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Introduction 
Half of all cases of faulty machine behavior are attributed to the mechanical wear of 
machine parts (Noria Corporation, 2018). It has been found that  abrasion is the most 
common cause (~50%) of mechanical wear (Eyre, 1976). Loss of material due to wear has 
proved to be one of the biggest problems in areas such as the automotive industry 
(internal combustion engines, exhaust valves), oil extraction (piston rods), aviation (jet 
engine components), civil engineering (concrete transporting conveyors, hydraulic 
turbines), recycling (hydroelectric valves, dust collectors), marine engineering (propeller 
blades) (Davis, 2001). In order to lessen wear effects, the surface of newly-manufactured 
parts is strengthened by different surface treatment methods, one of which is hardfacing. 
Similarly, the restoring of already damaged parts by hardfacing of specially designed 
composition onto their surface is often a cheaper alternative to the complete 
replacement.  

From a variety of hardfacing techniques, the focus of this work was on the following 
two: high velocity oxy fuel spraying (HVOFS) (Chávez, et al., 2018) and plasma transferred 
arc welding (PTAW) (García-Vázquez, et al., 2014). These methods are used both for 
restoration and for manufacturing wear resistant hardfacings that prevent damage of 
surface. HVOFS utilizes hot gaseous combustion products for applying powders onto the 
substrate, while PTAW uses electric current for melting powder particles to form 
hardfacing deposits. These two intrinsically different technologies were paired in the 
scope of this research because they offer an opportunity to produce a wide range of wear 
resistant hardfacings from different feedstock powders. 

One of the advantages of HVOFS is in producing extremely dense hardfacings with low 
porosity. In terms of feedstock materials, HVOFS requires rather fine powders whose 
grain size is ranging from 20–90 μm. Produced hardfacings usually are 150–400 μm thick. 
The drawback of this approach is the cohesion between inter-splat interfaces in the 
deposits and between the hardfacing and the substrate. On the other hand, the material 
selection for PTAW is very wide. Indeed, according to (Bach, et al., 2004) high carbide 
containing powdery consumables can be deposited only by means of plasma technology. 
It is capable of working with coarser powders ranging from 150–300 μm of grain size and 
provides hardfacings with thickness up to 5 mm. However, using PTAW is often coupled 
with tremendous amount of heat passed onto the substrate, which may cause its 
deformation and structural changes. 

Considering the choice of composite powders for use with the aforementioned 
methods, the ceramic-metal composite (CMC) powders (cermets) seem to be the most 
feasible option. They form hardfacings with soft metal matrix, which provides overall 
ductility and is capable of withstanding an impact wear while hard carbide reinforcement 
makes the hardfacing resistant to abrasive wear (Wang, et al., 2019) (Bendikiene, et al., 
2020). Due to the superb qualities of tungsten carbide (WC), it is thought to be the best 
raw material for developing wear resistant hardfacings. However, its constantly 
increasing price stimulates the search for cheaper alternatives, for example titanium 
carbide (TiC) and chromium carbide (Cr3C2). TiC- and Cr3C2-based cermets with cobalt 
(Co), nickel (Ni), nickel-molybdenum (NiMo) matrix coupled with NiCrSiB self-fluxing 
alloys are commonly used in this domain as quality replacement of expensive WC-based 
composites (Surzhenkov, et al., 2015). 

The cost of feedstock material has a significant impact on the price of a sprayed 
hardfacing. Sarjas et al. (2014) showed that in the case of HVOFS, the cost of the sprayed 
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powder makes up 75% of the final cost of a hardfacing. Therefore, it is necessary to utilize 
cost-saving feedstock matrix materials (Fe-based instead of Ni-based), develop shorter 
technological routes and compare their effectiveness to existing approaches. 

In this work, the technological route chosen for the preparation of conventional  
TiC-NiMo and Cr3C2-Ni cermet powders was mechanically activated synthesis (MAS) 
(Juhani, 2009). Though rather long, it is an effective way to manufacture feedstock 
materials for the HVOFS or PTAW process. At the same time, the in-situ synthesis of 
carbides in the deposition process is hypothesized to become a shorter and cheaper 
alternative to MAS. Unlike the former, it utilizes synthesis of the ceramic phase from 
elemental powders during the hardfacing process. Stainless steel (AISI 316L) was used as 
the matrix forming constituent in most of the experiments to evaluate its influence on 
the quality of final hardfacings. 

Hypothesis of the study: 

• In-situ synthesis of carbide reinforcement provides a metallic-ceramic composite 
hardfacing with an abrasive wear resistance, which is comparative to one of the 
MMC hardfacing with the analogous reinforcement added ex-situ.  

• Introduction of a ductile Fe-based alloy as a matrix-forming material for  
metallic-ceramic composites can increase their wear resistance to the same level 
or even outperform Ni-based analogs with the same amount of reinforcing phase. 

The main objectives of the study were as follows: utilizing HVOFS and PTAW deposition 
technologies, to manufacture wear resistant Fe-based metal matrix composite (MMC) 
harfacings with MAS (ex-situ added) and in-situ synthesized reinforcement and to 
compare their wear resistant properties. Special focus was placed on developing 
experimental hardfacings with in-situ synthesized reinforcement to be wear resistant 
under the abrasion and/or abrasion-erosion (impact angles 30° and 90°) wear conditions. 

The novelty of the presented work lies in three aspects: 1) technological – optimization 
of the manufacturing process of TiC-NiMo and Cr3C2-Ni cermet powders by excluding the 
disintegrator milling stage; 2) scientific – development of cermet hardfacings with in-situ 
synthesized carbide reinforcement and comparison to analogous hardfacings with ex-situ 
added reinforcement; 3) practical – comparison of the wear resistance of hardfacings 
developed by the HVOFS and PTAW deposition techniques. 

The materials of the doctoral thesis research were presented at the conferences 
(Modern Materials and Manufacturing 2019 (joint event of the 12th International DAAAM 
Baltic Conference and 27th International Baltic Conference BALTMATTRIB 2019),  the 28th 
International Baltic Conference Materials Engineering and Modern Manufacturing) and 
published in the international journals (Proceedings of the Estonian Academy of 
Sciences; Journal of Materials Research and Technology; Coatings) and conference 
proceedings (Key Engineering Materials and Solid State Phenomena). 
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1 Review of literature 

1.1 Metal matrix composites 
Metal matrix composites are a class of compound materials consisting of metal alloys 
with embedded particulate (AlMangour, et al., 2018), whisker (nano-scale) (Qu, et al., 
2018) or fiber (micro-scale) (Ozerov, et al., 2017) reinforcement. The common matrix 
material is either aluminum (Al), copper (Cu), magnesium (Mg), titanium (Ti), cobalt (Co) 
or cobalt-nickel (Co-Ni); the reinforcement is either another metal or ceramic material, 
such as tungsten carbide (WC), alumina (Al2O3), silicon carbide (SiC), zirconia (ZrO2), 
titanium nitride (TiN), titanium carbide (TiC), cubic boron nitride (CBN) etc. Certain 
composites (e.g., Al-based) are lightweight and the initial demand for them was formed 
by spacecraft, aviation and automotive industries (Kumar Koli, et al., 2015). Figure 1.1 
depicts some of the possible applications for MMCs. 

(a)    (b) 

Figure 1.1 Examples of MMC applications: (a) in the production of breaking discs in the automotive 
sector (All Answers Ltd., 2017); (b) in the aerospace industry, manufacturing high-gain antenna for 
the Hubble Space Telescope (left – before integration, right – after deployment on the telescope) 
(Rawal, 2001). 

In addition, MMCs are beneficial in tribology as wear resistant materials (Mohapatra, 
et al., 2020, Dev Srivyas & Charoo, 2018, Narayanasamy, et al., 2018). Metal matrix 
composites reinforced by ceramic particles are deservedly appreciated due to their 
enhanced mechanical properties. It has been shown by several researchers (Liang, et al., 
2018, Kim, et al., 2017) that addition of different amounts of ceramic particles (30–90%) 
facilitates an increase in overall hardness of a material to 795–1813 HV30 range. 

In order to produce a bulk MMC specifically tailored to withstand mechanical wear, 
the methods of powder metallurgy (PM) are often employed, using the “solid state 
manufacturing” approach (Fig. 1.2): feedstock powders are mixed or mechanically 
alloyed in an attritor during some period of time (usually 4–72 h), after which they are 
compacted and/or sintered in the vacuum under different temperatures (600–1450 °C) 
to form bulk agglomerates or powders (Juhani, 2009). The bulk agglomerates are usually 
produced as ready-to-use parts or their constituents via PM methods. Likewise, the MMC 
powders for thermal spray are often manufactured utilizing the PM technologies, 
supplemented by, e.g., mechanical milling of agglomerates. However, unlike the latter, 
they must be subsequently applied to the wearing-out surface by means of surface 
treatment (hardfacing) techniques. 
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Figure 1.2 Metal matrix composite powder and bulk manufacturing methods (Behera, et al., 2019). 

The MMC material for tribological applications is usually manufactured out of the 
following metals: iron (Fe), cobalt (Co), copper (Cu), aluminum (Al), nickel (Ni),  
nickel-chromium (NiCr), molybdenum (Mo), and nickel-molybdenum (NiMo) (Karaoglanli, 
et al., 2017, Vashishtha, et al., 2017, Rao, et al., 2016, Yung, et al., 2017). The most 
common reinforcements used in such systems are alumina (Al2O3), silica-based (SiC), 
tungsten-based (WC; WB), chromium-based (Cr3C2) or titanium-based (TiC, TiN, TiB) 
ceramic compounds. Together they form another class of materials called ceramic-metallic 
composites. 

1.1.1 Ceramic-metallic composites (cermets) 
Ceramic-metallic composites or cermets possess superior properties compared to either 
of their constituents. They are designed to be resistant to mechanical wear due to the 
presence of hard ceramic particles and to have simultaneous plastic properties granted 
by the presence of the metallic phase. As can be seen from Fig. 1.3, cermets are rather 
well-balanced with regard to hardness and toughness. The field of cermets ranges from 
almost pure metal to almost 100% ceramic. 

 
Figure 1.3 Properties of cermets in comparison with different material subsets (Mitsubishi Materials, 
2020). 
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Therefore, for a more precise subdivision, a distinction is made between infracermets 
and ultracermets. They are called infracermets (metallic phase 85 vol.%) if ceramic 
inclusions enhance the properties of the metallic phase; they are called ultracermets 
(ceramic phase 85 vol.%) if a metal is an auxiliary phase (Franke, 2019). 

Metals that do not form carbides or have limited carbon dissolution (Ni, NiMo, Co, Fe) 
are utilized for the production of carbide-based cermets (Young, 2016, Engelberg, 2010). 
Figure 1.4 shows a typical structure of vacuum sintered TiC-NiMo cermet compact.  

Figure 1.4 The microgrpah of the internal structure of TiC-NiMo compact sintered in vacuum. 

Choice of the feedstock components for cermet production is dictated by the 
principles of their chemical, physical and technological compatibility (Fayyaz, Muhamad, 
& Sulong, 2018, Lombardi, et al., 1997): 

• there is no chemical interaction between ceramic and metal components;
• there is no mutual dissolution when materials are heated and they match each

other in terms of necessary physical properties (coefficient of thermal
expansion, modulus of elasticity, etc.);

• there is no big difference in sintering temperatures of ceramic and metal
components, their density and wettability.

1.1.2 Ex-situ and in-situ synthesis of cermet reinforcement 
The methods for synthesizing composite materials are broadly divided into the use of 
in-situ and ex-situ processes. In an in-situ process, the reinforcing phase of the material 
is formed within the matrix phase during the synthesis. Conversely, in an ex-situ process, 
the reinforcing phase is produced by a separate process and subsequently added to the 
matrix phase during the synthesis of the composite material (Aikin Jr, 1997). 

Particularly, the in-situ synthesis of cermets has an advantage over the ex-situ synthesis 
by excluding probable oxidation and/or contamination originated from the pre-synthesized 
(ex-situ) phase, therefore, increasing the quality of the matrix-reinforcement interface. 
The in-situ approach does not require the complexity of ex-situ method per se. Instead, 
the synthesis takes place during manufacturing of a cermet (Fig. 1.5b). Potentially, it is a 
cheap and fast way to obtain wear-resistant composites. 
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(a)      (b) 

Figure 1.5 Technological routes of cermet production: (a) ex-situ (Sarjas, 2016); (b) in-situ. 

Many researchers have successfully achieved the in-situ synthesis of the hard ceramic 
phase, using various deposition techniques: induction cladding (Yu, et al., 2017), laser 
melting (Khalili, et al., 2016), welding (Wang, et al., 2007, Emamianet et al., 2012, Gallo, 
et al., 2013), and thermal spray (Liu & Huang, 2005, Sun, et al., 2019) techniques.  
The result of these studies was deposits with hardness ranging 600–2800 HV30 and 
possessing remarkable wear resistance (about 3–6 times higher than reference steel, 
etc.). Furthermore, it has been reported that the wear rate of the in-situ synthesized 
composite was 35% less than the wear rate from an analogous material produced by the 
ex-situ method (Zhang, et al., 2017). 

Producing Cr3C2-Ni cermet powder and coatings thereof using an ex-situ technological 
route, which includes mechanical activation of feedstock powders in a ball mill with 
subsequent reactive sintering and deposition, was reported by (Sarjas, et al., 2016).  
This process is known as the mechanically activated synthesis (MAS). Mechanical 
activation in the first stage allows further usage of lower sintering temperatures.  
The hardness of the resulted material after deposition was ~715 HV1. The abrasive  
wear resistance was generally the same as that of the reference, except for the  
abrasive-erosive wear under 90° impact angle. The presence of only 20% of ductile 
metallic phase in the studied composition resulted in 3.4 times more material loss 
compared to steel C45. It is evident that for manufacturing of cermet-based materials 
resistant to the impact wear, the amount of metallic matrix must be substantially 
increased. 

Cermets as a whole are also used as a reinforcing phase for fabricating more complex 
systems, so-called dual-reinforced composites. For instance, a steel matrix can be dually 
reinforced in-situ with TiC-TiB2 particles by means of argon arc cladding (AAC) (Wang,  
et al., 2008). In this research, the average microhardness of cladded Fe/TiC-TiB2 hardfacing 
was nearly 800 HV0.5. To compare their mechanical properties, an attempt to manufacture 
Ti-4Al-2Fe/TiB (conventional cermet) and Ti-4Al-2Fe/TiB/TiC (dual-reinforced) bulk 
composites was made by (Chaudhari & Bauri, 2018) via spark plasma sintering (SPS).  
In their study, under the same conditions, the hardness of Ti-4Al-2Fe/TiB-TiC and  
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Ti-4Al-2Fe/TiB was found to be 2039 HV30 and ~714 HV30, respectively. Meanwhile,  
the wear rate of the former was 10 times lower than the latter. This signifies an excellent 
applicability of dual-reinforced composites to the tasks that involve sliding wear. 

The impact wear resistance, on the other hand, requires materials with dual-matrix 
design. For instance, (Wu, et al., 2017) have reported fabrication of Ni-based composite 
of such type by adding 4 and 8 wt.%Mo to the commercial powder 88Ni60-2C-10TiN.  
As a result, hardness in the deposited dual-matrix composite increased by nearly 17%, 
from 1010 to 1220 HV0.2, and the wear rate decreased by 50% during the pin-on-disc 
wear test. 

Due to high cost and toxicity of widespread matrix materials (Co and Ni) in composites, 
alternatives are extensively searched. Kübarsepp & Juhani, 2020 reported an increasing 
amount of publications focused on development of Fe-based MMCs. At their early 
implementation as reinforcement, Fe and its alloys were largely disregarded because of 
mechanical properties – hardmetals with Fe-based reinforcement were found inferior to 
those with Co and Ni. However, Fe-alloys have advantages over Co and Ni, such as low 
cost, potential to heat treatment and high strength (Kübarsepp & Juhani, 2020). 

Figure 1.6 illustrates the difference in price between steel and Ni throughout several 
years. Despite the fact that historically steel has always had lower price, it demonstrates 
a steady decrease (525 vs. 511 U.S. dollars per metric tonn) over a 3-year span, whereas 
price for Ni has raised by roughly 34% (11335.77 vs. 15239.36 U.S. dollars per metric 
tonn) over the same period. This testifies in favor of Fe-based alloys as a more attractive 
replacement for Ni. 

 

 

Figure 1.6 Price comparison of steel (SteelBenchmarker™, 2020) and nickel (Dow & Macadangdang, 
2020) feedstock over a 3-year span. 

The interest in powder metallurgy in the in-situ synthesis is dictated by a shorter and 
cheaper production procedure of cermet-based coatings or hardfacings it offers (Fig. 
1.5). To the author’s best knowledge, no comparative analysis has been done between 
wear resistant HVOFS coatings and PTAW hardfacings based on ex-situ and in-situ 
manufactured cermet powders. Therefore, this thesis research concentrates on the 
development and comparison of Fe-based carbide-reinforced composite 
coatings/hardfacings using ex-situ and in-situ approaches. 
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1.2 Hardfacing technologies 
The technical excellency of equipment is one the most important preconditions for a 
stable and reliable production cycle. It is quite common practice in industrial facilities of 
any kind to shut down the whole production line or unit for maintenance of parts that 
are subjected to wear. The number of such stops and detrimental consequences they 
cause is significantly lower when the components with wear-resistant coatings 
manufactured by hardfacing are used (Laskowski, 2017, Lazić, et al., 2018, Ferdinandov 
& Gospodinov, 2020). 

Hardfacing is a general term of a cost-efficient approach for extending the service life 
of component surfaces by wear-resistant materials. They are mainly used for refurbishing 
of damaged and worn-out parts. However, pre-service treatment of new components is 
also common practice. In general, hardfacing provides the following benefits: 

• less frequent part replacement; 
• productivity increase due to fewer maintenance stops; 
• use of cheaper base materials (substrates); 
• reduction of general production cost. 

The following materials can be used as base materials: nickel-based and copper-based 
alloys, carbon and alloy steels, stainless steel, cast iron, and manganese steel (Pradeep, 
et al., 2010). Depending on the task, hardfacing is done by buildup or weld overlay 
methods. Buildup is used for shape restoration of the worn-out parts while weld overlay 
is applied to surfaces of new components. In both cases, metal is deposited onto the base 
material as a solid surface or in a pattern (Fig. 1.7). 

 

(a)   (b)  (c)   (d) 

Figure 1.7 Hardfacing patterns: (a) parallel beads; (b) beads at right angle; (c) waffle pattern;  
(d) dot pattern (Postle Industries, Inc., 2020). 

The economic importance of hardfacing derives from the feasibility of selectively 
applying expensive materials chosen for their properties, and depositing them onto a 
common inexpensive base metal where they are required for best performance of their 
specialized function (Sexton, 2015). 

1.2.1 Thermal spray technologies 
Recent definition of hardfacing has been complemented by the thermal spray family: 
“Hardfacing is the deposition of thick coatings of hard, wear-resistant materials on a 
worn or new component surface that is subject to wear in service. Thermal spraying, 
spray-fuse and welding processes are generally used to apply the hardfacing layer”  
(The Welding Insitute, TWI, 2020). In order to avoid confusion in terminology,  
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the products of thermal spray deposition in the next chapters of this study will be 
referred to as “coatings”. 

Thermal spraying is a process of constructing a coating using high temperature gas 
stream with heated and accelerated particles of sprayed material. These particles bond 
with the substrate or the previously sprayed layer of the coating due to welding or 
mechanical adhesion. The essence of the process lies in utilizing high temperatures when 
melting, wetting, adhesion or sintering happens, turning mechanical conglomerate into 
uniform substance. 

The advantages of thermal spraying are (Davis, 2004): 

• minimal thermal degradation of the substrate (substrate temperature is usually 
below 150 °C); 

• wide range of feedstock materials (metals, alloys, cermets, plastics, their 
combination); 

• low processing cost; 
• wide range of coating thickness. 

The common feature for all thermal spraying techniques is heating of the coated 
material, its spraying and acceleration in a hot gas stream (Fig. 1.8). 

          

(a)    (b) 

Figure 1.8 Thermal spraying: (a) schematics of conventional (Anciferov, et al., 1987); (b) spraying 
equipment, operated at Fraunhofer IWS, Dresden, Germany (Berger, 2015). 

In Fig. 1.8a the sprayed material (1) is loaded into a high-temperature heat source (2) 
and it is heated during traveling within a distance (A). Simultaneously, particles spread 
on the distance (A) and accelerate in the gas stream on the distance (B) (usually B > A). 
Further, on the distance (C), particles (3) travel directly to the substrate (5) and form the 
coating (4) on its surface. 

Small size of the particles makes thermal spraying applicable for tasks where low heat 
input on the substrate is critical. During spraying, the structure of the coating can be 
adjusted to any type. It consists of heavily-deformed splats that are interconnected along 
the contact surfaces (Fig. 1.9). These splats are characterized by diameter Dx and surface 
Fx  (Anciferov, et al., 1987): 

 

𝐹𝐹𝑥𝑥 = 𝜋𝜋𝐷𝐷𝑥𝑥2

4
     (1.1) 
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Figure 1.9 Schematic representation of the structure (Anciferov, et al., 1987). 

In Fig. 1.9 the substrate-coating interface (1) defines the strength of adhesion between 
the substrate material and the sprayed coating. The interlayer interface (2) inside the 
coating is a result of delay between spraying sets. The properties of the coating are 
mostly dictated by the inter-splats cohesion (3).  

The size range of particles applicable for thermal spraying is 20–60 μm and thickness 
of the resulting coating usually fluctuates in the range 50–1,000 μm (Davis, 2004).  
The microstructure of a typical thermally sprayed coating is presented in Fig. 1.10.  
On the right hand figure of the Fig. 1.10 the magnified part of the coating is shown. 

  

Figure 1.10 Micrographs of a Cr3C2-NiCr coating produced by thermal spraying (Berger, 2015). 

Thermal energy for spraying may be generated chemically, through the combustion 
of fuels with oxygen or air, or through the electrical heating of industrial gases (Davis, 
2004). Table 1.1 contains the division of thermal spraying techniques based on the nature 
of used energy. 

Table 1.1. Thermal spraying techniques propelled by the energy of different nature. 

Type of energy Process 

Thermal 
Flame Spray (FS) 
High Velocity Oxy/Air Fuel Spray (HVOFS/HVAFS) 
Detonation Gun Spray (DGS) 

Electrical 

Wire Arc Spray (WAS) 
Vacuum Plasma Spray (VPS) 
Air Plasma Spray (APS) 
Radiofrequency Plasma Spray (RFS) 
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Berger, 2015 defines high velocity oxy-fuel spraying (HVOFS) as current state-of-the 
art technology for hardmetal coating preparation. Moreover, he calls it a two-stage 
shaping technology, in which the first stage consists of the powder preparation and the 
second stage is the spray process. With regard to all existing thermal spraying 
techniques, HVOFS holds its place as shown in Fig. 1.11. 

 

Figure 1.11 Schematic presentation of the combination of process temperature and velocity for the 
different thermal spray processes (Berger, 2015). 

It is clearly seen that HVOFS equipment operates in the mid-range temperature level, 
which excludes substrate overheating; the high kinetic energy of sprayed particles 
provides an excellent intersplat cohesion and homogeneity of the coating. As a result, 
HVOFS is capable of producing ceramic-reinforced coatings with an excellent hardness of 
800–900 HV0.3 for TiC-25NiCr and TiC-40NiCr deposits (Bolelli, et al., 2020) and about 
960–1010 HV for TiC-30FeCr and TiB2-30FeCr compositions (Jones, et al., 2001). 

More complex dual-matrix systems discussed above were studied by (Surzhenkov, et al., 
2013). Their work focuses on the mechanical properties of HVOFS composite from the 
FeCrSiB matrix reinforced with either TiC-NiMo or Cr3C2-Ni cermets. The matrix-to-
reinforcement ratio was 3:1 and 7:3, respectively. Both dual-matrix composites even 
though they possessed the same microhardness of around 850 HV0.1, demonstrated 
80% difference in the wear rate. It was lower in the Cr3C2-Ni reinforced coating due to 
smaller presence of metallic Ni (versus NiMo phase of the counterpart), which made it 
more resistant to ball-on-plate sliding wear testing. The main disadvantage of material 
choice of that study is the cost of feedstock materials. Alternatively, the HVOFS with the 
induced in-situ synthesis of the carbide phase could potentially decrease the cost of the 
production process. 

1.2.2 Weld cladding technologies 
Cladding is a process of combining two or more different materials to enhance the 
properties of one of the constituents or protect it from wear. In this study, weld cladding 
is considered as a partial case of cladding. Depending on the application, it might be also 
known as hardfacing or weld overlay. Therefore, the products of weld cladding in the 
following chapters of this thesis study will be referred to as “hardfacings”. 

Unlike thermal spray processes, hardfacing requires the surface to be melted to form 
a metallurgical interface. As a result, hardfacing is deposited on larger components that 
are not deformed by the heat of application (Davis, 2004). 
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Weld overlay cladding techniques were originally developed at Strachan & Henshaw, 
Bristol, to defend the (Navy) components subjected to extreme pressure and shock 
loading. These clad components came in contact with sea water, but needed less 
maintenance (Saha & Das, 2016). Typical thickness of welded hardfacings fluctuates 
between 2 and 20 mm. Table 1.2 summarizes the most common weld overlay cladding 
techniques. 

Table 1.2. Types of weld cladding (Sexton, 2015). 

Category Process 

Arc welding 

Flux core arc welding (FCAW) 
Gas metal arc welding (GMAW/MIG) 
Gas tungsten arc welding (GTAW/TIG) 
Plasma arc welding (PAW/PTAW) 
Shielded metal arc welding (SMAW) 
Submerged arc welding (SAW) 

Torch welding Oxy/fuel gas welding (OFW) 

Other welding 
Electron beam welding (EBW) 
Electroslag welding (ESW) 
Laser beam welding (LBW) 

The main requirements for weld overlay are the following: 

• the heat impact on the base metal should be minimal; 
• the dilution of the base metal with hardfacing should be minimal; 
• the residual stress and deformation of the base metal in heat affected zone 

(HAZ) should be minimal; 
• the part tolerances for further machining should be maintained. 

The common feature of all the aforementioned welding techniques is that they 
operate on the heat from the electric arc generated between the electrode and the 
workpiece. However, each of those processes was developed as a response to different 
industrial demands and, thus, they comprise certain differences in design. For instance, 
in the FCAW process, shielding is provided due to the decomposition of the flux 
contained at the surface of the consumable wire electrode; a modified form FCAW-S has 
a metal self-shielded electrode, which makes it suitable for outdoor welding/cladding. 
Essentially, the GMAW technology is the same as FCAW only with addition of shielding 
gas (Ar, CO2) and continuous metal wire filament. Unlike, in FCAW and GMAW where a 
consumable electrode is used, GTAW comprises a non-consumable electrode for igniting 
the electrical arc. Here a larger number of hardfacing alloys is available for selection due 
to higher operating temperatures. SAW utilizes granular flux as a replacement for 
shielding gas. It fills and covers molten pool and thermally insulates deposits, protecting 
them from rapid cooling and oxidation. 

