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In nuclear plants, the replacement of hardfacing Stellite, a cobalt-based alloy, on parts of the piping
system in connection with the reactor has been investigated since the late 60’s. Various Fe-based or Ni-
based alloys, Co-free or with a low content of Co, have been developed but with mechanical properties
generally lower than that of Stellites. The 4th generation nuclear plants impose additional or more
stringent requirements for hardfacing materials. Plasma-transferred arc (PTA) coatings of cobalt-free
nickel-based alloys with the addition of sub-micrometric or micrometric alumina particles are thought to
be a potential solution for tribological applications in the primary system of sodium-cooled fast reactors.
In this study, PTA coatings of nickel-based alloys reinforced with alumina particles were deposited on
316L stainless steel substrates. Under the conditions of this study, the addition of alumina particles
resulted in a refinement of coating microstructure and the improvement of their resistance to abrasive
wear. However, it does not bring about any change in coating micro-hardness.

Keywords alumina, corrosion protection, liquid sodium,
nickel alloys, plasma-transferred arc, power plant,
wear-resistant coatings

1. Introduction

The development of the 4th generation nuclear reac-
tors is based on clearly defined objectives of sustainability,
safety and reliability, economic competitiveness, and
proliferation resistance (Ref 1). They involve minimizing
and managing their nuclear waste and reducing the long-
term stewardship burden, while minimizing the formation
of long-live radioactive elements that contaminate the
cooling circuits.

Among the six nuclear systems selected by Generation
IV International Forum (GIF), the sodium-cooled fast
reactor (SFR) is one of the more advanced. SFR will be
operated with an outlet temperature of 500-550 °C and its
operational lifespan is expected to be 60 years. The liquid
sodium used as the reactor coolant has a high boiling point
(881 °C), low heat capacity (1279 J/kg'K), and high ther-
mal conductivity (71.6 W/m/K) compared to water

This article is an invited paper selected from presentations at the
2015 International Thermal Spray Conference, held May 11-14,
2015, in Long Beach, California, USA, and has been expanded
from the original presentation.

A. Werry, C. Chazelas, A. Denoirjean, S. Valette, and
A. Vardelle, European Ceramic Center, University of Limoges,
12 rue Atlantis, 87068 Limoges Cedex, France; and
E. Meillot, CEA, DAM, Le Ripault, 37260 Monts, France.
Contact e-mail: Arnaud.Werry@Unilim.Fr.

Journal of Thermal Spray Technology

(100 °C, 4182 J/kg’K, and 0.598 W/m/K, respectively).
Therefore, it ensures a significant boiling margin in normal
operation (more than 300 °C) associated with a high
thermal inertia and a non-pressurized primary system.
However, the metal alloys used in liquid sodium envi-
ronment are subjected to a corrosion process that impli-
cates material dissolution, species transport, chemical
reactions, and new phase formation. This process is acti-
vated by temperature and oxygen (Ref 2). If the high
purity of sodium (O content <5 ppm) is favorable to limit
the corrosion, it also favors the self-welding tendency of
materials in contact under high temperature and loads, as
high-purity sodium tends to clean metallic surfaces from
their protective oxide layer (Ref 3).

Hardfacing materials used on control rods or fuel-ele-
ment supports in the primary cooling circuit of SFR must
sustain these conditions. They must also be free from co-
balt (Ref 4) as the corrosion products of these materials
are activated in the reactor core, and redeposited onto the
surfaces of primary cooling circuit. Under neutron acti-
vation, *’Co is changed to ®°Co a radioactive element that
decays to the stable isotope nickel-60 by the emission of a
beta particle and gamma rays. The reaction has a half-life
of 5.27 years.

