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1. ABSTRACT

The research on high velocity air-fuel (HVAF) sprayed Cr3C2-based materials has mostly focused on

conventional Cr3C2-25NiCr composition. In this paper, two alternative compositions (Cr3C2-50NiCrMoNb

and Cr3C2-37WC-18NiCoCrFe) were sprayed with high velocity oxy-fuel (HVOF) and HVAF spray

processes to evaluate the material behaviour during spraying and to provide characterisation of the

microstructures and mechanical properties of the coatings. For comparison, coatings from the Cr3C2-25NiCr

composition were sprayed with both processes. Spray diagnostics were carried out to obtain average particle

velocity and temperature for each material and process combinations. The measured average in-flight

particle data was 1800 °C and 700 m/s for HVOF process, and 1450 °C and 900 m/s for HVAF process.

Characterisation of the coating microstructures was carried out by scanning electron microscopy

and X-ray diffraction. In addition, the carbon content of the feedstock powders and sprayed coatings was

measured with carbon analyser. The results show that carbide rebounding or selective deposition of particles

with higher metal matrix content is the dominating reason for carbide loss during HVAF spraying, while

carbide dissolution is an additional source for the HVOF spraying. Higher particle velocities and controlled

temperature measured for the HVAF process produced dense coatings with improved toughness and more

homogenous coating structure.
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2. INTRODUCTION

Chromium carbide (Cr3C2)-based materials are used as wear resistant coatings (Ref 1–3) in numerous

industrial applications due to their good oxidation resistance (Ref 4), corrosion resistance (Ref 5) and low

coefficient of friction at high temperatures (Ref 6,7). One of the most common compositions is the Cr3C2-

25NiCr in which the hard Cr3C2 particles are embedded in a ductile Ni20Cr metal matrix. The material is

used as thermally sprayed coating especially at elevated temperatures, e.g. in power generation (Ref 8),

where the harsh operation environment can involve a combination of elevated temperature, corrosion and

wear (Ref 9). At lower temperatures, on the other hand, harder tungsten carbide (WC)-based coatings have

better wear resistance (Ref 1,10,11).

Several commercial Cr3C2-based materials have been designed to provide improved corrosion or

wear resistance compared to the standard Cr3C2-25NiCr composition. The corrosion resistance and ductility

of the Cr3C2-based coatings can potentially be improved by increasing the metallic matrix content. One of

such commercial materials is Cr3C2-50NiCrMoNb (Ref 12). On the other hand, the wear resistance of the

typical Cr3C2-25NiCr coatings can be improved by replacing some of the Cr3C2 particles with harder WC

particles, e.g. Cr3C2-37WC-18NiCoCrFe (Ref 13). Evenly distributed fine WC particles strengthen the

coating and provide increased hardness, while the higher density of the material can potentially increase

the kinetic energy of the particles and improve coating compaction. However, the microstructure of the

hardmetal coating and the degree of decarburization are affected by the spray process and the feedstock

type (Ref 14–16). Currently, HVOF is the most commonly used process for spraying hardmetals.

After the breakthrough of the HVOF spray process in the early 90s, the development has focused

on modifications of these systems (Ref 17–19) and on the development of high velocity air-fuel (HVAF)

spray process. Especially the modern gaseous fuel HVAF spraying has attracted growing interest during

the last decade by providing a lower temperature spray process (Ref 20) capable of reaching high powder

feed rates (Ref 21,22). A fraction of the particles is typically overheated during HVOF spraying by the high

temperature combustion, which leads to carbide dissolution (Ref 14). This effect can be significantly
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reduced with the HVAF spray process (Ref 23,24). Therefore, it is of high interest to study the behaviour

of Cr3C2-based materials sprayed with both HVOF and HVAF spray processes.

While there are several studies carried out with the early models of the gaseous fuel HVAF spray

processes (Ref 21,22,25), the particle velocities with such equipment have been reported to reach 700-800

m/s for WC-CoCr powder (Ref 21,25). It has already been reported that by using convergent-divergent

nozzle designs, particle velocities of over 900 m/s can be achieved with the modern HVAF spray process

(Ref 20). Comparative studies between the HVOF and HVAF spray processes have already been done, but

they have mostly focused on WC-based materials and lack the particle in-flight data (particle velocity and

temperature) (Ref 23,24). Recently a study focusing on sliding wear behaviour of HVOF and HVAF

sprayed Cr3C2-25NiCr coatings was published (Ref 11) and another one included also WC alloyed

alternative coatings such as Cr3C2-10WC-10Ni and Cr3C2-37WC-18NiCoCrFe (Ref 26). However, there is

a need to incorporate spray diagnostics and further characterization of the alternative Cr3C2-based materials.

Findings on the HVAF sprayed coatings of such materials were reported in our previous work (Ref 27). In

the current study, different Cr3C2-based materials were sprayed with HVOF and HVAF spray processes in

order to compare the material behaviour during deposition. In addition, average particle velocities and

temperatures were measured in order to provide valuable data for the comparison of the two spray

processes. Coatings were analysed to study the process effect on the structures of different Cr3C2-based

coating materials.

3. EXPERIMENTAL

3.1. Spray materials

Commercial agglomerated and sintered Cr3C2-37WC-18NiCoCrFe (WOKA 7502 and 7504: Oerlikon

Metco AG, Wohlen, Switzerland) and Cr3C2-50NiCrMoNb powders (Amperit 595.059 and 595.074: H.C.

Starck GmbH, Goslar, Germany) with Inconel 625-type metal matrix, and a plasma densified version of the

common Cr3C2-25NiCr powder (WOKA 7302 and 7304: Oerlikon Metco AG, Wohlen, Switzerland) were
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studied. Conventional agglomerated and sintered Cr3C2-25NiCr material (Amperit 588.059 and 584.072:

H.C. Starck GmbH, Goslar, Germany) was also sprayed for comparison. Larger particle sizes (-38+10 or -

45+15 µm) of the powders were used for HVOF spraying due to the higher process temperature compared

to HVAF. Finer particle sizes (-30+5 or -30+10 µm) were used with HVAF spraying. The details of the

powders are listed in Table 1.