The PTAW process is often considered to be a thermal spray process, but historically, 
it is a weld overlay process. In this process, an electric arc is struck between the 
workpiece and the tungsten cathode, creating an electric arc. This arc is confined in a 
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restricting orifice, and a plasma formed as the gas flowing through an annular orifice is 
ionized. The material to be coated is in powder form and is fed into the ionized gas 
stream. Because the arc is rooted on the workpiece, a diffusion bond layer is generated 
at the interfaces that consists of both the substrate material and the coating material.  
A protective auxiliary shielding gas can be used if needed. A second power supply is 
connected between the workpiece and the restricting orifice to help ignite the initial arc 
and add additional energy to the electric arc (Davis, 2004). Figure 1.12 shows a general 
look of the PTAW unit and a schematic representation of the welding torch. 

 

(a)     (b) 
Figure 1.12 PTA welding: (a) generic plant (Kennametal Inc., 2013); (b) schematic illustration of 
torch (Arcraftplasma, 2016). Equipment (a): A - stand, B - digital welding system set, C - rotary table, 
D - welding torch system, E - control panel, F - cooling unit, G - powder feeders. Equipment  
(b): 1 - electrode, 2 - plasma nozzle, 3 - powder feed nozzle, 4 - shielding nozzle, 5 - work piece,  
6 - ballast resistance, 7 - power source, 8 - power supply. 

The PTAW utilizes feedstock powders ranging in size from 150 to 410 μm and is 
capable of producing 2.5 mm thick hardfacings (Zikin, et al., 2012, 2012a). Figure 1.13 
illustrates typical morphology of the feedstock powder and hardfacing microstructure 
deposited by the PTAW technology. 

  
(a)      (b) 

Figure 1.13 Micrographs of (a) TiC-NiMo feedstock powder for PTAW; (b) TiC-FeCr composite 
hardfacing deposited by PTAW. 
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Some authors report the hardness value of PTA cladded FeCrSiB/WC-Co hardfacings 
to be as high as 1425 HV1 (Simson, et al., 2018). The abrasive sliding wear rate of 
hardfacings in their study was comparably low compared to that of 30WC-Ni observed 
by (Deng, et al., 2015) under similar test conditions. Interestingly, when (Yuan & Zhuguo, 
2014) used the PTAW cladding of similar FeCrNiBSi hardfacing with Cr3C2 powder as 
reinforcement, hardness as high as 1145 HV0.5 was achieved with an initial powder ratio 
of 5:5 and 875 HV0.5 with an initial powder ratio of 1:5. The previous studies where Cr 
powder was used as a precursor for the in-situ synthesis of chromium carbide hard phase 
reported an average value of hardness in the pre-surface layers of PTAW deposited 
hardfacing to be 850–950 HV30 (Liu & Gu, 2006, Liu, et al., 2006). 

Excellent examples of dual-matrix composites in the scope of PTAW hardfacing were 
developed by (Zikin, et al., 2013). It is a thorough study based on the comparison between 
Cr3C2-Ni and TiC-NiMo cermets, each of which was introduced as reinforcement to the 
NiCrBSi matrix during the PTAW hardfacing. In each case, the matrix-to-reinforcement 
volumetric ratio was 3:2. This study revealed rather equal value of hardness for both 
materials (~650 HV10) under temperatures up to 100 °C and nearly 50% lower erosion 
wear rate of hardfacing containing TiC-NiMo in an analogous temperature range.  
This difference, most likely, is dictated by the presence of more ductile NiMo matrix in 
the TiC-NiMo cermet, which makes it more resistant to the impact of abrasive wear. 
Similar to the analysis of (Surzhenkov, et al., 2013), the main disadvantages of material 
choice in this study are the feedstock material cost and potentially toxic Ni-based matrix 
material. The method of the in-situ reinforcement synthesis in Fe-based composite 
hardfacings seems to be an approach free from these limitations. 

Figure 1.14 depicts the hardness values and abrasive impact resistance of Ni- and  
Fe-based hardfacings manufactured in the PTAW process and compared to similar HVOFS 
coatings. It is apparent that PTAW hardfacings are 4–6 times more resistant to erosion 
wear and have at least 1.5–2 times higher hardness than the HVOFS counterparts. 

 

Figure 1.14 Properties of PTAW hardfacings in comparison with HVOFS coatings (Kulu, et al., 2015). 

Regarding use of Ti as one of the feedstock powders for reinforcement synthesis, two 
studies (Corujeira Gallo, et al., 2013, 2013a) addressed the in-situ synthesis of TiC in the 
iron matrix utilizing the PTAW hardfacing. They report similar results, where  hardfacing 
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deposits with the microhardness of 550–600 HV0.1 were obtained. The Fe:Ti volumetric 
ratio was 7:1, which, likewise, contributed to forming ductile metallic matrix. However, 
even with only 14 vol.% of TiC present in the hardfacing, its wear rate under abrasive 
sliding conditions was already nearly 60 times lower than that of the reference material. 

PTAW demonstrates potential to be applied in other fields of industry as well.  
As shown in (Mercado Rojas, et al., 2018), by applying the principles of additive 
manufacturing, a fine quality weld printed parts with enhanced mechanical properties, 
low porosity and excellent hardness can be manufactured for the mining, oil and gas 
industrial sectors. Overall, PTAW is an excellent method for the production of thick wear 
resistant hardfacings. It greatly complements HVOFS, which usually aims at manufacturing 
of relatively thin wear resistant coatings. 

1.3 Planned activities of the study 
In the thesis research, a synergetic effect of joining the in-situ synthesis of the hard phase 
and development of composite coatings and hardfacings for abrasive wear applications 
is targeted. 

To achieve the main objectives, the following activities were planned: 

1. Production of MMC powders with preliminary MAS synthesized TiC- and Cr3C2 
reinforcement for thermal spraying and weld cladding, as well as production of 
MMC coatings and hardfacings from these powders by the HVOFS and PTAW 
methods, respectively. 

2. Development of deposition (thermal spraying and welding) techniques for 
eventual production of MMC coatings and hardfacings with in-situ synthesized Ti 
and Cr carbide-based reinforcement. 

3. Characterization of the obtained coatings and hardfacings (morphology, 
structure, hardness) and assessment of their abrasive wear resistance. 
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2 Experimental 

2.1 Hardfacing materials 

2.1.1 Cermet powders produced by mechanically activated synthesis 
The production of cermet powders by mechanical activation (MAS) consisted of the 
following steps: 
a) milling of mixed feedstock powders in a ball mill with WC-Co lining for 72 h in the 
presence of isopropanol as wetting agent and WC-Co balls as milling media with  
balls-to-powder ratio 20:1. The chemical compositions of feedstock powders are given in 
Table 2.1; 
b) plasticizing (3–4 wt.% of paraffin; 60–120 wt.% of wetting agent (isopropyl alcohol), 
depending on the wettability of precursor powders) and drying of mixture for losing an 
excessive moisture; 
c) vacuum sintering of plastisized mixure under pressure 13–27 Pa for 4–6 h with the 
formation of the hard carbide phase at 1075 °C for Cr3C2-Ni and TiC-NiMo at 1400 °C 
(Papers I–III). 

The optimal heating rates used for the synthesis of Cr3C2-Ni were found to be 5 °C/min 
and 10 °C/min with dwelling times at 600 °C and 950 °C for 30 min and for 15 min at  
1075 °C. The cooling was nearly linear with an approximate rate of 6 °C/min. The optimal 
heating rate for the TiC-NiMo synthesis was 10 °C/min with 60 min dwelling time at  
1270 °C and 1400 °C. The approximate cooling rate was 10 °C/min. After sintering, 
powder compacts were manually crushed, and obtained cermet powders were subjected 
to sieving for extracting particles of acceptable size: 20–90 μm for HVOFS and  
90–300 μm for PTAW.  Schematic representation of the MAS process is given in Fig. 2.1.  

 

Figure 2.1 Schematic representation of the MAS process (with SS AISI 316L). 
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Table 2.1. Chemical composition of feedstock MAS powders for HVOFS, PTAW and SAW. 

Type of powder 
Chemical composition, wt.% / vol.% 

Cr TiO2 C Ni Mo 
TiC-NiMo - 64/62.4 16/28.7 13.3/6.2 6.7/2.7 

Cr3C2-Ni 69.3/58.4 - 10.7/28 20/13.6 - 

Particle size, μm 6.65 0.02 6.45 2.4 2.32 

Manufacturer Pacific Particulate 
Materials Ltd. 

Precheza 
a.s. 

Imerys 
SA 

Pacific Particulate 
Materials Ltd. 

The fraction of TiC-NiMo with particles larger than 90 μm was additionally exposed to 
dry milling in the aforementioned ball mill for 4 h. Subsequently, in the experiments with 
HVOFS, the fraction of 20–90 μm or PTAW, the fraction of 90–300 μm of MAS powders 
were mixed with the commercial Fe-alloy powder stainless steel AISI 316L (Castolin 
16316; wt.%: 0.03 C, 17.5 Cr, 13 Ni, 2.7 Mo, bal. Fe) or self-fluxing alloy powder NiCrSiB 
(Castolin 16221; wt.%: 0.2 C, 4 Cr, 1 B, 2.5 Si, max. 2 Fe, 1 Al, bal. Ni) (Table 2.2). 

Table 2.2. Reinforcement-to-matrix ratio of the experimental powders for HVOFS (Paper III), PTAW 
and SAW (Paper II). 

Composition | 
Deposition 

method 

Ratio, vol.% 

TiC-NiMo : SS  TiC-NiMo : 
NiCrSiB Cr3C2-Ni : SS  Cr3C2-Ni : 

NiCrSiB 
HVOFS 53 : 47 - 50 : 50 - 
PTAW 49 : 51 50 : 50 43 : 57 44 : 56 
SAW - - 43 : 57 44 : 56 

In the experiments with PTAW, cladding powders were transported to the welding 
pool from separate feeders (Paper II). The presence of Fe-alloy (SS) in the composition 
was meant to catalyze the forming of a dual-matrix structure. Figure 2.2 depicts the 
morphology of cermet powder particles mixed with SS.  

  

Figure 2.2 The morphology of : a) TiC-NiMo + SS; b) Cr3C2-Ni + SS. 
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2.1.2 Precursor powders for the in-situ synthesis of reinforcement 
To obtain carbide reinforcement synthesized in-situ, the feedstock powders of  
carbide-forming metals (Cr, Ti), carbon (obtained from disintegrator milling of  
graphite electrodes), and Fe-alloy SS (Castolin 16316) were manually mixed in certain 
proportions (Tables 2.3 and 2.4). To comply with the requirements for the particle  
size of the feedstock material for HVOFS, the separation of 20–90 μm fraction suitable 
for spraying took place after mixing. 

Table 2.3. Feedstock powders for the in-situ synthesis of TiC- (Paper III) and Cr3C2-containing 
reinforcements in the HVOFS process. 

Type of powder 
Chemical composition, wt.% / vol.% 

Cr Ti C SS 
Ti + C + SS - 32.8/40 8.2/19.7 59/40.3 
Cr + C + SS 29.5/28.7 - 4.5/13.9 66/57.4 

Particle size, μm 20–90 20–90 20–90 20–90 

Manufacturer Pacif. Part. 
Mat. Ltd. 

Baoji Z. Met. 
Mat.CO., Ltd. 

Tallinn Univ. 
Tech. 

Castolin 
Eutectics® 

In the case of the PTAW process, adding the plasticizer (3–4 wt.% of paraffin) to the 
powder mixture created a slurry, which then was uniformly manually laid on the 
sandblasted substrate and dried at 20 °C in ambient air for 24 hours. Instantly before 
cladding, the pre-fabricated specimens were pre-heated at 300 °C for 6 h in order to 
induce the pre-expansion of the substrate and thus to decrease the thermal stresses in 
the resultant hardfacings. In the case of the HVOFS process, the feedstock powders were 
fed to the spaying gun instantly from a powder feeder. 

Table 2.4. Feedstock powders for the in-situ synthesis of TiC- and Cr3C2-containing reinforcement in 
PTAW (Paper IV). 

Type of 
powder 

Chemical composition, wt.% / vol.% 
Cr Ti TiO2 C SS 

TiO2 + C + SS - - 40/47.1 10/21.7 50/31.2 
Ti + C + SS - 40/45.6 - 10/22.3 50/32.1 
Cr + C + SS 32/29 - - 8/22.5 60/48.5 
Particle size, 
μm 10–15 60–80 0.1–0.3 5.5–7 10–45 

Manufacturer Pacif. Part. 
Mat. Ltd. 

Baoji Z. Met. 
Mat.Co., Ltd. 

Precheza 
a.s. 

Imerys 
SA 

Castolin 
Eutectics® 

Principal stages for the in-situ synthesis of carbide reinforcement in HVOFS and PTAW 
processes are demonstrated in Fig. 2.3. The morphology of used Ti + C + SS and Cr + C + SS 
mixtures is shown in Fig. 2.4. The composition TiO2 + C + SS was not subjected to SEM 
imaging due to the submicron size of TiO2 particles. 

 



28 

 

Figure 2.3 Schematic representation of the in-situ synthesis of carbide reinforcement. 

The flowability of the developed powder mixtures was assessed using a manual Hall 
flowmeter funnel (ASTM B213) (ASTM International, 2020). The phase identification was 
performed through the X-ray diffraction (XRD) method with CuKα radiation (Burker AXS 
D5005, Germany; Burker D8 Discover, Germany). The particles morphology was analyzed 
by a scanning electron microscope (SEM) EVO MA-15 (Carl Zeiss, Germany). 

    

Figure 2.4 The morphology of : a) Ti + C + SS; b) Cr + C + SS. 

2.2 Hardfacing technologies 

2.2.1 High velocity oxy-fuel spraying 
Obtained powders were deposited onto steel C45 and S235 substrates (50 x 25 x 10 mm) 
by means of HVOFS systems Hipojet 2700 (Metallizing Equipment Co. Pvt. Ltd., India; 
Paper I) or HP/HVOF Tafa JP-5000® (Praxair Inc., Danbury, CT, USA; Paper III). In each case, 
substrate materials were preliminarily sandblasted. Table 2.5 contains the parameters of 
spraying. 
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Table 2.5. HVOFS parameters (Papers I, III). 

Parameter Value 
Oxygen flow rate, l/s 14.5–15 
Kerosene flow rate, l/s 0.4–0.47 
Carrier gas flow rate, l/s 0.83 
Powder feed rate, g/s 1–1.67 
Spraying distance, mm 360–380 
Number of passes 6–14 

The flow rate of combustion gases was found to depend on the average enthalpy  
of specific powder composition and was derived empirically. Generally, the more 
homogeneous the powder composition, the more oxygen (and less kerosene) it required 
in the spraying jet. The rest of parameters had an inverse relationship with the flowability 
value of the powder (except for the feed rate whose dependence was direct). 

2.2.2 Plasma transferred arc welding 
PTAW hardfacing with ex-situ added MAS reinforcement was performed using the  
device EuTronic Gap 3001 DC (Castolin Eutectics®) with the process parameters 
summarized in Table 2.6. As a substrate, the specimens from the structural steel S355 or 
S235 (50 x 25 x 10 mm) were used. The powder-to-substrate delivering methods varied. 
The matrix materials were either an austenitic SS powder Castolin 16316 or self-fluxing 
NiCrSiB alloy powder Castolin 16221. Two separate powder feeders were used, mixing 
matrix and reinforcement powder in certain proportion and feeding the resulting 
composition to the plasma torch.  

Table 2.6. PTAW parameters (Papers II, IV). 

Parameter 
Value 

Paper II Paper IV 
Current, A 95 95 
Voltage, V 22–24 22–24 
Oscillation frequency, Hz 0.6 0.6 
Traverse speed, mm/s 1 0.2 
Plasma gas consumption (Ar), l/s 0.025 0.025 
Shield gas consumption (Ar), l/s 0.108 0.108 
Carrier gas consumption (Ar+H2) (reinf.), l/s 0.0625 - 
Carrier gas consumption (Ar+H2) (matrix), l/s 0.0458 - 
Powder feed rate, g/s 0.035–0.085 0.085 

 
To manufacture hardfacings with the in-situ synthesized reinforcement during the 

PTAW process, the lower value of the traverse speed (Table 2.6) was used (Paper IV) to 
provide enough time for the synthesis. 

2.2.3 Submerged arc welding 
Submerged arc welding (SAW) of hardfacing was done at Kaunas University of 
Technology (KTU) using the Cr3C2-Ni cermet powder developed at TalTech, as reinforcing 
material (Paper II). The matrix materials were an austenitic SS powder Castolin 16316 or 
self-fluxing NiCrSiB alloy powder Castolin 16221. The deposition process was accomplished 
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on an Integra 350 Professional (Miller) welding machine utilizing Ø1.2 mm consumable 
low carbon wire electrode (wt.%: 0.1 C, <0.03 Si, 0.35–0.6 Mn, <0.15 Cr, <0.3 Ni, bal. Fe) 
and standard flux (wt.%: 38‒44 SiO2, 38‒44 MnO, <2.5 MgO, 6‒9 CaF2, <6.5 CaO,  
<2 Fe2O3, <0.15 S, < 0.15 P). The normalized structural steel S355 prisms (6 x 6 x 20 mm) 
were chosen as substrates. The matrix and the reinforcement powders were manually 
mixed, pre-laid on the substrate, covered with a powder flux and after that remelted, 
applying the parameters provided in Table 2.7. 

Table 2.7. SAW parameters (Paper II). 

Parameter Value 
Current, A 180–200 
Voltage, V 22–24 
Traverse speed, mm/s 4 
Welding wire feed rate, mm/s 7 

2.3 Characterization of coatings and hardfacings 

2.3.1 Microstructure analysis and phase composition 
A microstructural analysis was performed on a scanning electron microscope (SEM) EVO 
MA-15 (Carl Zeiss, Germany) equipped with energy dispersive X-ray spectroscopy (EDS) 
detector XFlash® 5010 (Paper I–IV). Specimens’ cross-sections were embedded into resin 
and polished using series of polishing discs with a descending roughness order. The phase 
compositions were determined by the X-ray diffraction (XRD) method with Cu Kα 
radiation using the X-ray diffraction device AXS D5005 (Bruker, Germany) with a 0.04° 
step (Paper I, II), using the X-ray diffraction device D8 Discover (Bruker, Germany) with a 
0.025° step (Paper III) or using the X-ray diffraction device SmartLab SE (Rigaku, Japan), 
equipped with the D/teX Ultra 250 1D detector (Rigaku, Japan) with a 0.01° step (Paper 
IV). The phase composition of all the materials was determined from the specimen’s 
surface. 

2.3.2 Determination of thickness and hardness 
The thickness of HVOFS coatings was determined by a coating thickness gage Positector 
6000 (DeFelsko, USA) (Paper III). The thickness of PTAW hardfacings was not assessed as 
its values differed by an order of magnitude from the thickness of HVOFS coatings.  
The hardness of the obtained coatings and hardfacings was assessed by means of the 
Vickers testing method according to the standard ISO 6507-1 (International Organization 
for Standardization, 2018). The load for microindentation was chosen to be 2.94 N  
(0.3 kgf) and for macroindentation 9.8 N (1 kgf) or 294.3 N (30 kgf). The hardness was 
measured by a Nexus 4505 hardness tester (Innovatest, Maastricht, The Netherlands), 
Indentec 5030 SKV (Zwick, Germany) and Micromet 2001 (Buehler, Germany). Dwell time 
was 10 s. For each material, 10–12 measurements were made and an average value of 
hardness was calculated. Standard deviation was calculated according to the following 
formula: 

𝑆𝑆 = �Σ(𝑥𝑥−�̅�𝑥)2

𝑁𝑁−1
,      (2.1) 

where S is the standard deviation, 𝑥𝑥 is each value in the data set, �̅�𝑥 is a mean of all values 
in the data set, and N is the number of values in the data set. 
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Additionally, in order to determine the H/E ratio of hardfacings in (Paper IV), a Young’s 
modulus was measured with load 100 N (10.2 kgf) and dwell time 10 s on the device Z2.5 
(Zwick, Germany).  

2.3.3 Abrasive wear tests 
The wear resistance of the manufactured coatings/hardfacings was assessed using  
two methods: three-body abrasion rubber wheel wear (ARWW) test according to the 
standard ASTM G65 (ASTM International, 2016) and abrasive-erosive wear (AEW) test 
using a centrifugal accelerator, which was set up according to the standard  
GOST 23.201-78 (GOST 23.201-78 Standard, 1987). ARWW tests were originally  
reported in (Papers I–IV) and the AEW test was reported before only in (Paper III).  
The test parameters are given in Table 2.8. 

Table 2.8. Parameters of the abrasive wear tests of HVOFS coatings and PTAW hardfacings. 

Parameter 
Test type 

ARWW AEW 
Load, N 22.6 and 130 - 
Linear speed, m/s 2.4 401 
Impact angle, ° - 30, 90 
Wheel diameter, mm 80 and 227 - 
Testing temperature, °C 20 20 
Abrasive type and size, mm Silica, 0.2–0.3 Silica, 0.2–0.3 
Abrasive amount, kg 1.85 2+62 
Abrasive feed rate, g/s 5–6.5 6.95 
Duration of the test, s 300, 600 and 1800 2400 

1 Velocity of abrasive particles; 2 Run-in—2 kg, regular test—6 kg. 

Before and after testing, all the samples were ultrasonically cleaned in acetone.  
The standard deviation was calculated according to Eq. (2.1). In every experiment,  
run in was done immediately before regular testing. Overall, 3-5 samples of each coating 
type were tested in the abrasive wear test. 

The wear mechanisms of the worn surfaces were assessed by SEM EVO MA-15 (Carl 
Zeiss, Germany) and TM1000 (Hitachi High-Technologies Europe GmbH, Mannheim, 
Germany).  

The relative wear resistance εv was determined according to the following equation: 
 

εν = IνH400/ Iν,    (2.2) 

where IνH400 is the volumetric wear rate of the reference steel Hardox 400; Iν is the same 
of the tested sample. 
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3 Composite coatings and hardfacings with cermet MAS 
reinforcement 

3.1 Production of TiC-NiMo and Cr3C2-Ni powders by MAS 

3.1.1 Optimal titanium-to-carbon and chromium-to-carbon ratio 
For the manufacturing of the MAS TiC-NiMo powder, the carboreduction of titanium 
dioxide (TiO2) was used. In terms of reactivity, the optimal TiO2:C weight ratio was 
empirically derived as 4:1 in (Paper III). Phase analysis of the manufactured Cr3C2-Ni and 
TiC-NiMo powders is presented in Fig, 3.1. TiC-NiMo cermet (Fig. 3.1a) exhibited the 
presence of two main phases, TiC and TiNi3, while Cr3C2-Ni (Fig. 3.1b) revealed the 
presence of three main phases in the obtained powder: Cr3C2, Cr7C3 and Ni. The optimal 
Cr:C weight ratio for the production of the Cr3C2-based MAS powder was found to be 
around 7:1 (Paper I). 

 
 

(a)     (b) 

Figure 3.1 XRD pattern of MAS powder: (a) TiC-NiMo; (b) Cr3C2-Ni. 

3.1.2 Size distribution and flowability 
The particle size distributions in the MAS TiC-NiMo and Cr3C2-Ni cermet powders are 
presented in Fig. 3.2. In the TiC-containing powder, the fraction suitable for HVOFS  
(20–90 μm) yielded 42% from the overall produced quantity of the material, while the 
amount of the same fraction in the Cr3C2-based powder was approximately 10% larger. 
The fraction suitable for PTAW was 41% in the TiC-NiMo and 21% in the Cr3C2-Ni 
composition. 

 

Figure 3.2 Particle size distribution in the MAS TiC- and Cr3C2-containing cermet powders. 
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Due to a higher sintering temperature, the average grain size of the TiC in TiC-NiMo 
cermet was larger than that of the Cr3C2 grain in Cr3C2-Ni, respectively (see section 2.1). 
More intense densification made the coarse fraction (> 90 μm) of TiC-NiMo unsuitable 
for manual crushing. For this reason, an additional short-term ball milling was used (see 
section 2.1) with subsequent classification by sieving. 

The flowability of pure TiC-NiMo and Cr3C2-Ni cermets could not be assessed  
due to the angular shape of agglomerated particles (see section 2.1). Addition of 
spherically-shaped SS powder (Castolin) to the composition of each cermet improved 
their flowability and became measurable (Table 3.1). 

Table 3.1. Flowability of the MAS TiC- and Cr3C2-containing powders for HVOFS (Paper III). 

Composition Flowability, s 
TiC–NiMo + SS 31.9 ± 0.3 

Cr3C2–Ni + SS 55.7 ± 2.2 

SS (Castolin) 15.2 ± 0.1 
NiCrSiB (Castolin) 13.6 ± 0.3 

3.2 HVOFS coatings with MAS reinforcement 

3.2.1 Microstructure and hardness 
The HVOFS coating with the MAS TiC-containing reinforcement was found to have good 
homogeneity (Fig. 3.3a). However, some regions of unmolten SS particles with interfaces 
can be seen, which influences cohesion. The coating with the MAS Cr3C2-containing 
reinforcement did not acquire desirable homogeneity or thickness (Fig. 3.3b). Here,  
the cohesion between the cermet particles and stainless steel as well as their adhesion 
with the substrate was observed to be lower than that of TiC reinforced coating. 
Moreover, a visible long crack in Fig. 3.3b was apparently formed due to lack of intrinsic 
ductility of Cr3C2-Ni particles as compared to those of TiC-NiMo. This could contribute to 
the low thickness of the coating by eroding the upper layers away during high kinetic 
energy spraying. 

   

Figure 3.3 Cross-sectional SEM images of HVOFS coatings: (a) with MAS TiC-containing reinforcement; 
(b) with MAS Cr3C2-containing reinforcement. 
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On the XRD patterns of the HVOFS coating with the MAS TiC-containing reinforcement 
(Fig. 3.4a), three main phases were identified: TiC, austenite (γ-Fe) and ferrite (α-Fe). XRD 
analysis of a similar coating but with the MAS Cr3C2-containing reinforcement (Fig. 3.4b) 
indicated the presence of Cr3C2, austenite (γ-Fe) and ferrite (α-Fe). 

 

  (a)     (b) 
Figure 3.4 XRD patterns of HVOFS coatings: (a) with the MAS TiC-containing reinforcement; (b) with 
the MAS Cr3C2-containing reinforcement. 

The thickness and hardness of coatings with the MAS TiC- and Cr3C2-containing 
reinforcements are given in Table 3.2. The testing loads were chosen proportionally to 
the thicknesses of the coatings. 

Experimental composition with the MAS TiC-containing reinforcement, as well as 
coatings from the reference materials (Cr3C2-25NiCr (Amperit 588.074, H.C. Starck)), SS 
(Castolin 16316)) showed practically identical hardness on the free surface and the  
cross-section, which indicates their structural uniformity. In contrast, the noticeable gap 
between the surface and cross-sectional microhardness in the material with the MAS 
Cr3C2-containing reinforcement signifies the lack thereof. 
 
Table 3.2. Average thickness and hardness of the HVOFS coatings and reference materials (Paper III). 

