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FOREWORD  

The degradation of materials through high-temperature processes such as 
oxidation, corrosion, and abrasive - erosive wear causes enormous costs for the 
European industry. It is crucial to avoid failure of various machine components 
which can entail catastrophic accidents. About 75 % of these costs are 
considered to be a consequence of wear-related losses. According to statistic 
reports, wear together with corrosion and fatigue are three main modes of 
materials failure. Therefore right selection of materials and cost-effective 
processes are a major focus for the industry in an era of global competition and 
environmental issues. 

Recently hardfacing by welding has become a commonly used technique for 
improvement of material performance in extreme (high temperature, 
impact/abrasion, erosion, etc.) conditions. The possibility to apply hardfacing 
selectively and in pre-determined thickness to suit exact requirements in 
combating wear makes this method very attractive and cost effective. 

The aim of the present work is to bring together knowledge on the 
manufacturing of surfaces of commercial interest, using hardfacing technique 
and surface engineering specialised in the characterisation of structures. Current 
research is concentrated on the development of novel wear resistant thick 
coatings (hardfacings) and their analysis in terms of microstructure, mechanical 
and tribological properties. Plasma transferred arc (PTA) welding is used as a 
hardfacings fabrication technology. During hardfacing process powders are 
transported to the surface of the substrate material, building protective thick 
metallurgically bonded coatings. Usually such coatings consist of metal matrix 
reinforced with coarse (up to 250µm) hard particles like tungsten carbides. In 
present research cermet particles are suggested are reinforcements for NiCrBSi 
matrix alloy. This can be named as a main novelty of current work. During this 
research formation of so-called double metal matrix composite structures is 
obtained. 

Due to the extremely high temperature during PTA processing, the carbides are 
often dissolved in the matrix phase, subsequently recrystallised in form of 
precipitates, intermetallic phases or eta-carbides. Those material changes during 
the deposition process significantly influence (usually reduce) mechanical and 
wear properties of the hardfacings. In present work it was shown, that 
application of cermet particles as reinforcements can help to minimise the 
problem of carbide dissolution and provide thick wear resistant coatings with 
homogeneous distribution of cermet particles throughout the matrix. 

Results indicate that TiC-NiMo and Cr3C2-Ni multiphase hardfacings have been 
proven to be the reliable candidates for high temperature tribo-applications: 
under the conditions of high-stress three-body abrasion TiC-NiMo reinforced 
hardfacings show significantly higher wear resistance as compared to the 
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commercial WC/W2C reinforced coatings. Cermet reinforced hardfacings are 
also attractive candidates for applications in impact/abrasive conditions, 
especially at high temperatures. At elevated testing temperatures the volumetric 
wear rate values for the TiC-NiMo, TiC-Ni, ZrC-Ni and Cr3C2-Ni reinforced 
coatings are significantly lower as compared with commercially used alloys. 

Based on the results of present research it is planned to deposit cermet particle 
reinforced NiCrBSi hardfacings as prototypes at industrial applications, 
particularly as wear resistant parts for iron ore sinter crushers, operating at 
temperatures close to 700°C in corrosive environments under impact/abrasion 
conditions. 
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1 REVIEW OF LITERATURE 

1.1 Introduction  

The degradation of materials through high-temperature processes such as 
oxidation, corrosion, and abrasive - erosive wear causes enormous costs for the 
European industry. It is crucial to avoid failure of various machine components 
which can entail catastrophic accidents. About 75 % of these costs are 
considered to be a consequence of wear-related losses. According to statistic 
reports, wear together with corrosion and fatigue are three main modes of 
materials failure. 

In many industrial processes such as in crushing, conveying, mixing and 
separating in the field of mining, steel and iron industry, cement industry, coal 
power plants, overground and underground working, recycling and 
environmental protection, the wear of tools and other work equipment plays a 
significant role contributing to final high costs of products. Therefore, the 
choice of materials that can sustain intensive wear and corrosion attacks of 
working instruments is of paramount importance. 

1.2 Surface treatment 

One of the successful methods for increasing tool durability is a surface 
treatment [1, 2]. Surface treatment or more commonly named “surface 
engineering” aims at enhancement of surface properties of the components 
without influencing bulk structure and properties. The processes by which a 
component can be surface engineered may be sub-divided into three basic 
groups [1]: 

• Modification of existing surface without changing the composition. 
(Examples: shot peening, surface re-melting and transformation hardening). 

• Modification of existing surface by changing the composition of a surface 
engineered layer. (Examples: carburising of steels, anodising and 
boronising). 

• Modification of existing surface by application of new materials to the 
surface, usually named as coating process. (Examples: hardfacing, 
electroplating, thermal spraying, CVD). 

1.2.1 Hardfacing as a method for surface treatment 

One of the most economical surface treatment technology ways to increase the 
durability and efficiency of metal parts subjected to contact loading is 
hardfacing. There are many definitions for “hardfacing”; for example, according 
to the American Welding Society, “hard surfacing” or hardfacing is “the 
deposition of filler metal on a metal surface to obtain the desired properties 
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and/or dimensions; the desired properties are those that will resist abrasion, heat 
and corrosion” [3]. However, hardfacing by welding is best defined as the 
process of deposition by one of the various welding techniques; a layer or layers 
of metal of specific properties is deposited on certain areas of metal parts that 
are exposed to wear [4]. The possibility to apply such weld overlay coatings 
selectively and in various thicknesses to suit exact requirements describes 
hardfacing by welding also as a very economical method of combating wear. 
Figure 1.1 illustrates a typical wear resistant hardfacing deposited on a mild 
steel substrate and consisting of WC/W2C hard particles uniformly distributed 
in NiCrBSi type of matrix. 

 
Figure 1.1 Examples of hardfacings: a) typical view of hardfacing deposited on steel 
substrate; b) optical microscopy cross-sectional image of NiCrBSi hardfacing reinforced 
with WC/W2C carbides using PTA hardfacing process at AC2T research GmbH 

Hardfacing by welding technologies offers more advantages than most of the 
other “anti-wear treatments” [2, 5–8]:  

• Hardfacing by welding is a well established practice.  
• Hardfacing can be applied in thickness levels to give long lasting 

protection. 
• Hardfacing offers a wide variety of deposition types designed for any 

wear and service conditions. 
• Hardfacing can be applied only to specific areas of metal parts that 

require high wear resistance.  

There are basically two main areas where hardfacing is used [9–12]: 

• To reclaim or build-up worn surfaces (use to return the part or 
component to its original size) as shown in Figure 1.2a. There are two 
solutions in that case: to replace the part or to reclaim it.  

• To overlay a protective layer and protect metal parts against the loss of 
material (used by itself to give a component additional resistance to 
wear or corrosion) (Figure 1.2b). 
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Figure 1.2 Examples of application: a) steel mill roll rebuilt to original dimensions 
(build-up); b) bucket lip hard surface as preventive maintenance (overlay) [10] 

1.2.2 Hardfacing processes 

Generally, most of the welding processes can be used for hardfacing. The weld 
surfacing can be classified as shown in Figure 1.3.  

Solid phase bonding between metallic surfaces is obtained by cold or hot 
deformation processes. In fusion welding the abutting surfaces are joined by 
fusing the interfacial areas with or without additional consumable materials. 
With exception of gas and manual metal arc techniques, all other fusion welding 
processes can be automated. The commonly used processes include manual 
metal arc (MMAW), gas metal arc (GMAW), gas tungsten arc (GTAW), flux-
cored arc (FCAW), electro-slag (ESW) and submerged arc (SAW) welding. 
Advanced processes with more intense heat sources include plasma transferred 
arc (PTA), laser and electron beam welding [7]. 
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Figure 1.3 Classification of hardfacing (weld overlaying) processes, based on [7] 

1.2.3 Plasma transferred arc (PTA) process 

The plasma transferred arc (PTA) hardfacing process can be named as one of 
the most promising and cost-efficient technologies for production of thick wear 
resistant coatings [13–16]. This technology was developed as a modification of 
the GTAW and GMAW techniques in the 1960s and offers higher deposition 
rates and relatively low dilution. The possibility to use powder as coating 
consumables also increases the composition range of coatings to be  
deposited [15]. 

The detailed illustration of PTA technique is drawn in Figure 1.4. Basically this 
process employ a non-consumable tungsten electrode located inside the torch, a 
water-cooled constrictor nozzle, shield gas for the protection of the molten pool, 
transport gas for the delivering of powder consumables to the molten pool and 
the plasma gas. 

A high frequency initiated non-transferred pilot arc is generated between a 
tungsten cathode and a water-cooled copper anode. Argon gas passes through an 
inner annulus between the cathode and anode and is ionised, forming a 
constricted plasma arc column. This ionised gas provides a current path for a 
transferred arc. Powder consumables are transported internally through the torch 
via a carrier gas and exit at orifices on the anode face, intersecting the plasma 
column at a distance above the substrate. The powder is introduced into a 
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molten pool that forms on the substrate surface. The weld pool is protected from 
oxidation by a shielding gas that flows from an outer annulus in the 
torch [15, 17].  