Table 1 Details of the powders, processes used, sample coding and nominal particle size distribution

Sample code
Spray

process

Manufacturing

process

Powder composition

[wt%]

Particle size

[µm]

Powder

manufacturer

CC1.1 HVOF A&S Cr3C2-25NiCr -38+10 H.C. Starck

CC1.2 HVAF A&S Cr3C2-25NiCr -30+10 H.C. Starck

CC2.1 HVOF A&S, densified Cr3C2-25NiCr -45+15 Oerlikon Metco

CC2.2 HVAF A&S, densified Cr3C2-25NiCr -30+10 Oerlikon Metco

CC625.1 HVOF A&S Cr3C2-50NiCrMoNb -45+15 H.C. Starck

CC625.2 HVAF A&S Cr3C2-50NiCrMoNb -30+5 H.C. Starck

CW1 HVOF A&S Cr3C2-37WC-18NiCoCrFe -45+15 Oerlikon Metco

CW2 HVAF A&S Cr3C2-37WC-18NiCoCrFe -30+10 Oerlikon Metco

A&S = Agglomerated and sintered

3.2. Coating manufacturing

Coatings were sprayed with commercial HVOF and HVAF guns, DJH2700 (Oerlikon Metco, Wohlen,

Switzerland) and M3 (Uniquecoat Technologies LLC, Oilville, United States), respectively. The spray

parameters are given in Table  2.  It  is  worth  noting  that  the  HVAF  system  is  pressure  controlled  and

therefore the air and fuel parameters are given in pressure (bar). Coatings were sprayed on 5 mm-thick low

carbon steel substrates (S235) measuring 200x50 mm, which were grit-blasted prior to spraying with mesh
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36 alumina (Al2O3) grit. Target coating thickness was 300 µm. A long combustion chamber and a 4L2

nozzle were used for the HVAF spraying of the powders.

Table 2 Spray parameters used in HVAF and HVOF processes

Parameter HVAF HVOF

Oxygen - 240 slpm

Air 7.4 bar 383 slpm

Fuel1 (propane) 7.0 bar 70 slpm

Fuel2 (propane) 7.3 bar -

Spray distance 300 mm 230 mm

Surface speed 1.9 m/s 0.8 m/s

Pass spacing 4 mm 5.4 mm

Powder feedrate  130-200 g/min 60 g/min

3.3. Spray diagnostics

Average particle velocities and temperatures were measured with the Spraywatch 4s camera (Oseir Ltd,

Tampere, Finland), positioned laterally and oriented perpendicularly to the spray stream. The distance of

the camera from the spray stream was 75 mm, which resulted in a measurement volume of 34.4 x 26.3 x 5

mm. All measurements were carried out at the corresponding spray distance of the respective deposition

process, i.e. 230 mm for HVOF and 300 mm for HVAF. Exposure times of 3 µs and 2 µs were used for the

HVOF and HVAF spray processes, respectively. Shorter exposure time was used for HVAF spray process

to avoid excessive particle overlapping due to the higher particle velocity, i.e. longer particle traces.

3.4. Characterization

All metallographic samples were prepared with the same sequential procedure of grinding with P220, P600

and P1200 SiC papers and polishing with 3, 1 and 0.25 µm diamond suspensions. Microstructures of the
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coating cross sections were characterized with Scanning Electron Microscope (SEM: XL-30, Philips,

Amsterdam, Netherlands) equipped with Energy Dispersive Spectrometer (EDS: EDAX Inc., Mahwah,

United States). Ten SEM images of the coating and powder microstructure were used for image analysis to

measure the volume percentages of pores, matrix, chromium carbides and optionally tungsten carbides.

Segmentation and analysis of the SEM images was carried out with ImageJ. The EDS spectrum of each as-

sprayed coating cross section was collected from an area of 190x140 µm. Detailed elemental line scans

were performed on polished coating top surfaces with Field Emission Scanning Electron Microscope (FE-

SEM: Zeiss Crossbeam 540, Carl Zeiss AG, Oberkochen, Germany) equipped with the EDS XMaxN 80

mm2 silicon drift detector (SDD: Oxford Instruments, Oxfordshire, United Kingdom). Due to the small

atomic number of carbon (Z=6) its determination with EDS is problematic and inaccurate. Therefore, the

carbon and oxygen content of the feedstock powders and as-sprayed coatings were measured with LECO

CS-230 carbon/sulphur analyser (LECO Corporation, St. Joseph, Michigan, USA). The EDS measurements

of the as-sprayed coatings, including only metallic alloying elements, were corrected based on the carbon

and oxygen content measured with the LECO CS-230.  The combined weight percentage of carbon and

oxygen was proportionally deducted from the weight percentage of each metallic element included in the

EDS measurement to attain a normalised chemical composition for each coating.

Depth-sensing nanohardness measurements (NHT, Anton Paar TriTec, Peseux, Switzerland) were carried

out according to the ISO14577 standard (Ref 28), by performing 200 indentations on each of the polished

cross-sections with a Berkovich diamond indenter calibrated against a fused silica standard (Ref 29). Test

conditions included a maximum load of 15 mN, a loading/unloading rate of 22 mN/min (corresponding to

loading/unloading times of about 40 s), and a holding time of 15 s at maximum load. Indentation hardness

values (HIT) were obtained as the ratio of the applied load to the projected contact area, determined from

the indenter contact depth using the calibrated indenter area function according to the Oliver-Pharr method

(Ref 30). The Vickers hardness number, defined as the ratio of the applied load to the actual contact area,
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was also computed through an approximate conversion of the projected to the actual contact area, in order

to allow comparison of nanoindentation results with the Vickers hardness measurements described below.

Specifically, hardness measurements with 300 gf (≈2.98 N) load and 10 s loading time were done on the

coating cross sections with Vickers microhardness indenter MMT-X7 (Matsuzawa, Akita, Japan). Ten

indentations were measured and an average hardness value was calculated for each coating. Fracture

toughness of the coatings was determined by measuring seven Vickers indentations with Duramin-A300

(Struers ApS, Ballerup, Denmark) hardness indenter by using 5 kgf (≈49.03 N) load and 10 s loading time.

Fracture toughness (K1C) values were calculated by applying the Evans and Wilshaw’s equation, Equation

1 (Ref 31):

ଵ஼ܭ = 0.079ቀ ௉
௔భ.ఱቁ log ቀ4.5 ௔

௖
ቁ (1)

where P is the load, a is the average half diagonal of the indentation and c is the average crack length.

X-ray diffraction (XRD) patterns of the spray powders and sprayed coatings were measured with Empyrean

X-ray diffractometer (PANalytical, Almelo, Netherlands), using Cu-Kα radiation source with 40 mA current

and 45 kV voltage.

