
Thermally Sprayed Wear Resistant Coatings
With Nanostructured Hard Phases

Stephan Siegmann, Oliver Brandt, and Michael Dvorak

(Submitted 3 November 2001; in revised form 3 March 2002)

The aim of this investigation was the development of a new quality of thermally sprayed coatings with high
resistance against wear and corrosion and to evaluate the application potential of nano-sized hard phases in
thermally sprayed layers. The newly developed material consists of a highly corrosion-resistant matrix of
stainless steel (even without nickel) combined with nano-structured hard phases of vanadium nitrides (VN).
On the other hand, matrices consisting of cobalt-chromium (CoCr) with submicron hard phases of tungsten-
carbides (WC) were investigated with respect to microstructure and wear resistance compared with conven-
tional ones.
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1. Introduction

Nanomaterials are gaining interest due to their potential ad-
vantages over the properties of material with the same chemistry
but conventional structure. As is known from different publica-
tions (e.g., Ref 1-4), the smaller the (hard) phases are, the higher
the wear resistance of the corresponding coatings can be.

For this reason, the following approach for creating a new
kind of powder and coating investigations were made.

Two composite materials with different matrices (stainless
steel or CoCr) and submicron hard phases (VN, WC) were de-
veloped and tested using different thermal spraying facilities
like vacuum plasma spraying (VPS) and high velocity oxygen
fuel spraying (HVOF).

To have a good corrosion resistance, the matrix metals have
to be completely alloyed and corrosion resistant themselves. In
addition, such coatings must be dense and have no open poros-
ity. Finally, the different groups of nano hard phases (type VN,
WC, etc.) are responsible for the good wear resistance.

For the first category of powders, consisting of two types of
vanadium nitrides (primary nitrides of micrometer size and sec-
ondary nitrides of nanometer size) three processing routes were
investigated[5-7]:

1. Heat treating of the starting powder material under nitro-
gen atmosphere to promote the formation of nitrides and
preserving this structure during thermal spraying

2. Formation of the nitrides during reactive thermal spraying
of previously unreacted powder

3. Post nitridation of the conventionally sprayed coatings
with unreacted powder

A comparison of different thermal spraying techniques like
flame spraying (FS), high velocity flame spraying (HVOF), and
plasma spraying (APS, VPS) demonstrated their specific advan-
tages while preserving or creating the desired phase structures.[5-8]

The other category of powder material consisted of very fine
tungsten carbides (fc = fine carbides) embedded in a cobalt-
chromium matrix (fc-WC-CoCr) and conventional WC-CoCr.
The coating formation was done using a conventional Kerosene
driven high-pressure HVOF system (Terojet) (Eutectic-Castolin
SA, Lausanne, Switzerland), and for comparison, a VPS equip-
ment.

A study of the final coating qualities, including the resistance
against abrasive and erosive wear compared with conventionally
used coatings, like other thermally sprayed deposits or hard
chrome plating, was carried out.

2. Powder Investigations

Two different types of spraying materials were investigated:
nanostructured vanadium-nitrides and tungsten-carbide cobalt-
chromium.

2.1 Nanostructured Vanadium-Nitrides

Characteristics like high toughness, high corrosion, and si-
multaneous wear resistance can be achieved by the correct com-
bination of the alloying elements like chromium (Cr), molybde-
num (Mo), and nitrogen (N). Based on previous alloying studies
with various hot isostatically pressed (HIP-compacted) bulk ma-
terials,[9] an optimized iron(Fe)-based alloy consisting of
Fe17Cr10Mn6VMo was developed. Vanadium combined with
nitrogen and a heat treatment, like the VPS process, will form
very fine nitrides that influence the mechanical, tribological, and
chemical properties of the resulting coatings. The nitridation
process causes also a transformation of the ferritic into an aus-
tenitic structure. This material may therefore also be regarded as
a hardenable corrosion-resistant austenitic iron-based nano
metal matrix composite (MMC).

With regard to the demand of thermal spraying, a spherical
powder (Fig. 1) was produced by a gas atomization process. The
size of the VN and their size distribution can be adjusted as a
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function of the N content during the formation process.[7] The
final powder was sieved into three fractions (−25 + 5 µm, −45 +
25 µm, and −90 + 45 µm). The baseline studies were carried out
using the powder having the medium fraction −45 + 25 µm.

