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QUALIFICATION OF TRIBOLOGICAL MATERIALS AND COATINGS FOR USE IN SODIUM 

R. N. Johnson and D. G. Farwick 
Hanford Engineering Development Laboratory, Richland, Washington 99352 

ABSTRACT 
This paper describes some of the 

essential performance measures used to 
qualify materials for tribological applic
ations in liquid sodium environments and 
summarizes relative·properties of some of 
the newer tribological materials now 
qualified for use in sodium systems. 

INTRODUCTION 
Tribological problems that can occur 

in sodium (high friction coefffic1ents due 
to the stripping of oxide films, and the 
galling and self-welding tendencies of many 
materials) are well-documented. 1- 5 A numb~r 
of materials have been identified that offer 
attractive tribological properties and per
formance in high temperature sodium. The 
qualification and use of these materials 
have been essential to the design and 
reliable operation of mechanical components 
for liquid metal systems, and particularly 
for the U.S. DOE's Fast Flux Test Facility 
(FFTF). 

Qualification of such materials for 
use in sodium requires testing not only to 
measure tribological performance, but also 
to assure that all properties of the 
materials are adequate for the intended uses. 
This requires careful analysis of antici
pated service conditions and formulating 
acceptance criteria for each application. 
Appropriate tests can then be designed to 
provide data needed to achieve a reliable 
design. 

A common tendency is to evaluate only 
that property of a material that is per-

ceived to be the "cantrall ing" property for 
a given application. Friction coefficient, 
for example, may be the dominant concern for 
a given sliding interface. However, a 
material exhibiting the required friction 
coefficient must also resist corrosion, 
wear, irradiation, etc. A similar tendency 
is to assume that the properties measured 
at the start of service will be the same at 
the end of the design life. The changes 
that will inevitably occur, particularly at 
the surface, due to long term effects of 
sodium exposure, irradiation, mass transfer, 
time, temperature, and metallurgical 
instabilities must also be considered. 

Qualification of a material cannot be 
divorced from qualification of the fabri
cation process and vendor. The properties 
and performance of tribological materials 
are intimately related to fabrication 
variables. Different welding techniques, for 
example, can yield markedly different 

metallurgical structures; substrate 
preparation.can determine whether a coating 
fail!; or rcmain3 intact; M1ll lli fferent sur
face finishing techniques can result in 
different friction coefficients and differ
ent surface wear characteristics. Vendor 
qualification also includes developing one 
or more vendors with the required expertise, 
production capacity, and quality controls. 

The interrelation!;hips of the proper• 
ties and process variables are demonstrated 
in Figure 1. Some of the candidate materials 
listed are the same material but applied or 
fabricated by a different process or vendor. 
·Acceptable limits and performance criteria 



I ~-,,, L-- ~~~~,.;,ll l!Sl5 

""""'"" tAll Oii!OMILM CARBI0£1 
D-GUN CDAnN:>Sl 

FIGURE 1. Qualification of Hardsurface 
Coatings for Core Components. 

were established-for each property measured. 
The _ultimate result was the q~alification of 
a material, process, and vendor meeting all 
the imposed requirements. 1 In addition, 
back-up and alternate coatings and processes 
are in qualification testing in order to 
assure competitive sources of supply. 

The qualification process can be des
cribed as a total systems approach whereby: 

1) de.ta il ed acceptance criteria are 
established for each application, 

2) necessary testing is performed 
under as-prototypic-as-possible service con
ditions to assure that ~properties of the 
material are adequate for the intended uses, 

3) reliable and practical fabrication 
proce!!es .:u·e dt!vl:!1 oped or proven, and 

4) one or more sources of supply with 
the required exper.ti se, production capacity, 
and quality controls are established. 