 
Figure 1.4 Schematic diagram of the PTA hardfacing process 

The main advantages of PTA hardfacing process are [1, 7 and 15]: 
 

• PTA provides metallurgical bonding between coating and substrate, 
ensuring good adhesion strength. 

• PTA permits precise control of important weld parameters i.e. powder 
feed rates, gas flow rates, amperage, voltage, and heat input. 

• PTA weld deposits are characterised by very low levels of inclusions, 
oxides, pores and discontinuities. 

• PTA allows application of powder or combination of powders as 
coating consumables. 

• PTA produces smooth deposits that significantly reduce the amount of 
post weld machining required. 

• PTA parameters can be adjusted to provide a variety of deposits in 
thicknesses from 1.2 to 2.5 mm or higher.  

• PTA offer high deposition rates with up to 15 kg/h. 

The main disadvantages of this technology are not always controlled dilution 
and limited access to complex-shape tools. 
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1.3 Trends in materials for PTA hardfacing 

The main feedstock materials used for the hardfacing are covered electrodes, 
solid wires, tubular cored wires and sintered strips [18–20]. By PTA hardfacing 
the main raw materials are powder consumables [15]. 

Generally hardfacing materials can be classified into the following main types: 
“build-up” alloys, metal-to-metal wear alloys, metal-to-earth-abrasion alloys, 
carbides and non-ferrous alloys [15, 22]. However, from a metallurgical 
viewpoint it is better to consider alloy types [1], where the main categories of 
PTA hardfacing could be selected as follows: 

1. Iron-based alloys 
2. Cobalt-based alloys 
3. Nickel-based alloys  
4. Metal matrix composites 

1.3.1 Iron based alloys 

The main advantage of iron-based hardfacing alloys can be attributed to their 
low cost and moderate wear resistance. Iron-based hardfacings are widely used 
in the industry, especially for the hardfacing of large equipment that undergoes 
severe wear, e.g. crushing, grinding, mining and earth-moving  
industry [1, 21–25]. There is a wide range of pearlitic, austenitic and martensitic 
hardfacing alloys established as industrial standards and commonly used in 
build-up processes, offering corrosion (austenitic alloys) and high-stress 
abrasion (martensitic alloys) resistance. 

A very promising group of iron-based alloys belongs to cast irons. For harsh 
abrasive conditions the amount of Fe-Cr-C-based systems used is rapidly 
increasing because of the low production cost of the Fe-Cr-C powder and the 
growing market of high energy density powder sources for the different 
hardfacing techniques [26–29]. 
 
Fe-Cr-C hardfacings comprise hypo-, eutectic and/or hypereutectic 
structures [30, 31]. This fact depends on the energy input during the welding 
process due to the influence of the dilution and chromium/carbon ratio. If the 
carbon equivalent is less than 4.3 wt.% C, hardfacing is considered hypoeutectic 
and if it is above 4.3 wt.% it is considered to be hypereutectic. For both hypo- 
and hypereutectic structures with high carbon content (>2 wt.%) and chromium 
content (18-30 wt.%) formation of M7C3 pro-eutectic carbides is 
evident [33, 34]. Usually those primary carbides indicate a structure of 
(Cr,Fe)7C3 with rod-shape morphology. Those M7C3 type carbides are well 
known for their high hardness (about 1600 HV) combined with excellent 
abrasion and erosion resistance [29, 34–36]. The typical microstructure of a 
hypereutectic Fe-Cr-C alloy is shown in Figure 1.5a. The typical microstructure 
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of a complex highly alloyed Fe-Cr-C hardfacing, consisting of borides, carbides 
and carbo-borides in shown in Figure 1.5b. 

 
Figure 1.5 Microstructure of PTA-welded deposits: a) Fe-Cr-C hypereutectic alloy; 
b) Fe-Cr-C complex alloy with high amount of Nb, B, W and Mo. (powders courtesy of 
Castolin Eutectic GmbH; hardfacing produced at AC2T research GmbH) 

The main disadvantage of iron-based alloys is their limited application at high 
temperature and in corrosive environments. Thus a series of alloys is available in 
which the iron matrix has been replaced by cobalt and nickel.  

1.3.2 Cobalt-based and nickel-based alloys 

For the Co-based hardfacings produced by PTA technology the main group of 
materials belong to the family of Stellites (carbide-containing cobalt-based 
alloys). The typical group of Stellite alloys used is presented in Table 1.1. High 
chromium levels are present for oxidation and corrosion resistance and tungsten 
or molybdenum provides increased matrix strength and carbide-forming ability. 
The main difference between these alloys is the carbon content which 
determines whether the alloys are hypoeutectic (for example Stellite 6), near 
eutectic (for example Stellite 12) or hypereutectic (for example Stellite 1). A 
typical microstructure of a hypoeutectic Co-based alloy is shown in Figure 1.6. 

Low-carbon alloys (typically 0.25 wt.%) contain dispersed chromium-rich 
M23C6 and are reasonably ductile. These alloys provide metal-to-metal sliding 
wear resistance and cavitation resistance. At a carbon level of approximately 
1 wt.% a network of Co-M7C3 eutectic is present. These alloys show limited 
ductility and may contain check cracks but have better abrasion resistance. At 
carbon levels of >2 wt.%, large primary carbides and Co-M7C3 eutectic are 
present [1]. 
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Table 1.1 Nominal compositions of selected cobalt-based powders for PTA 
deposition [37] 

Alloy Nominal chemical composition of powders wt.% 
Co Cr W C Ni Mo Fe Si other 

Stellite 1 bal. 30 13 2.5 <2.0 <1.0 <2.0 <2.0 <1.0 
Stellite 4 bal. 30 13.5 0.7 <2.5 <1.0 <2.5 <1.0 <1.0 
Stellite 6 bal. 28.5 4.6 1.2 <2.0 <1.0 <2.0 <2.0 <1.0 
Stellite 12 bal. 30 8.5 1.45 <2.0 <1.0 <2.0 <2.0 <1.0 
Stellite 706 bal. 29 - 1.25 <2.0 4.5 <2.0 <1.0 <1.0 
Stellite 712 bal. 29 - 2.0 <2.0 8.5 <2.0 <1.0 <1.0 

 
Figure 1.6 Microstructure of PTA-welded Co-based hypoeutectic hardfacing; (powder 
courtesy of Castolin Eutectic GmbH; hardfacing produced at AC2T research GmbH) 

To achieve high temperature wear and corrosion resistance, Stellite 700 series 
alloys have been introduced. In this alloys tungsten is replaced by molybdenum. 
The molybdenum gives also an improvement in hot hardness [38]. 

Nickel-based materials are generally cheaper than cobalt-based alloys and have 
found many application fields by PTA and laser cladding technologies. Nickel-
based alloys have a unique combination of properties that enables them to be 
used in a variety of special purpose applications. In particular, the NiCrBSi self-
fluxing alloys provide adhesive wear and corrosion resistance at ambient and 
elevated temperatures similar to that of Co-based Stellite-type alloys. Moreover, 
because of the boride and carbide dispersions within their microstructures, these 
Ni/boride-based alloys also exhibit excellent resistance to abrasive wear. 
Therefore, NiCrBSi coatings are widely employed to improve the quality of 
components the surface of which is subjected to severe tribological conditions 
such as coal-fired boilers, heat exchangers, turbines, tools, extruders, plungers, 
rolls for rolling mills and agriculture machinery [39–43]. 

The typical microstructure of NiCrBSi alloys consists of borides and chromium 
carbides in a nickel-rich dendritic matrix [44]. At low chromium content (up to 
5 wt.%) nickel boride (Ni3B) is the main hard phase presented in the matrix; 
with increasing chromium concentration it is replaced by CrB and Cr5B3. 
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Silicon provides self-fluxing characteristics and also forms the interdendritic 
phase with Ni-Si laminar eutectics or the intermetallic compound Ni3Si [1, 44]. 
Complex carbides of M23C6 and M7C3 are also characteristic for the Ni-based 
alloys, and their fraction can be controlled by addition of Cr, B, and C and by 
the selection of deposition parameters [29, 45]. 

1.3.3 Metal matrix composites (MMC´s) 

Metal matrix composites have found application in many areas of daily life for 
quite some time [46,47]. The reinforcement of metals can have many different 
objectives like:  

• Improvement of creep resistance  
• Improvement of wear and corrosion resistance 
• Improvement of high temperature properties 
• Improvement of mechanical properties (hardness, yield strength, tensile 

strength, etc.) 