2.1.1 Vacuum Plasma Spraying. Using a VPS facility,
coatings can be sprayed without any oxidation during coating
formation and with excellent coating properties. The coating ap-
plication was done on a VPS-system (Medicoat AG, Mägenwil,
Switzerland) with a MC-60 torch. A wide range of operation
conditions was investigated to study the influence of nitridation
on the resulting coating properties.

Beside the preceding nitridation of the starting powders, the
reactive alloying with N can be achieved during vacuum plasma
spraying by the exposition of the particles to a N2-rich plasma
and by creating a N2-rich environment in the VPS chamber.
Tests have shown that the most efficient way of N2 alloying dur-
ing VPS processing was the use of a plasma consisting of an
Ar/N2 mixture (Fig. 2 and 3).[7]

To clarify the effect of N2-alloying as a function of spray
powder particle size, Fe17Cr10Mn6VMo powders with three
different size ranges were sprayed.

A decreasing Ar/N2-mixture yielded an increasing electrical
input power (EIP) and an increase in N2 content of the final coat-
ing up to 3 wt.%. When spraying is performed with the powder
fraction of −90 + 45 µm, the increase in N2-content in the coating
with increasing EIP is marginal compared to that during spray-
ing with finer powders. When spraying is performed with an EIP
of 45 kW, the resulting N2 content of the fine fraction −25 + 5 µm
was close to the maximum value reached in this study. Changing
the EIP from 45 to 47 kW yielded an increase of the N2 content
in the coating from 1 wt.% to more than 3 wt.%.

The formation of the additional secondary nitrides of nanom-
eter size can be detected only by transmission electron micros-
copy (TEM) or atomic force microscopy (AFM). TEM and elec-
tron energy loss spectroscopy (EELS) investigations showed the

Fig. 1 (a) Typical morphology of the Fe17Cr10Mn6VMo gas atom-
ized powder showing a particle size range −45 + 25 µm and (b) AFM
picture of the nitrided powder showing hard phases sticking out of the
softer matrix after polishing

Fig. 2 Optical microstructure of a typical Fe17Cr10Mn6VMo coat-
ing, showing well-distributed dark primary Vanadium nitrides after
chemical etching.

Fig. 3 TEM image showing primary nitrides of micrometer size[8]
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existence of elongated secondary VN 20-30 nm in length and 5
nm in width (Fig. 4).

2.2 Tungsten-Carbide Cobalt-Chromium

The WC-CoCr 86-10-4 powders used for this study were pro-
duced by WOKA (Barchfeld, Germany) and were in a conven-
tional and a fine (i.e., narrow) distribution.[10] The expected
mean grain size for the fine WC powders (fc) was 0.8 µm. Also,
the carbide distribution was expected to be more homogenous by
using finer raw materials. As a matrix raw material, extra fine Co
and Cr was used to ensure complete alloying of the metals during
the sintering. The depth of the diffusion depended on the sinter-
ing time and the sintering temperature. To avoid any formation
of �-carbide phases, the WC were added to the process with a
strictly controlled carbon (C) content of 6.0-6.2 wt.%.

In the first step, the raw materials were filled into an attritor
together with a binder and a solvent. Due to the exact size control
of the carbides and a homogenizing process without milling ac-
tion, the carbide size distribution was very narrow.

After mixing, the suspension was spray-dried in a closed-
loop system under controlled atmosphere. The oxide content of
the finished powder was between 100-300 ppm. Therefore it is
comparable with gas atomized powders. The consequences of
incompletely alloyed powders are an inhomogeneous corrosion
resistance of the resulting coatings.

The produced micro pellets are very dense without any hol-
lows or large pores (Fig. 5). The distribution of carbides and the
metal matrix is also very homogenous (Fig. 6).

The following sintering step was done in a hydrogen-vacuum
furnace. The first phase was the evaporation of the organic
binder.