Type of coating Thickness, 
(μm) 

Vickers hardness HV 
Surface Cross-Section 

HV1 HV0.3 HV0.3 
TiC–NiMo + SS 130 ± 10 4.5 ± 1.0 - 4.5 ± 1.3 
Cr3C2–Ni + SS 40 ± 20 - 4.9 ± 1.1 2.6 ± 0.8 
Cr3C2-NiCr (Amperit) 267 ± 4 8.8 ± 1.0 8.2 ± 2.1 9.2 ± 1.6 
SS (Castolin) 208 ± 5 3.2 ± 0.4 2.7 ± 1.2 3.1 ± 0.7 

3.2.2 Wear resistance and mechanisms 
Volumetric abrasive rubber wheel wear rates for experimental coatings reinforced with 
the TiC- and Cr3C2-containing cermets are highlighted in Fig. 3.5. The performance of the 
coating with the MAS TiC-containing reinforcement (TiC 38 wt.%/49 vol.%) is analogous 
in terms of the wear rate of the reference material (Cr3C2 58 wt.%/65 vol.%) based on the 
commercial Cr3C2-NiCr cermet powder. However, superb abrasive wear resistance can 
only be achieved via homogeneous dispersion of the carbide phase within the metallic 
matrix, as opposed to how the MAS Cr3C2 reinforced coating was formed. For more 
details see (Paper III). 
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Figure 3.5 ARWW rates of HVOFS coatings with MAS TiC- and Cr3C2-containing reinforcement. 

The wear resistance of the experimental coatings as well as the reference materials to 
AEW under 30° and 90° impact angles is shown in Fig. 3.6.  

 

Figure 3.6 AEW rates of HVOFS coatings with the MAS TiC- and Cr3C2-containing reinforcement. 

Due to the presence of the ductile metallic matrix, the MAS TiC reinforced coating 
exhibited 38-44% better resistance than the commercial Cr3C2-based material (Amperit) 
but worse than the reference SS powder (sprayed) and the bulk steel Hardox 400.  
The MAS Cr3C2-Ni reinforced coating did not demonstrate competitive wear resistance in 
abrasive-erosive testing due to its weak intersplat cohesion and low thickness. 

The wear mechanisms of the experimental coatings are presented in Fig. 3.7.  
The common wear mechanism during the performed tests (ARWW and AEW) was 
microcutting (Paper III). For the coatings with the MAS TiC-containing reinforcement,  
the wear mechanism was a combination of the microcutting of the softer metallic matrix 
and the fragmentation of brittle carbide reinforcement. After the abrasion test, the wear 
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of the steel matrix was more intense compared to the carbide reinforcement (Fig. 3.7a). 
In some parts, carbide clusters formed surface pits (Fig. 3.7c). 

At the composition with the MAS Cr3C2-containing reinforcement, the wear was 
similar to that of the MAS TiC reinforced coating (Fig. 3.7b). Under impact action of 
erodent particles, it had higher brittleness than its TiC-containing counterpart (Fig. 3.7d). 

  

  

Figure 3.7 Topography of worn HVOFS surfaces after ARWW (a,b) and AEW (c, d): (a) TiC-NiMo + SS; 
(b) Cr3C2-Ni + SS; (c) TiC-NiMo + SS; (d) Cr3C2-Ni + SS. 

3.3 PTAW and SAW hardfacings with MAS reinforcement 

3.3.1 Microstructure and hardness 
The microstructure of PTAW hardfacings with the MAS TiC-containing reinforcement is 
presented in Fig. 3.8.  

It is notable that cermet particles are scattered more homogeneously in the Fe-based 
matrix (Fig. 3.8a) than in the Ni-based one (Fig. 3.8b), which may be related to their 
different melting temperatures (1400 °C vs. 1200 °C, respectively). The macrohardness 
of TiC reinforced hardfacings is given in Table 3.3, along with its Cr3C2-Ni-based 
counterparts. 
 
 
 

 

 



37 

  

Figure 3.8 Microstructure of hardfacings with the MAS TiC-NiMo-containing reinforcement developed 
by PTAW: (a) TiC-NiMo + SS; (b) TiC-NiMo + NiCrSiB. 

The presence of the following main phases was discovered during the XRD analysis of 
PTAW hardfacings with the MAS TiC-containing reinforcement: TiC, Cr23C6, nickel 
molybdenum and nonstoichiometric iron carbide in TiC-NiMo + SS (Fig. 3.9a) and Cr3Ni, 
Cr5B3 and nonstoichiometric boron silicon carbide in TiC-NiMo + NiCrSiB (Fig. 3.9b).  
The presence of the TiC phase was not detected in the latter composition. 

  
(a)     (b) 

Figure 3.9 XRD patterns of the MAS TiC-containing PTAW hardfacings: (a) with the Fe-based matrix; 
(b) with the Ni-based matrix. 

The microstructure of PTAW and SAW hardfacings with the MAS Cr3C2-containing 
reinforcement is shown in Fig. 3.10. PTAW hardfacings showed a typical structure for this 
type of claddings (Fig. 3.10a,b); however, the absence of the Cr3C2-Ni reinforcement was 
obvious in SAW hardfacings (Fig. 3.10c,d). Due to higher welding current, and thus the 
heat input used in SAW, the hard carbide phase dissolved in the hardfacing much more 
extensively (Paper II). 
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Figure 3.10 Microstructure of hardfacings with the MAS Cr3C2-containing reinforcement developed 
by PTAW (a,b) and SAW (c,d): (a) Cr3C2-Ni + SS; (b) Cr3C2-Ni + NiCrSiB; (c) Cr3C2-Ni + SS; (d) Cr3C2-Ni  
+ NiCrSiB. 

The phase composition of PTAW hardfacings with the Cr3C2-based MAS reinforcement 
is presented in Fig. 3.11. In the coating with the Fe-based matrix, there were two principal 
phases of austenite (γ-Fe) and Cr7C3 with a small amount of ferrite (α-Fe), while in the 
structure of the coating with the Ni-based matrix, primary Cr3C2 and Ni-based secondary 
NiC0.22 carbides prevailed. SAW hardfacing with the Fe-based matrix comprised mostly 
solid solution α-Fe(Cr), Ni-rich retained austenite (γ-Fe), and a small amount of secondary 
carbide Cr3C. SAW hardfacing with the Ni-based matrix contained predominantly 
different chromium carbides (CrC and Cr3C2) and some amount of austenite (γ-Fe). 

  
(a)     (b) 

Figure 3.11 XRD patterns of the MAS Cr3C2-Ni-containing PTAW and SAW hardfacings: (a) with the 
Fe-based matrix; (b) with the Ni-based matrix (Paper II). 
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The macrohardness of PTAW hardfacings with the MAS TiC- and Cr3C2-containing 
reinforcements is given in Table 3.3. In this research, SAW hardfacings will not be further 
discussed due to their intrinsically inferior microstructure and phase composition with 
regard to the PTAW counterparts (Figs. 3.10 and 3.11). 

Table 3.3. Vickers hardness of PTAW hardfacings and reference materials. 

Type of hardfacing Vickers hardness HV30 

TiC-NiMo + SS 5.2 ± 0.4 
TiC-NiMo + NiCrSiB 2.3 ± 0.2 
Cr3C2–Ni + SS 3.8 ± 0.2 
Cr3C2–Ni + NiCrSiB 4.1 ± 0.2 
SS (Castolin) 1.7 ± 0.1 
NiCrSiB (Castolin) 3.5 ± 0.3 

The probable explanation of the highest increment of macrohardness in hardfacings 
with the Fe-based matrix is that the retained austenite underwent secondary martensitic 
transformation (secondary hardening). On the other hand, the drop of macrohardness in 
the TiC-NiMo + NiCrSiB hardfacing can be explained by the higher dissolution of the  
TiC-NiMo cermet in the metallic matrix due to their similar melting temperatures  
(1200–1300 °C) (Limin, et al., 2000, Ayyappan Susila & Arun, 2020). 

After the MAS Cr3C2-containing reinforcement was introduced to pure SS and NiCrSiB 
PTAW hardfacings, their macrohardness increased by more than 2–3 times (SS matrix) 
and by 17% in the Cr3C2-Ni + NiCrSiB hardfacing. 

3.3.2 Wear resistance and mechanisms 
The wear resistance of the developed PTAW hardfacings and reference materials at the 
abrasive rubber wheel wear (ARWW) test is illustrated in Fig. 3.12.  

 

Figure 3.12 ARWW rates of PTAW hardfacings based on different matrix materials (Fe, Ni) and the 
MAS TiC- and Cr3C2-containing reinforcement. 
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As expected, in the abrasive rubber wheel wear test, the MAS reinforced hardfacings 
exhibited much lower wear rate than the unreinforced counterparts. Particularly, 
compositions with the added MAS TiC-containing reinforcement decreased the wear  
rate by 90% (for the Fe-based matrix) and 40% (for the Ni-based matrix). Despite the 
decreased macrohardness of the latter, it has demonstrated lower wear rate than the 
unreinforced hardfacing. The wear rate of the composition with the Ni-based matrix and 
the MAS Cr3C2-containing reinforcement was decreased by three times, while the  
Fe-based matrix hardfacing dropped its wear rate by nine times. A significant decrease 
of the latter is in direct correlation with its increased macrohardness (Table 3.3).  

Abrasive-erosive wear (AEW) rates of the developed PTAW hardfacings and the 
reference materials under impact angles 30° and 90° are shown in Fig. 3.13. Experimental 
hardfacings with the MAS Cr3C2-containing reinforcement demonstrated nearly identical 
wear rate. Strict correlation between macrohardness (Table 3.3) and AEW was observed 
in the wear experiments under 30° impact angle. Furthermore, in a less intense erosive 
regime under low impact angle, which is intrinsically similar to the ARWW test, the wear 
of the experimental hardfacings was lower than that of unreinforced reference 
hardfacings (Fig. 3.13). Experimental hardfacings with the MAS Cr3C2-containing 
reinforcement demonstrated the same 20% lower absolute wear rate under 90° impact 
angle than under 30° angle, which is expected from metal-matrix type structures with 
56–57 vol.% of the metallic phase. 

 

Figure 3.13 AEW rates of PTAW hardfacings based on different matrix materials (Fe, Ni) and MAS 
TiC- and Cr3C2-containing reinforcement. 

At the erosive wear regime with a 90° impact angle, the experimentally obtained 
hardfacings with the MAS Cr3C2-containing reinforcement showed higher wear rate than 
their unreinforced counterparts. The most likely cause was that the  the ductility had 
diminished by the presence of the brittle carbide phase (43–44 vol.%). As a result,  
the Cr3C2-Ni + SS hardfacing possessed the highest wear among the tested materials.  
All the experimentally developed hardfacings demonstrated the wear rate higher than 
that of the reference steel Hardox 400. 

The worn surfaces of PTAW hardfacings with the MAS TiC- and Cr3C2-containing 
reinforcements after the ARWW test are depicted in Fig. 3.14. Microcutting was the 
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common wear mechanism for all MAS cermet reinforced hardfacings (Fig. 3.14).  
The wear mechanism of the TiC-NiMo + SS hardfacing was found to be more distinct  
than that of TiC-NiMo + NiCrSiB. Figure 3.14a depicts a singular cermet particle that had 
depleted more than 50% of its volume, whilst a similar cermet particle is seen to be 
completely holistic in Fig. 3.14b. Nevertheless, on a macroscale, the amount of these 
carbide clusters in the TiC-NiMo + NiCrSiB hardfacing is incomparably smaller (due to 
reasons discussed earlier) compared to TiC-NiMo + SS; thus, the overall wear rate of  
the former turned out to be much higher (Fig. 3.12). The other defects like insignificant 
cracks were common for both compositions. 

Numerous abrasive grooves were spotted on the surface of hardfacings with the  
Cr3C2-based reinforcement, as silica particles were tackled by the soft metallic matrix, 
while some carbide particles were stripped off the cermets splats (Fig. 3.14c). 
Nevertheless, the latter remained integral, which signifies good bonding between them 
and the matrix. No signs of carbide spallation were found on the micrographs of the worn 
Cr3C2-Ni + NiCrSiB hardfacing. However, as compared to the Cr3C2-Ni + SS composition, 
the abrasive grooves were much more distinctive with more silica particles found in the 
vicinity. This may have decreased its abrasive wear rate, especially considering the 
explicit plasticity of the Ni-based matrix (Fig. 3.14d). 

  

  

Figure 3.14 Topography of worn PTAW surfaces after ARWW: (a) TiC-NiMo + SS; (b) TiC-NiMo + 
NiCrSiB; (c) Cr3C2-Ni + SS; (d) Cr3C2-Ni + NiCrSiB. 

The SEM images of AEW worn surfaces of experimental hardfacings with the MAS TiC- 
and Cr3C2-containing reinforcements are depicted in Fig. 3.15. Wear rates under 30° 
impact angle of almost all experimental hardfacings, except for TiC-NiMo + SS, were 
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higher than under 90° impact angle. Therefore, in Figure 3.15, the worn surfaces 
subjected to the abrasive-erosive test under 30° impact angle are depicted. 

  

  

Figure 3.15 Topography of worn PTAW surfaces after AEW (30°): (a) TiC-NiMo + SS; (b) TiC-NiMo + 
NiCrSiB; (c) Cr3C2-Ni + SS; (d) Cr3C2-Ni + NiCrSiB. 

The AEW mechanism of hardfacings with the TiC-NiMo reinforcement was 
microcutting, as a multitude of metallic chips were spotted along the abrasive groove 
lines left by erodent silica particles. However, in the hardfacings, no silica particles were 
observed to be stuck to the surface. In Fig. 3.15a and 3.15b, compacted carbide regions 
show visible pits formed due to the depletion of the brittle hard phase. In Fig. 3.15b 
(insertion),  
a significant crack in the matrix material can be noticed. Its direction is perpendicular to 
the erosive groove lines, which may be a sign of internal stresses in the pre-surface layers 
of the TiC-NiMo + NiCrSiB hardfacing. 

Similar wear products – the metallic chips - were observed on the micrographs of 
Cr3C2-Ni reinforced hardfacings to be present in great numbers on their surfaces, 
indicating that microcutting was the common wear mechanism (Fig. 3.15c,d). 
Additionally, some silica particles can be seen stuck to the surface of the Cr3C2-Ni + SS 
hardfacing (Fig. 3.15c). In the hardfacings with the MAS Cr3C2-containing reinforcement, 
some cermet particles scattered on the surface were found bare yet holistic. High impact 
angle (90°) testing regime imposes certain difficulties regarding observing of worn 
surfaces by means of SEM imaging. Nevertheless, the dominating wear mechanism at 
this wear condition was proved to be low-cycle fatigue (Kulu, et al., 2007). 
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4 Composite coatings and hardfacings with in-situ synthesized 
reinforcement  

4.1 HVOFS coatings with in-situ synthesized reinforcement 

4.1.1 Microstructure and hardness 
The microstructure images of HVOFS coatings obtained from the mechanical mixtures  
Ti + C + SS and Cr + C + SS are presented in Fig. 4.1.  

  

Figure 4.1 Cross-sectional SEM images of HVOFS coatings with in-situ synthesized reinforcement: 
(a) Ti + C + SS; (b) Cr + C + SS. 

Generally, both coatings exhibited similar microstructure with different thickness:  
100–130 μm in the TiC-containing coating and 250–280 μm of the CrC-containing coating 
(Table 4.1). However, the coating with the in-situ synthesized TiC reinforcement  
(Fig. 4.1a) consisted of swirled alternating layers of the Fe-based matrix and the TiC 
reinforcement with some amount of unmolten stainless steel particles, while the coating 
with the in-situ synthesized CrC reinforcement contained unmolten and slightly 
deformed Cr particles (Fig. 4.1b). Some cracks were discovered in the pre-surface area of 
this coating. Their presence indicates the decreased cohesion between the matrix and 
the reinforcement phases in the upper layers of the coating. The crack-forming 
mechanism, apparently, is similar to that in the MAS counterpart (see section 3.2). 

  
(a)     (b) 

Figure 4.2 XRD patterns of HVOFS coatings with the in-situ synthesized reinforcement: (a) Ti + C + SS; 
(b) Cr + C + SS. 
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The X-Ray diffractograms of the coatings discussed above are presented in Fig. 4.2.  
The phase composition of the TiC-containing coating consisted of four main phases: TiC, 
α-Ti, austenite (γ-Fe), and ferrite (α-Fe) (Fig. 4.2a). The presence of the α-Ti phase is most 
likely the result of excessive burning out of carbon meant for bonding with Ti. Three 
principal phases were discovered in the CrC-containing coating: CrC, pure Cr and 
austenite (γ-Fe) (Fig. 4.2b). Similarly, during coating deposition, the burning out of carbon 
led to the abundance of unreacted Cr, which prevents forming of other reinforcement 
phases (Cr3C2, Cr7C3, etc.). 

The microhardness values of the experimental coatings with the in-situ synthesized 
reinforcement are given in Table 4.1. Coating with the TiC-based reinforcement showed 
the difference between the microhardness on the surface and the cross-section of about 
20%, which may be a sign of compromised structural uniformity. The surface and  
cross-sectional microhardness of the coating with CrC reinforcement was nearly similar 
to the microhardness of that obtained from stainless steel. It is caused by little presence 
of the hard carbide phase in the structure.  The noticeable difference between the 
thickness of the Ti + C + SS and Cr + C + SS coatings apparently originates from the 
difference in the morphology of sprayed mechanical mixtures (Fig. 2.4), which, in turn, 
impacts their flowability: 49.2 ± 1 s and 39.1 ± 0.4 s, respectively. 

Table 4.1. Average thickness and Vickers hardness of the HVOFS coatings with in-situ synthesized 
reinforcements (Paper III). 

Type of coating Thickness, 
(μm) 

Vickers hardness HV 
Surface Cross-section 

HV1 HV0.3 
Ti + C + SS 110 ± 20 4.0 ± 0.6 3.3 ± 0.7 
Cr + C + SS 265 ± 15 3.4 ± 0.4 3.3 ± 0.4 
Cr3C2-NiCr (Amperit) 263 ± 11 8.8 ± 1.0 9.2 ± 1.6 
SS (Castolin) 203 ± 13 3.2 ± 0.4 3.1 ± 0.7 

4.1.2 Wear resistance and mechanisms 
The ARWW volumetric wear rates of coatings with the in-situ synthesized reinforcements 
are presented in Fig. 4.3. 

 

Figure 4.3 Comparison of ARWW rates of HVOFS coatings with the in-situ synthesized reinforcement. 

0

10

20

30

40

50

60

Ti + C + SS Cr + C + SS Cr3C2-NiCr
(Amperit)

Hardox 400 SS (sprayed)

W
ea

r r
at

e,
 m

m
3 /

N
·m

 1
0-5



45 

In the abrasive wear testing, the TiC-containing coating demonstrated about 25% 
higher wear resistance than the CrC-containing counterpart due to higher percentage of 
the hard carbide phase (TiC 27 wt.%/34 vol.% vs. CrC 8 wt.%/9 vol.%) (Paper III). However,  
as compared to the commercial Cr3C2-based cermet coating with 53 wt.%/65 vol.% of 
hard phase, the experimental coatings with the in-situ synthesized reinforcement 
showed poor performance. 

  

Figure 4.4 EDS maps of TiC-containing HVOFS coatings: (a) MAS TiC-NiMo + SS; (b) Ti + C + SS  
(Paper III). 

MAS coating TiC–NiMo + SS (Fig. 4.4a) has fewer and smaller internal cracks and voids, 
and the distribution of its carbide particles appears to be more homogeneous than that 
of the lamellar structure of its counterpart (Fig. 4.4b). It is therefore suggested that these 
factors make the MAS coating more resistant to material loss under the abrasion.  

 

Figure 4.5 Comparison of AEW rates of HVOFS coatings with the in-situ synthesized reinforcement 
and reference materials. 

The wear rates of HVOFS coatings with in-situ synthesized after the AEW testing under 
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under low impact angle, but not under 90° angle. The alienating of the entire layer of the 
commercial coating (and leaving bare steel substrate exposed to erodent particles) may 
be the reason why the Cr3C2-NiCr (with Cr3C2 58 wt.%/ 65 vol.%) commercial coating 
performed better under direct erodent impact than the experimental coating with only 
27 wt.%/34 vol.% of TiC. 

At the same time, the volumetric wear of the experimental CrC-containing coating 
turned out to be lower than that of the aforementioned commercial Cr3C2-containing 
counterpart under both impact angles. Nevertheless, as compared to reference steels SS 
(sprayed) and Hardox 400, the erosion wear rates of the experimental coatings were still 
significantly higher. 

The wear mechanism of both coatings with the in-situ synthesized reinforcement  
(Fig. 4.6) resembled that of coatings with the MAS reinforcement (see section 3.2). After 
the ARWW and AEW tests, the rare depleted carbide clusters with scarce regions of 
delaminated (Fig. 4.6a) or fractured (Fig. 4.6b,c) matrix material were observed. Similar 
to the coatings with the MAS reinforcement, few silica inclusions were found embedded 
in the soft metallic matrix. This could slightly influence the post-testing weight results. 
Infrequent surface pits and cracks formed under the impact of erodent particles on 
carbide clusters with lower cohesion, while those with higher interparticle connections 
remained holistic (Fig. 4.6c,d). 

  

  

Figure 4.6 Topography of worn HVOFS surfaces after ARWW (a,b) and AEW (c,d): (a) Ti + C + SS;  
(b) Cr + C + SS; (c) Ti + C + SS; (d) Cr + C + SS. 
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4.2 PTAW hardfacings with in-situ synthesized reinforcement 

4.2.1 Microstructure and hardness 
The microstructure images of the obtained PTAW hardfacings with the in-situ 
synthesized reinforcement are shown in Fig. 4.7. The TiC reinforced hardfacing showed 
rather non-homogeneous microstructure with notable carbide-free regions (Fig. 4.7a). 
Carbon burn out most likely occurred during hardfacing deposition. This is additionally 
confirmed by gaseous porosity seen on the SEM images. On the contrary, the hardfacing 
with the chromium carbide (CrC) based reinforcement showed an eutectic structure with 
evenly distributed carbide grains (Fig. 4.7b). The hardfacing obtained from TiO2 was 
observed to have pore-free structure with an insignificant amount of Ti- and Mo-based 
carbides precipitated at the grain boundaries (Fig. 4.7c). On the unmachined surface of 
this hardfacing, a plenitude of small-sized (less than 1 μm) carbides was observed  
(Fig. 4.7d). Therefore, all the carbide phases were likely to have concentrated in the thin 
upper layer due to their lower density and were afterwards removed by machining.  
For more detail see (Paper IV). 

  

  

Figure 4.7 Microstructure of PTAW hardfacings with the in-situ synthesized reinforcement:  
(a) Ti + C + SS; (b) Cr + C + SS; (c) TiO2 + C + SS; (d) TiO2 + C + SS (unmachined) (Paper IV). 

X-ray diffractograms of hardfacings with the in-situ synthesized TiC and CrC 
reinforcements are shown in Fig. 4.8. The phase analysis of hardfacings from  Ti + C + SS 
and TiO2 + C + SS mixtures showed some presence of TiC (9.9 wt.%) and (Ti,Mo)C  
(9.6 wt.%), respectively. However, the microstructure of the machined TiO2 + C + SS 
sample comprised  no carbide reinforcement phase and is not depicted in Fig. 4.8.  
The matrix of the Ti + C + SS hardfacing was mostly ferritic-austenitic. The main phases 
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were TiC, (Ti,Mo)C and chromium iron solid solution (Fig. 4.8a). Meanwhile, the in-situ 
synthesis of the CrC reinforcement (19.8 wt.%/23.5 vol.%) was confirmed during the 
deposition of Cr + C + SS. Other significant phases were Fe-Mn-C carbides and Ni-Mo-Cr 
solid solution (Fig. 4.8b). The matrix was austenitic due to remaining carbon after less 
complete reaction of precursor elements (Cr, C), as compared to Ti + C + SS. 

  
(a)      (b) 

Figure 4.8 XRD patterns of PTAW hardfacings with the in-situ synthesized reinforcement:  
(a) Ti + C + SS; (b) Cr + C + SS. 

Among the obtained hardfacings with the in-situ synthesized reinforcements,  
CrC-contained composition showed the highest hardness (Table 4.2), which was 16%  
and 60% higher than Ti- and TiO2-containing counterparts, respectively, and 2.7 times 
higher than the hardfacing deposited from the unreinforced stainless steel powder.  
This difference between the welded hardfacings as well as relatively large deviation of 
the hardness values within the Ti + C + SS composition is apparently linked to the amount 
of the synthesized hard phase and its distribution across the each particular hardfacing. 

Table 4.2. Vickers hardness of the PTAW hardfacings with the in-situ synthesized reinforcements 
(Paper IV). 

Type of hardfacing Vickers hardness HV30 

Ti + C + SS 3.7 ± 0.6 
TiO2 + C + SS 2.7 ± 0.8 
Cr + C + SS 4.3 ± 0.1 
SS (Castolin) 1.6 ± 0.1 

 

4.2.2 Wear resistance and mechanisms 
The ARWW test results of PTAW hardfacings with the in-situ synthesized reinforcements 
and reference materials (cladded SS, Hardox 400) are presented in Fig. 4.9. The CrC-
containing hardfacing exhibited slightly better wear resistance than its TiC-containing 
counterpart and is in direct correlation with the in-situ synthesized hard phase amount 
in these hardfacings. Both of them showed better wear resistance than the reference 
materials. Expectedly, TiO2-containing machined hardfacing did not demonstrate any 
competitive wear resistance due to the concentration of carbides in the removed outer 
layer. 
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Figure 4.9 ARWW rates of PTAW hardfacings with the in-situ synthesized reinforcement and reference 
materials. 

The results of AEW testing under 30° and 90° impact angles are presented in  
Fig. 4.10. It can be seen that under low impact angle, in terms of wear resistance,  
Ti + C + SS composition outperformed commercial reference steel Hardox 400 by  
around 13 % and exhibited similar wear resistance to the unreinforced SS result. 
Meanwhile, the Cr + C + SS hardfacing demonstrated slightly higher (~15 %) wear  
rate than Hardox 400 (30°, 90°) and the same wear rate as the unreinforced SS under 90° 
impact angle (Fig. 4.10).  

 

Figure 4.10 AEW rates of PTAW hardfacings with the in-situ synthesized reinforcement and reference 
materials. 

The difference in the wear rates, especially under 90° impact angle, between the TiC- 
and CrC-containing hardfacings can be explained by the presence of ductile Ni- and  
Fe-rich solid solutions in the structure of the Cr + C + SS hardfacing. However,  
it demonstrated a significant gap between the wear rate in 30° and 90° impact angles, 
whilst Ti + C + SS exhibited practically identical wear resistance under both regimes. 
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Therefore, the latter is seen as a more well-balanced material, better suited to the 
abrasive-erosive wear under various conditions. Due to earlier discussed reasons,  
the demonstrated wear resistance of the TiO2-containing deposition was not higher than  
that of bare substrate. 

The wear mechanism micrographs of PTAW cladded hardfacings after the ARWW test 
are presented in Fig. 4.11. The principal wear mechanism of all the studied hardfacings 
was a combination of microcutting and microploughing. There are some metallic chips 
and abrasive grooves left by the abrasive particles, which can be seen on each SEM 
image. However, the grooves were much shallower in the case of the Ti + C + SS  
(Fig. 4.11a) and Cr + C + SS (Fig. 4.11b) hardfacings. Thus, the wear was less intense as 
compared to the hardfacing TiO2 + C + SS. These results correlate with the corresponding 
phase analysis (Fig. 4.8) and wear rates (Fig. 4.9). 

  

 

Figure 4.11 Topography of worn PTAW hardfacing surfaces after ARWW: (a) Ti + C + SS;  
(b) Cr + C + SS; (c) TiO2 + C + SS (Paper V). 