4 RESULTS AND DISCUSSION

4.1. Spray diagnostics and carbon loss

The results of the spray diagnostic measurements are presented in Table  3. The measured particle

temperatures for HVOF sprayed materials were 300-400 °C higher than with the HVAF spray process when

measured at the corresponding spray distances (230 mm and 300 mm). The measured particle temperatures

produced by the HVAF spray process are well below the melting point of pure Cr3C2 (1829 °C), although

the latter phase might experience a limited degree of melting as it forms a deep eutectic at 1249 °C together
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with Ni (Ref 32). The higher particle temperatures of 1750-1830 °C for HVOF, on the other hand, suggest

that direct carbide melting can take place during spraying. The main reason for the higher particle

temperature in the HVOF spray process is the higher combustion temperature. The particle velocities, on

the other hand, are 200-300 m/s higher with the HVAF process compared to the HVOF process. Despite

the higher particle velocity, the kinetic energies of the individual particles are higher for HVOF spraying

due to the larger particle size, i.e. mass. The difference between the two deposition processes and the kinetic

energy component of the sprayed material can be better described by dividing the particle’s kinetic energy

with its volume to get the kinetic energy density of the sprayed material. As a result, the measured increase

in particle velocity for HVAF spray process produced 50 to 90 percent higher kinetic energy densities (J/m3)

of the sprayed material, Equation 2:

ܷ = ா೛
௏೛

=
భ
మ௠ഥ೛௩ത೛

మ

௏೛
= ଵ

ଶ
௣ଶݒ௣̅ߩ̅ (2)

where U is the energy density in (J/m3), Ep=
ଵ
ଶ
ഥ݉௣̅ݒ௣ଶ is the average kinetic energy of the particles, mp is the

average mass of the particles, ,௣ is their average densityߩ̅ vp their average velocity, and Vp their average

volume.  Such increase surely plays an important role in producing denser coating structures combined with

the fact that smaller particles, i.e. building blocks, are used to deliver the energy. This resulted in

significantly improved performance in open circuit potential tests carried out in our previous study (Ref

27).
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Table 3 Measured average particle temperatures and velocities, and measured carbon and oxygen content

of the powders and as-sprayed coatings

Sample

code
Process

T (stdev)

[°C]

v (stdev)

[m/s]

Cpowder

[wt%]

Ccoating

[wt%]

C loss

[%]

Opowder

[wt%]

Ocoating

[wt%]

CC1.1 HVOF 1850 (19.2) 704 (70.8) 11.7 8.5 27.4 0.27 1.40

CC1.2 HVAF 1470 (6.32) 944 (71.3) 11.8 8.9 24.6 0.05 0.66

CC2.1 HVOF 1750 (8.95) 668 (57.9) 10.6 9.9 6.6 0.21 0.49

CC2.2 HVAF 1440 (6.38) 927 (41) 11.0 9.8 10.9 0.05 0.43

CC625.1 HVOF 1770 (8.68) 767 (40.5) 7.3 6.6 9.6 0.05 0.89

CC625.2 HVAF 1460 (8.52) 949 (109) 7.6 6.4 15.8 0.05 0.89

CW1 HVOF 1830 (8.04) 666 (90.5) 9.1 8.5 6.6 0.06 0.47

CW2 HVAF 1410 (10.1) 905 (40.5) 9.2 8.1 12.0 0.11 0.63

(stdev = standard deviation)

The carbon content of the feedstock powders and the as-sprayed coatings was measured and the results are

shown in Table 3. The highest amount of carbon was lost during the spraying of agglomerated and sintered

Cr3C2-25NiCr powders (CC1.1 and CC1.2) by both HVOF and HVAF process, 27.4 and 24.6 %,

respectively. The carbon loss with HVOF and HVAF processes was reduced down to 6.6 and 10.9 %

(respectively) when the plasma densified powder was used. In most cases it appears that higher amount of

carbon is lost during HVAF spraying even though the process temperature is lower. Reasons for this can

be:

i) carbide rebounding, i.e. the rebounding of the rather large (≥ 2 μm) Cr3C2 grains from the deposited

particles while they flatten, especially when carbides are poorly bonded to the surrounding matrix,

according to the mechanism laid out in (Ref 33);

ii) selective deposition of particles with higher metallic matrix content, i.e. particles with high carbide

content can easily bounce off the substrate due to insufficient ductility;
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iii) increased carbon loss by in-flight oxidation as a result of longer dwell time and finer particle size,

i.e. increased surface area. Indeed, the particle flight distance from the powder injector exit to the

sprayed surface differs dramatically between the two processes. The particle flight distances with

the hardware used in the current study were 310 and 715 mm for HVOF and HVAF spray processes,

respectively.

However, high temperatures would also be needed, in addition to the finer particle size and longer dwell

time in HVAF spraying, to melt the primary carbides within the sprayed particles to allow significant

oxidation. Also, Li et al. (Ref 33) concluded that the carbon loss during HVOF spraying of Cr3C2-25NiCr

via oxidation was very limited and the most significant carbon loss took place during particle impact and

coating formation by carbide rebounding. This is indeed a more likely reason together with the selective

particle deposition for the carbon loss during spraying with HVAF. This interpretation would also be

consistent with the fact that the C loss is lower for the more ductile Cr3C2-50NiCrMoNb powder and for

the plasma densified powder. In the former, the higher matrix content enhances the particles’ ductility

(avoiding selective deposition phenomena) and embeds more effectively the smaller carbide grains,

preventing their rebounding. In the latter, the carbides are smaller and more intimately bound to the matrix

(see the forthcoming Section 4.2.2).

4.2. Powder and coating microstructures

4.2.1. Cr3C2-25NiCr

The CC1.2 powder particles in Fig. 1a present the typical structure of agglomerated and sintered Cr3C2-

25NiCr material with large Cr3C2 particles (1) embedded in the Ni20Cr metal matrix (2). The XRD pattern

in Fig. 1b confirms the presence of the two-phase structure of orthorhombic Cr3C2 and cubic Ni-based

metal matrix. The CC1.1 powder contained also Cr7C3 and the structure of the powder has been presented

in a previous study (Ref 11).



11

The microstructures of the as-sprayed HVOF and HVAF CC1 coatings are presented in Fig. 1c and Fig.

1d, respectively. The HVOF sprayed coating in Fig. 1c contains string-like formations (pointed by arrows)

in different grey levels as the result of dissolution and melting of the carbide particles during the high

temperature processing. The different tones of grey arise from the Z-contrast of the BSE image, which

shows the areas with higher molecular weight as brighter compared to the areas with increased carbon

content. The average measured temperature of the HVOF sprayed particles in Table 3 was 1850 °C while

the HVAF sprayed particles only reached 1470 °C. As a result, the HVAF sprayed coating in Fig. 1d

contains a large number of fine chromium carbide particles and shows almost no signs of carbide melting.