Many iron-based alloys (e.g., Cenium, Nitronic, and
Delchrome) and nickel-based alloys (e.g., Colmonoy,
Deloro, and Stelloy) have been envisaged for the
replacement of Stellites but without success (Ref 5-12) as
their coefficient of friction is higher than that of Stellite,
and under contact pressure greater than 40 MPa, the
metallic surfaces in contact deteriorate. A way to improve
their tribological properties could be the addition of
ceramic particles by using mechanical alloying (Ref 13, 14),
cermet coatings (Ref 15), or suspension plasma spraying
(Ref 16). Indeed, the addition of ceramic particles could
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reduce the self-welding tendency of metallic materials in
contact in a medium where oxide layer formation is not
possible.

This work deals with plasma-transferred arc (PTA)
coatings of cobalt-free nickel-based alloy deposited on
316L stainless steel substrates. The coatings are intended
to be used in the Advanced Sodium Technological Reac-
tor for Industrial Demonstration (ASTRID) technological
demonstrator (Ref 17). The main objective of ASTRID is
to prepare the industrial deployment of SFRs and there-
fore demonstrate and qualify, on an industrial scale, the
validity of innovative options (in particular, safety and
operability) in comparison to SFR systems already oper-
ated in France and all over the world.

The PTA welding technique with powder feeding is
well adapted for hard surfacing and deposition of thick
coatings (up to a few millimeters). The objective of the
present study was to investigate the effect of the addition
of sub-micrometric or micrometric alumina particles by a
powder mixing process, in terms of the microstructure,
micro-hardness, and wear resistance of the composite
coatings.

2. Experimental Procedure

2.1 Materials

The substrates wused for this study were
50 mm x 50 mm x 25 mm 316L stainless steel. The metal
alloy powders were Stellite 6 (Deloro Stellite Inc) with an
average particle size of 120 um and Nucalloy 453 (Deloro
Stellite Inc), a nickel-based alloy, with particle size rang-
ing between 82 and 165 pm. The chemical composition of
both powders is presented in Table 1.

Micrometric and sub-micrometric alumina particles
were added to the Nucalloy 453 powder with different
mass loads. The particle size of the micrometric alumina
powder (AMPERIT, H.C. Starck) ranged between
22.5 um and 45 pm, and the sub-micrometric alumina
powder (AKP30, Sumitomo Chemical Corp.) had an
average particle size of 300 nm. Metallic and alumina
powders were oven dried at 80 °C for 5 h. Then, they were
mixed into a stirrer with attrition balls (@ 0.6 mm) for
12 h and sieved through 400 um mesh sieve to remove the
attrition balls and the largest alumina agglomerates.
The composition of the composite powders is shown in
Table 2.

2.2 Sample Preparation

The PTA coatings were deposited using DURUM
(DURUM VERSCHLEISS-SCHUTZ GMBH, Carl-
Friedrich- Friedrich-Benz-Str. 7, D-47877 Willich/Ger-
many) PTA equipment. The plasma parameters were kept
constant during sample preparation and listed in Table 3,
where the variable parameters were optimized for the
different powders as presented in Table 4. It should be
noted that the Nucalloy 453 powder with a melting range
from 980 to 1240 °C was easier to melt than the Stellite 6
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Table 1 Chemical composition of 316L Stainless steel,
Nucalloy 453 and Stellite 6 alloy

Elements 316 L Nucalloy 453 Stellite 6
Fe (wt.%) Bal. 3 <3
Cr (wt.%) 17.4 10 29
Ni (wt.%) 13.6 Bal. <3
Co (wWt.%) 0 0 Bal.
Mo (wt.%) 2.1 0 <15
Si (wt. %) 0.5 53 <15
B (wt.%) 0.0025 0.5 <1
W (wt.%) 0 2 4.5
C (wt.%) 0.024 0.85 1.2
Others N-S-P-Al Mn