WEAR AND SURFACE DAMAGE 
Reactor components usually experience 

relatively small rubbing distances, and 
loss of material by wear is not a major 
concern. Heat exchangers, steam generators, 
and fuel cladding, however, are examples of 
interfaces where thermal motions and flow-
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induced vibrations can cause large amounts 
of rubbing and wear. Even where rubbing 
distances are relatively small, however, 
the quantity, size and location of material 
lost can be important. Examples are: 
1) where thin coatings are used for surface 
protection or low friction, and 2) where 
debris from one interface can cause fai 1 ut·e 
or restrict the function of another inter
face, such as causing_leakage of valve 
seats, clogging of flow passages, or inter
ference in close tolerance hydrodynami~ pump 
bearings. In some FFTF test valves, for 
example, wear debris from galled guides was 
trapped between the p 1 ug and the seat, 
resulting in excessive leakage. 

Surface damage, or type of wear, is 
more important in many applications than 
the quantity of material lost. During 
adhesive wear or galling, very little 

·material may be actually" removed, since 
material tends to be transferred back and 
forth across the rubbing interface, but 
changes in surface topography and dimensions 
can be extensive. Such damage must be 
avoided for sealing surfaces, such as piston
ring seals or sliding valve surfaces, and 
for close-fitting interfaces and journal 
bearings where_ gillling can caui;c seh:ure. 

Ideally, components would be fabri
cated from a structural material that re
sists surface damage in rubbing. But, no 
practical structural alloy has been 
identified that adequately resists galling 
damage in sodium. The adhesive wear 
tendencies of the austenitic sta·inll:!ss 
steels are widely known. Ferritic alloys, 
such as 2 l/4 Cr-1 Mo, are easily galled. 
Nickel-base alloys in general behave very 
similarly to the austenitic stainless 



steels. Even Inconel 718*, which is the 

hardest and most wear-resistant of the 
structural materials normally used in 
sodium, shows adhesive wear and galling 
against itself and against most other 
materia1s. 6 

Hhen ga 11 i ng Ol' adhesive wear cannot 
be tolerated, the normal action is to 
apply a hardfacing alloy or to coat the 
rubbing surfaces with galling-resis tant 
materials. In other environments, lubri
cants would be used to prevent galling; 
but known lubricants are precluded by the 
sodium. However, under certain conditions, 
the formation of sodium chromite films can 
provide effective lubrication . The ability 
of these films to reduce friction coefffc
ients is well-recognized. 1•2 It also 
appears that sodium chromite film can 
cause a surface that would otherwise 
exhi bit adhesive wear to exhibit the more 
desirable abrasive or polishing wear. 
Inconel 718, for example, was rubbed 
against Haynes 273~•(a nickel-base hard

facing alloy) at 232°C, and then again at 
593°C. Adhesive wear and galling were 
found in the areas rubbed at 232°C (at 
which temperature the NaCr02 film format
ion i:> v~r·y slow), while only pol1 sh1ng 
wear was evident in the areas rubbed at 
593°C (where NaCro2 film formation rates 
are much more rapid). 

The effectiveness of the NaCro2 
films in preventing galling i~ a function 
of temperature, oxygen content of the 
sodium, chromium activity in the rubbing 
surfaces, and particular test or service 
co~ditions such as rubbing velocities, 

*Trademark, International Nickel Co. 

nTrademark, Cabot Corp. 
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loads, etc. A more reliable method of 
preventing galling, therefore, is to 
apply galling-resistant coatings or hard

facings. 

One of the most effective coatings 
used to prevent galling is the aluminide 
diffusion coating. When applied to a 
nickel-base alloy, such as Inconel 718, 
the surface becomes primarily NiAl, a 
hard, stable, wear- and corrosion
resistant intermetallic compound. On 
iron-base alloys, the surface becomes 
primarily FeAl, with similar properties 
(although not as hard) . This coating is 
one of the few treatments that is nearly 
as effective in preventing galling when 
only one surface of a galling-prone 
couple is coated as when both surfaces 
are coated. Figure 2 shows that the 

a) b} c) 
FIGURE 2. Typical Surface Damage Effects 
After Rubbing in Sodium for a) Inconel 718 
Rubbed Against I t se 1 f; b) I ncone 1 71 R R11hhPd 
Against Aluminized Inconel 718; c) Aluminized 
Inconel 718 Rubbed Against Itself. 

typical adhesive wear of Inconel 718 
against itself becomes a mild abrasive 
wear when the alloy is rubbed against 
aluminized Inconel 718, and when both 
surfaces are a ·1 um1 nlZed, the wear effects 
are virtually undetectable. 7•8 