Some brighter areas can be noticed in the microstructure (arrows in Fig. 1d), which represent areas with

low carbon content, i.e. minimal carbide dissolution. The XRD pattern of the HVAF sprayed coating does

not show any formation of secondary phases. However, due to the high number of diffraction peaks, and

the peak broadening resulting from the high temperature process, it is difficult to distinguish all possible

peaks accurately.
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Fig. 1 a) The cross section BSE image of CC1.2 powder, b) the XRD patterns of the powders and as-sprayed

coatings of CC1, c) the cross section BSE images of the HVOF sprayed CC1.1 coating and d) the HVAF

sprayed CC1.2 coating

EDS line scan was carried out on the light grey and dark grey carbide particles observed in the HVOF

sprayed CC1.2 coating structure in Fig. 2a to determine possible changes in composition. Based on the

results in Fig. 2b, the light grey carbides consist of Cr, C and Ni, whereas the dark grey particles consist

solely of Cr and C. Cr7C3 was detected in the XRD pattern and the light grey carbide structure is expected

to be (Cr,Ni)7C3, which was recently reported also by Matthews (Ref 34). This is further supported by the

fact that the solubility of Ni in Cr3C2 is minimal (Ref 32). Based on the EDS analysis, the Ni content of the

light grey carbide was 7.6 wt% (assuming 30 at% C) and 0.9 wt% for the dark grey particle.
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Fig. 2 a) Location of the EDS line scan over light grey and dark carbides (SE image) and b) resulting

content of Cr and Ni

Based on the EDS area analysis presented in Table 4, the Ni content of both as-sprayed coatings

was significantly higher compared to the nominal composition. It appears that the phenomenon is more

pronounced in the case of the HVAF process with 6.6 wt% higher Ni content compared to HVOF. When

compared to the nominal composition, where 20 wt% Ni content is expected, the measured 28.8 and 35.4

wt% Ni contents in HVOF and HVAF sprayed coatings would result in chromium carbide loss of 9.9 and

17.7 vol%, respectively. On the other hand, the measured carbon loss after spraying (Table 4) would

nominally correspond to a chromium carbide loss of 22 vol% (3.2 wt% C) and 20 vol% (2.9 wt% C) for

HVOF and HVAF sprayed coatings, respectively.
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Table 4 Chemical composition of the HVOF sprayed CC1.1 and the HVAF sprayed CC1.2 coatings

determined with EDS and image analysis results of the powders and coatings. Carbon content was measured

with carbon analyser

CHEMICAL COMPOSITION IMAGE ANALYSIS

Sample

C O Cr Ni Porosity Matrix Cr3C2 Cr3C2

[wt%] [vol% ± stdev] size [µm]

CC1.1 coating 8.5 1.40 61.7 28.4 1.74 ±0.97 43.59 ±5.18 54.67 ±4.75 2.5

CC1.2 coating 8.9 0.66 55.3 35.2 1.46 ±0.47 43.47 ±3.31 55.07 ±3.19 2.1

CC1.1 powder 11.7 0.27 - - - 18.73 ±4.14 81.27 ±4.14 4.3

CC1.2 powder 11.8 0.05 - - - 16.81 ±2.28 83.19 ±2.28 5.0

Theoretical 10 - 70 20 - 20.8 79.2 -

Based on the image analysis, the actual loss of carbide grains was 24.5 and 24.1 vol% (Table 4) in

HVOF and HVAF-sprayed coatings, respectively. The carbide loss estimates based on the Ni content (by

EDS analysis) and on the C loss measurements are therefore closer to each other and to the actual value

determined by image analysis in the case of the HVAF-sprayed coatings. In the HVOF-sprayed coatings, it

seems that, in spite of the loss of carbides, much less C is lost from the coating.

This means that during the HVAF spraying process the carbides were mainly lost by complete

removal, i.e. rebounding and selective particle deposition, thus favouring particles with high metal matrix

content. Similar observations were done by Li et al. (Ref 33) in their study of carbide size effect on the

carbide rebounding and carbon loss during HVOF spraying. They sprayed two types of Cr3C2-25NiCr

powders with mean carbide sizes of 3.1 µm and 6.4 µm. The resulting coatings had reduced carbide sizes

of 1.8 µm and 2.2 µm, and estimated Ni content of 31 and 39.4 wt%, respectively. The increased Ni content

of 28.4 wt% in the current CC1.1 coating, sprayed with different HVOF equipment and powder, was not as

high but showed a similar trend along with the reduced mean carbide size of 2.5 µm in the as-sprayed



15

coating compared to the 4.3 µm-size in the feedstock powder. The mean carbide size of the CC1.2 powder

used for HVAF spraying was significantly larger, 5.0 µm, which resulted in carbide/particle diameter ratio

of 0.29 calculated based on the mean carbide size and mean particle size of the powder. This is substantially

higher than the value of 0.18 determined for the powder used by Li et al. (10-55 µm particle size and 6.4

µm mean carbide size). It becomes quite evident that if the HVAF sprayed particles are in partially melted

state, i.e. with melted metal matrix, the carbide rebounding will be substantial due to the combination of

coarse carbide size and thin splat thickness, which results in decreased carbide size and increased matrix

content. However, if the particles are in solid state, i.e. softened just below the melting temperature, it can

be expected that the carbide loss takes place through selective particle deposition rather than rebounding of

individual carbides from the splat. The measured 1470 °C average particle temperature would in this case

result in melted metal matrix and therefore carbide rebounding, which would be increased as the result of

the higher particle velocity in Table 3. Additionally, it has to be kept in mind that the feedstock powder

with fine particle size was used in HVAF spraying: the porous, agglomerated and sintered Cr3C2-25NiCr

particles are light and fairly easily carried away by the high velocity gas stream.

In the case of HVOF spraying, the high particle temperature and resulting carbide dissolution and

melting are more pronounced additional sources of carbide loss. When dissolution occurs, carbide grains

are lost, but C remains in the coating as it is dissolved in the Ni-based matrix; hence, the assumption that

carbide loss corresponds to direct carbon loss (which holds in the case of carbide rebounding and of

selective deposition of matrix-rich powder particles) leads to a severe underestimation of the actual carbide

loss.

Both coatings also contained fairly high amounts of porosity, which was often originating from

cracked carbides and related pull-outs. Nevertheless, the HVAF sprayed CC1.2 coating contained lower

amount of porosity compared to CC1.1.
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4.2.2. Cr3C2-25NiCr (densified)

The plasma densification process used for CC2 powders rapidly heats and melts the agglomerated

and sintered particles to create round, dense and well-flowing particles. SEM images formed by secondary

electrons (SEs) of both CC2 feedstock powders are presented in Fig. 3. The morphology indicates that the

CC2.1 powder in Fig. 3a contains more partially melted particles with typical agglomerated and sintered

shape compared to the finer CC2.2 powder in Fig. 3b. This resulted also in higher mean carbide size of 3.6

µm for the CC2.1 powder compared to the CC2.2 powder with 2.2 µm size. The particle microstructure

depends on the degree of melting during the densification process, which can produce partially or

completely melted particles. The latter condition results in fine network-like structure of precipitating

carbides with narrow areas of surrounding metal alloy binder (Fig. 4a, particle on the right). Some of the

original primary carbides also contained cracks similar to the previous agglomerated and sintered powders.

