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SUMMARY - CONCLUSIONS

Notas : (1) Niveau de protection (rayer les 2 mentions inutiles)
 NORM Diffusion sans restriction 
 FILT Diffusion restreinte, avec accord du rédacteur et du client 
 CONF Aucune diffusion autre que celle demandée par le client 

 (2) Nature document (indiquer le code correspondant) 
 APPRO Spécification d’appro 
 CON Spécification de contrôle 
 CR Compte rendu 
 DF Document fournisseur 
 EQUIP Spécification d’équipement 
 FMO Fiche de mode opératoire 
 NT Note technique 
 PROC Procédure 
 QMO Qualification de mode opératoire 
 RECETTE Spécification de recette 
 RES Rapport d’essais 
 RET Rapport d’étude 
 RT Rapport technique 
 STAGE Rapport de stage 

A number of materials including Stainless Steel 316, other austenitic steels type 347, 
alloy 800, carbon steel, 9Cr steel, or nickel alloys and graphite, are envisaged in PBMR 
and GTMHR for several main components such as control rod drive mechanisms, hot 
gas duct, stators seals, internals.  To ensure reliable operation surface coatings will be 
needed to provide additional protection against damage caused by wear, fretting, etc. on 
certain reactor and PCU components.  Possible coatings have been short listed from 
past experience on HTR’s (Dragon, HTR Module) and from component experience on 
the AGR.
The temperature ranges considered are:

 100-500°C 
 500-800°C 
 above 800°C  

Solutions were found by using coatings just as carbide based cermets, or lubricants 
such as MoS2 cermet to limit wear and rubbing in CO2 (for AGR) or Helium atmosphere 
(Dragon, German module). The same or other types of coatings were also found in the 
turbine or aerospace industry operating in oxidising atmospheres. Several examples 
were also found of metallic couples causing grooves or scratches and material transfer 
due to bad tribological properties. 

The results for the best possible coatings as a function of environment and temperature 
range have been summarised into two tables (Tables B & C) for sliding and fretting ac-
tions.

From the above investigations a list of reference coatings for use in helium as a function 
of temperature range has been established.
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HTR-E / WP5: DELIVERABLE D39 
REVIEW OF EXISTING MATERIALS AND COATINGS

INTRODUCTION

This report covers a review and identification of materials and coatings used in former HTRs such 
as the Dragon reactor (UK), and Advanced Gas–Cooled Reactor (AGR) in UK, tested for the 
German HTR Nuclear Process heat (PNP) project in Germany, or used in other industries such 
as aerospace field.  The report corresponds to the deliverable D39 of the HTR-E Project [1, 2].

The rubbing behaviour of some materials without any coating is given in the report from PNP ex-
perience, but  the tribological results which are given concerned essentially coatings. 
Coatings are used to confer suitable tribological properties to materials such as principally, aus-
tenitic stainless steel and mild steel for AGR, space or tool industry, Nickel superalloys in PNP 
project, or space projects. Many coatings can be incorporated at the design stage and others are 
introduced to overcome specific problems.

The purpose of this document is to provide wherever possible available information on the mate-
rials and coatings used and the different environmental and tribological conditions (type of con-
tact, contact conditions, loading conditions) experienced.  The results from this work will assist in 
establishing a first classification of materials and coatings before further tests are undertaken dur-
ing next step of HTR-E (task 3). 

This document contains the results of work of NNC and FANP on Deliverable D39 of the HTR-E 
Project. The summary provided by FZJ is given as an annex. FZJ complete contribution will be 
attached later. 

This document is built as follows: 
 presentation of possible problems in PBMR and GTMHR 
 materials used for close components in AGR, Dragon, PNP project, other industries for dif-

ferent temperature conditions 
 tests of coatings in these temperature conditions, and results 
 recommendation of coatings for 3 ranges of temperatures: under 500°C, in the range 500-

800°C, temperatures upper than  800°C. 

1. Possible material problems in PBMR and GTMHR (D38 ref [3])

These problems were reviewed in the D38 deliverable. They are recalled here under: 

1.1. PBMR

A table of potential problems is given in annex (table 1). The envisaged materials for PBMR 
are Stainless Steel 316, other austenitic steels type 347, alloy 800 or similar, carbon steel, … 
but several tribological problems are also foreseen: static adhesion on valves at 150°C, fret-
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ting on heat exchangers (adhesive wear) or bearings, sliding with contact adhesion on drive 
mechanism in the range 450-900°C, ….

1.2. GTMHR 
For GTMHR, the review has shown the following materials and type of motion to be sustained 
by the components: 

 Control rod drive mechanisms: sliding and bearing on 38CD4 surfaces under 595 to 
1030MPa in the range 45-490°C 

 Hot gas duct: sliding or fretting on CrNi55MoWZr alloy at 500°C 
 Stator seals: fretting on ChS57-VI or EP99 materials at 100-500°C 
 Internals: fretting on Nickel alloy or 9Cr steel, and graphite at 450-800°C 

1.3. In summary

The envisaged materials are Stainless Steel 316, other austenitic steels type 347, alloy 800, 
carbon steel, 9Cr steel, or nickel alloys and graphite. 
No coating is proposed, although they are mainly austenitic steels, that suffer from poor tri-
bological performance.

The temperature ranges are:
 100-500°C 
 500-800°C 
 upper than 800°C  

2. Review of materials and coatings used in AGR (NNC [4])

The AGR is a development of the Magnox system in UK, designed to raise the maximum 
temperature of the gas coolant by some 300°C, and thus improve the thermal efficiency and 
the economic performance of the power station. 
CO2 gas was selected as the coolant because of its low cost and availability, good heat trans-
fer performance including natural convection, good depressurisation characteristics, good 
neutronic properties, its compatibility with graphite and fuel cladding. Coolant chemistry con-
trol was important for corrosion control in AGRs and detailed knowledge of the coolant com-
position and impurity level targets vital for determining the friction and wear characteristics of 
all the metallic materials in contact. 

2.1. Review of materials

A list of materials used in the AGR reactor for components working at temperatures upper 
than 300°C is given in table 2. A more detailed description of metallic materials used for vari-
ous parts of components, is given in NNC report as tables 1a to 1f, and table 2 for tubes. 

In these NNC tables and in table 2 of the present report as a summary, it appears that the ma-
jor part of the listed components is made of Cr-Ni Austenitic Steel such as alloys 316, 321 or 
347, and were working between 430 and 650°C. It concerned control rod joints, boiler unit, 
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superheater unit, reheater unit, guide tubes and gag unit. Nickel alloy such as Nimonic was 
used for superheater at 590°C. Mild steel, 1Cr or 9Cr steels were also used for boiler tubes. 
In some cases (control rod joints, boiler unit, guide tubes, gag unit), a coating was needed. 
The used coatings were coatings such as: 

Cermet type (Cr2C3 base bound together by a small amount of a softer, metallic phase 
such as NiCr binder, and sometimes mixed with WC3) – called LC-1B if deposited by D-
Gun, LC-2 when plasma gun deposited, and LW-5 when mixed with WC3

Metallic nickel based coatings called Alloy C, alloy 50 or alloy 60 according to the 
composition of the alloy. These alloys were TIG welded, cast or spray fused. 

They are detailed in Table 3.

2.2. Review of deposition techniques

2.2.1. Detonation-Gun, or D-Gun coatings 

They were used to deposit LC-1B and LW-5 cermet coatings. They were applied using 
a device similar to a rifle barrel, into which powdered coating material and an oxy-
gen/acetylene gas mixture are introduced and then ignited by a spark discharge. The 
mixture detonates and the powder is propelled from the barrel at high velocity. The 
operating cycle is repeated many times to build up the coating. 
Advantages of the technique are: 
 High density deposits 
 Good adhesion to the substrate 
 Minimal surface preparation 
 Low heat input to the substrate material. 

Disadvantages are: 
 Unsuitable for some geometries, e.g. inside tubes 
 One supplier : Union Carbide (now Praxair) 

2.2.2. Plasma Spray coatings

In this technique, powder is carried to the component surface in a high temperature 
stream of inert gas. 
Advantages:
 A wide range of coating types may be applied 
 Deposition on tube bores is standard 

Disadvantages:
 Porosity greater and adhesion to substrate poorer than for D-Gun coatings 

The only coating applied using this technique was LC-2 (from Union Carbide), which is 
similar in composition to LC-1B. 
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2.2.3. Spray-Fuse coatings

In this flame spraying technique, powder is deposited from an oxy-acetylene flame and 
further heating is supplied to fuse the deposit. 

Advantages:
 Good adhesion to substrate 
 Thick coatings (several mm) possible 
 Good apparatus mobility 

Disadvantages:
 High degree of substrate heating 
 Post-deposition machining required 
 Poor quality control 

Coatings SF50 and SF60, from Deloro Stellite, were applied by the spray-fuse method. 
Both coatings are nickel-based and also contain chromium, iron, silicon, boron and 
carbon.

2.2.4. Weld deposits

The technique normally used was that of transferred arc inert gas (TIG) welding. The 
advantages and disadvantages of this technique are similar to those of spray-fused 
coatings. Nickel-based Alloy C, Alloy 50 and Alloy 60, from Deloro Stellite, were used 
in AGRs. Alloy C is of high chromium and molybdenum content, with some iron and 
tungsten. Alloy 50 and Alloy 60 are similar in composition to SF50 and SF60. 

2.3. Review of the deposits applied in AGR

Table 4 gives AGR coatings and operating temperatures between 300 and 750°C. The 
base material is indicated together with the corresponding component. 

Tables 5A and 5B complete the information by giving respectively for temperatures up to 
400°C and up to 725°C, the coated components with their counterface when possible, 
and the type of actions which have to be sustained by the surface of the components. It 
is generally sliding and fretting, with some localised case of bearing. 
Generally speaking, the coatings were applied in the following ranges of temperatures. 
Their results in rubbing are given in the next paragraph. 
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3. Tribological results of coatings used in AGR (NNC [4])

3.1. Tribological behaviour of these coatings

The tribological behaviour of the coatings listed before was examined in regards 
with several criteria: 

3.1.1. Spalling: 

Spalling may result from a combination of factors, including internal stress result-
ing from the coating process, thermal stress due to temperature cycling and differ-
ential thermal expansion, oxidation, poor adhesion of the coating to the substrate 
and weakened adhesion as a result of coating/substrate interface corrosion. The 
nickel-based hard coatings were deemed to be better than the cermets with regard 
to these compatibility issues. Nevertheless, corrosion testing of LC-1B over many 
thousands of hours did not reveal a serious spalling problem.

Ni based hard coatings considered better than Cermets 
Corrosion testing on LC-1B did not reveal any problems over many thou-
sands of hours 
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3.1.2. Oxidation

LC-1B & LC-2 – Tests at 600°C were satisfactory 
At 700°C, LC-2 showed some detachment on corners after 10 000h. No problem 
elsewhere. No problem on LC-1.
At 700°C, LC-1B & LC-2 showed oxidation of coating but not of the substrate. 

LW-5 oxidation of Tungsten Carbide - tested at 300 & 400°C (some deterioration): 
To be used at temperature up to 350°C on mild steel and up to 400°C on Stainless 
Steel.
SF50, SF60 (both poor) & Alloy C (good at 550°C, blistering at 600°C) 

Chromised coatings 
 on mild steel - tests at 400°C – blistering after 86 000 hours 
 on 316 Stainless steel - good after 10 000h at 700°C. 