MMCs can be classified as shown in Figure 1.7. For the hardfacing 
technologies MMCs are commonly used to reinforce the metal matrix with 
ceramic particles [15], building so called particle composites. Such ceramic 
particles as chromium, tungsten and titanium carbides can be added to cobalt- 
and nickel-based materials in various proportions (20–70%) to provide 
enhanced resistance to abrasion, impact and erosion, particularly at high 
temperatures [1, 8, 15, 17].  

 
Figure 1.7 Classification of composite materials with metal matrixes [46] 

Titanium carbide (TiC) can be considered as an attractive reinforcement for 
MMCs because of its high hardness, quite low density, good oxidation resistance 
and high wear resistance in erosion and abrasion environments [48–51]. Several 
attempts have been made to apply titanium carbide powders by hardfacing using 
different processing methods. For the powder feeding method, TiC-based 
powder and metal matrix powder are delivered into the laser or plasma beam, 
melted and deposited onto the substrate [4, 5, 52]. This method enables a 
uniform distribution of primary hardphases in the matrix and results in low 
carbide dissolution. Figure 1.8a illustrates a typical microstructure of laser 
cladded TiC reinforced Fe-based alloy. 
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Alternative cladding methods include mixing TiC and metal matrix, pre-placing 
the powder mixture on the surface of the substrate with the help of an organic 
binder and forming a coating layer to be melted [53–55]. The coatings deposited 
by these techniques are mostly characterised by formation of a gradient 
distribution of hardphase and are highly affected by dilution and its influence on 
the microstructure of the final product. A promising method for the 
reinforcement of metal matrix with TiC particles using laser cladding involves 
in-situ synthesis of TiC by reaction of titanium and graphite during laser 
processing [56]. Such hardfacings are characterised by excellent metallurgical 
bonding between the coating and the substrate and the high quality of the 
deposited material. However, because of TiC’s low density, a uniform 
distribution of hardphases is not easily achieved [20]. 

 
Figure 1.8 SEM cross-sectional micrographs of laser hardfaced coatings:  
a) 50 wt.% TiC reinforced M2 steel alloy; b) 50 wt.% Cr3C2 reinforced Inconel 625 
alloy [7] 

Several attempts have been performed to produce MMCs with Cr3C2 as 
reinforcing phase [8, 52, 57–59]. Due to the extremely high temperature of 
processing, the carbides are often dissolved in the binder phase and 
subsequently recrystallize and re-precipitate. This can have a positive effect on 
the low-stress abrasive wear resistance [8], but at the same time chromium 
carbide addition to matrix alloys can result in an increase in the propensity for 
thermal fatigue, cracks initiating at the incoherent carbides and propagating 
along their boundaries [1]. The typical micrograph of Cr3C2 reinforced Ni-based 
alloy in shown in Figure 1.8b, where the dissolution of primary carbides is 
evident and only few original carbides stay in the matrix. 

Synthetic composite alloys consisting of a Fe or Ni-based matrix reinforced 
with fused eutectic tungsten carbide (WC/W2C) are widely used to increase the 
lifetime of machinery equipment which is exposed to abrasion, erosion and 
impact [17, 60–62]. As compared with other carbides, tungsten carbide 
combines favourable properties such as high hardness, a certain amount of 
plasticity and good wettability by molten metals. Therefore the above 
mentioned alloys, mainly containing 40 to 60 wt.% tungsten carbides in a metal 
matrix, become dominant wherever the performance of chromium or titanium 
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carbides is not sufficient [63–66]. Typical micrographs of tungsten carbide 
reinforced Ni-based hardfacing are shown in Figure 1.9. 

 
Figure 1.9 SEM cross-sectional micrographs of PTA hardfaced NiCrBSi matrix alloy 
reinforced with 60 wt.% of angular WC/W2C particles (hardfacing produced at AC2T 
research GmbH): a) microstructure overview; b) higher magnification image 

However, very much care must be taken to ensure that excessive dissolution of 
the tungsten carbides does not take place during the hardfacing operation. 
Dissolved tungsten carbide precipitates either as WC in nickel-based and cobalt-
based alloys with a high carbon content, or as W2C or eta-phase complex 
carbides in these melts with a low carbon concentration. The eta-carbides exist 
over a wide composition range and readily occur in the form of M6C and M12C 
in the Ni-W-C and Co-W-C systems. Both W2C and eta-carbides are very 
brittle, and their corrosion and wear resistances are also inferior to those of 
WC [1].  

A good example can be found in Ni-based matrices, where an extensive 
dissolution of primary carbides leads to the formation of eta-phases and 
intermetallic compounds such as Ni2W4C, which were identified as a prominent 
site for subsequent cracking [67, 68] and formation of so-called reaction zones 
(interfaces) on the grain boundary between matrix and reinforcements. The 
dissolution kinetic is influenced by hardfacing deposition energy. A detailed 
view on the carbide dissolution process for spherical WC/W2C particles 
deposited by PTA with variation of welding current is shown in Figure 1.10.  
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Figure 1.10 SEM cross-sectional micrographs of PTA hardfaced NiCrBSi matrix alloy 
reinforced with 60 wt.% of spherical WC/W2C particles in dependence of welding 
current: a) welding current 50 A; b) welding current 80 A [17] 

In addition, the wear rate of tungsten carbide reinforced MMCs under three-
body abrasion have been shown to increase strongly with more pronounced 
degradation of the primary carbide during the deposition process [17, 69]. 
Influences of PTA processing parameters on the abrasive and impact behaviour 
of tungsten carbides hardfacings are shown in Figure 1.11. Under three-body 
low stress abrasion conditions, the wear rate of the hardfacing increases after 
PTA processing at higher welding current. By increasing of welding current 
from 50 A to 80 A, the wear rate doubles, and the highest wear rates under 
abrasive environments are observed for hardfacing deposited with welding 
current of 110 A (3 up to 4 times higher compared to 50 A). This can be 
explained by an increased dissolution of primary tungsten carbides. For the 
three-body abrasion of MMCs the major role for providing high wear resistance 
is played by microstructural parameter (e.g. amount of primary hardphases, 
their distribution in the matrix and their size); presence of eta-phases and 
secondary precipitates can also significantly reduce the wear resistance [69–72] 
and dissolution of primary carbides significantly influences most of the factors 
mentioned. 
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Figure 1.11 Three-body abrasion wear rate (CAT) and low energy impact (CIAT) wear 
rates for the PTA welded NiCrBSi matrix alloy reinforced with 60 wt.% of spherical 
WC/W2C particles in dependence of welding current [17] 

1.4 Hardmetals, cermets and their application in coating technologies 

The term “ceramic metal composite” or “cermet” designates “a heterogeneous 
combination of metal(s) or alloy(s) with one or more ceramic phases” [73–75]. 

Hardmetals are one of the most known and successful powder metallurgical 
products mainly used for the manufacturing of machinery tools, which operate 
in environments where severe wear conditions prevail. Due to superior 
properties of tungsten carbide as hard phase in combination with different alloys 
of Fe, Co or Ni binder, it provides high wear resistance materials used in 
cutting, mining, drilling tools and other industrial equipment [1, 62, 76]. 

Cermets are very attractive candidates for applications in aggressive high 
temperature environments. Corrosion-oxidation resistance and wear behaviour 
at high temperature for TiC-based and Cr3C2-based cermets are widely studied. 
In oxidising environment and at high temperatures, the wear behaviour is 
influenced by rate of oxidation, adhesion of oxide layers and their resistance 
against impact. It was shown that TiC- as well as Cr3C2-based materials can be 
considered as suitable alternatives for WC-Co hardmetals due to their high 
temperature wear resistance and corrosion/oxidation stability [77–81]. 

Application of cermets in coating technologies is already established on the 
market. The main materials used there are WC-Co(Cr) and Cr3C2-Ni alloy 
powders. The process of cermet hard surfacing by thermal spraying according to 
the state-of-the-art is illustrated in Figure 1.12, using the HVOF spray 
technology as the most common process. 
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Figure 1.12 Illustration of tungsten carbide surfacing by the HVOF spray process: SEM 
of the feedstock powder, here an ‘agglomerated and sintered’ feedstock powder is 
shown (left); HVOF spray process (above); dense, WC-Co coating (right). Image 
courtesy of Fraunhofer IWS 

Chromium carbides combined with metal matrix are often used as wear-
resistant coatings on tool parts needing protection [77]. In thermal spray 
applications, chromium carbide is often combined with a nickel chromium 
matrix. The thermally sprayed Cr3C2-NiCr coatings can serve as a barrier for 
high temperature wear [77, 82] and are therefore finding increasing application 
in many market sectors. They can be used to mitigate high temperature erosive 
wear in fluidised bed combustors and power generation/transport turbines, 
operating at temperatures to a maximum of 900-950 °C [82, 83]. Cr3C2-NiCr 
thermal spray coatings can be used to protect power station boiler walls and 
other utility parts of coal-fired plants that are subjected to degradation by 
erosion-corrosion problems at high temperature aggressive 
atmospheres [84, 85]. Steam turbine components, in particular fittings, require 
high wear protection at temperatures up to 550 °C. Cr3C2-NiCr thermal spray 
coatings have already entered this market, due to their excellent 
performances [86]. Another property that makes the application of Cr3C2-NiCr 
coatings very attractive is the coefficient of thermal expansion (CTE) of 
chromium carbide that is almost equal to the CTE of steel, resulting in reduction 
in mechanical stress build-up at the boundary layer when coated on steel 
substrates [86]. 
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1.5 Objectives of the study 

Selection of materials and cost-effective processes are a major focus for the 
industry in an era of global competition and environmental issues. 