These results have been confirmed in 
extensive tests of prototype components 
for the FFTF. All major uses of piston 
ring seals operating in sodium in the 



FFTF involve at least one alumin ized rub
bing surface . . Core component inlet 
assemblies operating at 230 to 425°C now 
use aluminized Inconel 718 piston ri ngs 
rubbing against an Inconel 718 liner. 
Seals that must operate in cl osed loop 
assemblies at temperatures up to 650°C 
use Inconel 718 rings rubb ing against 
either aluminized Inconel 718 or alumini
zed Inconel 600. Even less wear was 
obtained in the latter application when 
the piston rings were also aluminized. 
The wear was so slight on the aluminide/ 
aluminide combination, however , that the 

ring could not be made to seat or wear-in 
within a reasonable rubbing time. The 
lowest leakage, therefore, was obtained 
with an Inconel 718 ring rubbing against 
an aluminized liner . 

Similar galling resistance has been 
found with aluminized Inconel 718 rubb ing 
against: 2 l/4 Cr-1 Mo steel, Haynes 273, 
Haynes 25*, chrome plating , and A-286 

stainless steel. The aluminizing of 

A-286, Hastelloy C*, and Type 316 stain
less steel has also been effective. A 

test of 316 stainless steel rubbi ng 

against aluminized 316 stainless steel at 
625°C was the first (and only) test 
combination found where a bare austenitic 
stainless steel could be rubbed against 

~materia l at that temperature in sodium 
without galling. Figure 3 shows the 
results of that test and provides a com
parison wi th the typical damage occurring 
when Type 316 stain less steel is rubbed 
against itself. 

Whe~ P!?~~ssing temperatures or other 
reasons have precluded the- ~~~-·~·(ctiffus.:.-
. . + 1on coat1ngs, the detonation-gun coatings 
have been used very effectively . Chromium 
carbide coatings are used on fuel assembly 
wear pads and show excellent resistance to 
surface damage when rubbed against them
selves.3•4•5 Unlike the diffusion coat
ings, however, the chromium carbide 
coatings should only be rubbed against 
themselves or against other hard, ga l ling
res i stant surfaces. Figure 4 shows a 
typical chromium carbide surface after 
rubbing in sodium. 8 

flGUKE 3. Type 316 SS, a) After Rubbing Against 316 SS and b) After Rubbing Against 
Aluminized 316 SS, both in Sodium at 62 5°C (Photos courtesy W. L. Wi lson, WARD ). 

FIGURE 4. Chromium Carbide + 15% Nichrome D-Gun Coating After Rubbing Against Itself 
in Sodium at 6259 C (Ref. 8) . 

*Trademark, Cabot Corp . +Pr oprietary process of Union Carbide Corp. 
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Tribaloy 700* is a nickel-base hard
facing alloy that can be applied by 
detonation-gun, plasma-spray, or by tradit
ional welding techniques. This material 
is also very galling resistant and, being 
a cobalt-free alloy, is attractive for 

nuclear applications. Figure 5 shows the 
wear surfaces of detonation-gun coatings 
of Tribaloy 700 after rubbing in sodium. 9 

FRICTION IN SODIUM 
For many sodium-cooled reactor 

applications, friction coefficients are 
the dominant tribological concern be
cause most components experience relati
vely little total rubbing, but when 
required to move, must do so with great 
reliability and without causing excessive 
stresses to occur in critical structural 
members. Examples ar·e: 1) control rod 
interfaces, where rapid and reliable 
operation is essential; 2) fuel duct wear 
pads, where core compaction and acceptable 
fuel handling forces depend on low 
friction coefficients between fuel assemb
lies; and 3) heat exchanger tube inter
faces, where allowable stresses would be 

1 .'0 mm 

f---j 

exceeded or structural distortion would 
occur in critical areas if friction co
efficients at sliding interfaces exceeded 
maximum allowable values. 