3.1.3. Nuclear compatibility

It concerns mainly Boron, which is present in Alloys 50 & 60, but finally these coatings were 
not used in the AGR gas circuit 

3.1.4. Friction, static adhesion and wear

Where coated components are in continuous or intermittent contact with other components 
and there is relative movement between the parts, seizure or malfunction will be governed by 
the value of friction coefficient. However, no single value of friction coefficient can be attrib-
uted to a material pair for this parameter because it will change with temperature, loading, 
sliding speed, frequency of vibrational relative motion, etc. Also, two aspects must be consid-
ered: dynamic friction and static adhesion. 

A great amount of friction testing, at various temperatures and gas pressures, and under dif-
ferent loadings, was carried out in support of the AGR programme. 

Mild and low carbon steels are susceptible to adhesion in carbon dioxide at temperatures of 
300°C and above, while austenitic stainless steels will resist adhesion at temperatures up to 
approximately 550°C. Adhesion occurs largely as a result of the growing together of surface 
oxides but also by welding at metallic junctions. Hard coatings may be applied to overcome 
the risk of adhesion by protecting the underlying metal from oxidation. 

 Adhesion trials were done at temperatures up to 650°C in CO2 environment 
 Best were LC-1B, LW-5, Spray Fused SF60 for mild steel and Stainless Steel 

against adhesion 
 Wear rates for LC-1B & LW-5 worst in the range 200-450°C; and lowest at 500-

600°C
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 Wear rates in CO2 dependent on temperature, lower rates occur in high pressure 
gas

3.2. Tribological behaviour : summary

The initial graphic of paragraph 3.3 can be annotated as follows, for CO2 environment: 

0 100 200 300 400 500 600 700 800

Temperature range (°C)

LC-1B (cermet Cr2C3/NiCr
- D gun)

LW-5  (cermet
WC3/Cr2C3/NiCr - D gun)

LC-2 (cermet Cr2C3/NiCr -
Plasma gun)

Alloy C (Ni base, 17Cr,
17Mo) - TIG or cast

Alloy 50 (Ni base, 10Cr,
4Fe) 

Alloy 60 (Ni base, 16Cr,
4,5Fe) 

Chromised and
chromaluminised coating

Ty
pe

 o
f c

oa
tin

g
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oxidation 
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No adhesion but very high wear 
No adhesion and lower wear 

Good oxidation 
behaviour

Good oxidation 
behaviourtill 350°C on mild steel

till 400°C on stainless steel

good oxidation behaviour 
at 550°C, not at 600°C

Good oxidation 
behaviour on 
Stainless Steel

It results in the following simplified one: 



HTR-E / WP5 – 
Tribology in Helium environment – D39

FRA-ANP     TFCW-IBV-R.03.898A

HTR-E

Page  15  /  87 

0 100 200 300 400 500 600 700 800

Operating temperature

LC-1B (cermet Cr2C3/NiCr - D
gun)

LW-5  (cermet WC3/Cr2C3/NiCr
- D gun)

LC-2 (cermet Cr2C3/NiCr -
Plasma gun)

Alloy C (Ni base, 17Cr, 17Mo) -
TIG or cast

Chromised and chromaluminised
coating

Ty
pe

 o
f c

oa
tin

gs

TEMPERATURE RANGE OF COATING PERFORMANCES IN AGR APPLICATIONS (NNC)
C

AGR reactor (CO2 environment)

till 400°C on stainless steel

till 350°C on mild steel

With:

LC-1B and LC-2 : Low substrate heating during deposition,
 : Surface finishing usually nor required 

 : Good resistance to oxidation and to static adhesion 

LW-5 : Low substrate heating during deposition,
 : Surface finishing usually nor required 

Alloy C : High substrate heating during deposition,
 : Post deposition finishing required,  

 : Fairly good resistance to oxidation,  
 : High wear rates and rough galled surfaces 

Good oxidation behaviour

On S.S.

Till 300°C for LW-5/LW-5
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4. Review of materials and coatings used in Dragon  (NNC [4])

4.1.  Introduction of Dragon experience (NNC) [D37 [5]]

The OECD High Temperature Reactor Project (Dragon) ran from 1959 to 1976. Because potential tri-
bological problems resulting from operation in relatively pure helium were recognised early, design 
solutions were, in general, found. Since wear and adhesion become more of a problem as the tempera-
ture increases, temperatures were kept low wherever possible.  

Finally, few tribological problems arose during the operation of the Dragon reactor. Wherever possi-
ble, potential problems were designed out by placing rubbing surfaces and mechanisms in low tem-
perature areas. To address issues arising from, for example, charge/discharge operations, thermal cy-
cling and vibration, a programme of testing was carried out. Suitable materials combinations were 
identified for many different applications (see Table 6).

It was noted : 

The effect of dwelling (dwell sliding or fretting) 
The effect of the temperature 
The low effect of impurities in helium environment 
No effect of helium pressure 

4.2. Tests in the frame of Dragon (NNC) [D39-[4]]

4.2.1. Friction and wear

2 programs were realised: 

Friction and wear – PROGRAM N°1  (table 7) 
Tests type 1: in pure helium at 0.1 MPa or 5 MPa pressure,

Tests type 2: in impure (reactor) helium at 2 MPa, at temperatures from 20°C to 800°C. The partial 
pressures of the impurities in the reactor helium were as follows. H2O: 5 Pa, H2: 50 Pa and CO: 50 
Pa.

Contact pressures of 2.1 MPa and 6.5 MPa were employed.

The following conclusions were drawn from the reciprocating sliding tests: 

In pure helium, no systematic effect of gas pressure was observed. No significant or 
systematic difference was observed between wear behaviour in pure helium and in 
reactor gas, but concentration of water and O2 had considerable effect on the 
friction coefficient. 
All the parameters varied during the tests, temperature had by far the greatest ef-
fect, though this was not necessarily the same on both coefficient of friction and 
wear for the different material combinations. 
There was no systematic effect of contact pressure on friction but when wear was 
high a significant increase with contact pressure was apparent. 
No materials combination behaved well under all test conditions. 
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No combination behaved entirely satisfactorily at 20°C. 

Friction and wear – PROGRAM N°2  (table 8) 
Friction & Wear: - Dwell Tests - in-reactor conditions , 450-750°C, 100 cycles /day & 10 cycles/day 
– 20 days 
Results from a further programme of work on alloy couples endorsed the above conclu-
sions.

They also showed that the concentration of water, and more significantly, oxygen in 
the helium had a considerable influence on the coefficient of friction. This was at-
tributed to the formation of lubricating oxide films. 

In a HTR, some rubbing interfaces associated with reactor components and structures will 
move only during temperature cycles or when components are inserted or withdrawn from 
the reactor. To assess the effect of a dwell, a serie of tests was performed in reactor-
composition helium at temperatures between 450°C and 750°C on seven materials combi-
nations. Each combination was tested in low speed reciprocating relative motion for 100 
cycles and the results were compared with those from tests comprising 5 cycles each day 
for 20 days. Tests were performed on the following combinations: 

General conclusion:

Friction coefficient similar with & without dwell; 
Wear, generally in material transfer form, caused by welding during dwells ; 
Chromium carbide LC-1B, like-on-like, and AISI 316 v EYC9106 (graphite) also showed 
no effect of dwell on load. (see table 8) ; 
The remainder of the materials pairs, though, showed more severe wear in the dwell 
tests than in the continuous tests (tests at 650-750°C).

Alloy C AISI 316

AISI 316 AISI 316
Nimonic 90 AISI 316
Nimonic 90 Nimonic 90

Chromium carbide LC-1B Chromium carbide LC-1B
AISI 316 EYC9106 Graphite

En40B En40B
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0 100 200 300 400 500 600 700 800 900

Operating temperature (°C)

LC-1B (cermet Cr2C3/NiCr -
D gun)

LW-5  (cermet
WC3/Cr2C3/NiCr - D gun)

LC-2 (cermet Cr2C3/NiCr -
Plasma gun)

Alloy C (Ni base, 17Cr,
17Mo) - TIG or cast

Stellite

Ty
pe

 o
f c

oa
tin

g

TEMPERATURE RANGE OF COATING PERFORMANCES IN DRAGON  APPLICATIONS 
FRICTION AND WEAR / DWELLING  (FROM NNC)

c Pure helium

GALLING IF LIKE-ON-LIKE

SEVERE GALLING ON 316 SS

POSSIBILITY 
OF ADHESION 
AFTER TEST 
AT 800°C

LOW
WEAR AT 
800°C

SEVERE   WEAR AT TEMP. < 
800°C

LOW  WEAR AT 600-
800°C -MODERATE 
FRICTION COEFF.
NO DWELL EFFECT

4.2.2. Fretting

Impact sliding; 350 and 750°C, 75Hz and 150Hz, dry He & wet gas. 

 Wear rates similar and within 10-13 to 10-12 m3.kg-1. m-1

Wear rates marginally greater in pure gas at 750°C, than in impure gas 
 Wear rates marginally greater in impure gas at 350°C, compared to 750°C 
 Welding after 100h duration test. 

4.2.3. Static adhesion

The static adhesion of various potential HTR materials was assessed at temperatures in the 
range 400-800°C in the 'pure' and 'impure' helium atmospheres used for the fretting tests. Mate-
rials included stainless steels, mild and low alloy steels, Nimonic alloys, Incoloy 800, hard facing 
alloys and graphites, alumina and flame sprayed alloys. Dead weight loading was applied to pro-
duce an interfacial pressure of 0.3 MPa. Specimen pairs were parted in tension after cooling to 
ambient temperature in helium. 
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The results indicated: 
Little or no adhesion of materials at 400°C in either of the two atmospheres
Between 650°C and 800°C all metallic pairs examined showed adhesion with the 
exception of Nimonic 90 v En 58J stainless steel.
At 650°C adhesion was comparable with that found in carbon dioxide.
With increasing temperature, a much higher degree of adhesion was found. The 
most powerful static adhesion was found in self couples of En 58J stainless steel. 
 After 1000 h exposure at 800°C a parting pressure of 7 MPa was required on En 
58J stainless steel. 

5. Review of coatings applied to gas turbine components (NNC- D39 [4])

Hard coatings, mostly applied by Detonation-Gun and plasma spraying, are used on hundreds 
of parts in production aircraft gas turbines.
The different cases listed by NNC for aerospace applications are given in tables 9 and 10 for 
temperatures respectively less and upper than 540°C.