Table 2 Composition of mixed Nucalloy 453 and Alumina
powders

Volume percent  Weight percent

Sample Alumina of AlLO3 of ALO;3
N8 Micrometric 2 1.2

N16 Sub-micrometric 5 3

Table 3 PTA Constant parameters

Constant parameters Value
Pilot arc current (A) 10
Pilot arc gas flowrate, Ar (L/min) 1.4
Carrier gas flowrate, Ar (L/min) 4
Protection gas flow rate, Ar+5% H, (L/min) 12
Torch-substrate distance (mm) 8

powder with a melting range from 1260 to 1357 °C.
Therefore, a transferred arc current of 95 A was sufficient
to ensure a good fluidity of the Nucalloy 453 bath, while
for Stellite 6, a transferred arc current of 130 A was nec-
essary. Also the torch travel velocity was increased to limit
the dilution and modification of the substrate
microstructure. The substrates were first sanded to re-
move the oxide layer from the surface and then pre-
heated in an oven at 450 °C so that the deposition
procedure started with a substrate temperature close to
350 °C. The substrate surface was brushed with a metallic
brush before coating deposition and between every weld
bead deposition. The substrate temperature was con-
trolled and maintained constant before and after each
weld bead deposition. After coating deposition, the
samples were let cool to 60 °C in air and then annealed
at 550 °C for 2 h to relieve internal stresses and avoid
crack formation.

2.3 Sample Characterization Procedure

The samples were cross-sectioned, polished, and
examined using a scanning electron microscope (Philips
XL 30 SEM) equipped with an energy-dispersive x-ray
spectrometer (EDS) detector. Images were recorded in
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the secondary electron (SE) and back scattered electron
(BSE) mode, and the x-ray maps were recorded to identify
the distribution of elements in the samples. Various
chemical attack reactants were used to reveal the hard
phases in the coating and austenite grain boundaries in the
substrate. Stellite 6 coatings were immersed in Groesbeck
reagent (100 mL water, 4 g NaOH, and 4 g KMnO#4) for
1 min at room temperature. Nucalloy 453 and composite
coatings were attacked in an electrolytic mix (50/50) of
hydrochloric and acetic acid for 10 s with a tension of
24 V.

Micro-hardness tests were performed using a Buehler
Micromet 6040 micro-indenter with a load of 300 g and a
dwell time of 15s. Measurements were conducted on
polished cross-sections of coatings and substrate at specific
points of the samples.

The coating surface was milled keeping a 2-mm-thick
coating with a plane surface. The original roughness of the
coating surface after this step (0.2 < Ra < 0.5 pm) was
kept for the x-ray analysis and tribological tests.

X-ray analysis was performed using a Siemens D5000
apparatus. Tribological tests were realized with a pin-on-
disk tribometer (CSM Instrument) in air with a 6-mm-
diameter alumina ball. The parameters of the test are
shown in Table 5.

The normal and tangential forces were recorded during
the tests, and friction coefficient was calculated as the ratio
of the tangential force and the applied normal force. Wear
rate was calculated by measuring the volume of material
removed and normalizing it to the load and distance
traveled during the test. The volume of track material

Table 4 PTA Optimized parameters

Torch travel Transferred Transferred Powder

velocity, arc current, arc voltage, feed rate,
Powder mm/s A \4 g/min
Stellite 6 8 130 30 27.3
Nucalloy 453 6 95 27 24
N8 6 95 29.5 24.4
N16 6 95 315 22

Table 5 Pin-on-disk test parameters

Track Linear Wear Test
Load, N radius, mm speed, mm/s distance, m duration, min

5 5 100 1500 250

<

removed was determined from the track profiles after
testing.

Wear tracks were finally observed with a SEM to
characterize the wear mode of each coating and to explain
the changes in wear rate.

3. Results and Discussions

3.1 Microstructural Characteristics

The Nucalloy 453 coatings showed the typical
microstructure of nickel-based superalloy coatings
(Fig. 1). They were composed of y-nickel phase reinforced
by the precipitation of chromium carbides and tungsten
carbides (Ref 18). The SEM-BSE images of coatings made
it possible to differentiate chromium carbides from tung-
sten carbides in the hard-phase precipitation zones. The
white phases corresponded to the tungsten carbide-rich
zones and darker zones to the chromium carbide-rich
zones. The elemental composition of coatings is presented
in Table 6.