Partially melted particles, on the other hand, still contain the original large primary carbides of the

agglomerated and sintered powder with rounded edges and larger areas of metallic binder between the

carbides (Fig. 4a, particle on the left).

Fig. 3 SEM images (SE) of a) the CC2.1 and b) CC2.2 powders showing the larger amount of partially

melted particles for the larger CC2.1 powder
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As these unmelted particles, containing the original large primary carbides in the structure, were

more numerous in the coarser CC2.1 powder, they also show up in the final sprayed coating. In such case,

the metal matrix surrounding the large carbides can remain less affected by the carbide dissolution. This is

seen as whiter areas (pointed by arrows) in the microstructure of the HVOF sprayed CC2.1 coating in Fig.

4c. Other areas of the coating are showing significant carbide dissolution creating carbon-saturated areas,

which decreases locally the coating ductility and increases the risk of crack propagation initiated by an

internal or external stress. By contrast, the majority of the particles from the finer size distribution (CC2.2)

were completely melted by the plasma processing and formed fine carbide structures, which are retained in

the HVAF-sprayed coating of CC2.2 in Fig. 4d.

Fig. 4 a) The cross section BSE image of CC2.2 powder, b) the XRD patterns of the powders and as-sprayed

coatings of CC2, c) the cross section BSE images of the HVOF sprayed CC2.1 coating and d) the HVAF

sprayed CC2.2 coating
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The XRD analysis of the plasma densified powder CC2 (in Fig. 4b) revealed the presence of Cr7C3

and metastable Cr3C2-x, where 0≤x≤0.5. The formation of Cr7C3 takes place during the densification process,

when the particles are melted and carbide dissolution, i.e. transfer of carbon from the Cr3C2 particles into

the matrix, can take place (Ref 32,35). The formation of the metastable Cr3C2-x structure from amorphous

Cr3C2 has been reported previously by Bouzy et al. (Ref 36), and it may be due to the conditions of the

plasma densification process, involving rapid heating and cooling. The finer CC2.2 powder showed higher

peak intensities for the Cr3C2-x phase compared to the CC2.1. This indicates higher content due to overall

higher degree of melting during the densification process, also observed from the powder morphology in

Fig. 3. Transformation of the metastable phase into stable chromium carbide form took place during a heat

treatment of the CC2.2 powder at 700 °C for 14 hours (powder HVAF HT in Fig. 4b).

EDS line scan was done in order to differentiate between the two dominant greyscale contrast levels of the

carbides present in Fig. 5a. The results in Fig. 5b confirm that the dark carbides consist of Cr and C, while

the light grey carbide contains 11.6 wt% Ni replacing Cr, when C is excluded from the analysis. The

structure of the light grey carbide is presumably M7C3 with a significant amount of Cr being substituted by

Ni to form (Cr,Ni)7C3, similar to the CC1.1 coating. The metastable Cr3C2-x structure could not be identified

reliably through the SEM images. It is quite clear that, due to the presence of various phases and several

heat treatment cycles (sintering, plasma densification and spraying), there can be varying amounts of Ni

present in the carbides.
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Fig. 5 a) Location of the EDS line scan over light grey and dark carbides (SE image) and b) resulting

content of Cr and Ni

Measured carbon losses for HVOF and HVAF sprayed CC2 coatings were 0.7 and 1.2 wt% which

corresponded to 4.7 and 8.1 vol% loss of Cr3C2, respectively. Based on the image analysis results in Table

5, the carbide loss in the as-sprayed coatings were 18.1 (HVOF) and 9.1 vol% (HVAF) compared to the

nominal composition of 75Cr3C2-25(Ni20Cr). The difference between the image analysis results and the

measured carbon loss indicates, once again, high carbide dissolution during HVOF spraying. On the other

hand, carbide rebounding and/or selective particle deposition (which lead to direct carbon loss) are the

dominant mechanisms in the HVAF sprayed coating, but they are not as extensive as with the CC1 coatings.

The carbon loss and carbide loss in the HVAF sprayed CC2.2 coating are, indeed, both lower than in sample

CC1.2, testifying to a lower occurrence of rebounding phenomena. This was further confirmed by the

measured Ni contents of 23.8 wt% and 24.3 wt% for the HVOF and HVAF sprayed coatings, respectively.

The measured mean carbide sizes of the CC2.1 and CC2.2 powders were 3.6 and 2.5 µm respectively,

which is significantly smaller compared to the CC1.1 and CC1.2 powders. The round particle shape, more

homogenous carbide distribution and finer carbide size were the main reasons for the reduced loss of

carbides, complying with the findings of Li et al. in (Ref 33). Consequently, the finer carbide size seemed

to have a substantial effect on the degree of carbide dissolution during the HVOF spraying.
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Table 5 Chemical composition of the HVOF sprayed CC2.1 and the HVAF sprayed CC2.2 coatings

determined with EDS and image analysis results of the powders and coatings. Carbon content was measured

with carbon analyser

CHEMICAL COMPOSITION IMAGE ANALYSIS

Sample

C O Cr Ni Porosity Matrix Cr3C2 Cr3C2

[wt%] [vol% ± stdev] size [µm]

CC2.1 coating 9.9 0.49 66.0 23.6 2.18 ±0.41 36.74 ±4.69 61.08 ±4.82 2.2

CC2.2 coating 9.8 0.43 65.6 24.2 1.05 ±0.73 28.84 ±3.66 70.11 ±3.66 1.6

CC2.1 powder 10.6 0.21 - - - 20.57 ±4.38 79.43 ±4.38 3.6

CC2.2 powder 11.0 0.05 - - - 22.69 ±4.72 77.31 ±4.72 2.5

Theoretical 10.0 - 70.0 20.0 - 20.8 79.2 -

4.2.3. Cr3C2-50NiCrMoNb

The cross section of the CC625 powder appeared to contain a significant number of porous particles

and some primary carbides with cracks, seen in Fig. 6a. The carbide particles exhibited different greyscale

contrast levels in SEM images formed by backscattered electrons (BSEs). This difference originates again

from the Z-contrast in the BSE images and light grey areas (1) in the chromium-based carbides are caused

by increased atomic mass compared to the dark areas (2), either through the replacement of Cr with Ni/Mo,

or through the formation of Cr7C3, i.e. decreased amount of carbon compared to Cr3C2. Indeed, significant

presence of Cr7C3 was detected in the XRD patterns in Fig. 6b. A detail of the measured pattern of the

CC625.2 powder (circle markers) with Lorentzian peak fit is presented in Fig. 7. The pattern shows the