In aerospace applications, the environment is oxidising gas. In this environment, the tribologi-
cal solicitations are described  as: 

Up to 540°C: 
Sliding, using Chromium carbide /NiCr (like coatings LC-1B and LC-2 in AGR and 

Dragon) – W-carbide with Cobalt is widely used but not nuclear compatible

Fretting, using W-carbide with Cobalt 

Against galling, using Copper / Nickel / Indium alloy 

Against particle erosion, using W-Titanium carbide + Nickel, Titanium nitride (or

W-carbide with Cobalt)

Against rubbing, using aluminium oxide and Chromium carbide /NiCr (like coatings 

LC-1B and LC-2), (or W-carbide with Cobalt)

For temperatures upper than 550°C: 
Fretting, using Chromium carbide /NiCr (like coatings LC-1B and LC-2), Cobalt al-

loy cermet with Al2O3 dispersion, (or W-carbide with Cobalt)

Against loosening, using Copper / Nickel / Indium alloy 
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For thermal barrier with erosion effect or not, using Duplex MCrAlY stabilised 

Zirconia

Against rubbing, using Cobalt alloy cermet with Al2O3 dispersion (or Cobalt alloy)

The aptitudes of each coating are visualised with the following diagrams: 

0 2 4 6 8 10 12

W-carbide + Cobalt

Copper / Nickel / Indium

W-Titanium carbide +
Nickel

Titanium nitride

Chromium carbide NiCr
(type LC-1B and LC-2)

Aluminium oxide

co
at

in
gs

Coatings applied to turbine components at temperatures up to 540°C

For fretting Against Galling Against particle erosion For sliding Against rubbing

UP TO 540°C

0 1 2 3 4 5 6 7 8 9

Tribological solicitations

W-carbide + Cobalt

Copper / Nickel / Indium

Chromium carbide NiCr (type
LC-1B and LC-2)

Duplex MCrAlY stab Zirconia

Cobalt alloy cermet with Al2O3
dispersion

Cobalt alloy 

co
at

in
gs

Coatings applied on gas turbine components 
at temperatures upper than 550°C

For fretting Against loosening Thermal barrier with erosion effect or not Against rubbing

At temperatures upper than 550°C

Tribological solicitations
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6. Review of materials and coatings used in PNP project (FZJ summary – [6])

The main surface treatments and coatings which are presented concern the work on anti-
friction and wear resistance of various critical PNP plant components that undergo sliding con-
tact, such as thermal expansion joints and valves or are subject to fretting as a result of vibra-
tions.
This summary is restricted to the friction and wear behaviour which were of significance for 
the modular HTR components (summary available in annex). 
The friction and wear behaviour of PNP components may be divided into three temperature 
regions: below 700°C, in the range 700-850°C, and above 850°C. 

6.1. below 700°C

In this range of temperatures, the metallic combinations with no coating which were working 
without any galling were the following: 

SLIDING
Inconel 625 / Inconel 625 at 700°C in Helium atmosphere (HHT-load 20MPa)

Colmonoy 6 / Colmonoy 6 at 600°C in Helium atmosphere (HHT- load 50MPa) 

Triballoy 700 / Triballoy at 600°C in Helium atmosphere (HHT- load 50MPa) 

Boiler plate material H11/H11 at 400°C in Helium atmosphere (HHT-0.05MPa) 

INC713LC/X20CrMoV 12-1 at 350°C in Helium atmosphere (HHT-load 10MPa) 

FRETTING

13CrMo4-4 / 13CrMo4-4 at 500°C (less wear for boiler tube material) 

Conclusion at T<700°C:

For major of unprotected metals which were tested (Nimonic 75, 17CrMo 5-5, and like on 
like: Inconel 617, stellite 6, St37, Hastelloy X, Nb alloy, … or other combinations of previous 
alloys (Inc 625, …), significant wear occurred in Helium atmosphere at low tempera-
tures: need of coating 

TiC coating : low friction coefficients in pure Helium (T<600°C). 
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6.2. Friction and wear properties of PNP alloys at 700 - 850°C

In this range of temperatures, several metallic combinations with no coating were tested.
In pure helium, the only combination which was not leading to galling was: 

Hastelloy X / Inconel 601 which did not show any galling after 100 hours at 
800°C, and slight galling after 500 hours (japan study) 

Any other combination with Hastelloy X, Incoloy 800, Inconel 601 and 625 wore in pure He-
lium.
It was shown that without any surface protection, wear with plastic deformation of the mating 
surfaces was detected at 800°C. For Hastelloy X/Hastelloy X, it was determined that a protec-
tive coating was required above 700°C, but no coating was suggested, except a carbide coat-
ing tested by General Atomic, under HTR conditions at 816°C: Cr23C6 or Cr3C2 coating (type 
of binder?).
A ZrO2 coating on Hastelloy X strongly lowered the friction coefficient in Helium, from 800 to 
1000°C.
It was noted elsewhere that at 700°C: 

Cr3C2 / NiCr gave good results, and cermet Cr23C6 bad results (D gun depos-
ited).
Carbide coatings are not adherent on Alloy 800 

6.3. Friction and wear properties of PNP alloys above 850°C

A selection was made from all the available tables. The following diagrams give only the coat-
ings with positive results, per temperature range.

0 1 2 3 4 5 6 7 8 9

Carbide Cr3C2 Duplex

Cermet Cr23C6

Duplex Cr23C6

NbC coating

TiC(Ni3Ti)

Alumina Al2O3

MgO + ZrO2

Zr02 + Y2O3 (NiAlY)

Zr02 + Y2O3 (NiCrAlY)

C
oa

tin
gs

Possible coatings in Helium at 850 C

wear static loading ageing

AT 850°C

Tribological situation

5MPa - f=0,83

20MPa - f=0,5

10MPa

10MPa

20MPa - f=0,54

20MPa - f=0,74

20MPa - f=0,78

20MPa - f=0,8

5MPa - f=0,83
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0 1 2 3 4 5 6 7

Carbide Cr3C2 Duplex

Cermet Cr23C6

Duplex Cr23C6

NbC duplex -(NbC-NiCr)

NbC coating

TiC(Ni3Ti) for wear - TiN(Ni3Ti) others

Al2O3 for static - Al2O3 + Y2O3 ageing

Zr02 + NiO (or MgO, NiAl, CaO,Y2O3

Zr02 + Y2O3 (NiCrAlY)

C
oa

tin
gs

Possible coatings in Helium at 950°C
Contact pressure: 5MPa

wear static loading ageing

Tribological situations

At 950°C
f=0,5

f=0,6 to 0,9

f=0,3 to 0,6

f=0,75

f=0,7

f=0,98

ZOOM:

0 1 2 3 4 5 6 7

ZrO2 + MgO

Zr02 + NiO

Zr02 + Y2O3 

Zr02 + Y2O3  (graded coating NiAlY)

Zr02 + Y2O3 (NiCrAlY)

Zr02 + Y2O3 (graded NiCrAlY)

Zr02 + CaO (NiCr)

Zr02 + CaO +NiO

Zr02 + CaO +NiAl

Zr02 + NiAl (NiCr)

C
oa

tin
gs

Possible Zirconia-based coatings in Helium at 950°C
Contact pressure: 5MPa

wear static loading ageing

Tribological 

f = 0,83

f = 0,88

f = 0,86

f = 0,77

f = 0,5

f = 0,58

f = 0,71

f = 0,9

f = 0,6

Tribological situations 
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0 1 2 3 4 5 6

TiC triplex

TiC(Ni3Ti)

TiC + TiN

TiN(Ni3Ti)

Alumina Al2O3, or Al2O3 +TiO2 or MgO

ZrO2 + MgO

Zr02 + Y2O3 

Zr02 + Y2O3 (NiCrAlY)

C
oa

tin
gs

Possible coatings in Helium at 1050°C
At 0,8MPa contact pressure

static loading

At 1050°C, several coatings used at 850-950°C such as Cr2C3, Cr23C6, NbC families are not 
adapted. Are remaining the Zr02, TiC/TiN , Al2O3 families for static loading applications. 

6.4. Intermediary summary
At this level of the D39 work, it can be noted that, apart the cobalt based alloys or coat-

ings which are not nuclear compatible, few bare alloys or coatings can be proposed: 

The colmonoy 6 and triballoy 700 are suggested by FZJ in the conclusion 

The Molyddenum based coatings are known for their lubricating properties at 100-600°C (ex 
of MoS2 in NNC report D37), but seem to be not adapted to high temperatures: they give 
bad results at T>850°C (Mo2C + Mo, TiB2 + Mo). 

Cr3C2 / NiCr coatings close to LC-1B or LC-2 type shown by NNC till 700°C, gave good re-
sults in the 600-850°C range, with higher friction coefficient in Helium environment than in 
CO2 environment : 

o In CO2, f in the range of 0.35 at 550-650°C against 316L or LC-1B 
o In Helium, f in the range of 0.4-0.5 at 816°C against Hastelloy X with low 

wear, and 0.8 - 0.98 against itself in the range 850-950°C 
They are retained by FZJ as chromium carbide cermet and duplex in the range respectively of 
20-600 and 20-800°C. It has to be noted that the cermet use was restricted by NNC to the 20-
200 and 450-700°C, with a 200-450°C zone where the chromium carbide was not recom-
mended in AGR. For turbines, this cermet was also used on a large range of temperatures. 

TiC presents low coefficient of friction at temperatures below 600°C. At higher tempera-
tures, the coefficient increases due probably to softening of the TiC. Nevertheless in its 
TiC(Ni3Ti) combination, the coating is suggested at 850 and 950°C. 

Tribological situation
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Zr02 + Y2O3 (NiCrAlY or NiAlY) presents friction coefficients close to 0.5 in Helium environ-
ment are retained in the FZJ selection whatever the type of coating APS or VPS. They are 
also specified for thermal barrier. 

7. Review of materials and coatings used in other industries (FANP contribution [7])

The specific task of Framatome-ANP was to search data from aerospace, turbines, specific 
coating.
The temperature of most of the test is between 400 and 800 °C. The motion is essentially slid-
ing, and the tests are conducted under several environments like air, argon or vacuum.
Four papers deal with very high temperatures between 1000°C and 1400°C. The couple that 
gave the best result was [alumina + MgO + impurities, sintered] / [alumina + MgO + impurities, 
sintered] with a friction coefficient of 0.18 at 1200°C in air. The couple zirconia (partially stabi-
lized with MgO, sintered) / silicon carbide (Al sintered aid, sintered) had a maximum of friction 
coefficient, in air, of 0.6 at 600°C that decrease when the temperature increase (0.4 at 
1000°C). Other couples have friction coefficient over 0.6 at temperature of 1000°C. 
Some other materials have been tested in vacuum. -SiC, sintered / -SiC, sintered had a 
friction coefficient of 0.75 at 1200°C in air and 0.6 at 1200°C in vacuum. 3-D C-C composite / 
3-D C-C composite had a friction coefficient between 0.2 and 0.4 at 1000°C in vacuum. 
Solid lubricants have been tested too like MoS2 and WS2 against 440C stainless steel under 
argon. The friction coefficient at 1000°C was about 0.3. 

Coatings based on ZrO2 have been tested up to 800°C in air against an alumina ball. Y2O3
ZrO2 alone has a high level of friction coefficient (near 1). Some composites like ZrO2-BaCrO4
or ZrO2-CaF3 have lower friction coefficient at 800°C (between 0.5 and 0.6). The added lubri-
cants improve the friction performance of ZrO2.
PS300 (a metal bonded chrome oxide coating with Ag and BaF2/CaF2 lubricant additives) 
tested against alumina exhibited lower friction coefficients in air, but the maximum tempera-
ture tested was 650°C. At this temperature, the friction coefficient was 0.19 against Al2O3.
All this information are listed in the tables 11a to 11g. 

A summary is given here after in tables A1 and A2 corresponding respectively to the two fol-
lowing environments: air / oxidising atmosphere and vacuum/inert atmosphere (argon, ...). 