The SEM images of AEW-tested (impact angle 30°) PTAW hardfacings with the in-situ 
synthesized reinforcement are shown in Fig. 4.12. The common wear mechanism for all 
tested surfaces was microcutting. However, it was more pronounced in the case of  
CrC- and TiO2-containing hardfacings, as some metallic particles were found scattered 
around (Fig. 4.12b,c). The hardfacing with the TiC reinforcement appeared to be less 
prone to forming defects, which is in strict correlation with the demonstrated wear rates 
(Fig. 4.10). 

The common defects for all tested compositions (Fig. 4.12) were cracking and material 
depletion (removal). Additionally, on the Cr-based hardfacing, abrasive grooves caused 
by microploughing were observed (Fig. 4.12b). It is suggested that the depleted or 
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fractured areas of the tested hardfacings used to be clusters of carbide reinforcement, 
which were destroyed and alienated upon direct impact of silica particles that in some 
cases may be seen stuck in the vicinity (Fig. 4.12c). 

  

 

Figure 4.12 Topography of worn PTAW hardfacing surfaces after AEW (30°): (a) Ti + C + SS;  
(b) Cr + C + SS; (c) TiO2 + C + SS. 
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5 Comparison of coating and hardfacing wear resistance  

5.1 HVOFS coatings with MAS and in-situ synthesized reinforcement 
Among all experimental coatings in the ARWW test, the MAS TiC-NiMo + SS coating 
exhibited the lowest wear rate (Fig. 5.1). It is, supposedly, linked to the highest amount 
of the hard carbide phase (TiC 38 wt.%/49 vol.%) obtained cumulatively after the 
synthesis of the respective cermet MAS powder and its subsequent high velocity 
spraying. It was shown that the performance of this composition is analogous to the 
commercial reference material Cr3C2-NiCr with much higher amount of the hard phase 
(58 wt.%/65 vol.%). 

 

Figure 5.1 Comparison of ARWW rates of HVOFS coatings with the MAS and in-situ synthesized 
reinforcement. 

In AEW testing at the impact angle 30°, MAS TiC-NiMo + SS showed the best 
performance as well (Fig. 5.2). It is followed by the Ti + C + SS coating with nearly  
60% higher wear rate, which was caused by the smaller amount of TiC in its structure   
(27 wt.%/34 vol.%) (Paper III). The reason is unequal distribution of the metallic  
phase amount (51 vol.% in MAS TiC-NiMo + SS  vs. 66 vol. % in Ti + C + SS), which  
has considerable influence on the wear resistance under 30° angle.  

At normal impact angle (90°), coatings with the highest content of the ductile  
metallic phase expectedly demonstrated the lowest wear rate. Among the experimental 
coatings, the closest wear rate to the reference materials was exhibited by the  
MAS TiC-NiMo + SS and in-situ synthesized Cr + C + SS coatings, which both contained 
significantly lower amount of the hard phase. 
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Figure 5.2 Comparison of AEW rates of HVOFS coatings with MAS and in-situ synthesized 
reinforcement. 

5.2 PTAW hardfacings with MAS and in-situ synthesized reinforcement 
The comparison of wear rates of PTAW MAS hardfacings and hardfacings with in-situ 
synthesized reinforcements are presented in Fig. 5.3. MAS TiC-NiMo + SS and Cr3C2-Ni + SS 
hardfacings demonstrated significantly lower wear rate of the material due to higher 
carbide content and multiple carbide phases present in the composition (see section 3.3) 
compared to Ti/Cr/ TiO2 + C + SS hardfacings (see section 4.2). However, it was achieved 
using a longer and more expensive fabrication method, which, unlike the in-situ 
synthesis, includes multiple technological stages (see section 2.1). 

 

Figure 5.3 ARWW rates of PTAW hardfacings with the MAS and in-situ synthesized reinforcement. 
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In the abrasive-erosion wear testing under low impact angle (30°), the experimental 
PTAW hardfacing with the in-situ synthesized reinforcement Ti + C + SS revealed  
the lowest wear rate compared to the MAS TiC-NiMo + SS hardfacing (Fig. 5.4).  
Under 90° impact angle, the in-situ synthesized Cr + C + SS hardfacing demonstrated 
about 30% higher wear rate than the steel Hardox 400. Other experimental hardfacings 
with the in-situ synthesized reinforcement exhibited higher wear rate than Cr + C + SS. 
The least wear resistant was the TiC-NiMo + SS MAS hardfacing due to the highest 
content of brittle phases (Fig. 3.9a): TiC (30 wt.%/38 vol.%) and Cr23C6 (13 wt.%/11 vol.%).  
The MAS Cr3C2-Ni + SS hardfacing exhibited more than 9–11 times higher wear rate than 
the commercial steel Hardox 400 due to the reasons discussed earlier. 

 

Figure 5.4 AEW rates of PTAW hardfacings with the MAS and in-situ synthesized reinforcement. 

The wear rate of the MAS TiC-containing hardfacing higher than that of Hardox 400  
in the AEW test is likely to be attributed to the higher matrix-to-reinforcement ratio, 
which is almost 1:1 (see section 3.3). It signifies the inability of the ductile metallic  
phase in its current amount to provide enough plasticity. Regarding to the MAS Cr3C2-Ni 
+ SS hardfacing, due to the dominant presence of the brittle hard phase, it exhibited 4.5 
times higher wear rate than the commercial ductile steel Hardox 400. 

On the contrary, hardfacings with the in-situ synthesized TiC and CrC reinforcements 
contained a higher content of the metallic phase. Thus, under 30° impact angle, the  
TiC-containing hardfacing showed  a wear resistance higher or similar to that of the 
Hardox 400 and SS hardfacing, respectively, while under 90° impact angle, hardfacing 
with the CrC reinforcement demonstrated a wear rate rather comparable to the SS 
cladded hardfacing. 
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5.3 Relative wear resistance 
The relative wear of all experimental coatings/hardfacings under ARWW and AEW testing 
conditions is presented in Table 5.1. The reference material is the commercial steel 
Hardox 400. 
 
 
Table 5.1. Relative wear resistance εv of experimental coatings/hardfacings under different testing 
condtions (ε<1 – poor; ε>1 – good). 

Type of material 
------------ 
Wear test 

Ref. 
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ARWW 1 5.4 5.5 0.8 1.4 1.1 6.4 5.3 1.2 1.4 0.4 

AEW (30°) 1 0.3 0.6 0.2 0.4 0.6 0.8 0.2 1.2 0.9 0.7 

AEW (90°) 1 0.2 0.3 0.1 0.2 0.3 0.3 0.1 0.4 0.7 0.5 

It can be concluded from Table 5.1 that experimental coatings and hardfacings  
may be recommended for application in abrasion conditions where they possess  
the highest relative wear resistance (5–6 times). Meanwhile, it was observed that  
the developed coatings and hardfacings, generally, were not suitable for erosion,  
except for PTAW hardfacings with the in-situ synthesized TiC and CrC reinforcements, 
which demonstrated wear resistance comparable to that of the reference materials. 
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6 Conclusions 
In this study, abrasive wear resistant composite hardfacings with the ex-situ and in-situ 
synthesized carbide reinforcement were developed by the HVOFS (high velocity oxy-fuel 
spraying) and PTAW (plasma transferred arc welding) deposition technologies. 

• Experimental coatings and hardfacings with the in-situ synthesized 
reinforcement showed 4–5 times greater wear rate in abrasion and similar or 
slightly lower material loss under the abrasion-erosion (under impact angles 30° 
and 90°) wear conditions compared to the counterparts with the ex-situ added 
(MAS) cermet reinforcement. This can be explained by domination of metallic 
phase in the structure of coatings and hardfacings with the in-situ synthesized 
reinforcement due to the excessive carbon burn out. This was the common 
shortcoming for both HVOFS and PTAW deposition technique whith regard to 
in-situ synthesis of carbide reinforcement. 

• PTAW hardfacings with the Fe-based matrix exhibited 1.5-5 times higher wear 
resistance in abrasion and similar wear rate in the abrasion-erosion (except for 
TiC-containing composition with 49 vol.% of hard phase under 90° impact angle) 
wear conditions as compared to analogous hardfacings with the Ni-based 
matrix. Due to more extensive dissolution of the hard carbide phase, caused by 
higher operating current, SAW hardfacings did not demonstrate quality phase 
content and microstructure as compared to the PTAW counterparts and their 
wear resistance was not further assessed. 

• HVOFS coatings and PTAW hardfacings with the ex-situ added reinforcement in 
abrasive wear demonstrated 5–6 times higher wear resistance than the 
reference steel Hardox 400 and are recommended for application in abrasion 
conditions. 

• PTAW hardfacing with the in-situ synthesized TiC reinforcement was the only 
experimental composition that outperformed the reference steel Hardox 400 
by 20% in the abrasive-erosive wear conditions under low (30°) impact angle. 
Among all the developed compositions, PTAW hardfacing with the in-situ 
synthesized CrC reinforcement showed the best wear resistance under normal 
(90°) impact angle.  

• The wear mechanism dominating among all HVOFS coatings and PTAW 
hardfacings was the microcutting of the ductile metallic matrix paired with the 
removal of the brittle carbide phase, except for the PTAW hardfacings with the 
in-situ synthesized reinforcement (Ti/TiO2/Cr + C + SS), in which microcutting 
was coupled with the microploughing wear mechanism. 

The novelty of the present work can be outlined by: 

• The synthesis with the preliminary mechanical activation (mechanically 
activated synthesis, MAS) of TiC-NiMo and Cr3C2-Ni cermet powders was 
improved to obtain powders for sprayed coatings or welded  hardfacings in such 
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a way that mechanical grinding of the synthesized materials in a disintegrator is 
no longer necessary; 

• Development of composite coatings/hardfacings with in-situ formation of hard 
phase; 

• Wear resistance of metal-ceramic coatings/hardfacings with the in-situ 
synthesized titanium and chromium carbide-based reinforcement was 
compared under the conditions of abrasive and erosive wear; 

• The wear resistance between the cermet coatings/hardfacings with the ex-situ 
and in-situ synthesized carbide reinforcement was compared under the 
conditions of abrasive and erosive wear. 

In the future work, focus could be on the following: 

• Further research and development of Ti- and Cr-containing PTAW hardfacings 
with in-situ synthesized reinforcement, which demonstrated competetive wear 
resistance in abrasion-erosion; 

• Improvement of their abrasion resistance by minimizing the carbon burn out 
during deposition process. 
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Abstract 
Abrasive Wear Resistant Composite Hardfacings with ex-situ 
and in-situ Synthesized Carbide Reinforcement 
Half of all the cases of faulty machine behavior are attributed to the mechanical wear of 
their parts. The abrasive wear is its most common form, which often occurs in the fields 
such as the automotive industry, oil extraction, aviation, recycling of materials, civil and 
marine engineering. In order to lessen wear effects, working surfaces are being protected 
(new part) or restored (used part) by means of deposition of a specially designed 
coating/hardfacing.  

Two widely applied deposition techniques were the principal focus of this work: high 
velocity oxy fuel spraying (HVOFS) and plasma transferred arc welding (PTAW). 

Regarding the feedstock materials, the constantly increasing price of tungsten carbide 
(WC) stimulates the search for cheaper alternatives, for example titanium carbide (TiC) 
and chromium carbide (Cr3C2). In particular, TiC- and Cr3C2-based cermets are commonly 
used as a replacement of expensive WC-based materials. 

The aim of this work was to propose new composite coatings and hardfacings 
manufactured by HVOFS or PTAW, which contain Ti and Cr carbide-based reinforcement 
synthesized ex-situ (by mechanically activated synthesis, MAS) and in-situ (during the 
deposition process). Technological route with the in-situ synthesis of carbide 
reinforcement was hypothesized to become a shorter and cheaper alternative to MAS. 
Stainless steel (SS) AISI 316L was mainly used as matrix forming constituent. 

The phase analysis, morphology and flowability of experimental powder compositions 
were studied to clarify their influence on the hardness and wear resistance of the 
produced coatings and hardfacings. Similarly, the phase content, hardness and wear 
properties of the deposited coatings and hardfacings were studied. 

The in-situ synthesis of carbide reinforcement was successfully achieved in the Ti- and 
Cr- contained compositions both using HVOFS and PTAW deposition methods. HVOFS 
coatings with the ex-situ manufactured reinforcement possessed rather homogeneous 
structure (except for hardfacing with Cr3C2-Ni reinforcement, whose interparticle 
cohesion and overall thickness was very low) or distinctive lamellar structure (with  
in-situ synthesized reinforcement).  

PTAW hardfacings with the ex-situ synthesized reinforcement generally exhibited 
homogeneous low-porosity structure, unlike their counterparts with the in-situ formed 
carbides. These hardfacings were found to have less homogeneous microstructure 
characterized by the presence of significant pores and, in the case of using TiO2 as a 
carbide precursor, by low presence of the hard phase. 

In the abrasive rubber wheel wear (ARWW) test, most of the experimental 
compositions (HVOFS coatings and PTAW hardfacings) showed better (1.1–6.4 times) 
wear resistance than the reference steel Hardox 400. In the abrasive-erosive wear (AEW) 
under low impact angle (30°), most of the PTAW hardfacings exhibited similar or slightly 
higher wear resistance (20%) as compared to the reference material, while under normal 
impact angle (90°), one PTAW hardfacing with the in-situ synthesized Cr-based carbide 
demonstrated the closest (0.7 times) to the Hardox 400 wear resistant capacity. 

HVOFS coatings with the ex-situ added reinforcement (MAS) compared to analogous 
coatings with the in-situ synthesized reinforcement showed about 4–5 times higher  
wear resistance in abrasion and demonstrated nearly equal results in erosion wear.  
The difference in the wear resistance of PTAW hardfacings with the ex-situ MAS 
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reinforcement and the in-situ synthesized reinforcement was 3–4 times in abrasion wear 
in favour of the hardfacings with the ex-situ synthesized reinforcement (Table 5.1) and 
in the erosion wear 2–6 times in favor of the hardfacings with the in-situ synthesized 
reinforcement. 

Under abrasion conditions, the HVOFS coatings and PTAW hardfacings were 
comparable and demonstrated high applicability potential. Under erosion conditions 
(30°, 90°), PTAW hardfacings outperformed HVOFS coatings by 1.5–3 times, which shows 
that the latter are not suitable for such wear conditions. 
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Lühikokkuvõte 
Abrasiivkulumiskindlad komposiitpinded ex-situ ja in-situ 
sünteesitud karbiidse kõvafaasiga 
Enamikel juhtudel on masinate rivist väljalangemise põhjuseks masinaosade mehaaniline 
kulumine, eelkõige liug- ja abrasiivkulumine, mis leiab aset autodes, naftakeemiaseadmeis, 
materjalide ringluses, lennunduses, ehitus- ja meretehnikas. Vähendamas kulumise mõju 
läbi uute toodete tugevdamise või kulunud masinaosade taastamise, kasutatakse 
laialdaselt spetsiaalselt disainitud kõvapindeid. 

Käesoleva töö fookuses on pindamisel laia kasutamist leidnud hapnik-kiirleekpihustus 
(HVOFS) ja plasmapealesulatus (PTAW), pindepulbritest aga eksperimentaalsed ex-situ ja 
in-situ sünteesitud kõvafaasiga segud. 

Pinnatehnikas on kulumiskindlate pinnete korral enamlevinumaiks volframkarbiidi 
(WC) baasil pindepulbrid. Samas volframi kui WC-baasil pindepulbri põhikomponendi 
hind on pidevalt kasvamas, mis tingib otsima alternatiive, näiteks titaankarbiidi (TiC) ja 
kroomkarbiidi (Cr3C2) baasil materjale. Täna on titaan- ja kroomkarbiidikermised 
asendamas teatud valdkondades WC-baasil kõvasulameid. 

Käesoleva töö eesmärgiks oli pakkuda komposiitpindeid, mis on saadud HVOFS ja 
PTAW teel ja mis sisaldavad titaan- ja kroomkarbiide. Viimased on saadud kas ex-situ 
sünteesi (mehaaniliselt aktiveeritud süntees, MAS) ja in-situ sünteesi teel 
(pihustusprotsessis süntees). Karbiidse kõvafaasi in-situ süntees pindamisprotsessis 
oleks alternatiiv tööstuslikele ja MAS tehnoloogiatele. Maatriksmaterjalina kasutati 
roostevaba terast (SS) AISI 316L. 

Uuriti erinevate eksperimentaalpulbersegude koostist, osakeste morfoloogiat ja 
pulbrite voolavust, selgitamaks nende mõju sünteesile ja saadavate pinnete kõvadusele 
ning kulumiskindlusele. Samuti uuriti saadud pulberpinnete faasilist koostist, kõvadust ja 
abrasiivkulumiskindlust. 

Pindamise käigus kõvafaasi in-situ sünteesi tulemusena õnnestus saada pinded 
karbiidide sisaldusega kuni 30 mahu%, kasutades kiirleekpihustamist või plasmasulatust. 
Pihustuspinnetest ex-situ sünteesitud kõvafaasiga pihustuspinded olid struktuurilt 
homogeensed (v.a Cr3C2 pinded – olid kehva kohesiooni ja väikese paksusega), ex-situ 
sünteesitud kõvafaasiga pinnetele oli omane lamelaarstruktuur. Sulatuspinnetest ex-situ 
sünteesitud kermisfaasiga sulatuspinded  omasid homogeense, madala poorsusega 
struktuuri erinevalt in-situ formeerunud kõvafaasiga pinnetest. TiO2 prekursorina 
kasutades oli ka pinnetele omane väike kõvafaasi hulk. 

Abrasioonkulumise (ARWW) tingimustes enamik eksperimentaalseid pihustus- ja 
sulatuspindeid (nii ex-situ ja in-situ sünteesitud kõvafaasiga) omasid suuremat 
kulumiskindlust (1.1-6.4 korda) võrreldes etalonmaterjali – Hardox 400 terasega. 
Erosioonkulumise (AEW) tingimustes väikestel kohtumisnurkadel (30o) oli parimate 
pinnete kulumiskindlus teras Hardox 400 tasemel (0.7-1.2 korda), suurtel 
kohtumisnurkadel (90o) aga mitmeid kordi madalam. 

Kokkuvõttes kiirleekpihustus- ja plasmapealesulatuspinded MAS kõvafaasiga näitasid 
kõrget potentsiaali tööks abrasioonkulumise tingimustes; erosioonkulumise tingimustes 
tööks uuritud eksperimentaalpinded ei ole sobivad. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
D. Tkachivskyi, K. Juhani, A. Surženkov, P. Kulu, M. Viljus, R. Traksmaa, V. Jankauskas,  
R. Leišys, Production of Thermal Spray Cr3C2-Ni Powders by Mechanically Activated 
Synthesis, Key Engineering Materials, 2019, 799, 31-36. 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
R.Bendikiene, A. Ciuplys, S. M. Jankus, A. Surzhenkov, D. Tkachivskyi, K. Juhani, M. Viljus, 
R. Traksmaa, M. Antonov, P. Kulu, Study of submerged and plasma arc welded composite 
hardfacings with a novel Cr3C2–Ni reinforcement, Proceedings of the Estonian Academy 
of Sciences, 2019, 68, 150-157. 
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��L���	L.��OO�.�P�.�?b�C?Ô(�� (��)B+9*,7.�)(�1(.�iR,*3.�F(.�)*5R-.�/(.�*-6�XB367U2.�E(�1(�1*+23�45*667-8�BH�-74U25�I*+26�4*3I762�67+G23+7B-�

*55BY+�HB3�;*36H*47-8�*GG574*:7B-+(���
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���� !"#��$%&$'()*��+%,+-  %*.+��%/0 "-*1++%2��3+��45+",+1++%4#+5#1##6*-+- !��17,47"**-186+4*99#-#��  %*9.��:;<=>?�@;AB=C=;A;D�EA>?A?F�G=HIJKFD�L=MNA?F�O=AB?H<?F�P?ACHFD�EABQ;=�LHQRS;ACNTD�UMK>QN�VC?WS=TFCK=D�XQ=F>Y?A�PHS?A=D�O?Q>�Z=JYHFD�:?=A;Q�VQ?CFM??D�O?CF=M�EA>NANT�Y?�[Q==>�XHJH��\A�HHQ=>HB�M;S??A=J=F;J>�?C>=T;;Q=>HB�>;QMNF]A>;;F=�?̂=J�F??BHB�GQ_G̀ab=�C;QM=F;�C?FH>?M=F;�Tc=M?J=CCHF>�?QM?d>HHQ=A?�QêHF>=C??Qd�fLEgh�Y?�IJ?FM?C??QI;?J;C;;T=>?>HB�f[VEgh�Q?HBd�A=A<�A=CC;JM??>Q=CF=<?�CcT?I=AA;>;Fi�O=CQNF>QHC>HHQ=HHQ=A<HB�Ae=>?F=BD�;>�CcT?j??F=�NF?C;F;B�NJ=B�>e=;J=CHJ>�J?SHF>HAHB�LEgdI=AA;>;FD�CH=B�NF?J=F;J>�Fe=J=dAHB�[VEgdI=AA;>;Fi�[cS=J=F;B�j??F=B�NJ=B�kdl;�Y?�mdl;�CNNF�GQ�G_d<?�f[VEgdI=AA;h�Q?HBM??>Q=CF=<?�I=AA;>;F�A=A<�GQ_G̀D�GQG�Y?�b=GnD̀̀�A=CC;JM??>Q=CF=<?�I=AA;>;Fi�X;QM=F;�CcT?j??F=A?�J=F?M=A;�FHHQ;AB?F�I=AB;�CcT?BHF>��D�a_D_�CNQB?D�F;;YHHQ;F�CcT?BHF;�>cHF�NJ=�FHHQ=M�Q?HBM??>Q=CF=<?�[VEgdI=AB;�CNQQ?Ji�l=CF;;Q=>HB�?̂Q?F==T=<?�?̂Q?F==TdCHJHM=F;�>=A<=MHF>;F�Ae=>?F=B�CNMINF==>I=AB;B�?QM;;Q=M?>?�I=AA;>;<?�TcQQ;JB;F��D̀a�Do�CNQB?�I?Q;M?>�CHJHM=FC=ABJHF>D�j=CF;;Q=M?>?�?̂Q?F==T=<?�?̂Q?F==TCHJHM=F;�>=A<=MHF>;F��DpaqDp�CNQB?�I?Q;M?>�CHJHM=FC=ABJHF>i�[VEgdI=AA;>;�CHJHM=FdC=ABJHF�I?Q?A;F�QNSC;MD�CHFYHHQ;F�;Q=A;T?�M??>Q=CF=�McYH�NJ=�TeS;�MeQ<?>?Ti�XHJHM=FM;SS?A=FM=B;F>�NJ=�M=CQNdJc=C?M=A;�IcS=J=A;�CHJHM=FM;SS?A=FM�McJ;M?>�>]]I=�?̂Q?F==TCHJHM=F;�>=A<=MHF>;FD�F;JJ;J;�J=F?ABHF�M=CQNT?<HB;�>;C;�Y?�C?Q̂==B=NF?C;F>;�TeJY?Q;̂=M=A;�HHQ=>HB�I=AA;>;Fi�X;QM=F;NF?C;F>;�J=F?M=A;�;=�MHH>AHB�NJHJ=F;J>�CHJHM=FM;SS?A=FM;i����



 

89 

Appendix 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication III 
D. Tkachivskyi, K. Juhani, A. Surženkov, P. Kulu, T. Tesař, R. Mušálek, F. Lukáč, J. Antoš, 
M. Vostřák, M. Antonov, D. Goljandin, HVOF Sprayed Fe-Based Wear-Resistant Coatings 
with Carbide Reinforcement, Synthesized In Situ and by Mechanically Activated 
Synthesis, Coatings, 2020, 10, 1092. 