Cr3C2 (JCPDF 35-0804) peak of 100% relative intensity at 38.75° and the Cr7C3 (JCPDF 36-1482) peak of

33% relative intensity at 38.95°. The difference between the peak intensities confirms the significant

presence of Cr7C3, which appears to be the major carbide phase in the powder. In addition, both peaks

shifted to lower diffractions angles by approximately 0.19°, which could be caused by partial substitution
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of Cr with other elements, e.g. Mo or Ni. The XRD patterns show also the presence of NbC, which can be

seen in the particle cross section as small white precipitates (3) within the metallic matrix (Fig. 6a). The

carbides could be pre-existing in the Ni-based raw material employed for the agglomeration and sintering

process, as they may have been formed during the alloy solidification, when the remaining liquid becomes

rich/saturated in Nb and C (Ref 37). Alternatively, they could have been developed during the sintering

process in the presence of carbon. The XRD patterns of the as-sprayed coatings contain visible peaks of the

Ni-based alloy matrix at 44.2° and 51.5° indicating areas that were not affected by the carbide dissolution.

However, a broad band located approximately between 42° and 45° in the XRD patterns of both coatings

suggests the presence of nanocrystalline or amorphous phase due to melt quenching and/or to severe plastic

deformation in the solid state (the latter phenomenon being more likely during the HVAF process).

The microstructures of the as-sprayed HVOF and HVAF CC625 coatings are presented in Fig. 6c

and Fig. 6d, respectively. The result of the lower particle temperature of the HVAF spray process (Table

3) can be observed as many of the fine carbides in the coating structure are still present. Namely, the HVAF

sprayed coating CC625.2 in Fig. 6d shows significantly larger amount of fine primary carbide particles,

having smaller sizes and sharper edges, indicating the lower particle temperature of the HVAF process and

possible breaking during the impact. The HVOF sprayed coating, on the other hand, has experienced more

pronounced carbide dissolution and melting of the carbide particles, whose edges are rounded and elongated

(Fig. 6c). Moreover, the BSE image of the CC625.1 coating structure shows metal matrix areas with

different grey levels as a result of carbide dissolution (arrows in Fig. 6c), similar to CC1.1 coating. This

feature can be seen, to a lower extent, in the CC625.2 coating as well. These structural observations indicate

that melting of the metal matrix has also taken place during the HVAF spray process.
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Fig. 6 a) The cross section BSE image of the CC625.2 powder, b) the XRD patterns of the powders and as-

sprayed coatings of CC625, c) the cross section BSE images of the HVOF sprayed CC625.1 coating and d)

the HVAF sprayed CC625.2 coating

Fig. 7 A detailed section of the XRD pattern of CC625.2 powder showing the Cr3C2 (121) and Cr7C3 (150)

peaks
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According to the BSE images, both as-sprayed coatings contained identical dark and light grey carbide

particles that were already observed in the feedstock powder (Fig. 6a). EDS line scan was performed on

carbide particles with varying grey levels in Fig. 8a and the results in Fig. 8b show a variation in the amount

of Ni between the two carbides. The light grey carbide contains a significant amount of Ni (11.0 wt%) while

lower amount can be detected from the dark carbide (2.0 wt%), when carbon is excluded due to the above

mentioned quantification inaccuracy. The high Ni content suggests that the light grey carbides indeed have

M7C3 structure (Ref 34). This is supported by the high amount of light grey carbides present in the

microstructure and high intensity of Cr7C3 peaks in the XRD patterns. The Mo content of the light and dark

areas were 3.3 wt% and 5.6 wt%, respectively. Another line scan in Fig. 8c was performed on a carbide

particle with light grey rim and dark center area. The results in Fig. 8d show that the Ni content of the

whole carbide is low, approximately 1.6 wt% when C is excluded. Interestingly, the carbide rim seems to

contain Mo, up to 10 wt%. The result indicates that some Cr in the carbide has been substituted by Mo,

which is present in the metallic matrix. It has been reported that Mo has a solubility up to 5 and 15 at% in

Cr7C3 and Cr23C6 at 1350 °C respectively, whereas no solubility in Cr3C2 was detected at this temperature

(Ref 38). Therefore, it could be expected that the carbide rim structure is (Cr,Mo)7C3. On the other hand,

the XRD patterns of the powders and coatings in Fig. 6b showed also shifting of the Cr3C2 XRD peaks to

lower diffraction angles, which could be caused by an increase of the d-spacing of the carbide structure as

a result of (Cr,Mo)3C2 phase formation at high temperature (Ref 39). Further transmission electron

microscope studies are required to confirm the formed crystal structure.
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Fig. 8 Locations of the EDS line scans a) over light grey and dark carbides (SE image) and b) resulting

content of Ni, Cr, and Mo, c) line scan over two carbides with dark centers (SE image) and d) resulting

content of Ni, Cr, and Mo

Based on the image analysis results of the HVOF and HVAF sprayed CC625 coatings in Table 6, the lost

carbide amounts compared to the nominal composition were 11.3 and 10.9 vol%, respectively. The

measured carbon loss during spraying was 0.7 and 1.2 wt% for the same coatings, which corresponds to

5.2 and 9.1 vol% chromium carbides loss, assuming a pure Cr3C2 form for simplicity. Regardless of the

approximation, the difference between the carbide loss from image analysis and the measured carbon loss

is especially considerable for the HVOF coating, and, once again, it indicates that more pronounced carbide

dissolution took place during the HVOF spraying, so that, in spite of the loss of carbide particles, some C

was retained within the matrix. By contrast, carbide rebounding was again the dominant phenomenon in
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HVAF spraying, where the carbide loss from image analysis and the measured carbon loss are closer to

each other, consistent with the hypothesis put forward in Section 4.1. The unexpectedly high carbide content

of the feedstock powder, based on image analysis, was originated by numerous particles that appeared to

consist solely of carbides. Such particles would stay in the solid state during HVAF spraying and therefore

would not adhere completely on the sprayed surface, but rather break up and form carbide fragments into

the already formed metal matrix.