In these tables, it appeared that: 

In air, Zirconia with MgO or SiO2 additives are used as well as in helium environment, with 

close friction coefficient 0.6-0.8 at 1000°C. Lubricant like BaCrO4 was successful in lowering 

the friction coefficient till 0,5 of zirconia above 300°C.  Chromium oxide Cr2O3 were used 

at 450°C with 0.5-0.4 coefficient of friction, which can be lowered till 0.08-0.09 with a Ca, S, 

P, Zn lubricants.
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Part 1 Part 2
Alumina (99,7%) 

+MgO + 
impurities, 
sintered

Alumina (99,7%) 
+MgO + 

impurities, 
sintered

23-1200°C air Increase of friction coefficient at 200°C to 600°C
Decrease after 600°C to obtain a value of 0,18 at 1200°C

ZrO2, partially 
stab. with MgO, or 
Alumina, + SiO2 

or not

Zirconia, partially 
stabilized with 

MgO, or Silicon 
carbide

25-1200°C air
this tests gave similar results
friction coefficient near to 0,2 at room temperature, near 0,6 at 600°C, 
and 0,7-0,8 at 1000°C

ZrO2, partially 
stabilized with 
MgO, sintered

Silicon carbide, Al 
sintering aid, 

sintered
23-1200°C air friction coefficient less than 0,2 at room temperature, increase to 0,6 at 

600°C, and fall to 0,4 at 1000°C

Silicon nitride, gas-
pressure sintered

Silicon carbide, Al 
sintering aid, 

sintered
23-1400°C air friction coefficient at 0,2 at room temperature, increase to just under 0,6 

at 600°C, and then to just over 0,6 at 1000°C

Low-pressure 
plasma-sprayed 

(LPPS) ZrO2-
BaCrO4 (ZB)

10 mm sintered 
Al2O3 ceramic ball

Room temp 
to 800°C laboratory air for example jet 

engine

BaCr04 acts as a lubricant above 300°C - results at 50N load
friction coefficient at 0,8 at room temperature, 1 at 100°C (max value), 
slightly decreases to 0,92 at 200°C, greatly decreases to 0,68 at 300°C, 
0,58 at 400°C, 0,61 at 500°C, 0,57 at 600°C, 0,51 at 700°C and 0,50 at 
800°C

8 wt.% Y2O3

partially stabilised 
ZrO2 (YPSZ)

10 mm sintered 
Al2O3 ceramic ball

Room temp 
to 800°C laboratory air

results at 50N load
friction coefficient at 0,34 at room temperature, 0,3 at 200°C, increases 
to 0,63 at 400°C, 1 at 600°C, slightly decreases to 0,83 at 700°C, and 
increases to 0,97 at 800°C

amorphous 
hydrogen free 

carbon (a-C ) or 
with Titanium (Ti-c-

H)

steel balls of 
S6-5-2 (AISI M 2)

65 HRC
 4,762 mm

Ambient

In air with 
humidity 

variyng from 
dry to moist 

(90%)

In air with humidity varying from dry to moist (90%) the coatings showed 
a rather stable steady-state friction coefficient between 0.06 and 0.21. 

For all coatings the coefficient decreased with increasing relative 
humidity >20%.  It is noteworthy that the friction coefficient ot Ti-C:H 
decreased from 0.12 to 0.06 when the relative humidity was lowered 

from 20% to 1%.

Cr2O3 Cr2O3

friction coefficient of 0.52 for 0.08 GPa and 0.47 for 0.2 Gpa. - friction
coefficient of 0.0,08-0,09 when lubricated with a Ca, S, P, Zn based 
lubricant
Lowest wear depth

Cr2O3 TiO2
friction coefficient of 0.53 for 0.08 GPa and 0.40 for 0.2 Gpa, and 0,07-
0,08 with lubricant

Cr2O3 Al2O3
friction coefficient of 0.61 for 0.08 GPa and >0.64 for 0.2 GPa and 0,07-
0,08 with lubricant

Cr2O3 Cr3C2 friction coefficient of 0.66-0,48 at 0,08 Gpa and 0,20 GPa load
in ambiant air friction coefficient is about 0.35; in vacuum at 400°C, the 
coefficient rapidly reduced to 0.009 at stable stage

Friction coefficient 0,7 (high because the properties of SUS 304 
changed in these conditions)
Adherents (SS) on the c-BN coating surface

10 mm thick 
alacrite disk with 

chromium carbide 
/ calcium fluoride 

bilayer 
(Cr3C2/CaF2)

Diam. 8 mm 
aluminia ball 

average surface 
roughness 0.03 

µm

500°C and 
700°C ambient air

space shuttles
HERMES 
application + 
bearings for 
rolling mills 
(700°C) and 
dynamic seals 
at 500-700°C + 
hot gas

Good results were obtained at 700°C with the Cr3C2 3µm/CaF2 3µm 
coating : static and dynimic friction coefficient respectively 0.25 and 
0.28 - High ductility of CaF2 at 700°C limited by Cr3C2 matrix - 
Lubricant deposited by radiofrequency sputtering.                

AISI 304 stainless 
steel  25 x 7 

mm2 plates
coatings ZrO2-

CaF3 composite 
coating deposited 

by LPPS and 
YPSZ

 10 mm Al2O3

ceramic sphere

room
temperature 

to 800°C
laboratory air

plain journal 
bearings, space 

shuttles, hot 
sections of 

small jet 
engines

The LPPS ZrO2–CaF2 composite exhibited a distinct improvement in 
wear resistance and frictional characteristics as compared to YPSZ 
coating more porous, less adherent. At RT, the friction coefficient of the 
ZrO2–CaF2 composite decreased with increasing load from 30–80 N. 
But this situation was reversed for wear loss at RT. At 600 or 700°C, the 
composite exhibited lower friction and wear than at RT, 400 and 800°C.

Al2O3 (ceramic)  
pin

25.4 mm radius of 
curvature

friction coefficient
Al2O3 :about 0.62 at 25°C 
              about 0.32 at 500°C 
             about 0.19 at 650°C

inconel X-750 
(metal) pin

 25.4 mm radius 
of curvature

friction coefficient
IncX750 about 0.23 at 25°C 
              about 0.29 at 500°C 
             about 0.31 at 650°C

PS300 (a 
60%chrome oxide 
20% NiCr coating 
with Ag (10%) and 

BaF2/CaF2

lubricant additives 
(10%))

25°C
500°C
650°C

air

c-BN coating 
thickness 0,4 µm, 
on a silicon wafer 

(disc)

Stainless steel 
ring (SUS 304)

c-BN coatings 
expected to be 
used as solid 
lubricants for 
space 
applications

400°C ambient air   

ceramic 
coatings
plasma 
spraying 

technology

450°C ambient air

Environment Application ResultsMatérial Temperature

Table A1: results in air extract of [7]
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Table A2: results in vacuum or inert atmosphere – extract of [7] 

Part 1 Part 2

room to 400°C vacuum  
2,6.10-3 Pa

The friction coefficient of the couple 
decreased to a minimum of 0.2 with the rise 
of temperature below 350°C and then the 
friction coefficient increased to 0.38 at 400°C 
- same FZJ: deterioration of the oxide 
film or softening of TiC?

400°C vacuum
1.10-3 Pa  friction coefficient : 0,59

400°C vacuum
3,4.10-1 Pa  friction coefficient : 0,78

a-C:H disc Stainless steel pin room 
temperature

vacuum 10-4 
Pa argon or 
helium or 
molecular 
hydrogen

tools in 
contact with 
non-iron 
materials

 friction coefficient : 0,08

 friction coefficient : 0,35
The friction coefficient decrease from an 
initially high value of 1,1 to 0,009 at steady 
state. No wear at all was visible.

MoS2
440C stainless 

steel
room to 
1000°C argon

about 0.1 under 400°C
increase to 0.22 from 400°C to 700°C 
between 0.2-0.25 above 700°C

WS2
440C stainless 

steel
room to 
1000°C argon

about 0.1 under 700°C
increase from 0.1 to 0.25-0.3 from 700°C to 
800°C
about 0.3 above 650°C

sintered silicon 
carbide -SiC ring

sintered silicon 
carbide -SiC 

plate

room 
temperature 
to 1200°C

vacuum
7-8 Pa

friction coefficient about 0.15 at room 
temperature  rapidely to 0,7 at 400°C, then 
to 0.85 at 1000°C and  to 0,75 at 1200°C in 
air, and about 0.45 going up to 0.65 at 
400°C and to 0.55 at 1000°C in vacuum

sintered silicon 
carbide -SiC ring

sintered silicon 
carbide -SiC 

plate

room 
temperature 
to 1200°C

vacuum
10-12 Pa

friction coefficient about 0.7 at room 
temperature, increasing to 0.85 at 800°C 
and going to 0.75 at 1200°C in air, and 
about 0.6 going up to 0.65 at 200°C and to 
0.6 at 1200°C (nearly constant) in vacuum

400°C  1,7.10-3 Pa 
in ambiant air friction coefficient is about 
0.35; in vacuum at 400°C, the coefficient 
rapidly reduced to 0.009 at stable stage

600°C vacuum 1,3.10-

3 Pa 

Friction coefficient 0,7 (high because the 
properties of SUS 304 changed in these 
conditions)
Adherents (SS) on the c-BN coating surface

Si3N4 pin
diam. 12.7 mm

ceramics : SiC, 
TiC, ZrO2, Al2O3 

and Si3N4 

room 
temperature,2
00°C, 400°C 
and 600°C

nitrogen gas 
atmosphere 
compared to 

vacuum

high friction coefficient (about 1) decreasing 
with the presence of wear particle between 
surfaces in sliding contact.
Wear rate at 600°C is lower in nitrogen gas 
than in vacuum, except for Si3N4 and SiC 
disks.

vacuum 1,7.10-
3 Pa400°C

c-BN coating 
thickness 0,4 µm, 
on a silicon wafer 

(disc)

Stainless steel 
ring (SUS 304)

c-BN coatings 
are expected 
to be used as 
solid
lubricants for 
space 
applications

solid lubricant 
for space 

applications

Cubic boron 
nitride Stainless Steel

TiN-coated ring on 
JIS SUS 304

TiC-coated disc 
on JIS SUS 304

Environment Application ResultsMatérial Temperature
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A 60% Chromium oxide with 20%NiCr and 20% (Ag + BaF2/CaF2) was also used with suc-

cess (f=0.19 on Al2O3 and 0.31 on inconel X750 at 650°C). Chromium carbide Cr3C2 was 

used with a CaF2 lubricant (f= 0.25-0.28). Carbon based coatings seem to be interested to 

study combined with Titanium (Ti-c-H), Si (like SiC) or  BN (as c-BN) since in these cases, 

friction coefficients are quite low. 

In vacuum or inert atmosphere such as argon, lubricant coatings such as TiN at 400°C, 

WS2 and MoS2 with Stainless Steel, c-BN coatings on S.S., are proposed. Si3N4 can be 

used against ceramics such as ZrO2, Al2O3, in nitrogen atmosphere. 

8. Conclusion: recommendations for materials and coatings

A number of  materials such as Stainless Steel 316, other austenitic steels type 347, alloy 
800, carbon steel, 9Cr steel, or nickel alloys and graphite, are envisaged in PBMR and 
GTMHR for several main components such as control rod drive mechanisms, hot gas duct, 
stators seals, internals… 
No coating was proposed in the past experience, although they are mainly austenitic steels, 
that suffer from poor tribological performance.

The temperature ranges are:
 100-500°C 
 500-800°C 
 upper than 800°C  

The present study has shown the following results from past experience: 

 At lower temperatures (100-500°C) in Helium environment:
Bibliography showed some examples of metallic couples presenting grooves or scratches and 
material transfer due to bad tribological properties: from instance Hastelloy X like-to-like at 
20°C, In713LC / X20CrMoV12-1 couple at 350°C or  In713LC / 17CrMo5-5 at 480°C. 