Exeptional improvements in friction 
behavior in sodium have been obtained for 
various iron-base and nickel-base 
structural materials by applying alumi
nide diffusion coatings·. The dramatic 
improvements in resistance to surface 
damage observed for coated structural 
materials rubbed against both coated and 
uncoated surfaces is also reflected in 
the friction . coefficients. 

Inconel 718, for example, is one of 

the more widely used structural materials 
in these applications because of its 
relatively high hardness, good wear resist
ance, high strength, and good corrosion 
resistance. Yet Inconel 718, with its 
adhesive tendencies, shows a wide range of 
fricton coefficients. Figure 6 shows the 
range of friction coefficients observed in 
sodium for Inconel 718 against itself and 
compares the friction with that of Alumi
nized Inconel 718, both against itself and 

FIGURE 5. Typical Appearance of Tribaloy 700 D-Gun Coating After Rubbing Against Itself 
in 232 to 62]0C Sodium. (Ref. 9). 

*Trademark, Cabot Corp . 
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FIGURE 6. Effects of Aluminide Diffusion 
Coating on the Dynamic Friction Coefficient 
of Inconel 718 in Sodium. 

against untreated Inconel 718. 

Diffusion coating appears as effective 
in improving the friction behavior when 
one surface is coated as when both surfaces 
are coated. Not only are the friction co
efficients reduced, but for any given test 
condition, the range of friction co
efficients observed are very restricted, 
indicating little or none of the stick-slip 
motion associated with adhesive tendencies. 

The diffusion coating of one surface 
also reduces friction coefficients for 
most dissimilar material couples in sodiym, 
Figure 7 shows the effect of alwninizing 
on the friction coefficients for a variety 
of material combinations. 

Because cold-worked metallurgical 
structures must be used for swelling
resistance, the high temperatures involved 
in diffusion coating could not be allowed 
for core component wear pads. As shown in 
Figure l, a variety of materials and 
processes, were evaluated for in-core use. 

The processes included plasma spray, 
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FRICTION SCREENING TEST R£StJ.TS 
IN 625°C SODILI'ol 

~ ~clf~Ah:UBBED AGAINST 

a MATERIAl RUBBED AGAINST 
1\ll.M INIZED INCONEl 718 

FIGURE 7. Effect of Aluminizing on ·Friction 
of Inconel 718 Against Other Materials . 

detonation-gun, sputtering, ion plating, 

and chemical vapor deposition coatings. To 
date, only the detonation-gun coatings 
have passed all qualification tests, al
though some other processes continue to 
hold promise. 

The reference material for core 
component wear pads is a Cr3c2 + 15 val. % 
Ni Cr (80 Ni + 20 Cr) coating, 50 to 100 
~m thick, applied by the detonation-gun 
process. While this material exhibits 
adequately low friction for service up to 
about 550°C, friction coefficients and 
self-welding tendencies are significantly 
increased at higher temperatures. The 
nickel-chromium binder in the coating is 
believed to be at least pal·tially r·t:!~~un

sible for the poor high temperature 
performance. 

Experiments have been directed toward 
improving the friction performance by 
changing or eliminating the binder alloy. 
Duplex coatings of pure chromium carbide 
appli~n nvPr the Cr3c~ + 15% NiCr ~hewed 
only marginal improvements in high 
temperature friction coefficients. r~ost 

also failed by spalling in thermal cycling 
and irradiation tests. Changing the binder 



alloy to Tribaloy 700 (a nickel-base hard
facing alloy). however, significantly improv
ed the friction performance at all temperat
ures. Coatings of pure Tribaloy 700 were 
found to have nearly identical dynamic fric
tion results as the cr32 + 15 val. % Tribaloy 
700, and both coatings have passed all quali
fication tests except the long term irradi
ation tests still i n progress. Figure 8 
shows the range of friction coefficients ob
served at 627°C for cr3c2 + 15% NiCr, cr3c2 
+ 15% Tr ibaloy 700, Tribaloy 700, aluminized 
Inconel 718, and, for comparison, Type 316 
stainless steel and Inconel 718, all in 
contact with themselves. Figure 9 compares 
the friction behavior as a function of temp
erature and rubbing distance for the refer
ence cr3c2 + 15% NiCr with that of the 
Tribaloy 700. 
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FIGURE 8. Ra nge of Dynamic Friction Co
efficients at 2 MPa in 627°C Sodium for Four 
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FIGURE 9. Comparison of Dynamic Friction 
Coefficients of D-Gun Applied Tribaloy 700 
and Chromium Carbide + 15% Nichrome in Sodium. 