 





��������	
��
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��������	
	
��
����� ����������� � !�"#!�$�%&'�())'�')*+),� -.�/023456789:�;/<98=>�?@�AAB�2C3D:�<=E�--B�2'FD:G�C3D�2H7.HIJIKBL8:�M�3+D+�.-NO�;/<98=>�6$P8?896E�9P6�Q/R6S9�R6<7�76S8S9<=;6�ET6�9/�89S�R6<U�8=967S5Q<9�;/P6S8/=�<=E�Q/R�;/<98=>�9P8;U=6SSG�
�VWXYZ[�\ ]�,6<7�7<96S�<=E�76Q<98̂6�̂/QT46978;�R6<7�76S8S9<=;6�2_̀:�9/�9P6�a<7E/$�AKK�S966Q�/0�a*&%�S57<@6E�;/<98=>S�<9�3),G�b]�cdefgYhWdeh�-G� a*&%�S57<@6E�R6<7i76S8S9<=9�;/45/S896�;/<98=>S�R676�E6S8>=6E�07/4�;67469�5/RE67S�57/ET;6E�?@�46;P<=8;<QQ@�<;98̂<96E�S@=9P6S8S�2C3D:�<=E�07/4�9P6�<>>Q/467<96E�48$9T76�/0��������
������������������������������������������������������������������������� �¡��¢��������£���¤¥�¦§��������������������¡��������������̈������©�������������������� �£�����¦ª����£������«�����������¬£��������������������������������������������������������������������£���£������������­¬£���̈������¦®������������������¡���������� �̈������������������������������¡��������������������¢�����������������������̄��°¦�����±¥²���£����������������������̈������������������������������������£����������£� �£�������¦®������������¡��������¢�������������������¤³±³��­́ �¡��¢��������£�����������������̈�������������������������¦¤�������̈���«���������£������£��£�������¢���¢¡��������£���̈�����������������¡����������������������������������¡����¦³���������¢�������¡���������������£������������£��¢����¦µ�����̈���¡���������¡�������§®±������£�®�̈��­�¦¤������������������£���������������������¡���������������������������̈������©�������������£¦����������������¡���������������������̈���®�«̈����������£����¡���������������������¶��¶�©��µ·�¶��¤�¡�����������£̈ ¢��µ�²¤±������µ�§®±�¦²¤±�¶��¶�©��µ·��̧ ¤³±³��­́ ������£����̈��������������������������������������¬������¡�����������������������£����¬����¦¹�º»¼½¾�¿�»¼¿�¦ ��� �¡��¢������«������������¡�����������£���������£������� ������¡������¡������� ¢̈�����������¢����������¢��������²¤±�������� ����££���������������������������¡������¦�¦ ¶��̈���¡������������������������ ¢̈������̈�������������������®������²¤±���¢̈�������¢������������£�����¡�������������££�����������������������������������¡��¢�§®±����®�̧ ¶�̧ ¤³±³��­́¦®��®�«̈����²¤±������£����������£���������À��«£��������������������¦�¦ ª�����¡��®�«̈����������£��²¤±���§®±�������������������̈ ���¡�������¶��¶�©��µ·�¶�������£¡����������������̈������©�����������¦������������̈������©��������������������������������¡�������������� �̈�������������������̈¢���������£���¡����������������������������¡�����¦¶��¡���������®�«̈����§®±������£����®�«̈����²¤±������£�������¡¡����̈�����̈��������̈ �̈������������������������£��µ����������������̈���¡����¦³��¡����������������£���¢̈ ���������������������������¶��¶�©��µ·�¶�������£¦¶�«̈����²¤±������£����������̈�������������¢����������������������������£��������������������¦



��������	
	
��
����� ������������������������ !"#$#�%#&#'()*#+#,�(,-./-)'())-0.1(-)23--45-6.7-(208"#$#'()"#9#5-6��67-)5�:)-656-5'6'2.�(8+#;#0<5-6/.0-),�75=.'(,-:.237-23�)�=�1>8?#@#'();#%#5-6��67-)A@BC056'>.(18$#$#,�()<,2-)&D?.7'1.(18C#E#,'66.-)�<223-FG"-45-6.7-(20'()23-.6'('=>0.08?#%#).6-,2-)23-:-'62-0208"#$#'('=>H-)23-)'2''():6�2-23-5'5-68%#&#'()G#?#,�(26.I<2-)2�23-).0,<00.�('().(2-656-2'2.�(��23-6-0<=208*#+#0<5-6/.0-)'()).6-,2-)23-6-0-'6,3#%=='<23�603'/-6-')'()'16--)2�23-5<I=.03-)/-60.�(��23-7'(<0,6.52#J��K��L!$3.06-0-'6,3:'0�<()-)I>23-D02�(.'(G-0-'6,3M�<(,.=.(23-�6'7-0��23-56�N-,20OP$��Q��'()*G9RR�#O2:'0'=0�0<55�62-)I>23-"�6'*=<0',')-7.,7�I.=.2>56�16'7'05'62��23-DPG-1.�('="-/-=�57-(2C<()#�ST��UVWKLXW�� !"7>26�$Y',3./0Y>.16'2-�<==>',Y(�:=-)1-023-G-0-'6,3'()$-02.(1O(02.2<2-*=H-(Z*.=0-(�MH-,3G-5<I=.,[��623-,�()<,2.(1056'>.(1-45-6.7-(20'()23-O(02.2<2-��*='07'*3>0.,0Z*6'1<-�MH-,3G-5<I=.,[��623-3-=5:.2323-,3'6',2-6.H'2.�(��5�:)-60'(),�'2.(10#���\�S� �]̂��W�W �!$3-'<23�60)-,='6-(�,�(_.,2��.(2-6-02#Ẁ]W�W�SW �# "'/.0�D#;#O(26�)<,2.�(2�%55=.,'2.�(0��6$3-67'=&56'>*6�,-00.(1#O(a��bc��d�efghij�klmi�nfhog��k��n8"'/.0�;#G#�D)#8%&?O(2-6('2.�('=p9-'<1'M�<(2>�BA�P&%�����85#�q�#�# &'6N'0�A#8+<=<�*#8;<3'(.�+#8@<�6.02��*#@<�6.02��r�/-=sMQM�&56'>*�:)-60'()A@BC&56'>-)M�'2.(10�($3-.6t'0.0#O(*6�,--).(10��23-�u23O(2-6('2.�('=M�(�-6-(,-�(&<6�',-?�).v,'2.�($-,3(�=�1.-0�$'75-6-�C.(='()��Rw�u;<(-����#x# &'6N'0�A#8+<=<�*#8;<3'(.�+#8@.=N<0�?#8?'2.Y'.(-(�@#8@<�6.02��*#s-'66-0.02'(,-��A@BC056'>-),�'2.(10�6�77-,3'(.,'==>',2./'2-)23-67'==>0>(23-0.H-)M6xM�wr.056'>5�:)-6#yi�oz{��z|o�bzlo�z	
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[bookmark: _Toc77772085]Introduction

Half of all cases of faulty machine behavior are attributed to the mechanical wear of machine parts (Noria Corporation, 2018). It has been found that  abrasion is the most common cause (~50%) of mechanical wear (Eyre, 1976). Loss of material due to wear has proved to be one of the biggest problems in areas such as the automotive industry (internal combustion engines, exhaust valves), oil extraction (piston rods), aviation (jet engine components), civil engineering (concrete transporting conveyors, hydraulic turbines), recycling (hydroelectric valves, dust collectors), marine engineering (propeller blades) (Davis, 2001). In order to lessen wear effects, the surface of newly-manufactured parts is strengthened by different surface treatment methods, one of which is hardfacing. Similarly, the restoring of already damaged parts by hardfacing of specially designed composition onto their surface is often a cheaper alternative to the complete replacement. 

From a variety of hardfacing techniques, the focus of this work was on the following two: high velocity oxy fuel spraying (HVOFS) (Chávez, et al., 2018) and plasma transferred arc welding (PTAW) (García-Vázquez, et al., 2014). These methods are used both for restoration and for manufacturing wear resistant hardfacings that prevent damage of surface. HVOFS utilizes hot gaseous combustion products for applying powders onto the substrate, while PTAW uses electric current for melting powder particles to form hardfacing deposits. These two intrinsically different technologies were paired in the scope of this research because they offer an opportunity to produce a wide range of wear resistant hardfacings from different feedstock powders.

One of the advantages of HVOFS is in producing extremely dense hardfacings with low porosity. In terms of feedstock materials, HVOFS requires rather fine powders whose grain size is ranging from 20–90 μm. Produced hardfacings usually are 150–400 μm thick. The drawback of this approach is the cohesion between inter-splat interfaces in the deposits and between the hardfacing and the substrate. On the other hand, the material selection for PTAW is very wide. Indeed, according to (Bach, et al., 2004) high carbide containing powdery consumables can be deposited only by means of plasma technology. It is capable of working with coarser powders ranging from 150–300 μm of grain size and provides hardfacings with thickness up to 5 mm. However, using PTAW is often coupled with tremendous amount of heat passed onto the substrate, which may cause its deformation and structural changes.

Considering the choice of composite powders for use with the aforementioned methods, the ceramic-metal composite (CMC) powders (cermets) seem to be the most feasible option. They form hardfacings with soft metal matrix, which provides overall ductility and is capable of withstanding an impact wear while hard carbide reinforcement makes the hardfacing resistant to abrasive wear (Wang, et al., 2019) (Bendikiene, et al., 2020). Due to the superb qualities of tungsten carbide (WC), it is thought to be the best raw material for developing wear resistant hardfacings. However, its constantly increasing price stimulates the search for cheaper alternatives, for example titanium carbide (TiC) and chromium carbide (Cr3C2). TiC- and Cr3C2-based cermets with cobalt (Co), nickel (Ni), nickel-molybdenum (NiMo) matrix coupled with NiCrSiB self-fluxing alloys are commonly used in this domain as quality replacement of expensive WC-based composites (Surzhenkov, et al., 2015).

The cost of feedstock material has a significant impact on the price of a sprayed hardfacing. Sarjas et al. (2014) showed that in the case of HVOFS, the cost of the sprayed powder makes up 75% of the final cost of a hardfacing. Therefore, it is necessary to utilize cost-saving feedstock matrix materials (Fe-based instead of Ni-based), develop shorter technological routes and compare their effectiveness to existing approaches.

In this work, the technological route chosen for the preparation of conventional 
TiC-NiMo and Cr3C2-Ni cermet powders was mechanically activated synthesis (MAS) (Juhani, 2009). Though rather long, it is an effective way to manufacture feedstock materials for the HVOFS or PTAW process. At the same time, the in-situ synthesis of carbides in the deposition process is hypothesized to become a shorter and cheaper alternative to MAS. Unlike the former, it utilizes synthesis of the ceramic phase from elemental powders during the hardfacing process. Stainless steel (AISI 316L) was used as the matrix forming constituent in most of the experiments to evaluate its influence on the quality of final hardfacings.

Hypothesis of the study:

· In-situ synthesis of carbide reinforcement provides a metallic-ceramic composite hardfacing with an abrasive wear resistance, which is comparative to one of the MMC hardfacing with the analogous reinforcement added ex-situ. 

· Introduction of a ductile Fe-based alloy as a matrix-forming material for 
metallic-ceramic composites can increase their wear resistance to the same level or even outperform Ni-based analogs with the same amount of reinforcing phase.

The main objectives of the study were as follows: utilizing HVOFS and PTAW deposition technologies, to manufacture wear resistant Fe-based metal matrix composite (MMC) harfacings with MAS (ex-situ added) and in-situ synthesized reinforcement and to compare their wear resistant properties. Special focus was placed on developing experimental hardfacings with in-situ synthesized reinforcement to be wear resistant under the abrasion and/or abrasion-erosion (impact angles 30° and 90°) wear conditions.

The novelty of the presented work lies in three aspects: 1) technological – optimization of the manufacturing process of TiC-NiMo and Cr3C2-Ni cermet powders by excluding the disintegrator milling stage; 2) scientific – development of cermet hardfacings with in-situ synthesized carbide reinforcement and comparison to analogous hardfacings with ex-situ added reinforcement; 3) practical – comparison of the wear resistance of hardfacings developed by the HVOFS and PTAW deposition techniques.

The materials of the doctoral thesis research were presented at the conferences (Modern Materials and Manufacturing 2019 (joint event of the 12th International DAAAM Baltic Conference and 27th International Baltic Conference BALTMATTRIB 2019),  the 28th International Baltic Conference Materials Engineering and Modern Manufacturing) and published in the international journals (Proceedings of the Estonian Academy of Sciences; Journal of Materials Research and Technology; Coatings) and conference proceedings (Key Engineering Materials and Solid State Phenomena).
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[bookmark: _Toc72261255][bookmark: _Toc77772088]Metal matrix composites

Metal matrix composites are a class of compound materials consisting of metal alloys with embedded particulate (AlMangour, et al., 2018), whisker (nano-scale) (Qu, et al., 2018) or fiber (micro-scale) (Ozerov, et al., 2017) reinforcement. The common matrix material is either aluminum (Al), copper (Cu), magnesium (Mg), titanium (Ti), cobalt (Co) or cobalt-nickel (Co-Ni); the reinforcement is either another metal or ceramic material, such as tungsten carbide (WC), alumina (Al2O3), silicon carbide (SiC), zirconia (ZrO2), titanium nitride (TiN), titanium carbide (TiC), cubic boron nitride (CBN) etc. Certain composites (e.g., Al-based) are lightweight and the initial demand for them was formed by spacecraft, aviation and automotive industries (Kumar Koli, et al., 2015). Figure 1.1 depicts some of the possible applications for MMCs.
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(a)				(b)

[bookmark: _Toc74496934][bookmark: _Toc74519476]Figure 1.1 Examples of MMC applications: (a) in the production of breaking discs in the automotive sector (All Answers Ltd., 2017); (b) in the aerospace industry, manufacturing high-gain antenna for the Hubble Space Telescope (left – before integration, right – after deployment on the telescope) (Rawal, 2001).

In addition, MMCs are beneficial in tribology as wear resistant materials (Mohapatra, et al., 2020, Dev Srivyas & Charoo, 2018, Narayanasamy, et al., 2018). Metal matrix composites reinforced by ceramic particles are deservedly appreciated due to their enhanced mechanical properties. It has been shown by several researchers (Liang, et al., 2018, Kim, et al., 2017) that addition of different amounts of ceramic particles (30–90%) facilitates an increase in overall hardness of a material to 795–1813 HV30 range.

In order to produce a bulk MMC specifically tailored to withstand mechanical wear, the methods of powder metallurgy (PM) are often employed, using the “solid state manufacturing” approach (Fig. 1.2): feedstock powders are mixed or mechanically alloyed in an attritor during some period of time (usually 4–72 h), after which they are compacted and/or sintered in the vacuum under different temperatures (600–1450 °C) to form bulk agglomerates or powders (Juhani, 2009). The bulk agglomerates are usually produced as ready-to-use parts or their constituents via PM methods. Likewise, the MMC powders for thermal spray are often manufactured utilizing the PM technologies, supplemented by, e.g., mechanical milling of agglomerates. However, unlike the latter, they must be subsequently applied to the wearing-out surface by means of surface treatment (hardfacing) techniques.
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[bookmark: _Toc74519477]Figure 1.2 Metal matrix composite powder and bulk manufacturing methods (Behera, et al., 2019).

The MMC material for tribological applications is usually manufactured out of the following metals: iron (Fe), cobalt (Co), copper (Cu), aluminum (Al), nickel (Ni), 
nickel-chromium (NiCr), molybdenum (Mo), and nickel-molybdenum (NiMo) (Karaoglanli, et al., 2017, Vashishtha, et al., 2017, Rao, et al., 2016, Yung, et al., 2017). The most common reinforcements used in such systems are alumina (Al2O3), silica-based (SiC), tungsten-based (WC; WB), chromium-based (Cr3C2) or titanium-based (TiC, TiN, TiB) ceramic compounds. Together they form another class of materials called ceramic-metallic composites.

[bookmark: _Toc72261256][bookmark: _Toc77772089]1.1.1 Ceramic-metallic composites (cermets)

Ceramic-metallic composites or cermets possess superior properties compared to either of their constituents. They are designed to be resistant to mechanical wear due to the presence of hard ceramic particles and to have simultaneous plastic properties granted by the presence of the metallic phase. As can be seen from Fig. 1.3, cermets are rather well-balanced with regard to hardness and toughness. The field of cermets ranges from almost pure metal to almost 100% ceramic.
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[bookmark: _Toc74519478]Figure 1.3 Properties of cermets in comparison with different material subsets (Mitsubishi Materials, 2020).

Therefore, for a more precise subdivision, a distinction is made between infracermets and ultracermets. They are called infracermets (metallic phase 85 vol.%) if ceramic inclusions enhance the properties of the metallic phase; they are called ultracermets (ceramic phase 85 vol.%) if a metal is an auxiliary phase (Franke, 2019).

Metals that do not form carbides or have limited carbon dissolution (Ni, NiMo, Co, Fe) are utilized for the production of carbide-based cermets (Young, 2016, Engelberg, 2010). Figure 1.4 shows a typical structure of vacuum sintered TiC-NiMo cermet compact. 
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[bookmark: _Toc74519479]Figure 1.4 The microgrpah of the internal structure of TiC-NiMo compact sintered in vacuum.

Choice of the feedstock components for cermet production is dictated by the principles of their chemical, physical and technological compatibility (Fayyaz, Muhamad, & Sulong, 2018, Lombardi, et al., 1997):

•	there is no chemical interaction between ceramic and metal components;

•	there is no mutual dissolution when materials are heated and they match each other in terms of necessary physical properties (coefficient of thermal expansion, modulus of elasticity, etc.);

•	there is no big difference in sintering temperatures of ceramic and metal components, their density and wettability.

[bookmark: _Toc72261257][bookmark: _Toc77772090]1.1.2 Ex-situ and in-situ synthesis of cermet reinforcement

The methods for synthesizing composite materials are broadly divided into the use of 
in-situ and ex-situ processes. In an in-situ process, the reinforcing phase of the material is formed within the matrix phase during the synthesis. Conversely, in an ex-situ process, the reinforcing phase is produced by a separate process and subsequently added to the matrix phase during the synthesis of the composite material (Aikin Jr, 1997).

Particularly, the in-situ synthesis of cermets has an advantage over the ex-situ synthesis by excluding probable oxidation and/or contamination originated from the pre-synthesized (ex-situ) phase, therefore, increasing the quality of the matrix-reinforcement interface. The in-situ approach does not require the complexity of ex-situ method per se. Instead, the synthesis takes place during manufacturing of a cermet (Fig. 1.5b). Potentially, it is a cheap and fast way to obtain wear-resistant composites.
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(a)						(b)

[bookmark: _Toc74519480]Figure 1.5 Technological routes of cermet production: (a) ex-situ (Sarjas, 2016); (b) in-situ.

Many researchers have successfully achieved the in-situ synthesis of the hard ceramic phase, using various deposition techniques: induction cladding (Yu, et al., 2017), laser melting (Khalili, et al., 2016), welding (Wang, et al., 2007, Emamianet et al., 2012, Gallo, et al., 2013), and thermal spray (Liu & Huang, 2005, Sun, et al., 2019) techniques. 
The result of these studies was deposits with hardness ranging 600–2800 HV30 and possessing remarkable wear resistance (about 3–6 times higher than reference steel, etc.). Furthermore, it has been reported that the wear rate of the in-situ synthesized composite was 35% less than the wear rate from an analogous material produced by the ex-situ method (Zhang, et al., 2017).

Producing Cr3C2-Ni cermet powder and coatings thereof using an ex-situ technological route, which includes mechanical activation of feedstock powders in a ball mill with subsequent reactive sintering and deposition, was reported by (Sarjas, et al., 2016). 
This process is known as the mechanically activated synthesis (MAS). Mechanical activation in the first stage allows further usage of lower sintering temperatures. 
The hardness of the resulted material after deposition was ~715 HV1. The abrasive 
wear resistance was generally the same as that of the reference, except for the 
abrasive-erosive wear under 90° impact angle. The presence of only 20% of ductile metallic phase in the studied composition resulted in 3.4 times more material loss compared to steel C45. It is evident that for manufacturing of cermet-based materials resistant to the impact wear, the amount of metallic matrix must be substantially increased.

Cermets as a whole are also used as a reinforcing phase for fabricating more complex systems, so-called dual-reinforced composites. For instance, a steel matrix can be dually reinforced in-situ with TiC-TiB2 particles by means of argon arc cladding (AAC) (Wang, 
et al., 2008). In this research, the average microhardness of cladded Fe/TiC-TiB2 hardfacing was nearly 800 HV0.5. To compare their mechanical properties, an attempt to manufacture Ti-4Al-2Fe/TiB (conventional cermet) and Ti-4Al-2Fe/TiB/TiC (dual-reinforced) bulk composites was made by (Chaudhari & Bauri, 2018) via spark plasma sintering (SPS). 
In their study, under the same conditions, the hardness of Ti-4Al-2Fe/TiB-TiC and 
Ti-4Al-2Fe/TiB was found to be 2039 HV30 and ~714 HV30, respectively. Meanwhile, 
the wear rate of the former was 10 times lower than the latter. This signifies an excellent applicability of dual-reinforced composites to the tasks that involve sliding wear.

The impact wear resistance, on the other hand, requires materials with dual-matrix design. For instance, (Wu, et al., 2017) have reported fabrication of Ni-based composite of such type by adding 4 and 8 wt.%Mo to the commercial powder 88Ni60-2C-10TiN. 
As a result, hardness in the deposited dual-matrix composite increased by nearly 17%, from 1010 to 1220 HV0.2, and the wear rate decreased by 50% during the pin-on-disc wear test.

Due to high cost and toxicity of widespread matrix materials (Co and Ni) in composites, alternatives are extensively searched. Kübarsepp & Juhani, 2020 reported an increasing amount of publications focused on development of Fe-based MMCs. At their early implementation as reinforcement, Fe and its alloys were largely disregarded because of mechanical properties – hardmetals with Fe-based reinforcement were found inferior to those with Co and Ni. However, Fe-alloys have advantages over Co and Ni, such as low cost, potential to heat treatment and high strength (Kübarsepp & Juhani, 2020).

Figure 1.6 illustrates the difference in price between steel and Ni throughout several years. Despite the fact that historically steel has always had lower price, it demonstrates a steady decrease (525 vs. 511 U.S. dollars per metric tonn) over a 3-year span, whereas price for Ni has raised by roughly 34% (11335.77 vs. 15239.36 U.S. dollars per metric tonn) over the same period. This testifies in favor of Fe-based alloys as a more attractive replacement for Ni.





[bookmark: _Toc74519481]Figure 1.6 Price comparison of steel (SteelBenchmarker™, 2020) and nickel (Dow & Macadangdang, 2020) feedstock over a 3-year span.

The interest in powder metallurgy in the in-situ synthesis is dictated by a shorter and cheaper production procedure of cermet-based coatings or hardfacings it offers (Fig. 1.5). To the author’s best knowledge, no comparative analysis has been done between wear resistant HVOFS coatings and PTAW hardfacings based on ex-situ and in-situ manufactured cermet powders. Therefore, this thesis research concentrates on the development and comparison of Fe-based carbide-reinforced composite coatings/hardfacings using ex-situ and in-situ approaches.



[bookmark: _Toc72261258][bookmark: _Toc77772091]Hardfacing technologies

The technical excellency of equipment is one the most important preconditions for a stable and reliable production cycle. It is quite common practice in industrial facilities of any kind to shut down the whole production line or unit for maintenance of parts that are subjected to wear. The number of such stops and detrimental consequences they cause is significantly lower when the components with wear-resistant coatings manufactured by hardfacing are used (Laskowski, 2017, Lazić, et al., 2018, Ferdinandov & Gospodinov, 2020).

Hardfacing is a general term of a cost-efficient approach for extending the service life of component surfaces by wear-resistant materials. They are mainly used for refurbishing of damaged and worn-out parts. However, pre-service treatment of new components is also common practice. In general, hardfacing provides the following benefits:

•	less frequent part replacement;

•	productivity increase due to fewer maintenance stops;

•	use of cheaper base materials (substrates);

•	reduction of general production cost.

The following materials can be used as base materials: nickel-based and copper-based alloys, carbon and alloy steels, stainless steel, cast iron, and manganese steel (Pradeep, et al., 2010). Depending on the task, hardfacing is done by buildup or weld overlay methods. Buildup is used for shape restoration of the worn-out parts while weld overlay is applied to surfaces of new components. In both cases, metal is deposited onto the base material as a solid surface or in a pattern (Fig. 1.7).
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(a)			(b)		(c)			(d)

[bookmark: _Toc74519482]Figure 1.7 Hardfacing patterns: (a) parallel beads; (b) beads at right angle; (c) waffle pattern; 
(d) dot pattern (Postle Industries, Inc., 2020).

The economic importance of hardfacing derives from the feasibility of selectively applying expensive materials chosen for their properties, and depositing them onto a common inexpensive base metal where they are required for best performance of their specialized function (Sexton, 2015).

[bookmark: _Toc72261259][bookmark: _Toc77772092]1.2.1 Thermal spray technologies

Recent definition of hardfacing has been complemented by the thermal spray family: “Hardfacing is the deposition of thick coatings of hard, wear-resistant materials on a worn or new component surface that is subject to wear in service. Thermal spraying, spray-fuse and welding processes are generally used to apply the hardfacing layer” 
(The Welding Insitute, TWI, 2020). In order to avoid confusion in terminology, 
the products of thermal spray deposition in the next chapters of this study will be referred to as “coatings”.

Thermal spraying is a process of constructing a coating using high temperature gas stream with heated and accelerated particles of sprayed material. These particles bond with the substrate or the previously sprayed layer of the coating due to welding or mechanical adhesion. The essence of the process lies in utilizing high temperatures when melting, wetting, adhesion or sintering happens, turning mechanical conglomerate into uniform substance.

The advantages of thermal spraying are (Davis, 2004):

· minimal thermal degradation of the substrate (substrate temperature is usually below 150 °C);

· wide range of feedstock materials (metals, alloys, cermets, plastics, their combination);

· low processing cost;

· wide range of coating thickness.

The common feature for all thermal spraying techniques is heating of the coated material, its spraying and acceleration in a hot gas stream (Fig. 1.8).
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[bookmark: _Toc74519483]Figure 1.8 Thermal spraying: (a) schematics of conventional (Anciferov, et al., 1987); (b) spraying equipment, operated at Fraunhofer IWS, Dresden, Germany (Berger, 2015).

In Fig. 1.8a the sprayed material (1) is loaded into a high-temperature heat source (2) and it is heated during traveling within a distance (A). Simultaneously, particles spread on the distance (A) and accelerate in the gas stream on the distance (B) (usually B > A). Further, on the distance (C), particles (3) travel directly to the substrate (5) and form the coating (4) on its surface.

Small size of the particles makes thermal spraying applicable for tasks where low heat input on the substrate is critical. During spraying, the structure of the coating can be adjusted to any type. It consists of heavily-deformed splats that are interconnected along the contact surfaces (Fig. 1.9). These splats are characterized by diameter Dx and surface Fx  (Anciferov, et al., 1987):



					(1.1)
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[bookmark: _Toc74519484]Figure 1.9 Schematic representation of the structure (Anciferov, et al., 1987).

In Fig. 1.9 the substrate-coating interface (1) defines the strength of adhesion between the substrate material and the sprayed coating. The interlayer interface (2) inside the coating is a result of delay between spraying sets. The properties of the coating are mostly dictated by the inter-splats cohesion (3). 

The size range of particles applicable for thermal spraying is 20–60 μm and thickness of the resulting coating usually fluctuates in the range 50–1,000 μm (Davis, 2004). 
The microstructure of a typical thermally sprayed coating is presented in Fig. 1.10. 
On the right hand figure of the Fig. 1.10 the magnified part of the coating is shown.
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[bookmark: _Toc74519485]Figure 1.10 Micrographs of a Cr3C2-NiCr coating produced by thermal spraying (Berger, 2015).

Thermal energy for spraying may be generated chemically, through the combustion of fuels with oxygen or air, or through the electrical heating of industrial gases (Davis, 2004). Table 1.1 contains the division of thermal spraying techniques based on the nature of used energy.

[bookmark: _Toc74523712]Table 1.1. Thermal spraying techniques propelled by the energy of different nature.

		Type of energy

		Process



		Thermal

		Flame Spray (FS)



		

		High Velocity Oxy/Air Fuel Spray (HVOFS/HVAFS)



		

		Detonation Gun Spray (DGS)



		Electrical

		Wire Arc Spray (WAS)



		

		Vacuum Plasma Spray (VPS)



		

		Air Plasma Spray (APS)



		

		Radiofrequency Plasma Spray (RFS)





Berger, 2015 defines high velocity oxy-fuel spraying (HVOFS) as current state-of-the art technology for hardmetal coating preparation. Moreover, he calls it a two-stage shaping technology, in which the first stage consists of the powder preparation and the second stage is the spray process. With regard to all existing thermal spraying techniques, HVOFS holds its place as shown in Fig. 1.11.
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[bookmark: _Toc74519486]Figure 1.11 Schematic presentation of the combination of process temperature and velocity for the different thermal spray processes (Berger, 2015).

It is clearly seen that HVOFS equipment operates in the mid-range temperature level, which excludes substrate overheating; the high kinetic energy of sprayed particles provides an excellent intersplat cohesion and homogeneity of the coating. As a result, HVOFS is capable of producing ceramic-reinforced coatings with an excellent hardness of 800–900 HV0.3 for TiC-25NiCr and TiC-40NiCr deposits (Bolelli, et al., 2020) and about 960–1010 HV for TiC-30FeCr and TiB2-30FeCr compositions (Jones, et al., 2001).

More complex dual-matrix systems discussed above were studied by (Surzhenkov, et al., 2013). Their work focuses on the mechanical properties of HVOFS composite from the FeCrSiB matrix reinforced with either TiC-NiMo or Cr3C2-Ni cermets. The matrix-to-reinforcement ratio was 3:1 and 7:3, respectively. Both dual-matrix composites even though they possessed the same microhardness of around 850 HV0.1, demonstrated 80% difference in the wear rate. It was lower in the Cr3C2-Ni reinforced coating due to smaller presence of metallic Ni (versus NiMo phase of the counterpart), which made it more resistant to ball-on-plate sliding wear testing. The main disadvantage of material choice of that study is the cost of feedstock materials. Alternatively, the HVOFS with the induced in-situ synthesis of the carbide phase could potentially decrease the cost of the production process.

[bookmark: _Toc72261260][bookmark: _Toc77772093]1.2.2 Weld cladding technologies

Cladding is a process of combining two or more different materials to enhance the properties of one of the constituents or protect it from wear. In this study, weld cladding is considered as a partial case of cladding. Depending on the application, it might be also known as hardfacing or weld overlay. Therefore, the products of weld cladding in the following chapters of this thesis study will be referred to as “hardfacings”.