 In the 500-800°C range
In Helium atmosphere, several metallic combinations based on Stainless Steel, mild and low 
alloy steel, Nimonic alloys, Incoloy 800, …showed more or less strong adhesion versus tem-
perature (except Nimonic 90 against S.S alloy 321). 

 At high temperatures (800-1200°C)
In Helium atmosphere, several metallic combinations based on Hastelloy X, Inconel 601, 625 
or Incoloy 800 showed severe galling in absence of any coating or lubricant, at 800 and 
1000°C.
Many of these configurations corresponded in the past to real component in AGR, and mostly 
Dragon or German HTR Module. 
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Solutions were found by using coatings just as carbide based cermets, or lubricants as MoS2
cermet to limit wear and rubbing in CO2 (for AGR) or Helium atmosphere (Dragon, German 
module). Same or other types of coatings were found in turbine or aerospace industry, corre-
sponding to oxidising atmospheres.

A recapitulative table (table B) is given here after, which marks out the possible coatings 
which are working in what environment and in what range of temperature.

To answer the previous question for PBMR and GTMHR working in helium environment, the 
following coatings can be suggested and need probably to be tested in specific associated 
configuration (atmosphere, contact pressure, …): 

At lower temperatures (100-500°C) in Helium environment: 
o Cermet WC3/Cr2C3/NiCr, used particularly on S.S was chosen for low temperatures 

in Helium environment (although Cermet Cr2C3 / NiCr is better for high tempera-
tures). Cermet WC3/Cr2C3/NiCr worked at 20 to 350/400°C.

o Ni based alloy such as Triballoy, In 713LC like to like, were working in the 200 to 
400-500°C range. An other Ni alloy named alloy C(Ni base, 17Cr, 17Mo) was work-
ing in CO2 atmosphere in the range 350 to 500°C. It would had to be verified in He-
lium environment with some oxidising species. 

o Lubricants such as MoS2 cermet, WS, cubic boron nitride (BN), TiN or nitriding 
process were efficient against S.S to lower wear in vaccum or argon environment. It 
would be interesting to test their efficiency in Helium. 

o Zirconia / NiCrAlY or Alumina, stabilised with various components such as CaO, 
NiO, MgO,  were used at these temperatures, but  in oxidising environments.

In the 500-800°C range 

o Concerning Nickel alloys and couples like-to-like with Inconel 625, Triballoy, Col-
monoy 6, good results were obtained till 650°C 

o Cermet Cr2C3 / NiCr and cermet WC3 / Cr2C3 / NiCr were quite good for dwelling, 
against adhesion and have a good oxidation behaviour, whatever the mode of 
deposition D-Gun or plasma gun, except on Hastelloy X. 

o Same for Zirconia / NiCrAlY or Alumina, stabilised, but used in oxidised environ-
ment. To be verified in helium atmosphere under 800°C. 

o Lubricants such as MoS2 cermet and WS, were still efficient against S.S in this 500-
800°C range. 
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At high temperatures (800-1200°C)

o Cermet Cr2C3 / NiCr till 950°C (also for fretting) and Cr23C6;

o Zirconia / NiCrAlY or Alumina based coating were well adapted in helium environ-
ment, and even in oxidising atmosphere; 

o Other coatings such as TiC(Ni3Ti), SiC and NbC(NiCr) seemed to be quite interest-
ing to be used in Helium environment in 850-950°C range. Hastelloy X coated with 
TiN was working at 800-900°C; 

o Lubricants such as MoS2 cermet and WS, were still efficient against S.S in the 800-
1000°C range. 

In any cases, it is necessary to keep in mind the following points: 

 The friction coefficient is important, but the wear too;

 The result is function of the solicitation type (sliding, fretting, dwell, …) and of the environ-
ment (quantity of species);

 Considering the environment, the concentration of water and O2 had considerable effect 
on the friction coefficient and on the wear. In future tests, normal and abnormal conditions 
(correct levels of impurities or not) should be considered. 

 For the coatings, it is necessary to take care of the coating process and the capability to 
coat the surface (dimension, shape, internal hole, roughness, …); 

 Wear and friction occur on a material couple, so the two counter parts have to be men-
tioned;

 We have to keep a close eye on new materials and new deposition processes (for exam-
ple for SiC), that could be tested in HTR environment. 
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Table 4: AGR coatings operating at temperatures above 300°C  up to 750°C - [4] 

  316 630 S/H tail tube grid support 

Coating Base material Max temp (°C) Component 
  - 400 Thermal baffle 
  En 58E or F 560 Control rod joint 
  - 600 Control rod joints 
  BS 1631B (austenitic  

CrNi)
650 Gag orifice, guide bearing, universal joint 

 LC-1B 316 650 Gag plug fins 
  BS 1631B (austenitic  

CrNi)
650 Gag orifice 

  321 650 Gag drive shaft 
  316 650 Fuel assembly 
  304 650 Plug unit assembly, gimbal pin and bush 
  321 300 Seal in flux scan penetration 
  Mild steel, 316 300 Gag and circulator items, gas bypass bellows 

LW-5 321 320 SSD tail pipe 
  BS 1631B (austenitic  

CrNi)
400 I/S guide tube 

  304 400 I/S guide tube adaptor sleeve 
LC-2 - 650 Fuelling and controlling rod guide tube 
SF50 - 650 Gag drive shaft 

Alloy 50 - 370 Core restraint 
SF60 304 300 SSD 

  18/8 725 Fuel stringer – I.C. tube insert 
  Mild steel 300 Gag shaft 
  - 600 Boiler seals 

Alloy C - 640 Upper tail pipes 
  316 650 Gimbal joint 
  - 650 Boiler hangers 
  321 750 Control rod 

PW-60 304 350 SSD pipework support 
Chromised Mild steel 438   
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Table 6 Potential HTR problems identified during design, construction and operation 
of Dragon (from NNC report) – [D37 – [5]] 

Component Potential problem Temperature 

range (°C) 

Type of motion Possible materials Comments 

Insulation

foil

(a) fretting due to 

noise

(b) movements on 

thermal cycling 

350-800 (a) high frequency, low 

amplitude

(b) low frequency 

18/8/1

20/25/Nb

No problem 

found at Dragon 

Boiler tubes Fretting due to noise. 

Wear due to thermal 

movement.

350-800 High and low fre-

quency. 

High and low ampli-

tudes.

Low temp: mild steel 

Medium temp: 

2¼Cr/Mo, 9Cr 

High temp:18/8/1, 

20/25/Nb, Incoloy 

Slight wear due 

to thermal mo-

vement found in 

Dragon primary 

heat exchanger 

Channel

gags

Bearings at outlet 

temperature

600-850 Occasional sliding 

and/or rotation 

Hard facing, graph-

ite and MoS2, cer-

mets and ceramics 

Need for gag 

adjustment de-

pends on de-

tailed design 

Channel

seals

Effects at high tem-

peratures

400-850 Insertion and thermal 

movements

Graphite and MoS2, Friction coeffi-

cient > 0.4 could 

give fault condi-

tion

Channel

gag drives 

Drying out of grea-

ses. High temp bea-

rings

100-600 Sliding and/or rotation Conventional mate-

rials + grease graph-

ite + MoS2 hard 

facings on lubricated 

metals. Dry lubri-

cated metals. 

Maximum 

temp/life of 

greases to be 

assessed.

Thermal 

expansion

joints

Surfaces moving due 

to thermal move-

ments

Ambient

 -800 

Sliding intermittently Mild steel - Nimon-

ics

Iron piston rings 

on Nimonics 

used on Dragon 

Articulated

control rods 

Wear and seizing 350-550 Rolling/sliding 18/8/1 Nimonics, 

9Cr

Nitrided low alloy 

steel

No problem on 

Dragon.
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Table 7: Results of tests in Dragon: [4] 
Tests type 1: in pure helium at 0.1 MPa or 5 MPa pressure,

Tests type 2: in impure (reactor) helium at 2 MPa, at temperatures from 20°C to 800°C. The partial 
pressures of the impurities in the reactor helium were as follows. H2O: 5 Pa, H2: 50 Pa and CO: 50 

Pa.

Material 1 Material 2 Tempera-
ture

Pure helium (test 
1)

Impure
Helium (test 2) 

LC-1B (chro-
mium carbide) 

LC-1B (chro-
mium carbide) 

20-600°C This couple wore severely at 20°C in both 
atmospheres. With increasing tempera-
ture the wear rate fell; 

LC-1B (chro-
mium carbide) 

LC-1B (chro-
mium carbide) 

600-800°C at the higher temperatures it was very 
low. Friction coefficients were moderate, 
in the range 0.5 - 1.0. 

Alloy C  Type 316 S.S. 20-800°C The performance in all tests was poor. 
The lowest friction coefficient observed 
was 1.0. In most tests there was severe 
galling.

Tungsten car-
bide (LW-5) 

Tungsten car-
bide (LW-5) 

20-800°C at 0.1 MPa (gas) 
and 6.5 MPa 
(contact) friction 
coefficients
around 0.5 at 
20°C and 800°C 
severe wear at 
the lower temp. 
but very low wear 
at 800°C.

-

Chromium car-
bide (LC-2) 

Chromium car-
bide (LC-2) 

20-800°C Id. + after the 
tests at 800°C, 
the LC-2 speci-
mens adhered. 

Stellite 6 Stellite 6 800°C Galling at high 
temp.

Chromium car-

bide (LC-1B) Type 316 S.S. 20- 800°C 
unsatisfactory at 
all temperatures 
in pure helium, 
galling badly. 
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Table 8: Results of tests in Dragon: [4] 
Friction & Wear: - Dwell Tests  - in-reactor conditions , 450-750°C, 100 cycles /day & 10 
cycles/day – 20 days 

Temperature Dwell test Continuous 
test

Alloy C AISI 316 - More severe 
wear for dwell 
test

AISI 316 AISI 316 650 and 750°C
Nimonic 90 AISI 316 650 and 750°C
Nimonic 90 Nimonic 90 650 and 750°C
Chromium 
carbide LC-1B

Chromium car-
bide LC-1B

650 and 750°C No effect of 
dwell on load 

AISI 316 EYC9106 Gra-
phite

450-750°C No effect of 
dwell on load

En40B En40B 450°C

No unambigu-
ous difference in 
friction coeffi-
cient between 
the dwell tests 
and the con-
tinuous tests.
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ANNEX 1: Summary from FZJ [6] 



Surface Treatments and Coatings for Friction and Wear
Resistance

Survey of work performed for the German HTR Nuclear Process Heat
Project, original German version by Rodica Exner, formerly
Hochtemperaturreaktorbau GmbH

Abbreviated English version by P J Ennis, Research Centre Juelich, IWV2,
52425 Juelich, Germany

Note: the opinions expressed in this summary report are those of the original
author

Introduction

A comprehensive survey of the anti-friction and wear resistant surface
treatments and coatings work performed for the German HTR Nuclear
Process Heat (PNP) Project has been made available. A full translation is in
preparation, but in the meantime, a shortened version has been requested as
part of the contribution of FZJ to the HTR-E group. 

The original document is 269 pages long and includes an extensive literature
survey on commercial surface treatments and coatings for a wide variety of
materials with 170 references to published work. All the references are listed
at the end of this summary, those mentioned in the summary being shown in
bold type. In this summary, the experimental results for the surface
treatments, coatings and materials that were of interest for the German HTR
materials programmes will be outlined. It is intended that the data will provide
useful guidance for the development of components for modular HTR
designs.