SELF-WELDING 

Self-welding is defined as any time
dependent increase in force required to 
separate two surfaces, either in tension, 
or in shear. Self-welding is usually a 
diffusion-controlled phenomenon and 
occurs most frequently in environments 
where oxide films are either removed or 
do not readily reform once broken, e.g. 
in sodium, inert gas, and high vacuum 
environments. Factors that affect the 
severity of self-welding are temperature. 
time, contact stress, real contact area, 
environment, surface compositions, and 
surface topography. 

The major problems associated with 
self-welding are: 

l. Stuck interfaces (where mechan
isms such as control rod drive components 

or valves could fail to operate). Stuck 
interfaces may also cause components to 
resist removal or disassembly, resulting 
in secondary damage or destruction. 



2. Surface damage to sealing sur
faces. Self-welding of Stellite 6 valve 
seats in sodium loops, for example, has 
caused loss of sealing and excessive leak
age. Figure lO(a) shows typical valve 
seat damage due to self-welding and pull

out of grains for valves operated at 566°C 
or higher. 

3. Ruptured components. Unyielding 
bonded interfaces can result in stress
risers, stress ruptures, and fatigue 
failures. Figure lO(b) shows an example 
where self-welding of fuel cladding to a 
spacer wire in an experimental fuel 
assembly led to premature cladding failure. 

(a ) (b) 
~lGURE 10. Examples of Self-Welding: 
a) Contact Area of Stellite 6 Seat/Plug 
Interface Showing Grain Pull-out Due to Self
Welding; b) Ruptured Fuel Pin in An Experi
mental Assembly Due to Self-Welding of 316 
Wire Spacer to 316 SS Cladding. 

Two methods are used to evaluate the 
self-welding tendencies of materials. 
The first involves long-tP.rm (up to 6 
months) compressive loading of specimens 
in sodium followed by tensile separation 
of the specimens. The separation force 
is a measure of the bonding achieved. 
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Microscopic examination can also give an 

indication of the area that was bonded. 
Such testing performed in the National 
Tribology Program will be described by 
Chang and Shiels10 in a later paper. 

The second method involves measure
ment of breakaway friction coefficients. 
This method measures the shear forces 
required to initiate motion of slidtng 
interfaces that have been in motionless 

contact for a period of time. Such break
away friction can be significantly higher 
than the initial friction measured wi,thout 
dwell times. Where friction coefficients 
are critical to the operation or stress 
distribution of a· component, such dwell 

times and the resulting increases in 
friction must be factored into the design. 

Figure 11 shows the effect of tempera
ture and time on the breakaway friction 
coefficient of Tribaloy 700 . The 
difference (u~) between the breakaway 
friction coefficient (~ 8 ), and the average 
dynamic friction coefficient (~ avg) 
observed immediately prior to the dwell 
period is plotted in order to factor out 

FIGURE 11. Breakaway Friction Factors ( 6~ ) 
for Tribaloy 700 vs . Itself i n Sodium at 2 
MPa Load. 



the variations in dynamic friction co
efficient that occur with temperature. 

The aluminide diffusion coatings 
have been very effective in reducing the 
self-welding tendencies of various 
materials. Table.l shows the breakaway 
friction factor (6~) for combinations of 
aluminized and untreated Inconel 718 at 
593°C. 

TABLE 1. BREAKAWAY FRICTION FACTORS (6~= ~a
~ avg.) MEASURED AFTER DWELL PERIODS UP TO 
100 MIN. AT 593°C. 

6~ 

Contact Load 

Material 0.7 MPa 10.4 MPa 
Inconel 718 0.37 to 1.65 0.27 to 0.67 
vs. itself 

I ncone 1 71
1
8 0.06 to 0.42 . 0.00 to 0.25 

vs. Alumi-
nized Inconel 
718 

Aluminized 0.08 to 0.38 0.00 to 0.12 
Inconel 718 
vs. itself -.. 