Figure 2 shows the microstructural refinement induced
by the addition of 20 vol.% of alumina micrometric par-
ticles and the reduction of the component segregation
(Ref 19). The addition of micrometric alumina particles
brought about an enlargement of the zones of y-nickel
solid solution, while the zones that contained continuous
plate-like hard phases were reduced and were more dis-
continuous. Regions exhibiting an island morphology were
observable in both cases.
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Fig. 1 SEM-BSE image of Nucalloy 453 coating

Table 6 Elemental composition of the areas A, B, and C of a Nucalloy 453 coating as shown in Fig. 1

Phase Weight percent of C Weight percent of Si Weight percent of Cr Weight percent of Fe Weight percent of Ni Weight percent of W

A 2.3 4.4 7.1
B 32 22 36
C 4.0 5.8 31

11 73 14
7.8 48 3.0
3.4 34 21
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Fig. 2 SEM image of Nucalloy 453 coating (a) and Nucalloy
453 +20 vol.% of alumina micrometric particles (b)

Coating

Substrate
Al

Fig. 3 SEM observation of a weld bead edge and EDS mapping
of an alumina agglomerate at coating-substrate interface (Nu-
calloy 453 +20 vol.% of alumina micrometric particles)
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The coating morphology revealed the phenomena
occurring in the metallic liquid bath during the welding
process. The alumina particles formed an oxide layer on
the top of the coatings, and during the welding process,
large melted alumina agglomerates were trapped at the
coating-substrate interface as shown in Fig. 3. Actually,
alumina particles could only be observed on the surface of
the coating and at the coating/substrate interface. This is
due to the lack of miscibility and density difference be-
tween both materials in the liquid bath.

The distribution of alumina micrometric particles in the
coating was inhomogeneous; the alumina volume fraction
was limited to 2% as an increase in the micrometric alu-
mina fraction decreased cohesion and mechanical integrity
of coatings as shown in Fig. 4. For the sub-micrometric
alumina particles, the volume fraction was limited to 5%
to prevent powder clogging in the feeding system.

The comparison of SEM pictures of Nucalloy coatings
with the addition of sub-micrometric and micrometric
alumina particles showed that the sub-micrometric parti-
cles were better integrated in the coating as more alumina
agglomerates could be observed close to the coating-sub-
strate interface. Actually, after the powder mixing process
with the sub-micrometric particles, the Nucalloy particles
were covered with a fine layer of alumina particles elec-
trostatically agglomerated as shown in Fig. 5, which re-
mained on the metallic particle surface after passing
through the PTA powder injector. Limmaneevichitr et al.
(Ref 20) have studied the Marangoni effect and shape in a
transparent simulated weld pool of NaNOj; and found that
the Marangoni convection (surface tension-driven con-
vection) dominated over gravity-induced convection.
Considering the convection lines inside the liquid bath, the
sub-micrometric alumina particles could have been drag-
ged away inside the pool by the Marangoni convection
phenomenon as revealed by the alumina inclusions at the
coating-substrate interface.

3.2 X-ray Analysis

The diffraction patterns of Nucalloy 453 powder,
Nucalloy 453 coating, and composite coatings are shown in
Fig. 6.

Phase identification indicated the only presence of
Chromium Nickel and Tungsten alloy (Nucalloy 453 alloy
JCPDS n° 04-017-5180) which is the main constituent of
the Nucalloy powder. No alumina was evidenced by this
technique. It was only present at the weld bead surface,
near the coating-substrate interface and also at the junc-
tion between two weld beads, and as before XRD analysis,
the top layer of coatings was removed to create a plane
surface, and the alumina particles were also removed
during the sample preparation procedure.