Table 6 Chemical composition of the HVOF sprayed CC625.1 and the HVAF sprayed CC625.2 coatings

determined with EDS and image analysis results of the powders and coatings. Carbon content was measured

with carbon analyser

CHEMICAL COMPOSITION IMAGE ANALYSIS

Sample

C O Cr Ni Mo Nb Fe Porosity Matrix Cr3C2 Cr3C2

[wt%] [vol% ± stdev] size [µm]

CC625.1 coating 6.6 0.89 48.0 38.8 3.6 1.8 0.4 0.83 ±0.35 54.69 ±3.40 44.48 ±3.55 2.4

CC625.2 coating 6.4 0.89 47.6 37.5 4.7 2.4 0.5 0.52 ±0.29 54.60 ±3.90 44.88 ±3.93 2.1

CC625.1 powder 7.3 0.05 - - - - - - 36.10 ±6.66 63.90 ±6.66 3.8

CC625.2 powder 7.6 0.05 - - - - - - 35.38 ±5.42 64.62 ±5.42 2.1

Theoretical - - - - - - - - 44.2 55.8 -

4.2.4. Cr3C2-37WC-18NiCoCrFe

The CW powders (CW2 in Fig. 9a) contained similar differences in BSE image grey levels as the

CC625 powder particles. Many chromium carbide particles consisted of a dark center area (1) with light

grey rim (2), while others presented entirely the light grey color. In addition, the powder particles contained

evenly distributed fine WC particles (3) within the alloy binder (4) and between the chromium carbide

particles. The XRD analysis revealed strong peaks of WC and indicated the presence of both Cr7C3 and

Cr3C2 (Fig. 9b). The peaks of Cr3C2 were slightly shifted, similar to the CC625 powders. The XRD analysis
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did not reveal any compounds of (Cr,W)2C in the powders or coatings. This compound has been reported

to exist in some WC-based agglomerated and sintered materials containing Cr3C2 (Ref 40).

The as-sprayed coatings contained the same phase structure as the powders. The peaks of the

metallic matrix were significantly reduced compared to the feedstock powders. The microstructures of the

HVOF sprayed CW1 and HVAF sprayed CW2 coatings are presented in Fig. 9c and Fig. 9d, respectively.

The CW1 coating contains numerous large Cr3C2 particles while the HVAF sprayed CW2 coating seems to

contain fewer and finer Cr3C2 particles. Moreover, the amount of metallic matrix seems to be higher for the

HVAF sprayed coating.

Fig. 9 a) The cross section BSE image of CW2 powder, b) the XRD patterns of the powders and as-sprayed

coatings of CW1 and CW2, c) the cross section BSE images of the HVOF sprayed CW1 coating and d) the

HVAF sprayed CW2 coating
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EDS line scan was again carried out to analyse the compositional differences between the chromium

carbides in Fig. 10a. The results in Fig. 10b reveal that the W content of the light grey area in the analysed

carbide was 11.9 wt% (assuming 40 at% C), with a sharp drop when moving to the dark center area. The

high intensity of the Cr3C2 phase compared to the Cr7C3 in the XRD pattern and the observed peak shift (-

0.12°) support the replacement of Cr with W in the M3C2 structure, forming a (Cr,W)3C2 carbide structure

(Ref 41,42). Indeed, the solubility of W has been reported to be up to 8.8 at% in Cr3C2 at 1350 °C (Ref 43).

This time, the carbides did not contain any significant amount of Ni, different from all of the previous cases.

This difference might be ascribed to the distinct chemical composition of the system, which could have

favoured Cr substitution with W.

Fig. 10 a) Locations of EDS line scan over light grey and dark carbides (SE image) and b) resulting content

of Cr, Ni, W and Co

Almost identical EDS area analyses were obtained from the HVOF and HVAF sprayed coatings (Table 7),

which suggests that the deposition behaviour of both powders had been approximately the same for the two

processes, i.e. no noticeable differences in the Ni or Co content. The Cr content in the CW1 coating was

2.2 wt% higher compared to the CW2 coating, whereas the W content was 2.5 wt% higher in the CW2

coating. This is further supported by the image analysis results that indicate significantly higher Cr3C2
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content and lower WC content in the CW1 coating compared to CW2 coating. Also, the matrix content of

the CW2 (47 vol%) coating is higher than CW1 (38 vol%), which differs significantly from the nominal

content of approximately 18 vol%. The difference cannot be explained only by the carbon loss during

spraying, although the latter was consistently higher for the HVAF sprayed CW2 coating (1.1 wt% or 9.9

vol% Cr3C2) compared to the HVOF sprayed CW1 coating (0.6 wt% or 5.4 vol% Cr3C2). Indeed, the

feedstock powders already contained larger volume fraction of matrix compared to the nominal

composition, which is transferred into the resulting coating microstructure. In addition, significantly higher

standard deviation of matrix volume can be observed on the CW2 powder, which indicates the presence of

particles with varying amounts of matrix. Deposition of particles with higher matrix content would be

favoured especially in the HVAF spray process. Some error can be expected from the thresholding and

calculation of several components from the coating structure. These results suggest, again, that Cr3C2

particles rebounded more extensively during HVAF spraying (it could be speculated, that Cr3C2-rich

powder particles were not plastically deformable enough to be deposited by HVAF).

Table 7 Chemical composition of the HVOF sprayed CW1 and the HVAF sprayed CW2 coatings

determined with EDS and image analysis results of the powders and coatings. Carbon content was measured

with carbon analyser

CHEMICAL COMPOSITION IMAGE ANALYSIS

Sample
C  O  Cr Ni W Co Fe Porosity Matrix Cr3C2 WC Cr3C2 / WC

[wt%] [vol% ± stdev] size [µm]

CW1 coating 8.5 0.47 39.8 13.1 34.0 3.8 0.4 0.47 ±0.24 37.71 ±4.84 45.89 ±4.66 15.94 ±2.17 1.6 / 0.7

CW2 coating 8.1 0.63 37.5 13.4 36.4 3.7 0.2 0.62 ±0.19 46.63 ±3.37 32.44 ±3.08 20.34 ±1.42 1.5 / 0.7

CW1 powder 9.1 0.06 - - - - - - 26.56 ±3.25 57.17 ±3.48 16.27 ±2.75 2.0 / 0.9

CW2 powder 9.2 0.11 - - - - - - 27.10 ±7.57 54.99 ±6.86 17.91 ±2.81 1.7 / 0.9

Theoretical - - - - - - - - 18.4 60.4 21.1 -
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4.3. Mechanical properties

The mechanical properties of the coatings were studied by Berkovich nanohardness testing with a load of

15 mN and by micro-hardness testing with loads of 0.3 and 5 kgf, using the Vickers indenter, as described

in Section 3.4.

The HVOF sprayed CC2.1 and CW1 coatings showed the highest deviations in both nanohardness

and 300 gf-microhardness results (Table 8). High deviation indicates that the coating microstructure is

more heterogeneous than that of the other coatings, with high point-to-point variations that are likely due

to the presence of more numerous weak areas. These can originate from overheated particles with dissolved

carbides, as they were detected in the microstructure (e.g. in Fig. 4c).