The aim of the present work is to bring together knowledge on the 
manufacturing of surfaces of commercial interest and surface engineering 
specialised in the characterisation of structures. 

The main objective is to develop advanced multiphase tribo-functional 
hardfacings and optimise the process of their deposition using PTA technology. 

The main technological goals of the research work are: 

- Development of cost-effective hardfacings for tribo-applications using 
recycled hardmetals as reinforcements for commercially available 
NiCrBSi matrix material. 

- Development of multiphase hardfacings especially for high temperature 
applications using cermet precursor powders as reinforcements for 
commercially available NiCrBSi matrix material. 

- Optimisation of the process of hardfacing deposition by PTA 
technology. 

The main scientific goals are: 

- Comprehensive structural, mechanical and tribo-chemical 
characterisation of the surfaces. 

- Study of materials durability at extreme conditions of high temperature 
and corrosive media. 

Throughout the thesis, the following scientific and technological aspects will be 
addressed: 

• Pre-processing of cermets and hardmetals. 

• Evaluation of the cermet and hardmetal particles as NiCrBSi matrix 
reinforcements. 

• Deposition of the developed hardfacings. 

• Microstructural characterisation of the coatings. 

• Evaluation of the mechanical properties of the coatings. 

• Assessment of the hardfacings as the tribo-functional materials for wear 
application at room and high temperatures as well as in corrosive 
media. 
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2 MATERIALS AND EXPERIMENTAL 

2.1 Starting materials 

Pre-processed cermet and hardmetal particles used as reinforcements for the 
NiCrBSi matrix alloy are listed in Table 2.1 

Table 2.1: Starting powder data 
Powder Description Particle size Chemical composition, wt.% 

NiCrBSi 
Castolin 
Eutectic 16221 50–150 µm 

0.2 C; 4 Cr; 1 B; 2.5 Si; 2 Fe; 
balance Ni 

WC-Co 
Recycled from 
bulk 150–310 µm 9–13 Co, 5–10 cont.*, balance WC 

Cr3C2-Ni 
Recycled from 
bulk 150–310 µm 20 Ni, 3-8 cont.*, balance Cr3C2 

TiC-NiMo 
Recycled from 
bulk 150–310 µm 

20 Ni:Mo 2:1, 3–8 cont.*, balance 
TiC 

WC/W2C 
Castolin 
Eutectic 
PG6503** 

45–210 µm 
60 WC/W2C and 40 Ni-based 
matrix 

WC/W2C 
WOKA 
50005** 45–90 µm 4 C; balance WC/W2C 

Cr3C2 Sulzer Metco** 45–90 µm - 
TiC-Ni heat treated 150–310 µm 10 Ni, balance TiC 
ZrC-Ni heat treated  150–310 µm 10 Ni, balance ZrC 
* cont. – contaminations due to wear of grinding media 
** powders used as reference materials 

Recycling of hardmetal scrap requires applications of different processes for 
breakup, deagglomeration and purification of tungsten carbide particles. One of 
the effectively applied mechanical methods for recycling of cermets and 
hardmetal scrap is disintegrator milling [87, 88] providing particulates of 
uniform size and shape. Recycled powders can be successfully re-used for 
fabrication of protective coatings [89–91]. 

WC-Co hardmetals or cermets were milled with the help of centrifugal-type mill 
(DS-350, preliminary size reduction) and disintegrator milling system (DSL-
175) to produce a powder. The principal scheme of the procedure applied in this 
work is shown in Figure 2.1, where tungsten carbide based hardmetal scrap was 
used as a starting material. WC-Co hardmetals were milled with the help of 
disintegrator technology to produce a powder and then chemically pre-treated 
(in acid solutions) to clean the surface of the received particles. Similar 
procedure was selected for the production of Cr3C2-Ni and TiC-NiMo cermet 
particles from bulk.  
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Figure 2.1 Schematic view of the work procedure 

2.2 Hardfacing and main process parameters 

PTA hardfacing was performed using a EuTronic® Gap 3001 DC apparatus 
(Figure 2.2). Welding parameters such as welding current, oscillation and 
welding speed, substrate, powder feed rate, nozzle distance to workpiece, 
process gas flow rates are the subjects of optimisation relating to the welding 
behaviour and practical welding procedures. A single layer welding procedure 
was carried out without preheating or heat control of the substrate.  

40 vol.% of cermet particle reinforcements were used in this work. Two 
separately controlled powder feeders adjusted the required powder ratio. The 
powders were transported internally through the welding torch with the help of 
a carrier gas and then introduced into a molten weld pool which after 
solidification formed a metallurgically bonded layer on the surface of the base 
metal. 



 

29 

 
Figure 2.2 PTA welding plant at AC2T research GmbH (Castolin EuTronic® Gap 3001 
DC apparatus) 

2.3 Methods of characterisation  

2.3.1 Microstructural characterisation 

Prior to testing, the samples were slowly cut from large pieces using CBN disk, 
ground and subsequently polished using diamond paste. A comprehensive 
microstructural evaluation was performed by optical microscopy (OM) with a 
digital camera (MEF4A, Leica Microsystem) and scanning electron microscopy 
(SEM Philips XL 30 FEG), equipped with an energy dispersive X-ray analyser 
(EDX) with Dual BSE detector and operating at an accelerating voltage of  
20 kV. For EDX quantification the standardless EDAX ZAF quantification 
method was used. 

The microstructural examination was conducted on samples etched with a 
solution of HF and HNO3 in volume ratio 1:12 at room temperature for  
2 seconds. For the hardfacing with WC-Co reinforcements Murakami's etching 
reagent was used (K3Fe(CN)6 + KOH).  
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2.3.2  Phase analysis  

X-ray diffraction (XRD) experiments were performed on an X-Pert powder 
diffractometer (PANalytical) in continuous mode using CuKα radiation in 
Bragg–Brentano geometry at 40 kV and 30 mA. The diffractometer was 
equipped with a secondary graphite monochromator, automatic divergence slits 
and a scintillation counter. Relative weight contributions (wt.%) for each 
crystalline phase as well as crystallite size were obtained with the help of 
Rietveld refinement procedure by using the commercial software  
TOPAS V3 [92] 

X-ray photoelectron spectroscopy (XPS) experiments were performed on a 
Theta Probe® spectrometer (Thermo Fisher Scientific) using a monochromated 
AlKα X-ray source with the photon energy of 1486.6 eV. The vacuum chamber 
had a pressure of ~10-10 mbar during the measurement. Survey spectra were 
recorded for binding energies between –10 and 1350 eV with a pass energy of 
200 eV, the total dwell time of 0.25 sec per point and step size of 1 eV to 
determine the elements present in the particular measurement. For elements of 
special interest, measurements of higher resolution were also performed. The 
pass energy was set to 50 eV, the total dwell time per point to 0.75 s and the 
step size to 0.1 eV. The standard software of the Theta Probe® was used to 
evaluate the spectra. The evaluation of the data was done with help of the 
National Institute of Standards and Technology (NIST) database [93].  

2.3.3 Hardness at room and elevated temperature 

The hardness was determined by standard Vickers hardness testing. Average 
hardness values were calculated from 8 indents per specimen. Microhardness 
was measured under load of 0.01 kgf and microhardness (compound) was 
measured under load of 10 kgf and/or 50 kgf. 

The hot hardness test is based on the Vickers HV10 test method, extended to 
elevated temperatures up to 800 °C (Figure 2.3) [94]. A load of 10 kgf was 
chosen to measure the compound hardness of multiphase materials. The whole 
test is performed under low vacuum (5 mbar) to protect the materials against 
oxidation. The sample position can be set by an actuator and hardness-vs-
temperature curves can be measured. Five indents at each temperature were 
done for statistical evaluation. 

The diagonals of the indent marks were measured by means of optical 
microscopy after cooling down, and Vickers hardness was calculated. The 
thermal expansion of the material at testing temperatures influences the hardness 
value <3 %. Hence, it is in the range of the test accuracy of the Vickers standard 
method. For this investigation the hot hardness was measured at room 
temperature (RT), 100, 300, 500, 600, 700 and 800 °C, respectively. 
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Figure 2.3 Schematic of hot hardness tester, developed at AC2T research GmbH [94] 

2.3.4 Nanoindentation 

To evaluate the mechanical properties of constituent phases, nanoindentation 
measurements were performed using a Hysitron Triboindenter TI900 equipped 
with a diamond Berkovich indentation tip with 100 nm tip radius. The load cycle 
comprised loading for 5 s to reach the peak load of 10 kfg and subsequent 
unloading for 5 s. The load vs. depth curves were analysed to determine the 
reduced elastic modulus and hardness using the procedure described 
elsewhere [95]. 