3.3 Micro-hardness

The hardness of Nucalloy coatings did not noticeably
vary with the addition of alumina particles. However, an
increase in the standard deviation of hardness measure-
ments was observed; it can be explained by the coating
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Fig. 4 Photograph (overview) of Nucalloy 453 coating (a) and alumina overloaded Nucalloy 453 coating (b—20 vol.% of alumina

micrometric particles)

e Ay
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3
Fig. 5 SEM observation of Nucalloy particle surface mixed with

5 vol.% of sub-micrometric alumina particles: (a) overview and
(b) enlargement of the squared area shown in (a)
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Fig. 6 X-ray diffraction patterns of Nucalloy 453 powder,
Nucalloy 453 coating, and composite coatings; no change in
phases was detected

inhomogeneity brought about by the alumina inclusions as
they were mostly surrounded by pores as shown in Fig. 7.
The indentation tests performed on the zones containing
alumina resulted in a hardness of 472 HV0.3 in the metal
areas and 70 HVO0.3 in the composite areas as shown in
Fig. 8(a). In the latter areas, the cracks formed around the
indent prints developed from the edges indicating a poor
cohesion between the alumina inclusions and metallic
matrix as shown in Fig. 8(b).

3.4 Wear Resistance

Figure 9 shows the measured friction coefficients of
Nucalloy 453, Stellite 6, and composite coatings with
2 vol.% of alumina micrometric particles and 5 vol.% of
sub-micrometric alumina particles. The addition of
micrometric and sub-micrometric alumina particles led to
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a decrease in the friction coefficient compared to that of
Nucalloy 453 coatings. This could be explained by a
strengthening of coating thanks to grain refinement and
the presence of alumina particles (Ref 19). Another
explanation lies in a sliding contact between the alumina
pin-on-disk test ball and alumina particles embedded in
the coatings.

The wear rate of composite coatings presented in
Fig. 10 confirmed the tendency of lower friction coeffi-
cient. The wear rate was reduced by 33% with the addition
of 5vol.% of alumina sub-micrometric particles and by
31% with the addition of 2 vol.% of micrometric particles.
A possible explanation was given by Ravaux (Ref 15) who
observed a reduction in the wear rate of NiCrAlY coating
when adding different quantities of sub-micrometric alu-
mina particles in plasma-sprayed coatings. The latter was
achieved by simultaneous spraying of metal powder and
alumina suspension.

The wear rate of the composite coatings was lower than
that of Stellites 6 coatings, which is a positive point for
Stellite hardfacing coating replacement. Another advan-
tage is the possible reduction of metal-metal contact
during friction; this could be a way to reduce the metal
self-welding tendency in sodium-cooled fast reactors.

500

400

300

200

Vickers Hardness (HV0.3)

100

ONucalloy 453 @ Stellites 6 ENS BN16

Fig. 7 Micro-hardness values of Stellite 6, Nucalloy 453, and
Nucalloy 453 alumina coatings

3.5 Wear Track Observation

The SEM observations of the wear track of Nucalloy
453, Stellite 6, and composite coatings revealed coating
wear behavior and brought about explanation of the
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Fig. 9 Friction coefficient of Stellites 6, Nucalloy 453, and
composite coatings
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Fig. 10 Wear rate of Stellites 6, Nucalloy 453, and composite
coatings
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Fig. 8 (a) Composite coating: Nucalloy + 11 vol.% of micrometric alumina particles. Micro-hardness indentations on metal zone (left
indentation: 472HV0.3) and alumina inclusion zone (right indentation: 70HV0.3); (b) Crack formation between print edges and voids
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Fig. 11 SEM image of Nucalloy 453 coating wear track; (a)
Large oxidized debris are observable near track edges; (b)
Wrenching and delamination zones are present at the bottom of
the track

decrease in wear rate with ceramic particle addition. The
images of the wear track on a Nucalloy 453 coating are
presented in Fig. 11.