This is further confirmed by the fact that these coatings exhibit a continuous and remarkably large

decrease in hardness across the three testing loads: the hardness values of these samples drop by 200-300

Vickers units at every increase of the testing load, whilst the other coatings usually show drops of ≤100

HV. A decreasing trend is typical for heterogeneous thermally sprayed coatings and is due to the increase

of the tested area, i.e. larger indentation mark and larger area under the indenter (Ref 44). At high loads, in

fact, it is very likely that each of the large indentation marks encompasses one or more of the weak areas

mentioned above, resulting in a decrease in the measured hardness. Few small cracks were in fact detected

in the microstructure of the CC2.1 coating, resulting from the brittleness that probably followed from

significant carbide dissolution and increase of carbon content of the matrix, as discussed in Section 4.2.2.

The latter phenomena are, in turn, witnessed by the remarkably high nanohardness of this sample.

With a carbon loss (Table 3) being relatively low despite a measurable loss of carbides, the sprayed particles

making up the CC2.1 coating exhibit significant hardening (and embrittlement) of the matrix by dissolved

C, in accordance with the considerations in Section 4.2.2. On the other hand, the loss of carbide particles

(comparatively lower than that of CC1.1 and CC1.2 samples) is not so extensive as to compromise the intra-

lamellar properties. As a result, low-load nanoindentation, which primarily reflects intra-particle features

(Ref 11,24), returns a particularly high value.
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The similar behaviour of the CW1 coating could also reflect the formation of brittle structures

inside the coating, as well as its lower matrix content and much higher content of large (therefore, brittle)

Cr3C2 particles, in comparison to the CW2 sample (richer in metal matrix and in fine WC particles), in

accordance with the discussion in Section 4.2.4. These features would result in high nanohardness, but low

hardness at higher loads, due to extensive failure of the brittle structures under a high-load indentation.

Brittle behaviour and/or weaker cohesion of the CC2.1 and CW1 coatings are further supported by the

fracture toughness values determined from the cracking behaviour of 5 kgf Vickers indentations.

Consistent with the previous observations, it is noted that the HVOF coatings exhibit higher

nanohardness than the corresponding HVAF ones (Table 8), since, in all cases, their metal matrix phase is

hardened (and embrittled) by a greater amount of dissolved carbon, as inferred from the systematic

difference between the limited C loss and the comparatively greater carbide loss (Section 4.2). On the other

hand, all HVAF coatings except for CC1.2 show higher fracture toughness values compared to the

corresponding HVOF coatings. The structural performance of HVAF coatings is a result of lower degree

of carbide dissolution and high particle impact velocity, leading to tighter interparticle bonding. The latter

is also testified by the particularly limited load-sensitivity of the hardness values of the HVAF coatings

(Table  8), which, in accordance with previous considerations, implies strong cohesion, with fewer

hardened, embrittled spots. Finally, both CC625 coatings showed remarkably good resistance to cracking,

which can be attributed to high matrix content and, probably, to the lower carbide dissolution due to overall

lower carbide content.
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Table 8 Results of nanohardness measurement (indentation hardness HIT, designated according to ISO

14577, and corresponding Vickers hardness HV0.0015) and of microhardness measurement with 300 gf

(HV0.3) and 5 kgf (HV5) force Vickers indentations, and calculated indentation fracture toughness (KIC) of

the coatings

Sample
Nanohardness

[HIT 0.015/40/15/40], GPa

Nanohardness

[HV0.0015]

Microhardness

[HV0.3]

Microhardness

[HV5]

KIC

[MPa/m1/2]

CC1.1 10.86 (±0.77) 1006 (±71) 938 (±79) 839 (±8) 3.45 (±0.37)

CC1.2 10.08 (±0.90) 933 (±83) 920 (±51) 808 (±11) 3.21 (±0.45)

CC2.1 14.03 (±1.23) 1300 (±114) 947 (±144) 653 (±38) 2.59 (±0.37)

CC2.2 10.59 (±0.77) 981 (±71) 958 (±69) 905 (±19) 4.57 (±0.27)

CC625.1 10.71 (±0.86) 992 (±79) 806 (±117) 753 (±19) 4.93 (±0.35)

CC625.2 9.68 (±0.89) 897 (±82) 885 (±58) 792 (±16) 5.25 (±0.38)

CW1 12.62 (±1.18) 1169 (±110) 934 (±195) 764 (±30) 3.36 (±0.48)

CW2 11.26 (±1.10) 1043 (±102) 1104 (±118) 1000 (±26) 4.98 (±0.35)

5. CONCLUSIONS

Four chromium carbide (Cr3C2)-based powders were sprayed with both HVOF and HVAF processes:

agglomerated and sintered Cr3C2-25NiCr (CC1), agglomerated, sintered and plasma-densified Cr3C2-

25NiCr (CC2), agglomerated and sintered Cr3C2-50NiCrMoNb (CC625) and agglomerated and sintered

Cr3C2-37WC-18NiCoCrFe (CW). Coarser particle size distributions were used for the higher-temperature

HVOF process and finer particle size for the HVAF spray process. The structure, microstructure and

chemical composition of powders and coatings were analysed and compared to the theoretical compositions

of the feedstock materials. Also, comparisons between the HVOF and HVAF sprayed coatings were carried

out by structural analysis and by characterising the mechanical properties of the as-sprayed coatings. The

following conclusions were made:
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- The CC625 powders contained significant amounts of Cr7C3 in addition to Cr3C2, while CC2 and

CW powders contained traces of the Cr7C3 carbide.

- Higher particle velocities and lower temperatures were measured for the HVAF spray process. As

a result, coatings with lower porosity were produced.

- The carbide content in the spray powders was confirmed to correspond to the theoretical volume

fraction determined from the chemical composition, except for the CW powders, which were

found to contain higher amount of matrix than was expected.

- Significant decrease of carbide content was observed after spraying in all cases. The highest

carbide content was maintained in the CC2.2 coating deposited from plasma densified Cr3C2-

25NiCr feedstock by HVAF spraying. A comparison between the carbide content of the coatings

(determined by image analysis) and their total carbon content has led to the conclusion that

carbide loss is caused both by dissolution during high temperature spray processes (particularly

during HVOF spraying) and by selective rebounding of carbide particles or of carbide-rich

powder particles (both in HVOF and in HVAF spraying). It is therefore believed that the

deposition of powder particles with high metal matrix content is favoured, especially in the lower

temperature HVAF process.

- The HVAF sprayed coatings generally showed higher fracture toughness but lower nanohardness

when compared to HVOF sprayed coatings. Higher nanohardness of the HVOF coatings is

ascribed to carbon dissolution in the metal matrix, which is on the other hand believed to be a

primary source of brittle structures that impair toughness. This occurs particularly in the case of

the HVOF-sprayed CC2.1 and CW1 coatings.

- Both coatings of CC625 showed high resistance to cracking attributed to the high matrix content

and limited carbide dissolution due to overall lower amount of chromium carbides.
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