Micro-mechanical properties of separate phases (hardness and reduced Young’s 
modulus) were determined by nanoindentation measurements and statistically 
analysed. The reduced Young's modulus (Er) is described by following 
equitation [95]: 
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1/Er = (1-νi
2)/Ei + (1-νs

2)/Es, 

where ν is the Poisson's ratio, the index i denotes the values for the indenter tip 
and the index s the ones for the sample. For more details see PUBLICATION II 
and PUBLICATION III. 

2.4 Wear testing 

Tribological performances of the hardfacings were evaluated using different 
wear testing methods at room and elevated temperature. The wear behaviour 
under the following loading modes was investigated in the present study: 
abrasion; impact/abrasion and solid particle erosion. 

2.4.1 Abrasive wear  

The abrasive wear performance was evaluated using a three-body abrasion tester 
(as for ASTM G65) with variation of testing conditions:  

• use of a dry-sand rubber wheel according to ASTM G65 
requirements [96]. 

• application of a steel wheel to simulate high-stress wear behaviour of 
materials.  

The main process parameters are listed in Table 2.2. 

Table 2.2 Main three-body abrasion test work parameters 
Parameter Value 
Wheel materials rubber, steel 
Rotation speed 200 rpm 
Normal load 130 N 
Sliding distance 4309 m 
Abrasive material SiO2 
Abrasive particle size 0.2–0.3 mm 

Before and after testing each specimen was cleaned with acetone, dried and 
weighed. At least three tests were run for each material to determine the wear 
resistance. 

2.4.2 Impact/abrasive wear  

Impact/abrasive wear tests were done on a cyclic impact abrasion tester (HT-
CIAT) developed at AC2T research GmbH. The samples were mounted at 45° to 
the horizon, cyclically hit by a plunger at a given frequency in combination with 
an abrasive flow between the sample and the plunger (Figure 2.4) [94]. 
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The samples were cleaned in an ultrasonic bath with isopropanol, dried and 
weighed before and after testing. Quantitative wear characterisation was 
conducted by measuring the gravimetric mass loss of the testing specimens. 
Tribo-tests parameters are listed in Table 2.3.  

 
Figure 2.4 High temperature cyclic impact abrasion tester: a) view of testing device  
b) testing principle (45° impact angle with abrasives); c) abrasive silica particles [94] 

Table 2.3 HT-CIAT test conditions 
Parameter Value 
Impact energy 0.8 J 
Impact angle 45° 
Frequency 2 Hz 
Testing cycles 7200  
Abrasive material SiO2 
Abrasive flow 3 g/s 
Abrasive particle size 0.4–0.9 mm 
Abrasive hardness 1000–1200 HV1 
Test temperatures 20 °C, 350 °C, 550 °C, 700 °C 

2.4.3 Erosive wear  

Erosion tests were performed on a centrifugal particle accelerator described 
elsewhere [97, 98]. The test parameters are listed in Table 2.4. Before and after 
testing each specimen was cleaned with acetone, dried and weighed. At least 
three tests were run for each material to determine the erosion resistance. 
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Table. 2.4 Erosion test conditions 
Parameter Values 
Impact velocity 50 m/s 
Impact angles 30°, 90° 
Erodent SiO2 
Erodent particle size 0.1–0.3 mm, angular 
Total quantity of erodent 6 kg 
Test temperature 20 °C, 350 °C, 550 °C, 650 °C 

2.5 High temperature corrosion 

High temperature corrosion in solid salts was studied to examine the influence 
of different anions at elevated temperature. This study was performed to 
simulate the industrial conditions, for example of steel sinter plants and gas-oil 
industry, where high temperature corrosion is common wear mechanism. 
The corrosion tests were performed at 700 °C to show stability against 
corrosion at high temperature and correlate the findings with the oxidation 
behaviour of the hardfacings. Both, corrosion and oxidation tests were 
performed over a period of 24 hours.  

Chosen anions were:  
• hydrogen carbonate HCO3

- 
• chlorine Cl-  
• hydrogen phosphate HPO4

2- 
• hydrogen sulphate HSO4

- 

The resulting salts were:  
• sodium hydrogen carbonate NaHCO3 
• sodium chloride NaCl 
• di-sodium hydrogen phosphate Na2HPO4 
• sodium hydrogen sulphate NaHSO4 

For explicit oxidation, tests at the same temperature were carried out in air. 
After preparing the samples (fine ground condition) of 7×7×2 mm, they were 
cleaned with ethanol, weighed and put into small ceramic crucibles for 
assembly in the furnace. All samples were completely surrounded with 10 g of 
salts to guarantee full contact between the samples and the anions during high 
temperature corrosion tests at 700 °C. The corroded surfaces were investigated 
by OM/SEM/EDX. 
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3 TECHNOLOGY, STRUCTURE AND PROPERTIES OF PTA 
HARDFACINGS 

3.1  NiCrBSi matrix alloy 

3.1.1 Hardfacing deposition and microstructural analysis 

The optimised deposition parameters for the NiCrBSi matrix alloy are listed in 
Table 3.1 

Table 3.1Main process parameters for the deposition of NiCrBSi matrix alloy 
Parameter Data 
Welding current 80 A 
Oscillation speed 20 mm/s 
Oscillation width 20 mm 
Welding speed 1.2 mm/s 
Plasma gas  1.6 l/min 
Substrate material austenite steel (316L) 
Substrate thickness 5 mm 

XRD analysis of the original NiCrBSi matrix alloy indicated a high amount of 
γ(Fe,Ni) solid solution in Ni-based matrix with presence of small amount of 
Ni3B and Cr7C3 hardphases (Figure 3.1a). Microstructural analysis has proven 
that NiCrBSi self-fluxing matrix alloy exhibits a nickel-rich dendritic matrix 
containing borides and carbides (Figure 3.1b), what is a typical phase 
composition for alloys with low chromium content [1]. According to the phase 
distribution analysis the content of Cr7C3 phase is 2 ± 1 wt.%, whereas the 
content of Ni3B phase is 19 ± 1 wt.%. For more details see PUBLICATION II. 

 

Figure 3.1 NiCrBSi hardfacing: a) XRD pattern; b) optical micrograph in cross-section 

3.1.2 Mechanical characterisation 

Vickers macro hardness of the NiCrBSi alloy was measured at 375 ± 6 HV10.  
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The measured hot hardness values for the original (monolithic) and the hard 
particle reinforced matrix alloy are presented in Figure 3.2. Hot hardness of the 
NiCrBSi alloy is 380 ± 40 HV10 at temperatures below 600 °C and rapidly 
decreases with increase in temperature. For more details see PUBLICATION II 
and PUBLICATION IV. 

 
Figure 3.2 Hot hardness distribution curves for original NiCrBSi matrix alloy and 
Cr3C2-Ni, TiC-NiMo, TiC-Ni and ZrC-Ni reinforced NiCrBSi matrix alloy 
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3.2 WC-Co particles reinforced NiCrBSi hardfacing 

3.2.1 Chemical pre-treatment of hardmetal particles 

During the recycling process by disintegrator milling, the hard and dense 
hardmetals wear the mechanical grinding apparatus, contaminating the obtained 
powder. As a result the presence of iron-based particles and surface 
contaminations can be found in resulting hardmetal powder as shown in 
Figure 3.3. 

Surface contamination, especially by oxides, can significantly influence quality, 
properties and performance (decrease weldability; increase porosity) of recycled 
hardmetal powder. During the PTA process, contaminants can cause CO or 
other gases to form, resulting in pores. This negative factor affects the final 
surface quality of nickel-based compositions. To produce reliable pore-free 
coatings, the quality of recycled powders needs to be improved.  

 
Figure 3.3 SEM micrographs: a) recycled WC-Co particles; b) and c) close view on the 
surface contaminations; d) EDX analysis of the area in c) 

The present study has been focused on chemical pre-treatment of the powders 
produced from WC-Co scrap. The process of hardmetal scrap cleaning has been 
developed based on the commercially cheapest method of chemical pre-
treatment and simplicity of experimental procedure that allows quick, efficient 
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and effective treatment of the recycled hardmetal powders to be used for PTA 
hardfacing process.  

Cross-section image of both weld deposits (with chemically cleaned compared 
to not cleaned WC-Co particles) under the same deposition parameters are 
presented in Figure 3.4. The results indicate significant improvement of weld 
deposit quality. No porosity is found in either cross or longitudinal sections for 
the pre-treated weld. This chemical pre-treatment method has demonstrated to 
significantly improve the quality of recycled powders. For more details see 
PUBLICATION I. 