For the sintering process, different types of furnaces can be
used. Generally temperatures are between 1100 and 1400 °C.
The temperature and the sintering time influence the cohesion

Fig. 4 TEM image showing secondary nitrides of nanometer size[8]

Fig. 5 SEM picture of the (fc) WC-CoCr particles

Fig. 6 (a) Overview and (b) detail distribution of (fc) WC (white) and
CoCr (black)
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between the carbides and the metallic particles. Powders sin-
tered at a too low temperature tend to burst or crack when they
are injected in the nozzle or the burning chamber. Powders sin-
tered at a too high temperature cannot be properly molten during
the HVOF spraying. Internal porosity in the coating and low
deposition efficiency are the consequence.

In spray-dried powders, the sintering causes small sinter
bridges between the micro pellets. The destroying of these sinter
bridges can be done with less energy. The grain sizes of the pel-
lets are a result of the spray drying process and not of the crush-
ing process. Therefore the use of heavy crushing equipment is
not necessary. This powder was used for vacuum plasma spray-
ing.

2.2.1 High Velocity Oxygen Fuel Spraying. For the
HVOF tests, commercial equipment (Terojet), with some modi-
fications working with kerosene and oxygen, was used. Kero-
sene-oxygen combustion is still the safest and simplest solution
for the industrial design of HVOF systems. Because the particle
acceleration is mainly determined by the particle size and the
momentum flux of the jet,[11] the system design has to coincide
with the powder design. The final goal is controlling the heating
of the spraying particles near the melting point of the metallic
matrix and achieving maximum particle speed. High particle ac-
celeration allows maximum particle speed in a given accelera-
tion zone, as in the barrel itself. When the kinetic energy of a
particle reaches the value larger than the bonding mechanism
with the surface, the spray particle impacts following the rules of
explosion plating.[12,13]

Figure 7 shows the metallographic cross section of a conven-
tional HVOF sprayed WC-CoCr coating for later comparison
with the nano-WC-CoCr vacuum plasma sprayed. The coating
has no visible porosity and a very homogenous, chemically un-
changed structure.

3. Characterization

In addition to the metallographical preparation, the coatings
were examined using light-scanning, electron microscopy
(SEM), and transmission electron microscopy (TEM). The
chemical composition was controlled using x-ray diffraction
(XRD), glow discharge optical emission spectroscopy
(GDOES),[14-16] energy dispersive x-ray (EDX), and EELS.

Technological tests were performed to classify behavior to
the different wear attacks.

3.1 Wear Testing

Wear testing was performed according to different standard-
ized testing procedures. The following wear conditions were ex-
amined: abrasion and water jet erosion including erosive par-
ticles.

3.1.1 Abrasive Wear. The abrasive wear testing was done
in accordance with ASTM G 75.[17] This test is known as the
Standard Test Method for Determination of Slurry Abrasivity
(Miller Number) and Slurry Abrasion Response of Materials
(SAR Number). The slurry abrasion test is a method used fre-

Table 1 Parameters for Slurry Abrasion Testing
According to ASTM G 75

Parameters Settings

Abrasive particles Al2O3

Particle size 0.045-0.075 mm
Solid content in slurry 50 wt.%
Hardness of rubber matting Shore A 67
Testing duration 2 h up to 6 h in total

Fig. 7 Metallographically prepared cross section of conventional WC-
CoCr coating sprayed with a modified Terojet HVOF-system using
kerosene

Fig. 8 Abrasion testing (4 samples at a time) according to ASTM G 75 Miller test
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quently to evaluate the wear rate of a solid surface exposed to
hard particles moving along and forced against it (Fig. 8). The
hard particles are mixed in a liquid so that the consistency is that
of a slurry that could be pumped. The duration of the test is 3
times for 2 h each. Every 2 h the cumulative mass loss and the
mass-loss-rate (mg/h) of the four equal samples are measured
and the corresponding volume loss can be calculated. The test-
ing conditions are summarized in Table 1.

3.1.2 Erosive Wear. The erosion testing was done in a
combined test of ASTM G 73 (liquid impingement erosion test-
ing) and ASTM G 76 (solid particle impingement). In this par-
ticular case, a water jet containing abrasive particles impinges
on the surface to be tested. Impact angles between 15° and 90°,
standoff distance, content of abrasive material, and water jet ve-
locity can vary. The testing device is shown in Fig. 9. The tests
were carried out using the parameters given in Table 2.