CORROSION AND THERMAL CYCLING 
Materials that are otherwise well

suited to a tribological application are 

frequently rejected du~ to poor performance 
in corrosion or thermal cycling. Thin. 
hardsurfacings and coatings can be quite 
vulnerable, particularly when the coating/ 
substrate interface is susceptible to 
corrosion attack. Leaching of critical 
alloying elements from the surfaces of 
bulk materials or from thick hardfacings 
can also seriously modify the friction and 
wear behavior of a surface, even though 
the actual weight loss or corrosion r~te 
might be sma 11. 
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In order to qualify the reference 
chromium carbide coatings for core compon
ent wear pads, specimens were tested in 
flowing sodium at 627°C for over 18,000 
hours 11 . (Only 8000 hours were required 
for qualification.) The principal 
effect was a leaching of nichrome from the 
surface of the co~ting, which did not 
appear to degrade the coating integrity. 
In fact, friction coefficients decreased 
slightly due to the reduced smearing of 
nichrome on the surface. 

In contrast, deposits of Haynes 273, 
a nickel-hardsurfacing alloy, have shown 
some evidence of increased friction co
efficients after 2000 or more hours 

. exposure to 593°C sodium12 , even though 
corrosion rates are low. Since the wear 
properties of Haynes 273 are partly 
attributed to its carbon content {up to 
0. 10%), it is postulated that decarburi
zation by the sodium at the surface could 
gradually degrade performance. Additional 
test specimens have been exposed for up to 
8000 hours, but have not yet been tested 
for wear and friction; further conclusions 
will await those test results. 

Thcrma 1 cycling maximize! the s ti't?SS 

between two materials of different expan
sion· coefficients, and can be an effective 
test of coating bond strengths. Most 
plasma-applied hardfacings on austenitic 
stainless steels, for. example, have spalled 
during thermal cycling in sodium, while 
detonation-gun coatings of the same . 
milt.erial, hnvina much highlilr bond !:trcngth!j, 
have been unaffected by thermal cycling 

tests. 1 ' 3 



IRRADIATION EFFECTS 
The effects of neutron irradiation on 

reactor core materials in rubbing contact 
must also be established when tribological 
performance is critical to the design. 
Friction coefficients of chromium carbide 
coatings, for example, have been found to 
be lower at high temperatures after 

. . h b f . d" t" 13 irrad1at1on t an e ore 1rra 1a 1on. 
More important, however, is the ability 
of hardsurfacings, particularly coatings, 
to maintain their integrity during irradi
ation. Some coatings that performed well 
in all other tests cracked or spalled in 
the irradiation tests. 14 In particular, 
the aluminide diffusion coatings and 
chromium-carbide detonation-gun coatings 
have so far performed well in the 
irradiation tests, while the plasma
sprayed and sputtered coatings of similar 
composition have failed. 

SUMMARY AND CONCLUSIONS 
Qualification of materials for tri

bological applications in sodium requires: 
• Establishing detailed ac~eptance 

criteria for each application. 
• Testing to assure that the 

mechanical, physical, and systems proper
ties of the material are adequate for 
intended use. (Typical tests include 
evaluation of material performance in 
friction, wear, corrosion, self-welding, 
thermal cycling, and irradiation under 
as~prototypic-as-possible conditions). 

• Developing reliable fabrication 
processes and qualified sources of supply. 

Of the materials and coatings 
qualified for use in sodium systems, the 
aluminide diffusion coatings are among 
the most effective in minimizing friction, 
wear, surface damage, corrosion, and self
welding. Chromium carbide coatings 

10 

applied by detonation-gun have also passed 
all required qualification tests, and 
offer advantages in selective coating of 
components with minimum heat-input to the 
substrate. Tribaloy 700 is a nickel-base 
hardfacing alloy that can be applied as a 
plasma-sprayed or detonation-gun coating, 
or as a weld-deposited hardfacing. 
Tribaloy 700 combines low friction, 
galling-resistance, and corrosion-resist
ance in a cobalt-free composition and is 
expected to see increasing use in reactor 
systems. 
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