 
Figure 3.4 Cross-sectional images of PTA weld deposits for WC-Co particles reinforced 
NiCrBSi matrix alloy with treated and untreated hardmetal particles 

3.2.2 Hardfacing deposition and microstructural analysis 

The optimised deposition parameters for the WC-Co reinforced NiCrBSi 
hardfacing are listed in Table 3.2. 

Table 3.2 Main process parameters for the deposition of WC-Co reinforced NiCrBSi 
hardfacing 

Parameter Data 
Welding current 90–100 A 
Oscillation speed 18–20 mm/s 
Oscillation width 20 mm 
Welding speed 0.7–1.0 mm/s 
Plasma gas  1.6–2.0 l/min 
Substrate material mild steel (1.0037) 
Substrate thickness 10 mm 

Figure 3.5 illustrates a typical cross-sectional SEM micrograph of the deposited 
coating with 40 vol.% of hardmetal particles, where formation of three different 
main phases was observed: A complex matrix structure with Ni and Fe as the 
main elements and two different modifications of carbide grain structures 
(apparent phases B and C).  

Microstructural analysis indicates penetration of the matrix elements (Fe and 
Ni) into the Co binder “into the” hardmetal agglomerates and partial dissolution 
of carbides. However, the carbides retain the angular grain shape developing the 
micro-sized MMC-particles in the coating with a “double-dispersed” MMC-
structure (micro carbides with metal matrix).  
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The main difference between phases B and C is the matrix composition inside 
the hardmetal particle. Apparent phase C shows only 30 vol.% of carbide 
particles with average grain size of 1.3 µm (Figure 3.5b), whereas apparent 
phase B (Figure 3.5c) indicates mirrored structure of the metal matrix 
components with 70 vol.% of carbides and a factor of two coarser average 
particles size compared to phase C (2.5 µm). For more details see 
PUBLICATION I. 

 
Figure 3.5 Cross-sectional SEM images of WC-Co reinforced NiCrBSi hardfacing:  
a) overview of the microstructure; b) detailed view on apparent phase C; c) detailed 
view on apparent phase B 

3.2.3 Mechanical characterisation 

Compound hardness is determined to be in the range between 380 HV10 and 
550 HV10. Inside the apparent phases, the microhardness of apparent phase B 
(Figure 3.5c) was determined to be 760 ± 40 HV1 and hardness value of MMCs 
in apparent phase C (Figure 3.5b) is 1250 ± 55 HV1. 

Micromechanical properties of the phases (hardness and reduced Young’s 
modulus) were determined by nanoindentation measurements and statistically 
analysed using Box and Whisker plots (Figure 3.6). The results for the received 
coating showed mean nanoindentation hardness of 4.7 GPa in the matrix phase, 
whereas no significant difference were found for the hardness of micro carbides 
in apparent phases B and C (27.2 GPa). This hardness level was in close 
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approximation to hardness of WC/W2C particles reinforced NiCrBSi 
hardfacing, measured as reference. For more of the details see 
PUBLICATION I. 

 

Figure 3.6 Box-and-Whisker plots of the measured hardness and reduced modulus: A – 
carbides in apparent phase B (less dissolved); B – carbides in apparent phase C (more 
dissolved); Matrix – apparent phase A; Reference – WC/W2C 

3.2.4 Wear resistance 

Under three-body abrasion conditions with application of rubber wheel, the 
wear resistance of WC-Co reinforced hardfacing is two times lower compared 
to WC/W2C (WOKA 50005) reinforced Ni-based alloy as shown in Table 3.3. 
Under impact/abrasion and steel wheel three-body abrasion conditions, the wear 
resistance of hardmetal scrap reinforced NiCrBSi hardfacing is higher compared 
to the reference material. For more detail see PUBLICATION I. 

Table 3.3 Wear values for the WC-Co and WC/W2C reinforced NiCrBSi hardfacings 
Material Volumetric wear [mm³] 

Three-body abrasion Impact/abrasive wear 
WC-Co 62 ± 6 6.6 ± 0.2 
WC/W2C 34 ± 4 7.3 ± 0.1 
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3.3 Cr3C2-Ni cermet particles reinforced NiCrBSi hardfacing 

3.3.1 Chemical pre-treatment of milled Cr3C2-Ni particles 

Purification of the Cr3C2-Ni powder was performed by chemical treatment in 
HCl acid and cleaning with ethanol and isopropyl alcohol. This operation was 
performed to remove trace elements from particle’s surface after remilling in 
the disintegrator consisting of steel working chamber and WC-Co grinding 
bodies with the aim to improve the weldability of the powders and the 
mechanical properties of the produced materials. Effects of the purification 
process on the surface of Cr3C2-Ni particles are shown in Figure 3.7. For more 
details see PUBLICATION II. 

 
Figure 3.7 Particles of the cermet powders for PTA: a) untreated; b) chemically pre-
treated particles 

3.3.2 Hardfacing deposition and microstructure analysis 

The optimised deposition parameters for the Cr3C2-Ni reinforced NiCrBSi 
hardfacing are listed in Table 3.4. 

Table 3.4 Main process parameters for the deposition of Cr3C2-Ni reinforced NiCrBSi 
hardfacing 

Parameter Data 
Welding current 80–100 A 
Oscillation speed 15–18 mm/s 
Oscillation width 20 mm 
Welding speed 1.1–1.3 mm/s 
Plasma gas  1.6–2.0 l/min 
Substrate material austenite steel (316L) 
Substrate thickness 5 mm 

Figure 3.8a presents the XRD pattern of the NiCrBSi alloy with addition of 
40 vol.% Cr3C2-Ni particles. The matrix phase was identified as γ(Fe,Ni) with a 
high content of Cr3C2 and Cr7C3 hardphases. The presence of Cr7C3 can be 
explained by the structure of the precursor Cr3C2-Ni bulk cermet [99]. Some re-
precipitation process takes places during deposition, forming M7C3 carbides, 
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especially on the border between cermet zone and matrix as shown in 
Figure 3.8b.  

 
Figure 3.8 Cr3C2-Ni reinforced NiCrBSi hardfacing a) XRD pattern; b) optical 
microscopy micrograph 

SEM images of the structure (Figure 3.9) show Ni binder between the primary 
carbides. Growth and formation of spine-like carbides occurs mostly at the 
interfaces between matrix and cermet particles. No re-precipitated carbides were 
found inside the cermet phase (Figure 3.9b). The cermet particles (Figure 3.9c) 
represent the agglomerates of 2–5 µm sized Cr3C2 and Cr7C3 particles embedded 
into nickel matrix, i.e. the commonly reported structure of the reactive sintered 
Cr3C2-Ni cermets [99]. For more details see PUBLICATION II. 

 
Figure 3.9 SEM images of Cr3C2-Ni reinforced NiCrBSi hardfacing: a) overview;  
b) interface between particles and matrix; c) inner structure of the cermet particles 
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3.3.3 Mechanical characterisation 

The cermet particle reinforced hardfacing reveals a hardness value of  
730 ± 110 HV10.  

Hot hardness values for the Cr3C2-Ni reinforced hardfacing are shown in Figure 
3.2 (section 3.1.2). For the Cr3C2-Ni reinforced hardfacing, a slight decrease in 
hardness was observed in the interval between 300 °C and 600 °C. Rapid 
decrease in hardness starts from 600 °C; at the temperature of 700 °C the 
hardness is below 400 HV10. For more details see PUBLICATION IV. 

Nanoindentation results obtained for the Cr3C2-Ni reinforced coating are 
presented in Figure 3.10. The primary chromium hardphases Cr3C2 have a mean 
reduced Young’s modulus of 378 ± 13 GPa and a hardness range from 21 GPa 
up to 28 GPa. This high spread of hardness values can be attributed to the 
presence of Cr7C3 phases. For more details see PUBLICATION II. 

 
Figure 3.10 Nanoindentation measurements for Cr3C2-Ni reinforced NiCrBSi 
hardfacing: Cr3C2 – carbides in cermet zone; M7C3 – spine-like carbides in matrix; 
Matrix – main phase in NiCrBSi matrix; Matrix (cermets) – Ni binder inside of the 
cermet particle 
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3.4 TiC-NiMo cermet particles reinforced NiCrBSi hardfacing 

3.4.1 Hardfacing deposition and microstructure analysis 

The optimised deposition parameters for the TiC-NiMo reinforced NiCrBSi 
hardfacing are listed in Table 3.5. 

Table 3.5 Main process parameters for the deposition of TiC-NiMo reinforced NiCrBSi 
hardfacing. 

