 0.9 V0.2
29.5 + 6.5 0.8
12 + 6.5 .0
10,000 1160 <5 20.5 + 6.5 3. 0.2
29.5 + 6.5 2.5
20
12 +6.5 2.2
2,000 1350 & 0.5 +6.5 L.8 v 0.1
29.5 4+ 6.5 2.6
*wire Diameter was 0.0560 in.

Y Each stroke was an arc movement roughly parallel to the tube axis with a li-deg arc length on a l-in. radius.
L Oxygen content measured by total consunption amalgaration method.

w*Extensive material transfer between wire and cladding; buildup as common as wear depth.
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Figute 11

Typical Stiding Contect, Tad-on-Tab Speciqens
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Figute 13 Relative Velocity of Ruobiog Surfaies as 4 Function af stroke
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Figure 14
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Friction Values for Individual Strokes for Chromium Carbide

and Nichrome, D-gun Applied, Ne¢w Dry Brush Finish at 200 psi
Contact Pressure
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(EACH STROKE COVERS - 018 1n, IN - 2,1 sec, WEIGHT ON 3 PINS « 27.51b, OXYGEN CCNTENT ~ 5 ppm.)
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Figure 15 Friction Values for Individual Strokes

vs Itself at 200 psi Contact Pressure

Figure 16

Claddiag Specimeny Mounted on Bottum Plate

for Chromized Inconel 718

Figute 17
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