Unlike thermal spray processes, hardfacing requires the surface to be melted to form a metallurgical interface. As a result, hardfacing is deposited on larger components that are not deformed by the heat of application (Davis, 2004).

Weld overlay cladding techniques were originally developed at Strachan & Henshaw, Bristol, to defend the (Navy) components subjected to extreme pressure and shock loading. These clad components came in contact with sea water, but needed less maintenance (Saha & Das, 2016). Typical thickness of welded hardfacings fluctuates between 2 and 20 mm. Table 1.2 summarizes the most common weld overlay cladding techniques.

[bookmark: _Toc74523713]Table 1.2. Types of weld cladding (Sexton, 2015).

		Category

		Process



		Arc welding

		Flux core arc welding (FCAW)



		

		Gas metal arc welding (GMAW/MIG)



		

		Gas tungsten arc welding (GTAW/TIG)



		

		Plasma arc welding (PAW/PTAW)



		

		Shielded metal arc welding (SMAW)



		

		Submerged arc welding (SAW)



		Torch welding

		Oxy/fuel gas welding (OFW)



		Other welding

		Electron beam welding (EBW)



		

		Electroslag welding (ESW)



		

		Laser beam welding (LBW)





The main requirements for weld overlay are the following:

· the heat impact on the base metal should be minimal;

· the dilution of the base metal with hardfacing should be minimal;

· the residual stress and deformation of the base metal in heat affected zone (HAZ) should be minimal;

· the part tolerances for further machining should be maintained.

The common feature of all the aforementioned welding techniques is that they operate on the heat from the electric arc generated between the electrode and the workpiece. However, each of those processes was developed as a response to different industrial demands and, thus, they comprise certain differences in design. For instance, in the FCAW process, shielding is provided due to the decomposition of the flux contained at the surface of the consumable wire electrode; a modified form FCAW-S has a metal self-shielded electrode, which makes it suitable for outdoor welding/cladding. Essentially, the GMAW technology is the same as FCAW only with addition of shielding gas (Ar, CO2) and continuous metal wire filament. Unlike, in FCAW and GMAW where a consumable electrode is used, GTAW comprises a non-consumable electrode for igniting the electrical arc. Here a larger number of hardfacing alloys is available for selection due to higher operating temperatures. SAW utilizes granular flux as a replacement for shielding gas. It fills and covers molten pool and thermally insulates deposits, protecting them from rapid cooling and oxidation.

The PTAW process is often considered to be a thermal spray process, but historically, it is a weld overlay process. In this process, an electric arc is struck between the workpiece and the tungsten cathode, creating an electric arc. This arc is confined in a restricting orifice, and a plasma formed as the gas flowing through an annular orifice is ionized. The material to be coated is in powder form and is fed into the ionized gas stream. Because the arc is rooted on the workpiece, a diffusion bond layer is generated at the interfaces that consists of both the substrate material and the coating material. 
A protective auxiliary shielding gas can be used if needed. A second power supply is connected between the workpiece and the restricting orifice to help ignite the initial arc and add additional energy to the electric arc (Davis, 2004). Figure 1.12 shows a general look of the PTAW unit and a schematic representation of the welding torch.
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(a)					(b)

[bookmark: _Toc74519487]Figure 1.12 PTA welding: (a) generic plant (Kennametal Inc., 2013); (b) schematic illustration of torch (Arcraftplasma, 2016). Equipment (a): A - stand, B - digital welding system set, C - rotary table, D - welding torch system, E - control panel, F - cooling unit, G - powder feeders. Equipment 
(b): 1 - electrode, 2 - plasma nozzle, 3 - powder feed nozzle, 4 - shielding nozzle, 5 - work piece, 
6 - ballast resistance, 7 - power source, 8 - power supply.

The PTAW utilizes feedstock powders ranging in size from 150 to 410 μm and is capable of producing 2.5 mm thick hardfacings (Zikin, et al., 2012, 2012a). Figure 1.13 illustrates typical morphology of the feedstock powder and hardfacing microstructure deposited by the PTAW technology.
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(a) 					(b)

[bookmark: _Toc74519488]Figure 1.13 Micrographs of (a) TiC-NiMo feedstock powder for PTAW; (b) TiC-FeCr composite hardfacing deposited by PTAW.

Some authors report the hardness value of PTA cladded FeCrSiB/WC-Co hardfacings to be as high as 1425 HV1 (Simson, et al., 2018). The abrasive sliding wear rate of hardfacings in their study was comparably low compared to that of 30WC-Ni observed by (Deng, et al., 2015) under similar test conditions. Interestingly, when (Yuan & Zhuguo, 2014) used the PTAW cladding of similar FeCrNiBSi hardfacing with Cr3C2 powder as reinforcement, hardness as high as 1145 HV0.5 was achieved with an initial powder ratio of 5:5 and 875 HV0.5 with an initial powder ratio of 1:5. The previous studies where Cr powder was used as a precursor for the in-situ synthesis of chromium carbide hard phase reported an average value of hardness in the pre-surface layers of PTAW deposited hardfacing to be 850–950 HV30 (Liu & Gu, 2006, Liu, et al., 2006).

Excellent examples of dual-matrix composites in the scope of PTAW hardfacing were developed by (Zikin, et al., 2013). It is a thorough study based on the comparison between Cr3C2-Ni and TiC-NiMo cermets, each of which was introduced as reinforcement to the NiCrBSi matrix during the PTAW hardfacing. In each case, the matrix-to-reinforcement volumetric ratio was 3:2. This study revealed rather equal value of hardness for both materials (~650 HV10) under temperatures up to 100 °C and nearly 50% lower erosion wear rate of hardfacing containing TiC-NiMo in an analogous temperature range. 
This difference, most likely, is dictated by the presence of more ductile NiMo matrix in the TiC-NiMo cermet, which makes it more resistant to the impact of abrasive wear. Similar to the analysis of (Surzhenkov, et al., 2013), the main disadvantages of material choice in this study are the feedstock material cost and potentially toxic Ni-based matrix material. The method of the in-situ reinforcement synthesis in Fe-based composite hardfacings seems to be an approach free from these limitations.

Figure 1.14 depicts the hardness values and abrasive impact resistance of Ni- and 
Fe-based hardfacings manufactured in the PTAW process and compared to similar HVOFS coatings. It is apparent that PTAW hardfacings are 4–6 times more resistant to erosion wear and have at least 1.5–2 times higher hardness than the HVOFS counterparts.
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[bookmark: _Toc74519489]Figure 1.14 Properties of PTAW hardfacings in comparison with HVOFS coatings (Kulu, et al., 2015).

Regarding use of Ti as one of the feedstock powders for reinforcement synthesis, two studies (Corujeira Gallo, et al., 2013, 2013a) addressed the in-situ synthesis of TiC in the iron matrix utilizing the PTAW hardfacing. They report similar results, where  hardfacing deposits with the microhardness of 550–600 HV0.1 were obtained. The Fe:Ti volumetric ratio was 7:1, which, likewise, contributed to forming ductile metallic matrix. However, even with only 14 vol.% of TiC present in the hardfacing, its wear rate under abrasive sliding conditions was already nearly 60 times lower than that of the reference material.

PTAW demonstrates potential to be applied in other fields of industry as well. 
As shown in (Mercado Rojas, et al., 2018), by applying the principles of additive manufacturing, a fine quality weld printed parts with enhanced mechanical properties, low porosity and excellent hardness can be manufactured for the mining, oil and gas industrial sectors. Overall, PTAW is an excellent method for the production of thick wear resistant hardfacings. It greatly complements HVOFS, which usually aims at manufacturing of relatively thin wear resistant coatings.

[bookmark: _Toc72261261][bookmark: _Toc77772094]Planned activities of the study

In the thesis research, a synergetic effect of joining the in-situ synthesis of the hard phase and development of composite coatings and hardfacings for abrasive wear applications is targeted.

To achieve the main objectives, the following activities were planned:

1. Production of MMC powders with preliminary MAS synthesized TiC- and Cr3C2 reinforcement for thermal spraying and weld cladding, as well as production of MMC coatings and hardfacings from these powders by the HVOFS and PTAW methods, respectively.

2. Development of deposition (thermal spraying and welding) techniques for eventual production of MMC coatings and hardfacings with in-situ synthesized Ti and Cr carbide-based reinforcement.

3. Characterization of the obtained coatings and hardfacings (morphology, structure, hardness) and assessment of their abrasive wear resistance.

[bookmark: _Hlk72194011][bookmark: _Toc77772095]Experimental

[bookmark: _Toc72261262][bookmark: _Toc77772096]Hardfacing materials

[bookmark: _Toc72261263][bookmark: _Toc77772097]2.1.1 Cermet powders produced by mechanically activated synthesis

The production of cermet powders by mechanical activation (MAS) consisted of the following steps:

a) milling of mixed feedstock powders in a ball mill with WC-Co lining for 72 h in the presence of isopropanol as wetting agent and WC-Co balls as milling media with 
balls-to-powder ratio 20:1. The chemical compositions of feedstock powders are given in Table 2.1;

b) plasticizing (3–4 wt.% of paraffin; 60–120 wt.% of wetting agent (isopropyl alcohol), depending on the wettability of precursor powders) and drying of mixture for losing an excessive moisture;

c) vacuum sintering of plastisized mixure under pressure 13–27 Pa for 4–6 h with the formation of the hard carbide phase at 1075 °C for Cr3C2-Ni and TiC-NiMo at 1400 °C (Papers I–III).

The optimal heating rates used for the synthesis of Cr3C2-Ni were found to be 5 °C/min and 10 °C/min with dwelling times at 600 °C and 950 °C for 30 min and for 15 min at 
1075 °C. The cooling was nearly linear with an approximate rate of 6 °C/min. The optimal heating rate for the TiC-NiMo synthesis was 10 °C/min with 60 min dwelling time at 
1270 °C and 1400 °C. The approximate cooling rate was 10 °C/min. After sintering, powder compacts were manually crushed, and obtained cermet powders were subjected to sieving for extracting particles of acceptable size: 20–90 μm for HVOFS and 
90–300 μm for PTAW.  Schematic representation of the MAS process is given in Fig. 2.1. 

[image: ]

[bookmark: _Toc74519490]Figure 2.1 Schematic representation of the MAS process (with SS AISI 316L).

[bookmark: _Toc74523714]Table 2.1. Chemical composition of feedstock MAS powders for HVOFS, PTAW and SAW.

		Type of powder

		Chemical composition, wt.% / vol.%



		

		Cr

		TiO2

		C

		Ni

		Mo



		TiC-NiMo

		-

		64/62.4

		16/28.7

		13.3/6.2

		6.7/2.7



		Cr3C2-Ni

		69.3/58.4

		-

		10.7/28

		20/13.6

		-



		Particle size, μm

		6.65

		0.02

		6.45

		2.4

		2.32



		Manufacturer

		Pacific Particulate

Materials Ltd.

		Precheza a.s.

		Imerys SA

		Pacific Particulate

Materials Ltd.





The fraction of TiC-NiMo with particles larger than 90 μm was additionally exposed to dry milling in the aforementioned ball mill for 4 h. Subsequently, in the experiments with HVOFS, the fraction of 20–90 μm or PTAW, the fraction of 90–300 μm of MAS powders were mixed with the commercial Fe-alloy powder stainless steel AISI 316L (Castolin 16316; wt.%: 0.03 C, 17.5 Cr, 13 Ni, 2.7 Mo, bal. Fe) or self-fluxing alloy powder NiCrSiB (Castolin 16221; wt.%: 0.2 C, 4 Cr, 1 B, 2.5 Si, max. 2 Fe, 1 Al, bal. Ni) (Table 2.2).

[bookmark: _Toc74523715]Table 2.2. Reinforcement-to-matrix ratio of the experimental powders for HVOFS (Paper III), PTAW and SAW (Paper II).

		Composition | Deposition method

		Ratio, vol.%



		

		TiC-NiMo : SS 

		TiC-NiMo : NiCrSiB

		Cr3C2-Ni : SS 

		Cr3C2-Ni : NiCrSiB



		HVOFS

		53 : 47

		-

		50 : 50

		-



		PTAW

		49 : 51

		50 : 50

		43 : 57

		44 : 56



		SAW

		-

		-

		43 : 57

		44 : 56





In the experiments with PTAW, cladding powders were transported to the welding pool from separate feeders (Paper II). The presence of Fe-alloy (SS) in the composition was meant to catalyze the forming of a dual-matrix structure. Figure 2.2 depicts the morphology of cermet powder particles mixed with SS. 

[image: ] [image: ]

[bookmark: _Toc74519491]Figure 2.2 The morphology of : a) TiC-NiMo + SS; b) Cr3C2-Ni + SS.



[bookmark: _Toc72261264][bookmark: _Toc77772098]2.1.2 Precursor powders for the in-situ synthesis of reinforcement

To obtain carbide reinforcement synthesized in-situ, the feedstock powders of 
carbide-forming metals (Cr, Ti), carbon (obtained from disintegrator milling of 
graphite electrodes), and Fe-alloy SS (Castolin 16316) were manually mixed in certain proportions (Tables 2.3 and 2.4). To comply with the requirements for the particle 
size of the feedstock material for HVOFS, the separation of 20–90 μm fraction suitable for spraying took place after mixing.

[bookmark: _Toc74523716]Table 2.3. Feedstock powders for the in-situ synthesis of TiC- (Paper III) and Cr3C2-containing reinforcements in the HVOFS process.

		Type of powder

		Chemical composition, wt.% / vol.%



		

		Cr

		Ti

		C

		SS



		Ti + C + SS

		-

		32.8/40

		8.2/19.7

		59/40.3



		Cr + C + SS

		29.5/28.7

		-

		4.5/13.9

		66/57.4



		Particle size, μm

		20–90

		20–90

		20–90

		20–90



		Manufacturer

		Pacif. Part.

Mat. Ltd.

		Baoji Z. Met.

Mat.CO., Ltd.

		Tallinn Univ. Tech.

		Castolin Eutectics®





In the case of the PTAW process, adding the plasticizer (3–4 wt.% of paraffin) to the powder mixture created a slurry, which then was uniformly manually laid on the sandblasted substrate and dried at 20 °C in ambient air for 24 hours. Instantly before cladding, the pre-fabricated specimens were pre-heated at 300 °C for 6 h in order to induce the pre-expansion of the substrate and thus to decrease the thermal stresses in the resultant hardfacings. In the case of the HVOFS process, the feedstock powders were fed to the spaying gun instantly from a powder feeder.

[bookmark: _Toc74523717]Table 2.4. Feedstock powders for the in-situ synthesis of TiC- and Cr3C2-containing reinforcement in PTAW (Paper IV).

		Type of powder

		Chemical composition, wt.% / vol.%



		

		Cr

		Ti

		TiO2

		C

		SS



		TiO2 + C + SS

		-

		-

		40/47.1

		10/21.7

		50/31.2



		Ti + C + SS

		-

		40/45.6

		-

		10/22.3

		50/32.1



		Cr + C + SS

		32/29

		-

		-

		8/22.5

		60/48.5



		Particle size, μm

		10–15

		60–80

		0.1–0.3

		5.5–7

		10–45



		Manufacturer

		Pacif. Part. Mat. Ltd.

		Baoji Z. Met. Mat.Co., Ltd.

		Precheza a.s.

		Imerys SA

		Castolin Eutectics®





Principal stages for the in-situ synthesis of carbide reinforcement in HVOFS and PTAW processes are demonstrated in Fig. 2.3. The morphology of used Ti + C + SS and Cr + C + SS mixtures is shown in Fig. 2.4. The composition TiO2 + C + SS was not subjected to SEM imaging due to the submicron size of TiO2 particles.



[image: ]

[bookmark: _Toc74519492]Figure 2.3 Schematic representation of the in-situ synthesis of carbide reinforcement.

The flowability of the developed powder mixtures was assessed using a manual Hall flowmeter funnel (ASTM B213) (ASTM International, 2020). The phase identification was performed through the X-ray diffraction (XRD) method with CuKα radiation (Burker AXS D5005, Germany; Burker D8 Discover, Germany). The particles morphology was analyzed by a scanning electron microscope (SEM) EVO MA-15 (Carl Zeiss, Germany).

[image: ]   [image: ]

[bookmark: _Toc74519493]Figure 2.4 The morphology of : a) Ti + C + SS; b) Cr + C + SS.

[bookmark: _Toc72261265][bookmark: _Toc77772099]Hardfacing technologies

[bookmark: _Toc72261266][bookmark: _Toc77772100]2.2.1 High velocity oxy-fuel spraying

Obtained powders were deposited onto steel C45 and S235 substrates (50 x 25 x 10 mm) by means of HVOFS systems Hipojet 2700 (Metallizing Equipment Co. Pvt. Ltd., India; Paper I) or HP/HVOF Tafa JP-5000® (Praxair Inc., Danbury, CT, USA; Paper III). In each case, substrate materials were preliminarily sandblasted. Table 2.5 contains the parameters of spraying.

[bookmark: _Toc74523718]Table 2.5. HVOFS parameters (Papers I, III).

		Parameter

		Value



		Oxygen flow rate, l/s

		14.5–15



		Kerosene flow rate, l/s

		0.4–0.47



		Carrier gas flow rate, l/s

		0.83



		Powder feed rate, g/s

		1–1.67



		Spraying distance, mm

		360–380



		Number of passes

		6–14





The flow rate of combustion gases was found to depend on the average enthalpy 
of specific powder composition and was derived empirically. Generally, the more homogeneous the powder composition, the more oxygen (and less kerosene) it required in the spraying jet. The rest of parameters had an inverse relationship with the flowability value of the powder (except for the feed rate whose dependence was direct).

[bookmark: _Toc72261267][bookmark: _Toc77772101]2.2.2 Plasma transferred arc welding

PTAW hardfacing with ex-situ added MAS reinforcement was performed using the 
device EuTronic Gap 3001 DC (Castolin Eutectics®) with the process parameters summarized in Table 2.6. As a substrate, the specimens from the structural steel S355 or S235 (50 x 25 x 10 mm) were used. The powder-to-substrate delivering methods varied. The matrix materials were either an austenitic SS powder Castolin 16316 or self-fluxing NiCrSiB alloy powder Castolin 16221. Two separate powder feeders were used, mixing matrix and reinforcement powder in certain proportion and feeding the resulting composition to the plasma torch. 

[bookmark: _Toc74523719]Table 2.6. PTAW parameters (Papers II, IV).

		Parameter

		Value



		

		Paper II

		Paper IV



		Current, A

		95

		95



		Voltage, V

		22–24

		22–24



		Oscillation frequency, Hz

		0.6

		0.6



		Traverse speed, mm/s

		1

		0.2



		Plasma gas consumption (Ar), l/s

		0.025

		0.025



		Shield gas consumption (Ar), l/s

		0.108

		0.108



		Carrier gas consumption (Ar+H2) (reinf.), l/s

		0.0625

		-



		Carrier gas consumption (Ar+H2) (matrix), l/s

		0.0458

		-



		Powder feed rate, g/s

		0.035–0.085

		0.085







To manufacture hardfacings with the in-situ synthesized reinforcement during the PTAW process, the lower value of the traverse speed (Table 2.6) was used (Paper IV) to provide enough time for the synthesis.

[bookmark: _Toc72261268][bookmark: _Toc77772102]2.2.3 Submerged arc welding

Submerged arc welding (SAW) of hardfacing was done at Kaunas University of Technology (KTU) using the Cr3C2-Ni cermet powder developed at TalTech, as reinforcing material (Paper II). The matrix materials were an austenitic SS powder Castolin 16316 or self-fluxing NiCrSiB alloy powder Castolin 16221. The deposition process was accomplished on an Integra 350 Professional (Miller) welding machine utilizing Ø1.2 mm consumable low carbon wire electrode (wt.%: 0.1 C, <0.03 Si, 0.35–0.6 Mn, <0.15 Cr, <0.3 Ni, bal. Fe) and standard flux (wt.%: 38‒44 SiO2, 38‒44 MnO, <2.5 MgO, 6‒9 CaF2, <6.5 CaO, 
<2 Fe2O3, <0.15 S, < 0.15 P). The normalized structural steel S355 prisms (6 x 6 x 20 mm) were chosen as substrates. The matrix and the reinforcement powders were manually mixed, pre-laid on the substrate, covered with a powder flux and after that remelted, applying the parameters provided in Table 2.7.

[bookmark: _Toc74523720]Table 2.7. SAW parameters (Paper II).

		Parameter

		Value



		Current, A

		180–200



		Voltage, V

		22–24



		Traverse speed, mm/s

		4



		Welding wire feed rate, mm/s

		7





[bookmark: _Toc72261269][bookmark: _Toc77772103]Characterization of coatings and hardfacings

[bookmark: _Toc72261270][bookmark: _Toc77772104]2.3.1 Microstructure analysis and phase composition

A microstructural analysis was performed on a scanning electron microscope (SEM) EVO MA-15 (Carl Zeiss, Germany) equipped with energy dispersive X-ray spectroscopy (EDS) detector XFlash® 5010 (Paper I–IV). Specimens’ cross-sections were embedded into resin and polished using series of polishing discs with a descending roughness order. The phase compositions were determined by the X-ray diffraction (XRD) method with Cu Kα radiation using the X-ray diffraction device AXS D5005 (Bruker, Germany) with a 0.04° step (Paper I, II), using the X-ray diffraction device D8 Discover (Bruker, Germany) with a 0.025° step (Paper III) or using the X-ray diffraction device SmartLab SE (Rigaku, Japan), equipped with the D/teX Ultra 250 1D detector (Rigaku, Japan) with a 0.01° step (Paper IV). The phase composition of all the materials was determined from the specimen’s surface.

[bookmark: _Toc72261271][bookmark: _Toc77772105]2.3.2 Determination of thickness and hardness

The thickness of HVOFS coatings was determined by a coating thickness gage Positector 6000 (DeFelsko, USA) (Paper III). The thickness of PTAW hardfacings was not assessed as its values differed by an order of magnitude from the thickness of HVOFS coatings. 
The hardness of the obtained coatings and hardfacings was assessed by means of the Vickers testing method according to the standard ISO 6507-1 (International Organization for Standardization, 2018). The load for microindentation was chosen to be 2.94 N 
(0.3 kgf) and for macroindentation 9.8 N (1 kgf) or 294.3 N (30 kgf). The hardness was measured by a Nexus 4505 hardness tester (Innovatest, Maastricht, The Netherlands), Indentec 5030 SKV (Zwick, Germany) and Micromet 2001 (Buehler, Germany). Dwell time was 10 s. For each material, 10–12 measurements were made and an average value of hardness was calculated. Standard deviation was calculated according to the following formula:

 					(2.1)

where S is the standard deviation,  is each value in the data set,  is a mean of all values in the data set, and N is the number of values in the data set.

Additionally, in order to determine the H/E ratio of hardfacings in (Paper IV), a Young’s modulus was measured with load 100 N (10.2 kgf) and dwell time 10 s on the device Z2.5 (Zwick, Germany). 

[bookmark: _Toc72261272][bookmark: _Toc77772106]2.3.3 Abrasive wear tests

The wear resistance of the manufactured coatings/hardfacings was assessed using 
two methods: three-body abrasion rubber wheel wear (ARWW) test according to the standard ASTM G65 (ASTM International, 2016) and abrasive-erosive wear (AEW) test using a centrifugal accelerator, which was set up according to the standard 
GOST 23.201-78 (GOST 23.201-78 Standard, 1987). ARWW tests were originally 
reported in (Papers I–IV) and the AEW test was reported before only in (Paper III). 
The test parameters are given in Table 2.8.

[bookmark: _Toc74523721]Table 2.8. Parameters of the abrasive wear tests of HVOFS coatings and PTAW hardfacings.

		Parameter

		Test type



		

		ARWW

		AEW



		Load, N

		22.6 and 130

		-



		Linear speed, m/s

		2.4

		401



		Impact angle, °

		-

		30, 90



		Wheel diameter, mm

		80 and 227

		-



		Testing temperature, °C

		20

		20



		Abrasive type and size, mm

		Silica, 0.2–0.3

		Silica, 0.2–0.3



		Abrasive amount, kg

		1.85

		2+62



		Abrasive feed rate, g/s

		5–6.5

		6.95



		Duration of the test, s

		300, 600 and 1800

		2400





1 Velocity of abrasive particles; 2 Run-in—2 kg, regular test—6 kg.

Before and after testing, all the samples were ultrasonically cleaned in acetone. 
The standard deviation was calculated according to Eq. (2.1). In every experiment, 
run in was done immediately before regular testing. Overall, 3-5 samples of each coating type were tested in the abrasive wear test.

The wear mechanisms of the worn surfaces were assessed by SEM EVO MA-15 (Carl Zeiss, Germany) and TM1000 (Hitachi High-Technologies Europe GmbH, Mannheim, Germany). 

The relative wear resistance εv was determined according to the following equation:



εν = IνH400/ Iν,				(2.2)

where IνH400 is the volumetric wear rate of the reference steel Hardox 400; Iν is the same of the tested sample.







[bookmark: _Toc77772107]Composite coatings and hardfacings with cermet MAS reinforcement

[bookmark: _Toc72261273][bookmark: _Toc77772108]Production of TiC-NiMo and Cr3C2-Ni powders by MAS

[bookmark: _Toc72261274][bookmark: _Toc77772109]3.1.1 Optimal titanium-to-carbon and chromium-to-carbon ratio

For the manufacturing of the MAS TiC-NiMo powder, the carboreduction of titanium dioxide (TiO2) was used. In terms of reactivity, the optimal TiO2:C weight ratio was empirically derived as 4:1 in (Paper III). Phase analysis of the manufactured Cr3C2-Ni and TiC-NiMo powders is presented in Fig, 3.1. TiC-NiMo cermet (Fig. 3.1a) exhibited the presence of two main phases, TiC and TiNi3, while Cr3C2-Ni (Fig. 3.1b) revealed the presence of three main phases in the obtained powder: Cr3C2, Cr7C3 and Ni. The optimal Cr:C weight ratio for the production of the Cr3C2-based MAS powder was found to be around 7:1 (Paper I).
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(a)					(b)

[bookmark: _Toc74519494]Figure 3.1 XRD pattern of MAS powder: (a) TiC-NiMo; (b) Cr3C2-Ni.

[bookmark: _Toc72261275][bookmark: _Toc77772110]3.1.2 Size distribution and flowability

The particle size distributions in the MAS TiC-NiMo and Cr3C2-Ni cermet powders are presented in Fig. 3.2. In the TiC-containing powder, the fraction suitable for HVOFS 
(20–90 μm) yielded 42% from the overall produced quantity of the material, while the amount of the same fraction in the Cr3C2-based powder was approximately 10% larger. The fraction suitable for PTAW was 41% in the TiC-NiMo and 21% in the Cr3C2-Ni composition.



[bookmark: _Toc74519495]Figure 3.2 Particle size distribution in the MAS TiC- and Cr3C2-containing cermet powders.

Due to a higher sintering temperature, the average grain size of the TiC in TiC-NiMo cermet was larger than that of the Cr3C2 grain in Cr3C2-Ni, respectively (see section 2.1). More intense densification made the coarse fraction (> 90 μm) of TiC-NiMo unsuitable for manual crushing. For this reason, an additional short-term ball milling was used (see section 2.1) with subsequent classification by sieving.