Parameter Data 
Welding current 80–100 A 
Oscillation speed 22–25 mm/s 
Oscillation width 20 mm 
Welding speed 0.9–1.2 mm/s 
Plasma gas  1.6–2.0 l/min 
Substrate material austenite steel (316L) 
Substrate thickness 5 mm 

Figure 3.11a illustrates the TiC-NiMo reinforced NiCrBSi weld overlay. The 
welding seam examination reveals a uniform distribution of hardphases in the 
matrix, negligible porosity of the hardfaced layer and overall good quality of the 
welding seam with minimal dilution with the substrate of less than 5 % 
according to the quantitative analysis. 

 
Figure 3.11 TiC-NiMo reinforced hardfacing: a) Weld seam analysis of TiC-NiMo 
reinforced NiCrBSi hardfacing; b) XRD pattern of the TiC-NiMo reinforced NiCrBSi 
hardfacing 

The XRD pattern of TiC-NiMo reinforced NiCrBSi hardfacing is presented in 
Figure 3.11b. The analysis reveals five crystalline phases: Ni-rich dendritic 
matrix - γ(Fe,Ni); (Fe, Ni, Mo)23B6, which is the most probable Fe-Ni-B 
hardphase located in dendrites with some traces of Mo in the crystal lattice; TiC 
phase; non-stoichiometric carbide Ti0.92Mo0.02C0.6; and (Mo, Ti)C. Formation of 
solid solutions of Mo in the TiC lattice results in development of so-called core-
rim structured grains consisting of a TiC core surrounded by the rim of 
(Ti, Mo)C [100,101]. 
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Figure 3.12 presents SEM micrographs of the TiC-NiMo reinforced hardfacing. 
The PTA welding process does not significantly influence the structure and 
composition of the cermet particles. However, it is found that besides a high 
amount of TiC-based angular precipitates (Figure 3.12d), TiC diffusing from the 
cermet zone to the matrix during deposition the structure of cermet particles 
along the interface (Figure 3.12b) differs from the microstructure of the cermet 
particles at the core (Figure 3.12c). The particles near the interface are partially 
dissolved showing decrease in grain size and modification in their shape. 
However, the chemical composition of the partially dissolved grains is kept 
uninfluenced. For more details see PUBLICATION III. 

 
Figure 3.12 SEM micrographs of the TiC-NiMo reinforced NiCrBSi hardfacing: 
a) overview of the microstructure; b) interface cermet/matrix region; c) interior of the 
cermet particle; d) matrix region with TiC-based precipitates 

3.4.2 Mechanical characterisation 

The macrohardness of the TiC-NiMo reinforced hardfacing is 571 ± 25 HV50. 
Hot hardness values for the TiC-NiMo reinforced hardfacing are shown in 
Figure 3.2 (section 3.1.2). The hardness values stay at the same level in the 
temperature range from 20 °C to 300 °C and then start slightly to decrease in the 
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interval between 300 °C and 600 °C. Rapid decrease in hardness for TiC-NiMo 
reinforced hardfacings was measured at 700 °C. 

Micro-mechanical properties of separate phases (hardness and reduced Young’s 
modulus) were determined by nanoindentation measurements and statistically 
analysed. The corresponding hardness and reduced Young's modulus variations 
for the defined phases in TiC-NiMo reinforced NiCrBSi hardfacing are 
presented in a bubble chart in Figure 3.13. For more details see 
PUBLICATION III. 

 
Figure 3.13 Nanoindentation measurements for TiC-NiMo reinforced NiCrBSi 
hardfacing: hardfacing (designations: carbide – TiC and (Ti,Mo)C phase; precipit. – 
TiC-based precipitates in matrix; dendrite – complex boride phase; binder – Ni-binder 
between carbide particles in the cermet zone; matrix – main matrix phase defined as 
γ(Fe,Ni)) 

3.4.3 Wear resistance 

Wear tests exploiting steel and rubber wheels were carried out to reproduce 
three-body abrasion process. The relative wear resistance of the TiC-NiMo 
reinforced hardfacing was compared to conventionally used Ni-based reference 
hardfacing containing 40 vol.% of WC/W2C particles (Castolin Eutectic 
EuTroLoy PG 6503 alloy). The wear values are listed in Table 3.6. For more 
details see PUBLICATION III. 
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Table 3.6 Three-body abrasion wear values for the TiC-NiMo and WC/W2C reinforced 
NiCrBSi hardfacings 

Material Volumetric wear [mm³] 
Rubber wheel Steel wheel 

TiC-NiMo 22 ± 2 24 ± 2 
WC/W2C 15 ± 1 40 ± 3 

SEM surface sectional images of the worn areas were examined as shown in 
Figure 3.14. Under rubber wheel testing conditions, for the WC/W2C reinforced 
alloy high matrix hardness and dense distribution of coarse primary carbides 
ensure excellent wear resistance. For the TiC-NiMo reinforced alloy the increase 
in wear rate can be attributed to low hardness of the matrix material. The 
dominant wear mechanisms in this case are ploughing and cutting of ductile Ni-
based matrix material. Under steel wheel testing conditions, for the WC/W2C 
reinforced hardfacing the brittle fracture of both primary carbides and matrix 
precipitates was observed; extensive cracking and subsequent chip removal 
explains a significant increase in wear rate. For the TiC-NiMo reinforced alloy 
no pronounced brittle fracture of hard particles was detected: neither matrix 
precipitates nor cermet particles indicate extensive crack formation. For more 
details see PUBLICATION III. 

 
Figure 3.14 SEM worn surface micrographs of the hardfacings after three-body abrasion 
tests: a) and b) WC/W2C reinforced coating - rubber and steel wheel; c) and d) TiC- 
NiMo reinforced coating - rubber and steel wheel 
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3.5 TiC-Ni and ZrC-Ni cermet particles reinforced NiCrBSi hardfacings 

Process and deposition parameters for those materials are drawn in Table 3.7. 
The resulting hardfacing deposits and microstructure images are shown in 
Figure 3.15. The microstructures are characterised by dense distribution of 
primary hard phases in NiCrBSi matrix.  

Table 3.7 Main process parameters for the deposition of ZrC-Ni and TiC-Ni reinforced 
NiCrBSi hardfacing 

Parameter ZrC-Ni TiC-Ni 
Welding current 80–85 A 65–75 A 
Oscillation speed 15–17 mm/s 20–25 mm/s 
Oscillation width 20 mm 20 mm 
Welding speed 0.8–0.9 mm/s 1.3–1.5 mm/s 
Plasma gas  1.6–2.0 l/min 1.0–1.2 l/min 
Substrate material austenite steel (316) austenite steel (316) 
Substrate thickness 5 mm 5 mm 

 
Figure 3.15 Weld seam analysis and optical microscopy images of a) TiC-Ni reinforced 
hardfacing; b) ZrC-Ni reinforced hardfacing 

The details of those hardfacings are proprietary. Focused studies for the process 
optimisation and characterisation steps are not in the scope of present research. 
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3.6 High temperature wear  

3.6.1 Impact/abrasive behaviour 

Figure 3.16 shows the volumetric wear of the coatings tested at room 
temperature (RT), 300 °C, 550 °C and 700 °C. Commercially used multiphase 
coatings with Ni-based matrix and 60 wt.% of fused WC/W2C (Castolin 
PG6503) hardphases were taken as a reference material. Good performance of 
the reference hardfacing at temperatures below 550 °C is evident; however, the 
volumetric wear increased significantly with increase in temperature, which can 
be attributed to hardphase oxidation and excessive fracture of the material 
[102]. In comparison, cermet particle reinforced hardfacings have better wear 
resistance starting from elevated temperatures. For more details see 
PUBLICATION IV. For the ZrC-Ni reinforced hardfacing the most promising 
results were detected, with a significant increase in wear resistance with higher 
testing temperature. 

 
Figure 3.16 Volumetric wear values after HT-CIAT testing 

For the Cr3C2-Ni reinforced NiCrBSi hardfacing (Figure 3.17a-c) with increase 
in testing temperature the presence of SiO2 particles in the sub-surface layer of 
hardfacing is detected. Trans- and inter-granular cracking results in subsequent 
removal of the carbides and material chips from the surface especially when 
subjected to high testing temperatures. This could be one of the reasons of 
surface degradation. The Cr3C2-Ni reinforced hardfacing at 700 °C shows 
intensive plastic deformation and formation of oxide films (OF) with only fine 
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crushed ceramic particles found on the surface. For the TiC-NiMo reinforced 
coating (Figure 3.17d-f) with increase in testing temperature more than 50% of 
the hardfacing surface (almost all matrix regions and some cermet zones) is 
covered by SiO2 particles. Low amount of precipitates in the matrix and their 
sub-micron size facilitate the penetration of silica into the soft matrix. At the 
highest test temperature (700  °C), the adhesion between silica particles and 
matrix is getting weaker due to oxidation of matrix resulting in higher wear rate. 
For more details see PUBLICATION IV. 