The techniques for modification of the surface properties of materials may be
divided into two main types, surface treatments, in which the original
dimensions of the component are more or less maintained, and coatings,
whereby an external layer is produced on the component. 

The main surface treatments and coatings (ST&C) work was on anti-friction
and wear resistance of various critical PNP plant components that undergo
sliding contact, such as thermal expansion joints and valves, or are subject to
fretting as a result of vibrations. Some effort was also put into the assessment
of corrosion resistant coatings, the development of thermal barriers, and the
potential for systems resistant to hydrogen and tritium permeation. This
summary will be restricted to the friction and wear behaviour, as these are of
significance for the modular HTR components. 



Surface Treatment Techniques

The effectiveness and applications of high temperature coatings are
summarized in Table 1 (based on references 2.40, 4.45, 4.46, 4.49-4.52).

type of coating application/effectiveness
aluminium coating (spray or dip) corrosion protection of furnace parts,

flue pipes – 2-10 times service life
extension

enamelling scaling protection for flue pies and
chimneys, boiler tubes

aluminising (Fe-Al coating) protection against SO2, SO3, H2S for
Fe or Ni alloys in heat exchangers

Ni-Cr-Al-Mo-Fe spray coatings protection against oxidation and
chemical attack of boiler components

4-layer spray coatings
Ni-Cr / Ni-Cr + ZrO2-MgO / 
ZrO2-MgO / silicon resin

protection of industrial burners
against hot gas corrosion 1200 –
1500°C

MCrAlY spray coatings hot gas corrosion protection in gas
turbines, 1100°C

Ni-Al2O3 cermet corrosion protection of blowers in
blast furnaces

ZrO2 or Cr2O3 spray coatings protection against slag and molten
metal attack

Al2O3 + TiO2/Al2O3-NiAl spray
coatings

corrosion protection of casting moulds

sprayed Al2O3 or carbides erosion protection of moulds
boronising, nitriding corrosion protection of Ti and Ti

alloys in Al melts, up to 800°C
sprayed ZrO2 – Y2O3 corrosion protection against V-

containing combustion gases
sprayed ZrO2 – Y2O3 + NiCoCrAlY thermal barrier coating og gas turbine

blades
sprayed Mo – Cr2O3 + CeO2 or
dispersion coated Ni - SiC

thermal barrier and improved service
life in internal combustion engines

Cr-Ni weld cladding or sprayed stellite
coatings

exhaust valves in internal combustion
engines

aluminising, chromising, or Cr3C2 –
Ni-Cr coatings

corrosion protection in flue gas
systems
wear resistance in nuclear plants

oxide scales on components by
special thermo-chemical treatments

reduction in permeation of H2, D2, T2



The surface treatment techniques that were considered for PNP components
are listed in Table 2. 

Table 2
Surface treatments considered for PNP components
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mechanical hardening + + + + + + +
electrochemical etching + + + + + + + +
surface hardening + + + + + + +
surface glazing + + + + + +
electron/laser beam hardening + + + + + +
surface alloying + + + +
ion implantation + + + + + + + +
plasma treatment ? + + + + + + +
thermochemical + + + + + + + + +

Surface Treatments for Tribological Properties of PNP Components

Investigations of surface treatments for improvement of the friction and wear
characteristics of HTR PNP components were carried out, both in laboratory
tests on small specimens and on components under HTR specific conditions. 

The parameters that influence the tribological behaviour are:
test environment (oxidizing, reducing, ...)
component material
geometrical form
surface condition
pressure
movement characteristics
temperature
time.

Because of the large number of influencing factors, comparison of
experimental data becomes very difficult and the behaviour of surface treated
materials under service relevant conditions can only be expressed in terms of
general tendencies. 

The friction and wear behaviour of PNP components may be divided into
three temperature regions: below 700°C, 700 – 850°C and above 850°C. The



treatments that may be applicable in the three temperature regimes are
different and will be discussed separately in the following sections.

Friction and Wear Properties of PNP alloys at Temperatures Below
700°C

The tribological results obtained for various material combinations tested
under HTR conditions are summarized in Table 2 (references 1.14, 1.15, 4.54
– 4.56). 

Table 2
Tribological properties  for PNP materials combinations

at temperatures below 700°C

material
combination

temp
°C

pressure
MPa

atmos static
or
dynamic

time
h

sliding
distance
m

friction
coeff

result

INCONEL 625/
INCONEL 625

700 20 HHT S 1000 - - no galling

NiAg/
INCONEL 625

700 20 HHT S 1000 - - galled

boiler plate H11/
boiler plate H11 

400 0.05 HHT S 2000 - - no galling

IN713LC/
NIMONIC 75  

600 10 HHT D - <0.1 0.7 galled

Colmonoy 6/
Colmonoy 6

600 50 HHT D - 5.2 0.5-0.6 no galling

IN713LC/
X20CrMoV 12 1

350 10 HHT D - 2.5 0.7 no galling

IN713LC/
17CrMo 5 5

480 10 HHT D - 2.5 0.75 grooves

Mo-TZM/
17CrMo 5 5

480 10 HHT D - 1.5 1.2 local galling

INCONEL 617/
INCONEL 617

680 5 HHT D - 0.38 >1 galled

Stellite 6/
Stellite 6 wedge

25 ca 2000 He D - 150 0.29 local galling

St 37/ St37 20 - HTR D - 0.035 >1 grooves,
scratches, 
material
transfer

HASTELLOY X/
HASTELLOY X

20 - HTR D - 0.008 >1 grooves,
scratches, 
material
transfer

Nb alloy/
Nb alloy

20 - HTR D - 0.05 >1 grooves,
scratches, 
material
transfer



In HTR fretting tests (4.57) typical boiler tube materials were exposed in a
helium atmosphere; the vibration frequency was 50 Hz, the amplitude 0.5 mm
and the static load  110 N. All the material combinations tested exhibited local
wear and material transfer (Table 3). 

Table 3
Fretting test results (4.57)

Frequency 50 Hz, amplitude +/- 0.5 mm, static load 110 N

tube plate temperature
°C

wear depth
mm

comments

St 35.8 H II 350 80
13 CrMo 4 4 13 CrMo 4 4 500 4
HT 9 HT 9 520 220
18-8 18-8-2 600 20
INCOLOY 800 INCOLOY 800 600 20
HASTELLOY B HT 9 500 10
NIMONIC 80A INCOLOY 800 600 10

For many unprotected metals, significant wear occurs in helium atmospheres
at low temperatures. 

Friction and Wear Properties of PNP alloys at 700 - 850°C
At 800°C in dry, impure helium the need for surface protection has been
demonstrated (1.17). Alloy 800 and HASTELLOY X were wear tested with a
pressure of 0.7 MPa and the coefficient of friction was found to increase from
1.7 to 2.5. Plastic deformation of the mating surfaces was detected.

In Japan, several alloys were tested in helium at 800 and 1000°C (4.58). The
results are summarized in Table 4. 

Table 4
Wear behaviour of alloys in helium at 800 and 1000°C

alloy duration
h

HASTELLOY
X

INCOLOY 800 INCONEL 601 INCONEL 625

800°C /1000°C 800°C /1000°C 800°C /1000°C 800°C /1000°C
HASTELLOY

X
100
500

1000

  x           x 
  x           x
               x

  x           x 
  x           x
               x

  o             x
             x

                 x

  x           x 
  x           x
               x

INCOLOY
800

100
500

1000

  x           x 
  x           x
               x

  x           x 
  x           x
               x

  x           x 
  x           x
               x

INCONEL
601

100
500

1000

  x           x 
  x           x
               x

INCONEL
625

100
500

1000

  x           x 
  x           x
               x

x  galling
o  no galling

  slight galling



In 4.57, a diagram (Figure 1) of the wear characteristics of three material
combinations, HASTELLOY X/HASTELLOY X, INCOLOY 600/INCOLOY 600
and INCOLOY 800/HASTELLOY X, is given, with experimental data for
durations up to 1000 h).  The diagram indicates that for a service life of 100
000 h at temperatures below 690°C, the adhesive loads remain below 50 N,  

For the material combination HASTELLOY X/HASTELLOY X in a 20 m friction
test, the coefficient of friction  changed as follows:

 = 0.88 at 200°C
 = 0.63 at 500°C
 = 0.88 at 800°C (possible typing error in original text!)

From these values, it was determined that a protective coating is required for
service temperatures above 690°C.

Figure 1
Wear behaviour of alloys in helium:

region 1: galling, region 2: slight galling, region 3: no galling



Friction and Wear Properties of PNP alloys at > 850°C

For the components under consideration, the following conditions must be
fulfilled by a coating system (4.59):

melting or sublimation or dissociation temperature >1000°C
phase stability and sufficient strength up to 1000°C
chemical compatibility with HTR helium, no alloying with substrate
no diffusion of the individual coating constituents
sufficient bonding to the substrate, especially under thermal cycling
no nuclear activation of individual coating constituents

Coatings of pure metals

Table 6 lists the metallic elements that may be considered (melting points
<600 K above the maximum service temperature).

Table 6
Melting points of elements for coatings

metal                   melting point, °C

Chromium 1800

Hafnium 2207

Iridium 2454

Molybdenum 2610

Niobium 2500

Osmium 2700

Platinum 1773

Rhenium 3147

Rhodium 1966

Ruthenium 2500

Tantalum 2977

Thorium 1827

Titanium 1812

Vanadium 1720

Tungsten 3380

Zirconium 1860

However, the high diffusivity and low strength of pure metals mean that they
are not suitable for wear rersistant coatings, as was confirmed by tests on
rhodium-coated specimens in air and in helium (4.59, 4.60). The temperature
limit for metal coatings lies between 400 and 700°C.



Intermetallics

NiAl-NiCrAlY coatings were extensively tested in the German HTR projects
(4.61). However, interdiffusion between coating and substrate led to
degradation and coatings frequently spalled off due to the brittleness of the
intermetallic compound NiAl. 

Hard facing alloys

These materials consist of a Ni-, Co- or Fe-base matrix with a dispersion of
very hard particles (boride, carbide, silicide). Tests showed that galling under
HTR conditions could be avoided to some extent with alloys of the type Ni-
CY-B-SiY and CY-A1 (4.58), but the wear protection of such coatings was not
seen as of significance.

Hard materials

Metallic hard materials are the carbides, borides, silicides and nitrides of the
transition metals. Non-metallics hard materials are principally oxides. 

Cermets

Cermets are composite materials consisting of a hard material in a metallic
martrix. Examples are TiN in Ni, Al2O3 in Al, CrC in Ni.

Coating Systems Tested Under HTR Conditions

Carbide coatings were investigated by General Atomics in sliding and wear
tests (1.12). HASTELLOY X was coated with Cr23C6 or Cr3C2. Specimens
were tested at 816°C in an HTR helium atmosphere, 3.45 MPa stress, sliding
velocity around 8 mm/s. The results were summarized as follows:

1. Coatings with 75-80% chromium carbide (Cr23C6 or Cr3C2) provided
excellent protection against wear in HTR helium.

2. The coefficient of friction was initially high but decreased to a
constant value of 0.4 – 0.5 (see Figure 2)

Tests showed that carbide coatings on Alloy 800 were not as adherent as
those on HASTELLOY X. 



From 1976 onwards, HRB carried out testing of coating systems that were
considered for HTR applications. Tests comprised wear tests, static adhesive
tests, thermal shock and thermal cycling tests, and thermal exposure tests.
The carbide coating systems examined are given in Table 7. Coatings were
applied by thermal spraying and vapour phase deposition. Iin the following
Tables 7 – 13 , the results for various coatings are summarized (4.56, 4.58,
4.59, 4.60, 4.61).