The flowability of pure TiC-NiMo and Cr3C2-Ni cermets could not be assessed 
due to the angular shape of agglomerated particles (see section 2.1). Addition of spherically-shaped SS powder (Castolin) to the composition of each cermet improved their flowability and became measurable (Table 3.1).

[bookmark: _Toc74523722]Table 3.1. Flowability of the MAS TiC- and Cr3C2-containing powders for HVOFS (Paper III).

		Composition

		Flowability, s



		TiC–NiMo + SS

		31.9 ± 0.3



		Cr3C2–Ni + SS

		55.7 ± 2.2



		SS (Castolin)

		15.2 ± 0.1



		NiCrSiB (Castolin)

		13.6 ± 0.3





[bookmark: _Toc72261276][bookmark: _Toc77772111]HVOFS coatings with MAS reinforcement

[bookmark: _Toc72261277][bookmark: _Toc77772112]3.2.1 Microstructure and hardness

The HVOFS coating with the MAS TiC-containing reinforcement was found to have good homogeneity (Fig. 3.3a). However, some regions of unmolten SS particles with interfaces can be seen, which influences cohesion. The coating with the MAS Cr3C2-containing reinforcement did not acquire desirable homogeneity or thickness (Fig. 3.3b). Here, 
the cohesion between the cermet particles and stainless steel as well as their adhesion with the substrate was observed to be lower than that of TiC reinforced coating. Moreover, a visible long crack in Fig. 3.3b was apparently formed due to lack of intrinsic ductility of Cr3C2-Ni particles as compared to those of TiC-NiMo. This could contribute to the low thickness of the coating by eroding the upper layers away during high kinetic energy spraying.

[image: ]  [image: ]

[bookmark: _Toc74519496]Figure 3.3 Cross-sectional SEM images of HVOFS coatings: (a) with MAS TiC-containing reinforcement; (b) with MAS Cr3C2-containing reinforcement.



On the XRD patterns of the HVOFS coating with the MAS TiC-containing reinforcement (Fig. 3.4a), three main phases were identified: TiC, austenite (γ-Fe) and ferrite (α-Fe). XRD analysis of a similar coating but with the MAS Cr3C2-containing reinforcement (Fig. 3.4b) indicated the presence of Cr3C2, austenite (γ-Fe) and ferrite (α-Fe).
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		(a)					(b)

[bookmark: _Toc74519497]Figure 3.4 XRD patterns of HVOFS coatings: (a) with the MAS TiC-containing reinforcement; (b) with the MAS Cr3C2-containing reinforcement.

The thickness and hardness of coatings with the MAS TiC- and Cr3C2-containing reinforcements are given in Table 3.2. The testing loads were chosen proportionally to the thicknesses of the coatings.

Experimental composition with the MAS TiC-containing reinforcement, as well as coatings from the reference materials (Cr3C2-25NiCr (Amperit 588.074, H.C. Starck)), SS (Castolin 16316)) showed practically identical hardness on the free surface and the 
cross-section, which indicates their structural uniformity. In contrast, the noticeable gap between the surface and cross-sectional microhardness in the material with the MAS Cr3C2-containing reinforcement signifies the lack thereof.



[bookmark: _Toc74523723]Table 3.2. Average thickness and hardness of the HVOFS coatings and reference materials (Paper III).

		Type of coating

		Thickness, (μm)

		Vickers hardness HV



		

		

		Surface

		Cross-Section



		

		

		HV1

		HV0.3

		HV0.3



		TiC–NiMo + SS

		130 ± 10

		4.5 ± 1.0

		-

		4.5 ± 1.3



		Cr3C2–Ni + SS

		40 ± 20

		-

		4.9 ± 1.1

		2.6 ± 0.8



		Cr3C2-NiCr (Amperit)

		267 ± 4

		8.8 ± 1.0

		8.2 ± 2.1

		9.2 ± 1.6



		SS (Castolin)

		208 ± 5

		3.2 ± 0.4

		2.7 ± 1.2

		3.1 ± 0.7





[bookmark: _Toc72261278][bookmark: _Toc77772113]3.2.2 Wear resistance and mechanisms

Volumetric abrasive rubber wheel wear rates for experimental coatings reinforced with the TiC- and Cr3C2-containing cermets are highlighted in Fig. 3.5. The performance of the coating with the MAS TiC-containing reinforcement (TiC 38 wt.%/49 vol.%) is analogous in terms of the wear rate of the reference material (Cr3C2 58 wt.%/65 vol.%) based on the commercial Cr3C2-NiCr cermet powder. However, superb abrasive wear resistance can only be achieved via homogeneous dispersion of the carbide phase within the metallic matrix, as opposed to how the MAS Cr3C2 reinforced coating was formed. For more details see (Paper III).



[bookmark: _Toc74519498]Figure 3.5 ARWW rates of HVOFS coatings with MAS TiC- and Cr3C2-containing reinforcement.

The wear resistance of the experimental coatings as well as the reference materials to AEW under 30° and 90° impact angles is shown in Fig. 3.6. 



[bookmark: _Toc74519499]Figure 3.6 AEW rates of HVOFS coatings with the MAS TiC- and Cr3C2-containing reinforcement.

Due to the presence of the ductile metallic matrix, the MAS TiC reinforced coating exhibited 38-44% better resistance than the commercial Cr3C2-based material (Amperit) but worse than the reference SS powder (sprayed) and the bulk steel Hardox 400. 
The MAS Cr3C2-Ni reinforced coating did not demonstrate competitive wear resistance in abrasive-erosive testing due to its weak intersplat cohesion and low thickness.

The wear mechanisms of the experimental coatings are presented in Fig. 3.7. 
The common wear mechanism during the performed tests (ARWW and AEW) was microcutting (Paper III). For the coatings with the MAS TiC-containing reinforcement, 
the wear mechanism was a combination of the microcutting of the softer metallic matrix and the fragmentation of brittle carbide reinforcement. After the abrasion test, the wear of the steel matrix was more intense compared to the carbide reinforcement (Fig. 3.7a). In some parts, carbide clusters formed surface pits (Fig. 3.7c).

At the composition with the MAS Cr3C2-containing reinforcement, the wear was similar to that of the MAS TiC reinforced coating (Fig. 3.7b). Under impact action of erodent particles, it had higher brittleness than its TiC-containing counterpart (Fig. 3.7d).
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[bookmark: _Toc74519500]Figure 3.7 Topography of worn HVOFS surfaces after ARWW (a,b) and AEW (c, d): (a) TiC-NiMo + SS; (b) Cr3C2-Ni + SS; (c) TiC-NiMo + SS; (d) Cr3C2-Ni + SS.

[bookmark: _Toc72261279][bookmark: _Toc77772114]PTAW and SAW hardfacings with MAS reinforcement

[bookmark: _Toc72261280][bookmark: _Toc77772115]3.3.1 Microstructure and hardness

The microstructure of PTAW hardfacings with the MAS TiC-containing reinforcement is presented in Fig. 3.8. 

It is notable that cermet particles are scattered more homogeneously in the Fe-based matrix (Fig. 3.8a) than in the Ni-based one (Fig. 3.8b), which may be related to their different melting temperatures (1400 °C vs. 1200 °C, respectively). The macrohardness of TiC reinforced hardfacings is given in Table 3.3, along with its Cr3C2-Ni-based counterparts.
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[bookmark: _Toc74519501]Figure 3.8 Microstructure of hardfacings with the MAS TiC-NiMo-containing reinforcement developed by PTAW: (a) TiC-NiMo + SS; (b) TiC-NiMo + NiCrSiB.

The presence of the following main phases was discovered during the XRD analysis of PTAW hardfacings with the MAS TiC-containing reinforcement: TiC, Cr23C6, nickel molybdenum and nonstoichiometric iron carbide in TiC-NiMo + SS (Fig. 3.9a) and Cr3Ni, Cr5B3 and nonstoichiometric boron silicon carbide in TiC-NiMo + NiCrSiB (Fig. 3.9b). 
The presence of the TiC phase was not detected in the latter composition.
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[bookmark: _Toc74519502]Figure 3.9 XRD patterns of the MAS TiC-containing PTAW hardfacings: (a) with the Fe-based matrix; (b) with the Ni-based matrix.

The microstructure of PTAW and SAW hardfacings with the MAS Cr3C2-containing reinforcement is shown in Fig. 3.10. PTAW hardfacings showed a typical structure for this type of claddings (Fig. 3.10a,b); however, the absence of the Cr3C2-Ni reinforcement was obvious in SAW hardfacings (Fig. 3.10c,d). Due to higher welding current, and thus the heat input used in SAW, the hard carbide phase dissolved in the hardfacing much more extensively (Paper II).
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[bookmark: _Toc74519503]Figure 3.10 Microstructure of hardfacings with the MAS Cr3C2-containing reinforcement developed by PTAW (a,b) and SAW (c,d): (a) Cr3C2-Ni + SS; (b) Cr3C2-Ni + NiCrSiB; (c) Cr3C2-Ni + SS; (d) Cr3C2-Ni 

+ NiCrSiB.

The phase composition of PTAW hardfacings with the Cr3C2-based MAS reinforcement is presented in Fig. 3.11. In the coating with the Fe-based matrix, there were two principal phases of austenite (γ-Fe) and Cr7C3 with a small amount of ferrite (α-Fe), while in the structure of the coating with the Ni-based matrix, primary Cr3C2 and Ni-based secondary NiC0.22 carbides prevailed. SAW hardfacing with the Fe-based matrix comprised mostly solid solution α-Fe(Cr), Ni-rich retained austenite (γ-Fe), and a small amount of secondary carbide Cr3C. SAW hardfacing with the Ni-based matrix contained predominantly different chromium carbides (CrC and Cr3C2) and some amount of austenite (γ-Fe).
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[bookmark: _Toc74519504]Figure 3.11 XRD patterns of the MAS Cr3C2-Ni-containing PTAW and SAW hardfacings: (a) with the Fe-based matrix; (b) with the Ni-based matrix (Paper II).

The macrohardness of PTAW hardfacings with the MAS TiC- and Cr3C2-containing reinforcements is given in Table 3.3. In this research, SAW hardfacings will not be further discussed due to their intrinsically inferior microstructure and phase composition with regard to the PTAW counterparts (Figs. 3.10 and 3.11).

[bookmark: _Toc74523724]Table 3.3. Vickers hardness of PTAW hardfacings and reference materials.

		Type of hardfacing

		Vickers hardness HV30



		TiC-NiMo + SS

		5.2 ± 0.4



		TiC-NiMo + NiCrSiB

		2.3 ± 0.2



		Cr3C2–Ni + SS

		3.8 ± 0.2



		Cr3C2–Ni + NiCrSiB

		4.1 ± 0.2



		SS (Castolin)

		1.7 ± 0.1



		NiCrSiB (Castolin)

		3.5 ± 0.3





The probable explanation of the highest increment of macrohardness in hardfacings with the Fe-based matrix is that the retained austenite underwent secondary martensitic transformation (secondary hardening). On the other hand, the drop of macrohardness in the TiC-NiMo + NiCrSiB hardfacing can be explained by the higher dissolution of the 
TiC-NiMo cermet in the metallic matrix due to their similar melting temperatures 
(1200–1300 °C) (Limin, et al., 2000, Ayyappan Susila & Arun, 2020).

After the MAS Cr3C2-containing reinforcement was introduced to pure SS and NiCrSiB PTAW hardfacings, their macrohardness increased by more than 2–3 times (SS matrix) and by 17% in the Cr3C2-Ni + NiCrSiB hardfacing.

[bookmark: _Toc72261281][bookmark: _Toc77772116]3.3.2 Wear resistance and mechanisms

The wear resistance of the developed PTAW hardfacings and reference materials at the abrasive rubber wheel wear (ARWW) test is illustrated in Fig. 3.12. 



[bookmark: _Toc74519505]Figure 3.12 ARWW rates of PTAW hardfacings based on different matrix materials (Fe, Ni) and the MAS TiC- and Cr3C2-containing reinforcement.

As expected, in the abrasive rubber wheel wear test, the MAS reinforced hardfacings exhibited much lower wear rate than the unreinforced counterparts. Particularly, compositions with the added MAS TiC-containing reinforcement decreased the wear 
rate by 90% (for the Fe-based matrix) and 40% (for the Ni-based matrix). Despite the decreased macrohardness of the latter, it has demonstrated lower wear rate than the unreinforced hardfacing. The wear rate of the composition with the Ni-based matrix and the MAS Cr3C2-containing reinforcement was decreased by three times, while the 
Fe-based matrix hardfacing dropped its wear rate by nine times. A significant decrease of the latter is in direct correlation with its increased macrohardness (Table 3.3). 

Abrasive-erosive wear (AEW) rates of the developed PTAW hardfacings and the reference materials under impact angles 30° and 90° are shown in Fig. 3.13. Experimental hardfacings with the MAS Cr3C2-containing reinforcement demonstrated nearly identical wear rate. Strict correlation between macrohardness (Table 3.3) and AEW was observed in the wear experiments under 30° impact angle. Furthermore, in a less intense erosive regime under low impact angle, which is intrinsically similar to the ARWW test, the wear of the experimental hardfacings was lower than that of unreinforced reference hardfacings (Fig. 3.13). Experimental hardfacings with the MAS Cr3C2-containing reinforcement demonstrated the same 20% lower absolute wear rate under 90° impact angle than under 30° angle, which is expected from metal-matrix type structures with 56–57 vol.% of the metallic phase.



[bookmark: _Toc74519506]Figure 3.13 AEW rates of PTAW hardfacings based on different matrix materials (Fe, Ni) and MAS TiC- and Cr3C2-containing reinforcement.

At the erosive wear regime with a 90° impact angle, the experimentally obtained hardfacings with the MAS Cr3C2-containing reinforcement showed higher wear rate than their unreinforced counterparts. The most likely cause was that the  the ductility had diminished by the presence of the brittle carbide phase (43–44 vol.%). As a result, 
the Cr3C2-Ni + SS hardfacing possessed the highest wear among the tested materials. 
All the experimentally developed hardfacings demonstrated the wear rate higher than that of the reference steel Hardox 400.

The worn surfaces of PTAW hardfacings with the MAS TiC- and Cr3C2-containing reinforcements after the ARWW test are depicted in Fig. 3.14. Microcutting was the common wear mechanism for all MAS cermet reinforced hardfacings (Fig. 3.14). 
The wear mechanism of the TiC-NiMo + SS hardfacing was found to be more distinct 
than that of TiC-NiMo + NiCrSiB. Figure 3.14a depicts a singular cermet particle that had depleted more than 50% of its volume, whilst a similar cermet particle is seen to be completely holistic in Fig. 3.14b. Nevertheless, on a macroscale, the amount of these carbide clusters in the TiC-NiMo + NiCrSiB hardfacing is incomparably smaller (due to reasons discussed earlier) compared to TiC-NiMo + SS; thus, the overall wear rate of 
the former turned out to be much higher (Fig. 3.12). The other defects like insignificant cracks were common for both compositions.

Numerous abrasive grooves were spotted on the surface of hardfacings with the 
Cr3C2-based reinforcement, as silica particles were tackled by the soft metallic matrix, while some carbide particles were stripped off the cermets splats (Fig. 3.14c). Nevertheless, the latter remained integral, which signifies good bonding between them and the matrix. No signs of carbide spallation were found on the micrographs of the worn Cr3C2-Ni + NiCrSiB hardfacing. However, as compared to the Cr3C2-Ni + SS composition, the abrasive grooves were much more distinctive with more silica particles found in the vicinity. This may have decreased its abrasive wear rate, especially considering the explicit plasticity of the Ni-based matrix (Fig. 3.14d).
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[bookmark: _Toc74519507]Figure 3.14 Topography of worn PTAW surfaces after ARWW: (a) TiC-NiMo + SS; (b) TiC-NiMo + NiCrSiB; (c) Cr3C2-Ni + SS; (d) Cr3C2-Ni + NiCrSiB.

The SEM images of AEW worn surfaces of experimental hardfacings with the MAS TiC- and Cr3C2-containing reinforcements are depicted in Fig. 3.15. Wear rates under 30° impact angle of almost all experimental hardfacings, except for TiC-NiMo + SS, were higher than under 90° impact angle. Therefore, in Figure 3.15, the worn surfaces subjected to the abrasive-erosive test under 30° impact angle are depicted.
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[bookmark: _Toc74519508]Figure 3.15 Topography of worn PTAW surfaces after AEW (30°): (a) TiC-NiMo + SS; (b) TiC-NiMo + NiCrSiB; (c) Cr3C2-Ni + SS; (d) Cr3C2-Ni + NiCrSiB.

The AEW mechanism of hardfacings with the TiC-NiMo reinforcement was microcutting, as a multitude of metallic chips were spotted along the abrasive groove lines left by erodent silica particles. However, in the hardfacings, no silica particles were observed to be stuck to the surface. In Fig. 3.15a and 3.15b, compacted carbide regions show visible pits formed due to the depletion of the brittle hard phase. In Fig. 3.15b (insertion), 
a significant crack in the matrix material can be noticed. Its direction is perpendicular to the erosive groove lines, which may be a sign of internal stresses in the pre-surface layers of the TiC-NiMo + NiCrSiB hardfacing.

Similar wear products – the metallic chips - were observed on the micrographs of Cr3C2-Ni reinforced hardfacings to be present in great numbers on their surfaces, indicating that microcutting was the common wear mechanism (Fig. 3.15c,d). Additionally, some silica particles can be seen stuck to the surface of the Cr3C2-Ni + SS hardfacing (Fig. 3.15c). In the hardfacings with the MAS Cr3C2-containing reinforcement, some cermet particles scattered on the surface were found bare yet holistic. High impact angle (90°) testing regime imposes certain difficulties regarding observing of worn surfaces by means of SEM imaging. Nevertheless, the dominating wear mechanism at this wear condition was proved to be low-cycle fatigue (Kulu, et al., 2007).



[bookmark: _Hlk65891476][bookmark: _Toc77772117]Composite coatings and hardfacings with in-situ synthesized reinforcement 

[bookmark: _Toc72261282][bookmark: _Toc77772118]HVOFS coatings with in-situ synthesized reinforcement

[bookmark: _Toc72261283][bookmark: _Toc77772119]4.1.1 Microstructure and hardness

The microstructure images of HVOFS coatings obtained from the mechanical mixtures 
Ti + C + SS and Cr + C + SS are presented in Fig. 4.1. 
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[bookmark: _Toc74519509]Figure 4.1 Cross-sectional SEM images of HVOFS coatings with in-situ synthesized reinforcement: (a) Ti + C + SS; (b) Cr + C + SS.

Generally, both coatings exhibited similar microstructure with different thickness: 
100–130 μm in the TiC-containing coating and 250–280 μm of the CrC-containing coating (Table 4.1). However, the coating with the in-situ synthesized TiC reinforcement 
(Fig. 4.1a) consisted of swirled alternating layers of the Fe-based matrix and the TiC reinforcement with some amount of unmolten stainless steel particles, while the coating with the in-situ synthesized CrC reinforcement contained unmolten and slightly deformed Cr particles (Fig. 4.1b). Some cracks were discovered in the pre-surface area of this coating. Their presence indicates the decreased cohesion between the matrix and the reinforcement phases in the upper layers of the coating. The crack-forming mechanism, apparently, is similar to that in the MAS counterpart (see section 3.2).
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[bookmark: _Toc74519510]Figure 4.2 XRD patterns of HVOFS coatings with the in-situ synthesized reinforcement: (a) Ti + C + SS; (b) Cr + C + SS.

The X-Ray diffractograms of the coatings discussed above are presented in Fig. 4.2. 
The phase composition of the TiC-containing coating consisted of four main phases: TiC, α-Ti, austenite (γ-Fe), and ferrite (α-Fe) (Fig. 4.2a). The presence of the α-Ti phase is most likely the result of excessive burning out of carbon meant for bonding with Ti. Three principal phases were discovered in the CrC-containing coating: CrC, pure Cr and austenite (γ-Fe) (Fig. 4.2b). Similarly, during coating deposition, the burning out of carbon led to the abundance of unreacted Cr, which prevents forming of other reinforcement phases (Cr3C2, Cr7C3, etc.).

The microhardness values of the experimental coatings with the in-situ synthesized reinforcement are given in Table 4.1. Coating with the TiC-based reinforcement showed the difference between the microhardness on the surface and the cross-section of about 20%, which may be a sign of compromised structural uniformity. The surface and 
cross-sectional microhardness of the coating with CrC reinforcement was nearly similar to the microhardness of that obtained from stainless steel. It is caused by little presence of the hard carbide phase in the structure.  The noticeable difference between the thickness of the Ti + C + SS and Cr + C + SS coatings apparently originates from the difference in the morphology of sprayed mechanical mixtures (Fig. 2.4), which, in turn, impacts their flowability: 49.2 ± 1 s and 39.1 ± 0.4 s, respectively.

[bookmark: _Toc74523725]Table 4.1. Average thickness and Vickers hardness of the HVOFS coatings with in-situ synthesized reinforcements (Paper III).

		Type of coating

		Thickness, (μm)

		Vickers hardness HV



		

		

		Surface

		Cross-section



		

		

		HV1

		HV0.3



		Ti + C + SS

		110 ± 20

		4.0 ± 0.6

		3.3 ± 0.7



		Cr + C + SS

		265 ± 15

		3.4 ± 0.4

		3.3 ± 0.4



		Cr3C2-NiCr (Amperit)

		263 ± 11

		8.8 ± 1.0

		9.2 ± 1.6



		SS (Castolin)

		203 ± 13

		3.2 ± 0.4

		3.1 ± 0.7





[bookmark: _Toc72261284][bookmark: _Toc77772120]4.1.2 Wear resistance and mechanisms

The ARWW volumetric wear rates of coatings with the in-situ synthesized reinforcements are presented in Fig. 4.3.



[bookmark: _Toc74519511]Figure 4.3 Comparison of ARWW rates of HVOFS coatings with the in-situ synthesized reinforcement.

In the abrasive wear testing, the TiC-containing coating demonstrated about 25% higher wear resistance than the CrC-containing counterpart due to higher percentage of the hard carbide phase (TiC 27 wt.%/34 vol.% vs. CrC 8 wt.%/9 vol.%) (Paper III). However, 
as compared to the commercial Cr3C2-based cermet coating with 53 wt.%/65 vol.% of hard phase, the experimental coatings with the in-situ synthesized reinforcement showed poor performance.
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[bookmark: _Toc74519512]Figure 4.4 EDS maps of TiC-containing HVOFS coatings: (a) MAS TiC-NiMo + SS; (b) Ti + C + SS 
(Paper III).

MAS coating TiC–NiMo + SS (Fig. 4.4a) has fewer and smaller internal cracks and voids, and the distribution of its carbide particles appears to be more homogeneous than that of the lamellar structure of its counterpart (Fig. 4.4b). It is therefore suggested that these factors make the MAS coating more resistant to material loss under the abrasion. 



[bookmark: _Toc74519513]Figure 4.5 Comparison of AEW rates of HVOFS coatings with the in-situ synthesized reinforcement and reference materials.

The wear rates of HVOFS coatings with in-situ synthesized after the AEW testing under 30° and 90° impact angles are presented in Fig. 4.5. TiC-containing experimental coating demonstrated better performance than the commercial Cr3C2-based coating (Amperit) under low impact angle, but not under 90° angle. The alienating of the entire layer of the commercial coating (and leaving bare steel substrate exposed to erodent particles) may be the reason why the Cr3C2-NiCr (with Cr3C2 58 wt.%/ 65 vol.%) commercial coating performed better under direct erodent impact than the experimental coating with only 27 wt.%/34 vol.% of TiC.

At the same time, the volumetric wear of the experimental CrC-containing coating turned out to be lower than that of the aforementioned commercial Cr3C2-containing counterpart under both impact angles. Nevertheless, as compared to reference steels SS (sprayed) and Hardox 400, the erosion wear rates of the experimental coatings were still significantly higher.

The wear mechanism of both coatings with the in-situ synthesized reinforcement 
(Fig. 4.6) resembled that of coatings with the MAS reinforcement (see section 3.2). After the ARWW and AEW tests, the rare depleted carbide clusters with scarce regions of delaminated (Fig. 4.6a) or fractured (Fig. 4.6b,c) matrix material were observed. Similar to the coatings with the MAS reinforcement, few silica inclusions were found embedded in the soft metallic matrix. This could slightly influence the post-testing weight results. Infrequent surface pits and cracks formed under the impact of erodent particles on carbide clusters with lower cohesion, while those with higher interparticle connections remained holistic (Fig. 4.6c,d).
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[bookmark: _Toc74519514]Figure 4.6 Topography of worn HVOFS surfaces after ARWW (a,b) and AEW (c,d): (a) Ti + C + SS; 
(b) Cr + C + SS; (c) Ti + C + SS; (d) Cr + C + SS.
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[bookmark: _Toc72261285][bookmark: _Toc77772121]PTAW hardfacings with in-situ synthesized reinforcement

[bookmark: _Toc72261286][bookmark: _Toc77772122]4.2.1 Microstructure and hardness

The microstructure images of the obtained PTAW hardfacings with the in-situ synthesized reinforcement are shown in Fig. 4.7. The TiC reinforced hardfacing showed rather non-homogeneous microstructure with notable carbide-free regions (Fig. 4.7a). Carbon burn out most likely occurred during hardfacing deposition. This is additionally confirmed by gaseous porosity seen on the SEM images. On the contrary, the hardfacing with the chromium carbide (CrC) based reinforcement showed an eutectic structure with evenly distributed carbide grains (Fig. 4.7b). The hardfacing obtained from TiO2 was observed to have pore-free structure with an insignificant amount of Ti- and Mo-based carbides precipitated at the grain boundaries (Fig. 4.7c). On the unmachined surface of this hardfacing, a plenitude of small-sized (less than 1 μm) carbides was observed 
(Fig. 4.7d). Therefore, all the carbide phases were likely to have concentrated in the thin upper layer due to their lower density and were afterwards removed by machining. 
For more detail see (Paper IV).
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[bookmark: _Toc74519515]Figure 4.7 Microstructure of PTAW hardfacings with the in-situ synthesized reinforcement: 
(a) Ti + C + SS; (b) Cr + C + SS; (c) TiO2 + C + SS; (d) TiO2 + C + SS (unmachined) (Paper IV).

X-ray diffractograms of hardfacings with the in-situ synthesized TiC and CrC reinforcements are shown in Fig. 4.8. The phase analysis of hardfacings from  Ti + C + SS and TiO2 + C + SS mixtures showed some presence of TiC (9.9 wt.%) and (Ti,Mo)C 
(9.6 wt.%), respectively. However, the microstructure of the machined TiO2 + C + SS sample comprised  no carbide reinforcement phase and is not depicted in Fig. 4.8. 
The matrix of the Ti + C + SS hardfacing was mostly ferritic-austenitic. The main phases were TiC, (Ti,Mo)C and chromium iron solid solution (Fig. 4.8a). Meanwhile, the in-situ synthesis of the CrC reinforcement (19.8 wt.%/23.5 vol.%) was confirmed during the deposition of Cr + C + SS. Other significant phases were Fe-Mn-C carbides and Ni-Mo-Cr solid solution (Fig. 4.8b). The matrix was austenitic due to remaining carbon after less complete reaction of precursor elements (Cr, C), as compared to Ti + C + SS.

[image: ] [image: ]

(a)					 (b)

[bookmark: _Toc74519516]Figure 4.8 XRD patterns of PTAW hardfacings with the in-situ synthesized reinforcement: 
(a) Ti + C + SS; (b) Cr + C + SS.