4. Results

4.1 Low-Load Vickers Hardness

The low-load Vickers hardness measurements (HV 0.3) of
the vacuum plasma sprayed Fe17Cr10Mn6VMo coatings
showed that the finer the starting powder was, the higher the
coating hardness became (Fig. 10). A shorter spraying distance
or a lower Ar/N2 content led also to increased hardness values.

The fine WC-CoCr coatings showed slightly higher hardness
values in case of the vacuum plasma sprayed coatings compared
with the conventional HVOF sprayed ones (Table 3).

4.1.1 Abrasive Wear. The results of the abrasive Miller
test (ASTM G75) for the Fe17Cr10Mn6VMo coatings are given
in Fig. 11 for the N range from 0 to 3 wt.%, where the maximum
hardness was achieved. The abrasion resistance is comparable to
hard plated Cr, T800 or thermally sprayed Al2O3. The advantage
is the lower hardness, which makes them easier to machine, but
with the same corrosion resistance.

The abrasion results from the Miller test are shown in Fig. 12
for the WC-CoCr coatings in detail. For further comparison, a
hard Cr coating was tested as well. The volume loss was calcu-
lated by using the density for hard-Cr (� = 7.19 g/cm3) and
WC-CoCr (� ≈ 14.7 g/cm3). The abrasive wear resistance of the
HVOF-sprayed WC-CoCr layer was a factor of 13 times more
resistant than hard-Cr, and the vacuum plasma sprayed fc-WC-
CoCr coating was a factor of 9.

Table 2 Parameter for Water Jet Erosion Testing With
Erosive Particles

Parameters Settings

Solid erosive Al2O3

Particle size 0.045-0.075 mm
Solid content 0.03 wt.%
Fluid velocity v = 160 m/s
Impact angle 30°, 60°, 90°

Fig. 9 Erosion testing using a high-pressure water jet with erosive particles
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4.1.2 Erosive Wear. The erosion resistance, especially in case
of perpendicular impact, gives information on the toughness of a
layer. The results of all the measurements are compared with
hard-Cr for impact angles of 30°, 60°, and 90° (Fig. 13).

The WC-CoCr coatings made by HVOF spraying do not
show a clear dependence on the impact angle, whereas the VPS
coatings show a clear increase in wear with increasing angle,
contrary to the hard Cr layers. This effect can be explained by the
higher hardness and brittleness of the layers (especially at high
impact angles) due to the higher temperatures during VPS pro-
cessing.

5. Summary and Conclusions

The possibility of using the VPS-process for reactive spray-
ing of Fe-based alloys to improve the wear resistance has been
proved within this study. It has been shown that an increase in
energy of the plasma yields an increase in N content of the coat-
ing. The use of an additional N2-rich environment at the

Table 3 Low-Load Vickers Hardness (HV 0.3) of
Thermally Sprayed WC-CoCr Coatings (Conventional
WC by HVOF, Fine Carbides by VPS) Compared to, for
Example, Hard Chromium

Material HV 0.3

Hard Chromium 750
HVOF sprayed WC-CoCr 1272
VP sprayed (fc) WC-CoCr 1345

Fig. 10 Low-load Vickers hardness (HV 0.3) of reactively atmo-
spheric plasma sprayed Fe17Cr10Mn6VMo coatings at different stand
off distances and using different powder size distributions

Fig. 11 Volume loss rate according to ASTM G75 test method of the
investigated coatings and compared bulk materials as a function of their
Vickers hardness (HV0.3)

Fig. 12 Abrasion rates (mm3/h) measured by ASTM G75 Miller test
of the HVOF sprayed conventional WC-CoCr coatings and VPS fc-
WC-CoCr compared with hard Cr

Fig. 13 Erosion rate (mm3/min) of fine WC-CoCr vacuum plasma and
conventional HVOF sprayed coatings at different water jet impact
angles
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substrate could yield a further increase in N content of the coat-
ing. The basic advantage of these nano-MMC Fe-based alloys is:

• lower price compared with Ni- or Co-based alloys,

• easier machineability than conventional cermets, and

• higher spray rate and deposition efficiency than usual ce-
ramics.

The vacuum plasma sprayed submicron WC-CoCr coatings
exhibited a higher hardness but a lower abrasion and erosion
resistance compared with the conventional WC-CoCr HVOF
sprayed coatings.
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