Large oxidized debris, wrenching, and delamination
zones are observable in the wear track. These suggest
an adhesive wear mechanism as described by Bhushan
(Ref 21) with the continuous formation of junctions be-
tween the coating and ball surface and then rupture of
these junctions. This wear mechanism created smooth
‘“‘delamination” zones and released large oxidized debris.
A drawing of this mechanism is presented in Fig. 12.

The observation of the wear tracks on composite
coatings showed different wear mechanisms in comparison
with Nucalloy 453 coating. The wear track images of
composite coatings are presented in Fig. 13.

On one hand, narrow abrasion scratches were observed
in the wear track which is representative of an abrasion
wear mechanism (Fig. 13a). The latter occurs when hard
particles are introduced in the contact zone (Ref 22-24).
These hard particles plastically deform the coating and
create scratches on the coating surface. For the Nucalloy-
alumina coatings, this mechanism could result from the
reduction of the hard phase size that could be more easily
dragged away in the wear track where they acted as
abrasive particles.

Journal of Thermal Spray Technology
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Fig. 12 Adhesive wear mechanism (adapted from Ref 21); 1:
Junction formation between coating and ball surface with coating
debris stuck on the ball; 2: Junction breaking and wrenching/
delamination zone formation

Fig. 13 SEM image of composite coatings wear track; (a)
Abrasion scratch typical of an abrasive wear mechanism; (b)
Tribofilm formation at the bottom of the track typical of a tribo-
oxidation wear mechanism

On the other hand, wavy zones were also observed;
they were mainly formed by oxidized debris that piled up
and formed a “tribofilm.” The latter is typical of a tribo-
oxidation or chemical wear mechanism (Fig. 13b). This
mechanism occurs when the contact takes place in a cor-
rosive atmosphere or in a medium promoting oxidation
process as ambient air in this study (Ref 22-24). The local
temperature increase in the contact zone due to friction
process combined with air environment, led to the for-
mation of oxidized debris that were spread out in the wear
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Fig. 14 (a) Abrasion wear mechanism—hard particle dragged
away; (b) Tribo-oxidation wear mechanism—formation of small
oxidized debris and tribofilm (Ref 21)

track and acted as a hard layer that slowed down the wear
process and loss of material. The drawings of both
mechanisms are presented in Fig. 14.

The change in wear mechanism might not be directly
attributed to the presence of alumina in the friction zone
but to the microstructural refinement of coatings induced
by the addition of alumina particles.

4. Conclusions

This study dealt with PTA coatings of nickel-based
alloys reinforced with alumina particles deposited on 316L
stainless steel substrates. These coatings are intended to
be used as hardfacing coatings in Sodium-cooled Fast
Reactors as a substitute to Stellite coatings. The main
results are the following:

® The distribution of the micrometric alumina particles
in the metal coating was inhomogeneous; alumina
agglomerates were concentrated on the surface of
coating and trapped at the substrate/coating interface.

e The sub-micrometric alumina particles were more
dispersed in the metal matrix and could be also ob-
served at the substrate-coating interface.

e The addition of micrometric and sub-micrometric
alumina particles results in a refinement of Nucalloy
453 coating microstructure and a decrease in compo-
nent segregation.

e The micro-hardness of coatings was globally un-
changed when micrometric and sub-micrometric alu-
mina particles were added in the metal pool.

e The friction coefficient of composite coatings was re-
duced compared to that of Nucalloy and Stellite coatings.

e The wear rate was reduced by more than 30% com-
pared to Nucalloy 453 coating and by more than 13%
compared to Stellite 6 coating when adding alumina
particles.

e The wear mechanism changed from adhesive for
Nucalloy 453 coating to an abrasive and tribo-oxida-
tion combination for composite coatings.
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The wear rate of Co-free metal coatings has been suc-
cessfully reduced by the addition of an alumina particles
under the conditions of this study. However, this result has
to be validated in a non-oxidizing media (in a neutral
atmosphere or liquid sodium), where the tribofilm cannot
be formed. This will be investigated in further work.
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