Among the obtained hardfacings with the in-situ synthesized reinforcements, 
CrC-contained composition showed the highest hardness (Table 4.2), which was 16% 
and 60% higher than Ti- and TiO2-containing counterparts, respectively, and 2.7 times higher than the hardfacing deposited from the unreinforced stainless steel powder. 
This difference between the welded hardfacings as well as relatively large deviation of the hardness values within the Ti + C + SS composition is apparently linked to the amount of the synthesized hard phase and its distribution across the each particular hardfacing.

[bookmark: _Toc74523726]Table 4.2. Vickers hardness of the PTAW hardfacings with the in-situ synthesized reinforcements (Paper IV).

		Type of hardfacing

		Vickers hardness HV30



		Ti + C + SS

		3.7 ± 0.6



		TiO2 + C + SS

		2.7 ± 0.8



		Cr + C + SS

		4.3 ± 0.1



		SS (Castolin)

		1.6 ± 0.1





[bookmark: _Toc72261287]

[bookmark: _Toc77772123]4.2.2 Wear resistance and mechanisms

The ARWW test results of PTAW hardfacings with the in-situ synthesized reinforcements and reference materials (cladded SS, Hardox 400) are presented in Fig. 4.9. The CrC-containing hardfacing exhibited slightly better wear resistance than its TiC-containing counterpart and is in direct correlation with the in-situ synthesized hard phase amount in these hardfacings. Both of them showed better wear resistance than the reference materials. Expectedly, TiO2-containing machined hardfacing did not demonstrate any competitive wear resistance due to the concentration of carbides in the removed outer layer.



[bookmark: _Toc74519517]Figure 4.9 ARWW rates of PTAW hardfacings with the in-situ synthesized reinforcement and reference materials.

The results of AEW testing under 30° and 90° impact angles are presented in 
Fig. 4.10. It can be seen that under low impact angle, in terms of wear resistance, 
Ti + C + SS composition outperformed commercial reference steel Hardox 400 by 
around 13 % and exhibited similar wear resistance to the unreinforced SS result. Meanwhile, the Cr + C + SS hardfacing demonstrated slightly higher (~15 %) wear 
rate than Hardox 400 (30°, 90°) and the same wear rate as the unreinforced SS under 90° impact angle (Fig. 4.10). 



[bookmark: _Toc74519518]Figure 4.10 AEW rates of PTAW hardfacings with the in-situ synthesized reinforcement and reference materials.

The difference in the wear rates, especially under 90° impact angle, between the TiC- and CrC-containing hardfacings can be explained by the presence of ductile Ni- and 
Fe-rich solid solutions in the structure of the Cr + C + SS hardfacing. However, 
it demonstrated a significant gap between the wear rate in 30° and 90° impact angles, whilst Ti + C + SS exhibited practically identical wear resistance under both regimes. Therefore, the latter is seen as a more well-balanced material, better suited to the abrasive-erosive wear under various conditions. Due to earlier discussed reasons, 
the demonstrated wear resistance of the TiO2-containing deposition was not higher than 
that of bare substrate.

The wear mechanism micrographs of PTAW cladded hardfacings after the ARWW test are presented in Fig. 4.11. The principal wear mechanism of all the studied hardfacings was a combination of microcutting and microploughing. There are some metallic chips and abrasive grooves left by the abrasive particles, which can be seen on each SEM image. However, the grooves were much shallower in the case of the Ti + C + SS 
(Fig. 4.11a) and Cr + C + SS (Fig. 4.11b) hardfacings. Thus, the wear was less intense as compared to the hardfacing TiO2 + C + SS. These results correlate with the corresponding phase analysis (Fig. 4.8) and wear rates (Fig. 4.9).
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[bookmark: _Toc74519519]Figure 4.11 Topography of worn PTAW hardfacing surfaces after ARWW: (a) Ti + C + SS; 
(b) Cr + C + SS; (c) TiO2 + C + SS (Paper V).

The SEM images of AEW-tested (impact angle 30°) PTAW hardfacings with the in-situ synthesized reinforcement are shown in Fig. 4.12. The common wear mechanism for all tested surfaces was microcutting. However, it was more pronounced in the case of 
CrC- and TiO2-containing hardfacings, as some metallic particles were found scattered around (Fig. 4.12b,c). The hardfacing with the TiC reinforcement appeared to be less prone to forming defects, which is in strict correlation with the demonstrated wear rates (Fig. 4.10).

The common defects for all tested compositions (Fig. 4.12) were cracking and material depletion (removal). Additionally, on the Cr-based hardfacing, abrasive grooves caused by microploughing were observed (Fig. 4.12b). It is suggested that the depleted or fractured areas of the tested hardfacings used to be clusters of carbide reinforcement, which were destroyed and alienated upon direct impact of silica particles that in some cases may be seen stuck in the vicinity (Fig. 4.12c).
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[bookmark: _Toc74519520]Figure 4.12 Topography of worn PTAW hardfacing surfaces after AEW (30°): (a) Ti + C + SS; 
(b) Cr + C + SS; (c) TiO2 + C + SS.



















[bookmark: _Toc77772124]Comparison of coating and hardfacing wear resistance 

[bookmark: _Toc72261288][bookmark: _Toc77772125]HVOFS coatings with MAS and in-situ synthesized reinforcement

Among all experimental coatings in the ARWW test, the MAS TiC-NiMo + SS coating exhibited the lowest wear rate (Fig. 5.1). It is, supposedly, linked to the highest amount of the hard carbide phase (TiC 38 wt.%/49 vol.%) obtained cumulatively after the synthesis of the respective cermet MAS powder and its subsequent high velocity spraying. It was shown that the performance of this composition is analogous to the commercial reference material Cr3C2-NiCr with much higher amount of the hard phase (58 wt.%/65 vol.%).



[bookmark: _Toc74519521]Figure 5.1 Comparison of ARWW rates of HVOFS coatings with the MAS and in-situ synthesized reinforcement.

In AEW testing at the impact angle 30°, MAS TiC-NiMo + SS showed the best performance as well (Fig. 5.2). It is followed by the Ti + C + SS coating with nearly 
60% higher wear rate, which was caused by the smaller amount of TiC in its structure  
(27 wt.%/34 vol.%) (Paper III). The reason is unequal distribution of the metallic 
phase amount (51 vol.% in MAS TiC-NiMo + SS  vs. 66 vol. % in Ti + C + SS), which 
has considerable influence on the wear resistance under 30° angle. 

At normal impact angle (90°), coatings with the highest content of the ductile 
metallic phase expectedly demonstrated the lowest wear rate. Among the experimental coatings, the closest wear rate to the reference materials was exhibited by the 
MAS TiC-NiMo + SS and in-situ synthesized Cr + C + SS coatings, which both contained significantly lower amount of the hard phase.



[bookmark: _Toc74519522]Figure 5.2 Comparison of AEW rates of HVOFS coatings with MAS and in-situ synthesized reinforcement.

[bookmark: _Toc72261289][bookmark: _Toc77772126]PTAW hardfacings with MAS and in-situ synthesized reinforcement

The comparison of wear rates of PTAW MAS hardfacings and hardfacings with in-situ synthesized reinforcements are presented in Fig. 5.3. MAS TiC-NiMo + SS and Cr3C2-Ni + SS hardfacings demonstrated significantly lower wear rate of the material due to higher carbide content and multiple carbide phases present in the composition (see section 3.3) compared to Ti/Cr/ TiO2 + C + SS hardfacings (see section 4.2). However, it was achieved using a longer and more expensive fabrication method, which, unlike the in-situ synthesis, includes multiple technological stages (see section 2.1).



[bookmark: _Toc74519523]Figure 5.3 ARWW rates of PTAW hardfacings with the MAS and in-situ synthesized reinforcement.



In the abrasive-erosion wear testing under low impact angle (30°), the experimental PTAW hardfacing with the in-situ synthesized reinforcement Ti + C + SS revealed 
the lowest wear rate compared to the MAS TiC-NiMo + SS hardfacing (Fig. 5.4). 
Under 90° impact angle, the in-situ synthesized Cr + C + SS hardfacing demonstrated about 30% higher wear rate than the steel Hardox 400. Other experimental hardfacings with the in-situ synthesized reinforcement exhibited higher wear rate than Cr + C + SS. The least wear resistant was the TiC-NiMo + SS MAS hardfacing due to the highest content of brittle phases (Fig. 3.9a): TiC (30 wt.%/38 vol.%) and Cr23C6 (13 wt.%/11 vol.%). 
The MAS Cr3C2-Ni + SS hardfacing exhibited more than 9–11 times higher wear rate than the commercial steel Hardox 400 due to the reasons discussed earlier.



[bookmark: _Toc74519524]Figure 5.4 AEW rates of PTAW hardfacings with the MAS and in-situ synthesized reinforcement.

The wear rate of the MAS TiC-containing hardfacing higher than that of Hardox 400 
in the AEW test is likely to be attributed to the higher matrix-to-reinforcement ratio, which is almost 1:1 (see section 3.3). It signifies the inability of the ductile metallic 
phase in its current amount to provide enough plasticity. Regarding to the MAS Cr3C2-Ni + SS hardfacing, due to the dominant presence of the brittle hard phase, it exhibited 4.5 times higher wear rate than the commercial ductile steel Hardox 400.

On the contrary, hardfacings with the in-situ synthesized TiC and CrC reinforcements contained a higher content of the metallic phase. Thus, under 30° impact angle, the 
TiC-containing hardfacing showed  a wear resistance higher or similar to that of the Hardox 400 and SS hardfacing, respectively, while under 90° impact angle, hardfacing with the CrC reinforcement demonstrated a wear rate rather comparable to the SS cladded hardfacing.





[bookmark: _Toc72261290][bookmark: _Toc77772127]Relative wear resistance

The relative wear of all experimental coatings/hardfacings under ARWW and AEW testing conditions is presented in Table 5.1. The reference material is the commercial steel Hardox 400.





[bookmark: _Toc74523727]Table 5.1. Relative wear resistance εv of experimental coatings/hardfacings under different testing condtions (ε<1 – poor; ε>1 – good).

		Type of material

------------

Wear test

		Ref.

		

		HVOFS

		PTAW



		

		

		Com.

		MAS

		In-situ 

		MAS

		In-situ 



		

		Hardox 400

		Cr3C2-NiCr

Amperit

		TiC-NiMo + SS

		Cr3C2-Ni + SS

		Ti + C + SS

		Cr + C + SS

		TiC-NiMo + SS

		Cr3C2-Ni + SS

		Ti + C + SS

		Cr + C + SS

		TiO2 + C + SS



		ARWW

		1

		5.4

		5.5

		0.8

		1.4

		1.1

		6.4

		5.3

		1.2

		1.4

		0.4



		AEW (30°)

		1

		0.3

		0.6

		0.2

		0.4

		0.6

		0.8

		0.2

		1.2

		0.9

		0.7



		AEW (90°)

		1

		0.2

		0.3

		0.1

		0.2

		0.3

		0.3

		0.1

		0.4

		0.7

		0.5





It can be concluded from Table 5.1 that experimental coatings and hardfacings 
may be recommended for application in abrasion conditions where they possess 
the highest relative wear resistance (5–6 times). Meanwhile, it was observed that 
the developed coatings and hardfacings, generally, were not suitable for erosion, 
except for PTAW hardfacings with the in-situ synthesized TiC and CrC reinforcements, which demonstrated wear resistance comparable to that of the reference materials.
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In this study, abrasive wear resistant composite hardfacings with the ex-situ and in-situ synthesized carbide reinforcement were developed by the HVOFS (high velocity oxy-fuel spraying) and PTAW (plasma transferred arc welding) deposition technologies.

· Experimental coatings and hardfacings with the in-situ synthesized reinforcement showed 4–5 times greater wear rate in abrasion and similar or slightly lower material loss under the abrasion-erosion (under impact angles 30° and 90°) wear conditions compared to the counterparts with the ex-situ added (MAS) cermet reinforcement. This can be explained by domination of metallic phase in the structure of coatings and hardfacings with the in-situ synthesized reinforcement due to the excessive carbon burn out. This was the common shortcoming for both HVOFS and PTAW deposition technique whith regard to in-situ synthesis of carbide reinforcement.

· PTAW hardfacings with the Fe-based matrix exhibited 1.5-5 times higher wear resistance in abrasion and similar wear rate in the abrasion-erosion (except for TiC-containing composition with 49 vol.% of hard phase under 90° impact angle) wear conditions as compared to analogous hardfacings with the Ni-based matrix. Due to more extensive dissolution of the hard carbide phase, caused by higher operating current, SAW hardfacings did not demonstrate quality phase content and microstructure as compared to the PTAW counterparts and their wear resistance was not further assessed.

· HVOFS coatings and PTAW hardfacings with the ex-situ added reinforcement in abrasive wear demonstrated 5–6 times higher wear resistance than the reference steel Hardox 400 and are recommended for application in abrasion conditions.

· PTAW hardfacing with the in-situ synthesized TiC reinforcement was the only experimental composition that outperformed the reference steel Hardox 400 by 20% in the abrasive-erosive wear conditions under low (30°) impact angle. Among all the developed compositions, PTAW hardfacing with the in-situ synthesized CrC reinforcement showed the best wear resistance under normal (90°) impact angle. 

· The wear mechanism dominating among all HVOFS coatings and PTAW hardfacings was the microcutting of the ductile metallic matrix paired with the removal of the brittle carbide phase, except for the PTAW hardfacings with the in-situ synthesized reinforcement (Ti/TiO2/Cr + C + SS), in which microcutting was coupled with the microploughing wear mechanism.

The novelty of the present work can be outlined by:

· The synthesis with the preliminary mechanical activation (mechanically activated synthesis, MAS) of TiC-NiMo and Cr3C2-Ni cermet powders was improved to obtain powders for sprayed coatings or welded  hardfacings in such a way that mechanical grinding of the synthesized materials in a disintegrator is no longer necessary;

· Development of composite coatings/hardfacings with in-situ formation of hard phase;

· Wear resistance of metal-ceramic coatings/hardfacings with the in-situ synthesized titanium and chromium carbide-based reinforcement was compared under the conditions of abrasive and erosive wear;

· The wear resistance between the cermet coatings/hardfacings with the ex-situ and in-situ synthesized carbide reinforcement was compared under the conditions of abrasive and erosive wear.

In the future work, focus could be on the following:

· Further research and development of Ti- and Cr-containing PTAW hardfacings with in-situ synthesized reinforcement, which demonstrated competetive wear resistance in abrasion-erosion;

· Improvement of their abrasion resistance by minimizing the carbon burn out during deposition process.
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Abrasive Wear Resistant Composite Hardfacings with ex-situ and in-situ Synthesized Carbide Reinforcement

Half of all the cases of faulty machine behavior are attributed to the mechanical wear of their parts. The abrasive wear is its most common form, which often occurs in the fields such as the automotive industry, oil extraction, aviation, recycling of materials, civil and marine engineering. In order to lessen wear effects, working surfaces are being protected (new part) or restored (used part) by means of deposition of a specially designed coating/hardfacing. 

Two widely applied deposition techniques were the principal focus of this work: high velocity oxy fuel spraying (HVOFS) and plasma transferred arc welding (PTAW).

Regarding the feedstock materials, the constantly increasing price of tungsten carbide (WC) stimulates the search for cheaper alternatives, for example titanium carbide (TiC) and chromium carbide (Cr3C2). In particular, TiC- and Cr3C2-based cermets are commonly used as a replacement of expensive WC-based materials.

The aim of this work was to propose new composite coatings and hardfacings manufactured by HVOFS or PTAW, which contain Ti and Cr carbide-based reinforcement synthesized ex-situ (by mechanically activated synthesis, MAS) and in-situ (during the deposition process). Technological route with the in-situ synthesis of carbide reinforcement was hypothesized to become a shorter and cheaper alternative to MAS. Stainless steel (SS) AISI 316L was mainly used as matrix forming constituent.

The phase analysis, morphology and flowability of experimental powder compositions were studied to clarify their influence on the hardness and wear resistance of the produced coatings and hardfacings. Similarly, the phase content, hardness and wear properties of the deposited coatings and hardfacings were studied.

The in-situ synthesis of carbide reinforcement was successfully achieved in the Ti- and Cr- contained compositions both using HVOFS and PTAW deposition methods. HVOFS coatings with the ex-situ manufactured reinforcement possessed rather homogeneous structure (except for hardfacing with Cr3C2-Ni reinforcement, whose interparticle cohesion and overall thickness was very low) or distinctive lamellar structure (with 
in-situ synthesized reinforcement). 

PTAW hardfacings with the ex-situ synthesized reinforcement generally exhibited homogeneous low-porosity structure, unlike their counterparts with the in-situ formed carbides. These hardfacings were found to have less homogeneous microstructure characterized by the presence of significant pores and, in the case of using TiO2 as a carbide precursor, by low presence of the hard phase.

In the abrasive rubber wheel wear (ARWW) test, most of the experimental compositions (HVOFS coatings and PTAW hardfacings) showed better (1.1–6.4 times) wear resistance than the reference steel Hardox 400. In the abrasive-erosive wear (AEW) under low impact angle (30°), most of the PTAW hardfacings exhibited similar or slightly higher wear resistance (20%) as compared to the reference material, while under normal impact angle (90°), one PTAW hardfacing with the in-situ synthesized Cr-based carbide demonstrated the closest (0.7 times) to the Hardox 400 wear resistant capacity.

HVOFS coatings with the ex-situ added reinforcement (MAS) compared to analogous coatings with the in-situ synthesized reinforcement showed about 4–5 times higher 
wear resistance in abrasion and demonstrated nearly equal results in erosion wear. 
The difference in the wear resistance of PTAW hardfacings with the ex-situ MAS reinforcement and the in-situ synthesized reinforcement was 3–4 times in abrasion wear in favour of the hardfacings with the ex-situ synthesized reinforcement (Table 5.1) and in the erosion wear 2–6 times in favor of the hardfacings with the in-situ synthesized reinforcement.

Under abrasion conditions, the HVOFS coatings and PTAW hardfacings were comparable and demonstrated high applicability potential. Under erosion conditions (30°, 90°), PTAW hardfacings outperformed HVOFS coatings by 1.5–3 times, which shows that the latter are not suitable for such wear conditions.
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Abrasiivkulumiskindlad komposiitpinded ex-situ ja in-situ sünteesitud karbiidse kõvafaasiga

Enamikel juhtudel on masinate rivist väljalangemise põhjuseks masinaosade mehaaniline kulumine, eelkõige liug- ja abrasiivkulumine, mis leiab aset autodes, naftakeemiaseadmeis, materjalide ringluses, lennunduses, ehitus- ja meretehnikas. Vähendamas kulumise mõju läbi uute toodete tugevdamise või kulunud masinaosade taastamise, kasutatakse laialdaselt spetsiaalselt disainitud kõvapindeid.

Käesoleva töö fookuses on pindamisel laia kasutamist leidnud hapnik-kiirleekpihustus (HVOFS) ja plasmapealesulatus (PTAW), pindepulbritest aga eksperimentaalsed ex-situ ja in-situ sünteesitud kõvafaasiga segud.

Pinnatehnikas on kulumiskindlate pinnete korral enamlevinumaiks volframkarbiidi (WC) baasil pindepulbrid. Samas volframi kui WC-baasil pindepulbri põhikomponendi hind on pidevalt kasvamas, mis tingib otsima alternatiive, näiteks titaankarbiidi (TiC) ja kroomkarbiidi (Cr3C2) baasil materjale. Täna on titaan- ja kroomkarbiidikermised asendamas teatud valdkondades WC-baasil kõvasulameid.

Käesoleva töö eesmärgiks oli pakkuda komposiitpindeid, mis on saadud HVOFS ja PTAW teel ja mis sisaldavad titaan- ja kroomkarbiide. Viimased on saadud kas ex-situ sünteesi (mehaaniliselt aktiveeritud süntees, MAS) ja in-situ sünteesi teel (pihustusprotsessis süntees). Karbiidse kõvafaasi in-situ süntees pindamisprotsessis oleks alternatiiv tööstuslikele ja MAS tehnoloogiatele. Maatriksmaterjalina kasutati roostevaba terast (SS) AISI 316L.

Uuriti erinevate eksperimentaalpulbersegude koostist, osakeste morfoloogiat ja pulbrite voolavust, selgitamaks nende mõju sünteesile ja saadavate pinnete kõvadusele ning kulumiskindlusele. Samuti uuriti saadud pulberpinnete faasilist koostist, kõvadust ja abrasiivkulumiskindlust.

Pindamise käigus kõvafaasi in-situ sünteesi tulemusena õnnestus saada pinded karbiidide sisaldusega kuni 30 mahu%, kasutades kiirleekpihustamist või plasmasulatust. Pihustuspinnetest ex-situ sünteesitud kõvafaasiga pihustuspinded olid struktuurilt homogeensed (v.a Cr3C2 pinded – olid kehva kohesiooni ja väikese paksusega), ex-situ sünteesitud kõvafaasiga pinnetele oli omane lamelaarstruktuur. Sulatuspinnetest ex-situ sünteesitud kermisfaasiga sulatuspinded  omasid homogeense, madala poorsusega struktuuri erinevalt in-situ formeerunud kõvafaasiga pinnetest. TiO2 prekursorina kasutades oli ka pinnetele omane väike kõvafaasi hulk.

Abrasioonkulumise (ARWW) tingimustes enamik eksperimentaalseid pihustus- ja sulatuspindeid (nii ex-situ ja in-situ sünteesitud kõvafaasiga) omasid suuremat kulumiskindlust (1.1-6.4 korda) võrreldes etalonmaterjali – Hardox 400 terasega. Erosioonkulumise (AEW) tingimustes väikestel kohtumisnurkadel (30o) oli parimate pinnete kulumiskindlus teras Hardox 400 tasemel (0.7-1.2 korda), suurtel kohtumisnurkadel (90o) aga mitmeid kordi madalam.

Kokkuvõttes kiirleekpihustus- ja plasmapealesulatuspinded MAS kõvafaasiga näitasid kõrget potentsiaali tööks abrasioonkulumise tingimustes; erosioonkulumise tingimustes tööks uuritud eksperimentaalpinded ei ole sobivad.
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1.3115795028478505	4.0302090275141094	1.0865004485259899	1.5702190427640996	1.4508899999999998	5.8036376312651416	11.666693933222717	1.3115795028478505	4.0302090275141094	1.0865004485259899	1.5702190427640996	1.4508899999999998	5.8036376312651416	11.666693933222717	TiC-NiMo + SS	TiC-NiMo + NiCrSiB	Cr3C2-Ni + SS	Cr3C2-Ni + NiCrSiB	Hardox 400	NiCrSiB	SS (cladded)	6.4247944929584664	30.142528857918411	8.0541402659200543	11.743900250991185	42.3	48.801265560089902	71.708695500905279	

TiC-NiMo + SS	TiC-NiMo + NiCrSiB	Cr3C2-Ni + SS	Cr3C2-Ni + NiCrSiB	Hardox 400	NiCrSiB	SS (cladded)	

Wear rate, mm3/N·m 10-5







30°	2.5702826251995816	2.8948938884228101	5.2925330307383316	4.258605644785753	0.41544950999999997	2.6085778497123315	7.9121525775354948	2.5702826251995816	2.8948938884228101	5.2925330307383316	4.258605644785753	0.41544950999999997	2.6085778497123315	7.9121525775354948	TiC-NiMo + SS	TiC-NiMo + NiCrSiB	Cr3C2-Ni + SS	Cr3C2-Ni + NiCrSiB	Hardox 400	NiCrSiB	SS (cladded)	7.3217846460631995	8.4950462621780254	27.598126672613795	26.950842628808644	6.0472999999999999	32.685715834111903	36.693738229755382	90°	1.1015496965118701	0.14474469442088336	2.1798974514207097	2.1240026449740248	0.53451345544892315	2.0399027066652664	4.9508537624882107	1.1015496965118701	0.14474469442088336	2.1798974514207097	2.1240026449740248	0.53451345544892315	2.0399027066652664	4.9508537624882107	TiC-NiMo + SS	TiC-NiMo + NiCrSiB	Cr3C2-Ni + SS	Cr3C2-Ni + NiCrSiB	Hardox 400	NiCrSiB	SS (cladded)	8.2564805583242311	4.2986981085737215	23.292695014372274	22.695446424260165	2.4567275783924361	20.943697019785628	20.892184557438192	

Wear rate, mm3/kg









2.0096580829110318	1.3276655140329603	0.20197023137024392	1.4508899999999998	2.9289168981721767	2.0096580829110318	1.3276655140329603	0.20197023137024392	1.4508899999999998	2.9289168981721767	Ti + C + SS	Cr + C + SS	Cr3C2-NiCr (Amperit)	Hardox 400	SS (sprayed)	30.3	37.200000000000003	7.89	42.3	52.6	

Ti + C + SS	Cr + C + SS	Cr3C2-NiCr (Amperit)	Hardox 400	SS (sprayed)	

Wear rate, mm3/N·m 10-5







30°	1.2540922596960544	1.9250236336957993	0.92308119508487352	0.3839877527188677	0.66294697286068716	1.2540922596960544	1.9250236336957993	0.92308119508487352	0.3839877527188677	0.66294697286068716	Ti + C + SS	Cr + C + SS	Cr3C2-NiCr (Amperit)	Hardox 400	SS (sprayed)	15.9	10.220000000000001	18.12	6.05	8.4499999999999993	90°	0.55545210487948038	0.58830719780366125	0.56531809675608791	0.53522544052880294	0.53946777168505178	0.55545210487948038	0.58830719780366125	0.56531809675608791	0.53522544052880294	0.53946777168505178	Ti + C + SS	Cr + C + SS	Cr3C2-NiCr (Amperit)	Hardox 400	SS (sprayed)	11.33	8.2899999999999991	10.26	2.46	4.6500000000000004	

Wear rate, mm3/kg









21.612981121074938	7.4264820097805977	12.863115409423726	1.4508899999999998	0.52142091556638936	21.612981121074938	7.4264820097805977	12.863115409423726	1.4508899999999998	0.52142091556638936	Ti + C + SS	Cr + C + SS	TiO2 + C + SS	Hardox 400	SS (cladded)	34.6	30.7	116	42.3	69.5	

Ti + C + SS	Cr + C + SS	TiO2 + C + SS	Hardox 400	SS (cladded)	

Wear rate, mm3/N·m 10-5







30°	0.54409995942899514	0.27362695657767966	0.87025553251795318	0.41544950999999997	0.63852900141416979	0.54409995942899514	0.27362695657767966	0.87025553251795318	0.41544950999999997	0.63852900141416979	Ti + C + SS	Cr + C + SS	TiO2 + C + SS	Hardox 400	SS (cladded)	5.2409796591428277	6.9654051543999067	9.4161958568743547	6.0472999999999999	5.1377118644065662	90°	1.4078401870319326	0.88928760887715508	1.8310203844271316	0.53451345544892315	0.56179034522216242	1.4078401870319326	0.88928760887715508	1.8310203844271316	0.53451345544892315	0.56179034522216242	Ti + C + SS	Cr + C + SS	TiO2 + C + SS	Hardox 400	SS (cladded)	5.7972847626285926	3.3375899698165323	4.5903954802257445	2.4567275783924361	3.1338276836171399	

Wear rate, mm3/kg
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