Table 7
Cr3C2 coatings

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

wear Cr3C2 Duplex 0.98 5 950 5 X
Cr3 C2 + NiCr 0.5 – 0.8 1 - 5 700 5 X
Cr3 C2 + NiCr 0.5 20 700 20 X

static Cr3C2 Duplex - 10 850 3 • 10³ X

Experience from CO2 cooled gas reactors showed that Cr3C2 coatings rapidly transform to
Cr23C6 and therefore further efforts were devoted to such carbide coatings . 

Figure 2
Coefficient of friction as a function of sliding distance (1.12)



Table 8
Cr23 C6 coatings

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

wear Cermet > 1 5 950           9 X
Cermet > 1 3,4 900             0.09 X
Duplex 0.7 5 950      20 X
Cermet 0.83 5 850     20 X
Cermet >1 20 850        1-2 X
Duplex 0.8 20 850      20 X
Cermet >1 5 700      1.8 X

static Cermet - 7 900 2. 103 X
Duplex - 10 950 3. 103 X
Duplex - 0.8 1050 100 X

thermal Cermet - - - X
shock Duplex - - - X
ageing Cermet 950 6. 103 X

Duplex 850 2. 104 X
Duplex 950 6.5.103 X
Duplex 950 9. 103 X

Table 9
NbC coatings

test coating coefficient of pressure temp. time, h result

friction MPa °C distance, m positive /negative
wear NbC-triplex- spalled 5 950      ca. 5 X

(NbC-Ni Cr)
NbC-duplex- 0.75 5 950        5 X
(NbC-NiCr)

NbC spalled 5 950         5 X
NbC 0.78 20 850          5.3 X

static NbC-triplex spalled 0.8 1050 100 X
(NbC-NiCr)
NbC + Ni spalled 1 1050 100 X

thermal
shock NbC - - 2 cycles X
ageing NbC - - 950 3. 10³ X

TiC coatings

Tests carried out in Switzerland (4.6) on TiC coatings in helium at
temperatures up to 825°C (Figure 3).  Low coefficients of friction were
measured at temperatures below 600°C; at temperatures over 600°C the
coefficient increased, probably due to softening of the TiC. 
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Figure 3
Temperature dependence of the coefficient of friction of TiC in helium (4.6) 

Table 10
TiC coatings

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

wear TiC-Triplex- spalled 5 950         20 X
(TiC-TiN-
NiTi )
Ti -Tr ip
lex-

spalled. 5 950        5 X

(TiC-TiN-
Ni3Ti)
TiC-Triplex- 0.8-1 5 950 1         3 X
(TiC-TiN-
Ni3Ti)
TiC (Ni3Ti) 0.3-0.6 5 950         5 X
TiC (Ni3Ti) 0.5 20 850         5 X
Ti C + Ti N >1 5 850        ~1 X

static TiC-Triplex - 0.8 1050 100 X
(TiC-TiN Ni
Ti)
TiC (Ni3Ti) - 0.8 1050 100 X
TiC + TiN - 0.8 1050 100 X

ageing TiC Triplex - - 950 3. 10³ X
(TiC-TiN Ni
Ti)
TiC (Ni3Ti) - - 950 3. 10³ X



Table 11
Mo2C-Mo  and W2C coatings

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

wear Mo2 C + Mo 1.5 5 850           0.25 X
static M02 C + Mo - 10 1050 100 X
wear W2 C 1.2 10 850           0.6 X

Table 12
Nitride coatings

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

wear TiN >1 5 950          3 X
TiN 1.5 10 850            0.2 X

TiN (Ni3Ti) >1 5 950 2      19 X
static TiN (Ni3Ti) 0.8 1050 100 X

TiN (Ni3Ti) 5 950 3. 10³ X
ageing TiN 950 3. 10³ X (1)

TiN (Ni3Ti) 950 3. 10³ X
                                                                                         (1) coating partially oxidized to Ti2O3

Table 13
Boride coatings

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

wear Ti B2 (Mo) - 0.8 1050          10 X
thermal
shock Ti B2 (Mo) - - - X

Table 14
Oxide coatings

type thermal thermal exposure wear ageing
cycling cycling in He test 800 °C in

flat specimen cylindrical He
Zr02 Plasma 0 0 0 0 0
Al203 Plasma X 0 X

O no defects
X cracks and spalling

The influence of a ZrO2 coating on the coefficient of friction  was examined for
HASTELLOY X (4.58). The results are shown in Figure 4.



A large number of coatings were investigated by HRB and the results are
given in Table 15.

Figure 4
Temperature dependence of coefficient of friction for HASTELLOY X

 with ZrO2 coating exposed in helium (4.58)



Table 15
Oxide coating systems

test coating coefficient of pressure temp. time, h result
friction MPa °C distance, m positive /negative

static M0203 - 10 850 100 X
wear Al203 galled 5 950 0.68 X

Al203 + Ti 02 spalled 5 950 - X
Al203+ Ti 02
(Ni Cr) galled 5 950 - X

static Al203 - 0.8 1050 100 X
Al203 - 1 950 3. 103 X
Al203 - 10 850 100 X
Al203 + Ti02 - 0.8 1050 3. 103 X
Al203+ Mg0 - 0.8 1050 100 X

ageing Al203 - - 950 3. 103 X
Al203 - Y203 - - 950 3. 103 X
Al203 - Zr02 - - 950 6. 103 X

thermal
shock Al203 (NiCr) - - 100 cycles X
wear Cr203 rein spalled 0.8 1050 100 X

Cr203 rein spalled 10 950 100 X
Cr203 + Al2O3 spalled 10 850 5 X

static Ca0 + Zr02 spalled 0.8 1050 100 X
wear MgZ r03 0.7 5 950 20 X

Mg0 + Zr02 0.58 5 950 5 X
Mg0 + Zr02 0.6 5 950 20 X
Mg0 + Zr02 0.74 20 850 20 x

static Mg0 + Zr02 - 0.8 1050 100 X
Mg0 + Zr02 - 5 950 10. 103

Mg0 Zr03 - 850 1. 104 X X
thermal
shock Mg Zr03 - - 30 cycles (X)
wear Zr02 cermet galled 20 850 0.5 X

(Zr02+Y203 +
NiCrAlY)
Zr02 + Ni0 0.9 5 950 20 X
Zr02 + Cr203
(Ni-Cr) galled 5 950 3.3 X
Zr02 + Y203 0.71 5 950 5 X
Zr02 + Y203
(NiCrAlY) 0.8 5 950 20 X X
ZrO2 + Y203
(Ni AlY) 0.54 20 850 20.2 X
Zr02 + Y203
(NiCrAlY +
AL203) galled 20 850 1.4 X
Zr02 + Y203
(graded coating
NiAlY) 0.58 5 950 20.2 X
Zr02 + Y203
(graded coating
Ni AlY) galled 20 850 20.2 X
Zr02 + Y203
(NiCrAlY) 0.5 5 950 100.7 X
Zr02 + Y203
/Yb203 galled 5 950 58 X



(NiCrAlY)
Zr02 + Ca 0
(Ni Cr) 0.77 5 950 5 X
Zr02 + Ca 0 +
Ni0

0.86 5 950 5 X

Zr02 + Ca0 +
NiAl 0.88 5 950 20 X
Zr02 + NiAl
(Ni Cr) 0.83 5 950 5 X
Zr02 + ZrSi spalled 5 950 0.3 X
ZrSi04 galled 10 950 1.2 X

static Zr02 + Cr203
(Ni-Cr) or
(Zr0 + Ca0 +
NiO ) galled 0.8 1050 100 X
Zr02 + Y203 0.8 1050 100 X
Z r02 + Y20
(NiCrAlY) 0.8 1050 100 X
Z r02 + Y20
(NiCrAlY) 5 950 9*10³ X
Zr02 + 
CaO

galled 1 950 3. 10³ X

Zr02 + Ca0 +
NiAl - 1 950 3. 10³ X

ageing Zr02 Y203
(Ni Cr AlY) - - 950 6. 10³ X
Zr02 Y203
(graded coating
Ni Cr AlY) - - 950 6. 10³ X
Zr02 Y203
(Ni Cr AlY) - - 950 1.2. 10³ X

thermal Zr02 (Ni-Cr) - - 300 cycles X
shock Z r02 + Cr 203

(Ni-Cr ) - - 300 cycles X

Zr02 + Y20
(NiCrAlY) - - 300 cycles X

The results indicated the following coatings were suitable for applications in
the HTR:

Metallic coatings for temperatures up to 600°C
Carbide coatings up to 850°C
Oxide coatings up to 950°C 

Table 16 shows the preferred systems and the temperature range of
application. Details of the wear resistance of the duplex Zr2O3 coatings
properties are given in Table 17.

Table 16
Temperature ranges for coatings in HTR helium

coating coating Max temp in HTR helium



system method  200 400 600 800 1000 °C
Colmonoy 6 APS
Triballoy 700 D-Gun
Chromium carbide cermet D-Gun
Chromium carbide duplex D-Gun
Zirkonoxid duplex APS

VPS

Table 17
Results for duplex Zr2O3 coatings (4.66)

coating test temperature and time / distance result
loading type    h                m

Zr203 + Y203 (NiCrAlY) 850°C static loading   19           22000 no damage

950°C static loading   19           25000 no damage

950°C zero-load
exposure

 28000         - no damage

950°C friction test                   100 friction values not
increased  

Further work

The recommendations regarding further work are listed below:

Inclusion of chromium carbide in the qualification programme

Long-term testing of coating systems

Combined loading effects, such as wear test with superimposed
vibration, creep exposed substrates with fretting

Determination of material loss during wear tests

Behaviour of specimens coated on one side only

Influence of component geometry

Development of quality control : defect tolerance, non-destructive
testing

Determination of adhesion parameters for coatings

Specification of loading ranges



Effect of helium impurities
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Recommendation for coatings in the 
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(Doc. ref NFTW – IBV / 04.010 )

RECOMMENDATIONS for COATINGS to be provided FOR BRUSH SEALS 

Deliverable 33 for WP4 work of HTR-E: "Feasibility study for a helium rotating shaft 
seal for turbogenerator". 
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RECOMMENDATIONS for COATINGS to be provided FOR BRUSH SEALS 
Doc. ref NFTW – IBV / 04.010

   
This paper was required in the frame of the Deliverable 33 for WP4 work of HTR-E: 
"Feasibility study for a helium rotating shaft seal for turbogenerator". 

1 . I n t r o d u c t i o n

The feasibility problem was how to ensure the tightness of a rotating seal described by a 450mm 
diameter shaft immersed in helium at 110°C and 26 bar pressure, located at the turbine end, and 
rotating at a 3000rpm speed. The study suggested the combination of a labyrinth seal and a brush 
seal. The seal consisted in thousands wire bristles with 0.1mm approx. diameter. The bristles can be 
made of low alloy steel, stainless steel, or cobalt or nickel-based superalloy. This solution brings 
several advantages, but these brushes made of metallic bristles are rubbing onto the rotor.  Rubbing 
will lead to wear, but the wear of the rotor has to be avoided whereas worn brushes can be changed. 
This paper aims at listing the coatings which can be used to protect the rotor surface. 

2 . R o t o r  a n d  b r u s h e s  o p e r a t i n g  c o n d i t i o n s

The normal and exceptional operating conditions would be the following one: 

 operating fluid : helium with active impurities, 

 operating pressure : 26 bar, 

 operating temperature (near the leak) : 110°C, 

 normal design temperature : 150°C, 

 exceptional transient temperature (on a short duration) : 450 to 500°C, 

 operating rotation speed : 3000 tr/mn (linear speed  80 m/s), 

 shaft diameter : 450 mm minimum, 

 axial clearance: 0.5 +  10 = 10.5 mm, 

 radial clearance : 0.4 mm, 

 seal lifetime : 60 years with inspection and regular replacement of parts (as infrequently as 
possible)
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3 . P o s s i b l e  m a t e r i a l s  f o r  r o t o r  s h a f t  a n d  b r u s h e s  

Rotor shaft
It is usually made in high alloyed steel, and presents a high ultimate tensile strength, a good creep 
resistance, a good resistance to fatigue and wear. 

Presently, no material specification is available, but the material will probably present good 
structural properties and not necessary, good surface resistance. It is then envisaged to give it a 
higher surface resistance with a hard coating which will protect the surface against wear. 

Brushes:
The bristles of the brush can be made of low alloy steel, stainless steel, or cobalt or nickel-based 
super-alloy. The objective is to have the bristles worn, instead of the rotor shaft, since brushes can be 
more easily changed. The cobalt alloy presents a low nuclear compatibility. If brushes have to be 
changed quite frequently, the cost impact of nickel-based super-alloy brushes has to be considered.  

To conclude on brushes, a first approach could consider only steel alloy and Stainless Steel as 
bristle material. 

4 . P o s s i b l e  m a t e r i a l s  a n d  c o a t i n g s  f o r  t h e  r o t o r  s h a f t  i n  h e l i u m  
e n v i r o n m e n t

The review of materials and coatings which was the subject of deliverable D39 for WP5 [1], showed 
that few materials can be used in rubbing conditions, without a coating even at low temperatures 
(110-150°C). The temperature range which was considered in this paper, is 20-500°C, due to 110-
150°C for normal operating conditions and temperatures up to 500°C for exceptional conditions. 

4.1. Materials without coating
The D39 review showed that few materials can be used in rubbing conditions, without a coating even 
at low temperatures, in Helium environment.  
In PNP environment, the only data available at temperatures below 700°C giving combinations 
which were working, were the following: 
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Material
combination 

Temperat. 
(°C)

Helium 
pressure
(MPa)

Sliding
distance
(m) 

Friction
coeff.

Result

Colmonoy 6 / 
Colmonoy 6 

600°C 50 5.2 0.5-0.6 No galling 

Inc 713LC / 
X20CrMoV12-1

350°C 10 2.5 0.7 No galling 

Hastelloy X / 
Hastelloy X 

200°C 0.7 20 0.88 No galling 

Triballoy 700 / 
Triballoy

600°C 50 - - No galling 

* Triballoy :base Ni, + Mo, Cr, Si with 50 % constituted of lave phase in a hard matrix 

It has to be noted that these tests were realised on a short distance (equivalent to less than 2 rotor 
turn, 4 and 14 turns – shaft diameter = 0.45m). Nevertheless, whereas other materials showed 
grooves and scratches in the first meters, the material combinations given in this table showed no 
galling but high friction coefficient. They are not structural materials for rotor shaft, but some of 
them (colmonoy 6, hastelloy, triballoy 700) can be used as a coating.

Other materials such as the following, were galling and showed grooves or scratches in dynamic 
conditions and HTR helium environment. For instance, Stellite 6 which is a frequently used alloy, 
presented bad results at low temperatures in helium environment.  

 Material combination Temperature (°C) 
Inc713LC / 17CrMo5-5 480°C 
Mo-TZM / 17CrMo 5-5 480°C 
Stellite 6 / Stellite 6 25°C 
Stellite 37 / Stellite 37 20°C 

Remark: in Sodium (Na) environment the results for these same materials were not very satisfactory 
either.

For major of tested unprotected metals, significant wear occurred in Helium atmosphere at low 
temperatures. The review confirmed that few materials have a good behaviour without a coating, and 
that others, including structural material, need a coating to keep their metallurgical properties 
and ensure surface properties. Few coatings are reviewed hereafter.
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4.2. Coatings between 20-500°C

The review showed several examples of coatings able to fulfil our requirements. The following 
coatings were reported as presenting a good behaviour in a 20-600°C temperature range.   

Metallic coatings such as Triballoy 700, Hastelloy or Colmonoy 6
o Triballoy 700: it can be deposited from powder under a thick deposit: 1-2mm, or thin deposit 

by D-Gun (thickness < 0.1mm), but the process is property of few companies (from NNC) 
o Colmonoy 6: deposited by PTA, TIG, … from powder (thick deposit: 1-2mm) 
o Hastelloy can be deposited from solid electrode (thick deposit: 1-2mm) 

In Sodium environment:
Results from FBR bibliography and Na environment showed that coating properties and 
resistance widely varied from one manufacturer to an other (ex in D37 between Leguellec and 
SNM). A bad coating can result in bad results in the same range of solicitations and 
temperatures. Best results probably due to a higher density of the deposit, gave a friction 
coefficient included between 0.3 and 0.55 and low wear in Na environment.  

In Helium environment:
To compare in helium, friction coefficients were given in the range 0.5 - 0.88 (see same 
materials in the previous paragraph). 
It ought to behave as hard coatings, with wear rather located on brushes. Nevertheless, it has to 
be confirmed by tests. 

TiC coating : low friction coefficients (<0.25) in pure Helium (T<600°C). 

.
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This result was also found in Na environment (FBR) at 180 and 560°C, and in vacuum environment 
at 400°C. 
The TiC can be deposited by PTA or Vapor deposition technique.  It's a thin coating (thickness < 
0.1mm),  

Tungsten carbide

o A Tungsten carbide coupled with cobalt was reported to be used in gas turbine 
components, to protect against sliding labyrinth seal fins and different 
components of compressors at temperature less than 538°C.  

o From Dragon experience, it was also reported that Titanium or Tungsten carbide 
were only superficially scored by graphite particles after very long runs. Of the 
two, Tungsten carbide seemed to have the best behaviour till 550-600°C. 

o Tungsten carbide cermet (WC 25%, WC3/Cr2C3 70%, 5%Ni – D-Gun) – named 
LW-5. It was quite good in CO2 environment (AGR) for temperatures less than 
400°C. In Helium environment, rubbing configuration LW-5 / LW-5 wore 
severely at 20°C, but the behaviour improved with temperature increase. In any 
case, the situation of LW-5 rubbing against bristles has to be verified by tests. 

Remark on chromium carbides 
Chromium carbide cermet (Cr2C3 (80%)/ NiCr (20%) D-Gun) 

This chromium carbide cermet (LC-1B) was largely used in CO2 environment (AGR), with quite 
good results under 200°C. 
Other results from Dragon experience showed bad results in Helium for this chromium carbide 
cermet at lower temperatures.

o Configurations LC-1B or LC-2 like-on-like wore severely at 20°C in pure Helium (0.1 
or 5MPa gas pressure) and in impure Helium environment (2MPa gas pressure). 
Whatever the gas composition, results are better for upper temperatures and wear rate 
fell with increasing temperatures. The test was conducted between 20 and 800°C. 
Results at intermediary temperatures were not given. 

o LC-1B rubbing on type 316 Stainless Steel gave unsatisfactory results with galling 
badly, whatever the temperatures in pure helium atmosphere.  

Nevertheless, according to NNC, chromium carbide should not be ruled out for this rotor 
application. It was also recommended to use a Ni binder and not a NiCr binder together with the 
Cr2C3 cermet (FANP – P. Combrade) 
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SiC carbide
This SiC carbide is suggested in ref [2] (corresponding to ref 12 of table 11e in D39). At room 
temperature, it presents a friction coefficient included in the range 0.15-0.7 depending on the applied 
contact pressure, respectively 0.4 to 1.2 MPa. In any case the friction coefficient is 0.65 at 
respectively 400 and 200°C. 

Zirconia, alumina coatings

These coatings type ZrO2 – Y2O3 or Al2O3  are usually used at high temperatures, but some papers 
(ref 3, 4 and 5 of table 11b in D39 –– see ref [3, 4, 5] of this document) indicated this coating for 
applications in air at low temperatures in the range 20 – 800/1200°C. They showed principally a 
decrease of the friction coefficient with a decrease of the temperature (ex =0.2-0.3 at 200°C 
increases up to 0.45-0.63 at 400°C). ZrO2 can be also stabilised with CaO, NiO species, Al2O3  with 
MgO species but not systematically. Al2O3  can be used alone. 

Lubricants such as MoS2 and WS2

The lubricating effect of MoS2 and WS2 is very known in argon or Helium environment, leading 
to very low friction coefficient on S.S : =0.1 at T<400°C and =0.22 from 400 to 700°C for 
MoS2. Close values for WS2.
MoS2 plugs can be installed to maintain a good lubrication, but they can break and be covered 
with dust. 
A more efficient way is to integrate MoS2 to one of the antagonistic material, as it was done in 
Dragon project by mixing MoS2 in the graphite stator rubbing against the Tungsten carbide rotor. 
The results were really satisfactory on 250h duration test: good for the rotor, excellent for the 
stator. This result could be adapted to our case, assuming that in this configuration, the graphite 
ring will probably much wear, but could be changed. Another point to verify is the nuclear 
compatibility of MoS2 and WS2, although it was already used in Dragon reactor. 

5 . S u m m a r y

Several materials were found in this review. Base material for rotor shaft is not still designed, but it 
was supposed in the review that any structural material will need a coating to ensure enough surface 
properties. The antagonistic materials, the friction coefficient and wear are not described in every 
case.
It can be assumed that a material rubbing against itself with a high friction coefficient will produce 
wear on a less hard antagonistic material, but experiments showed in the past that it is not 
systematically the case. Every situation has to be tested. Same deposits obtained by different 
techniques of deposition or manufacturers may give very different results.  
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The 110°C operating temperature is in the problem range of temperatures for many hard coatings. 
Wear rates often fall off above about 300°C, even the effective temperature at the contact is perhaps 
much higher. With the type of  contact envisaged, abrasive wear resistance would be required.

The following table aims at recommending some possible coatings for tests before choosing the final 
brush/rotor coating configuration. 

Brush
material

Coating on rotor side Associated technique of 
deposition

Wear
localisation

Coating directly on rotor surface

Thick deposit of Colmonoy  APS, PTA,TIG  (D-Gun?)  Brushes 

SiC, TiC coating  PTA deposition  Brushes 

Tungsten carbide coating (with 
no cobalt or NiCr binder) – 
verify the behaviour of W-

cermet WC 25%, WC3/Cr2C3
70%, 5%Ni

D-Gun Brushes 

Chromium carbide Cr2C3, Ni D-Gun Brushes

Alumina (Al2O3)  VPS Brushes

Removable ring located around the rotor
Steel ring covered with hard 

coating
All previous possibilities Brushes

Low allow 
steel
or
Stainless
Steel brushes 
possibly with 
pre-
oxidation

Ring made in Graphite mixed (or 
not) with MoS2

If MoS2, it is embedded in the 
graphite during the ring 

fabrication
Ring

As a remark, it can be noted that transfer of material from bristles to rotor will occur, interrupting 
smooth running. Different bristle materials have to be tested since the bristle material could either 
damage the rotor or contribute to a "third body" helping to lubrication. 
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