 
Figure 3.17 SEM micrographs of worn surface after HT-CIAT testing: 
a-c) Cr3C2-Ni reinforced NiCrBSi hardfacing at 20 °C, 350  °C and 700 °C; 
d-f) TiC-NiMo reinforced NiCrBSi hardfacing at 20  °C, 350 °C and 700 °C 
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3.6.2 Erosive behaviour 

Volumetric wear rates for Cr3C2-Ni and TiC-NiMo reinforced hardfacings are 
highlighted in Figure 3.18. On the abscissa the volumetric wear rate of the 
materials at the impact angle of 30° is drawn. The ordinate shows the wear rate 
of the tested materials at the impact angle of 90°. Both hardfacings show brittle 
mechanisms of behaviour, indication higher wear values under impact angle of 
90° at all testing temperature.  

 
Figure 3.18 Wear rates after erosion testing for TiC-NiMo and Cr3C2-Ni reinforced 
NiCrBSi hardfacing at constant impact velocity of 50 m/s 

Wear mechanism of multiphase Cr3C2-Ni and TiC-NiMo reinforced NiCrBSi 
hardfacings are schematically depicted in Figure 3.19 and supported by SEM 
micrographs in Figure 3.20. The main erosive wear mechanisms operating at 
given conditions are: 

• ploughing and cutting of NiCrBSi matrix 
• squeezing of a metal binder in cermet particles to the surface with 

formation of the rigid supporting compacted layer and top layer with 
higher metal content 

• selective removal of a matrix binder from cermet particles by crushed 
abrasive particles pushed by the stream of particles 

• fracturing and/or fragmentation of carbides  
• removal of whole ceramic particles insufficiently supported by the metal 

matrix 
• embedment of crushed abrasive particles mainly into the NiCrBSi 

matrix 
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• intermixing of cermet and NiCrBSi matrix constituents with formation 
of well developed mechanically mixed layer (MML) consisting of wear 
debris, fused silica dust, finely dispersed different oxides  and highly 
deformed matrix alloy 

• interaction of abrasive particles with formed oxide films at testing 
temperature of 650 °C. For more details see PUBLICATION IV. 

 
Figure 3.19 Features of cermet particle reinforced NiCrBSi hardfacings during high 
temperature solid particle erosive wear at the narrow impact angle 

 
Figure 3.20 SEM cross-sectional images after erosion testing at 650 °C:  
a) TiC-NiMo reinforced NiCrBSi hardfacing matrix region; b) TiC-NiMo reinforced 
NiCrBSi hardfacing cermet region; c) Cr3C2-Ni reinforced NiCrBSi hardfacing matrix 
region; d) Cr3C2-Ni reinforced NiCrBSi hardfacing cermet region 
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3.7 High temperature corrosion  

In the following subsections the effects of high temperature corrosion and 
oxidation of the Cr3C2-Ni and TiC-NiMo reinforced hardfacings are shown and 
discussed. Figure 3.21 highlights the percentage mass change of both samples in 
all tested media. This diagram shows the excellent oxidation behaviour of both 
hardfacings. It can be said that the combination of the NiCrBSi matrix and both 
chosen hardphases results in high oxidation resistance. For more details see 
PUBLICATION IV and PUBLICATION V. 

 
Figure 3.21 Percentage mass changes of Cr3C2-Ni and TiC-NiMo reinforced NiCrBSi 
hardfacings after high temperature corrosion test 

It was observed that chloride is highly corrosive to the Cr3C2-Ni reinforced 
samples, which leads to intergranular corrosion in the matrix and total 
decomposition and oxidation of the carbides. As seen in Figure 3.22a chromium 
carbide oxidises, which is catalytic for the reaction with chlorine in high 
temperature environment. For the TiC-NiMo reinforced hardfacing the NiMo-
binder of the TiC-NiMo hardphase degrades to NiCl2 and more of MoCl2, which 
leaves small amounts of Ni in the TiC-NiMo cermet particles as seen in 
Figure 3.22b in detail. For more details see PUBLICATION V.  
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Figure 3.22 SEM/EDS cross-sectional analysis of the materials investigated after 
corrosion tests in chloride environment at 700 °C for 24 h: a) Cr3C2-Ni particle 
reinforced; b) TiC-NiMo particle reinforced 

Figure 3.23 shows a graphical draw of the areas of resistance for different 
corrosive anions at 700 °C. As seen, Cr3C2-Ni reinforced hardfacings behave 
well in oxidative and sulphate/phosphate environment. TiC-NiMo hardfacings 
show good resistance against carbonate ions at 700 °C. Despite the high mass 
gain TiC-NiMo reinforced samples show better behaviour in chloride condition 
because of the better stability of the cermet phases. For more details see 
PUBLICATION V. 

 
Figure 3.23 Proposing the field of application in for Cr3C2-Ni and TiC-NiMo reinforced 
hardfacings in different corrosive and oxidative media at testing temperature of 700 °C 
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4 CONCLUSIONS 

Based on the study within this work, the following conclusions can be drawn: 

• The advanced multi-phase hardfacings based on the commercially 
available NiCrBSi matrix material and reinforced by recycled 
hardmetals and cermet particles has been developed and successfully 
introduced in the present study.  

• Hardmetal scrap as well as chromium carbide and titanium carbide 
based cermet particles were successfully applied for fabrication of the 
wear resistant coatings using optimised PTA hardfacing technology. 
The produced hardfacings are characterised by minimal hardphase 
dissolution and homogeneous distribution of the reinforcements 
throughout the metal matrix.  

• TiC-NiMo and Cr3C2-Ni multiphase hardfacings have been proven to be 
the reliable candidates for high temperature tribo-applications: under 
the conditions of high-stress three-body abrasion TiC-NiMo reinforced 
hardfacings show significantly higher wear resistance as compared to 
the commercial WC/W2C reinforced coatings.  

• The degradation of the NiCrBSi matrix due to oxidation and hardness 
loss at temperatures above 700 °C is a main limiting factor for the 
application of the TiC-NiMo and Cr3C2-Ni cermet reinforced coatings. 

• Under conditions of high temperature erosion TiC-NiMo and Cr3C2-Ni 
reinforced hardfacings have revealed high wear resistance. Cr3C2-Ni 
reinforced hardfacing has exhibited tendency to a brittle failure; 
however, only moderate increase in wear rate at elevated temperatures 
up to 650 °C has been detected.  

• Cermet reinforced hardfacings are attractive candidates for applications 
in impact/abrasive conditions, especially at high temperatures. At 
elevated testing temperatures the volumetric wear rate values for the 
TiC-NiMo, TiC-Ni, ZrC-Ni and Cr3C2-Ni reinforced coatings are 
significantly lower as compared with WC/W2C reinforced hardfacings. 

• Cermets reinforced hardfacings have shown stability against oxidation 
due to formation of the protective oxide layers on their surfaces. High 
temperature corrosion resistance of the developed hardfacings is 
influenced by the corroding anions to a great extent. The field of 
application for cermet reinforced hardfacings in dependence of the 
corrosive environment at 700 °C was proposed. Cr3C2-Ni reinforced 
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hardfacings exhibit high resistance against sulphate and phosphate 
environment, while the TiC-NiMo hardfacings show excellent behavior 
in carbonate environment. 

The novelty of present research can be outlined by: 

• Application of cermet and hardmetal recycling powders as 
reinforcements for NiCrBSi matrix alloy for hardfacing process. 

• Chemical pre-processing of cermet particles for the PTA 
hardfacing. 

• Development of novel wear resistant thick coatings, especially for 
high temperature harsh wear and corrosion conditions. 

• Development of double-structured MMCs with fine carbide 
reinforcements. 

• Optimised PTA process management for the deposition of cermet 
particles reinforced NiCrBSi hardfacings. 

• Comprehensive mechanical and tribological characterisation of the 
coatings of novel compositions. 

• Selection of potential fields of application for the cermet particles 
reinforced NiCrBSi hardfacings, based on the characterisation and 
wear testing results. 

Based on the results of present research it is planned to deposit cermet 
particle reinforced NiCrBSi hardfacings as prototypes at industrial 
applications, particularly as wear resistant parts for iron ore sinter 
crushers, operating at temperatures close to 700°C in corrosive 
environments under impact/abrasion conditions. 
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ABSTRACT  

The degradation of materials through high-temperature processes such as 
oxidation, corrosion, and abrasive - erosive wear causes enormous costs for the 
European industry. It is crucial to avoid failure of various machine components 
which can entail catastrophic accidents. About 75 % of these costs are 
considered to be a consequence of wear-related losses. According to statistic 
reports, wear together with corrosion and fatigue are three main modes of 
materials failure. 

Coatings and surface treatments have proved to be a successful approach for 
increasing machinery lifespan by preventing severe wear and corrosion of 
working tools. One of the attractive surface treatment methods is hardfacing by 
welding technique. This method offers the ability to apply thick protective 
coatings metallurgically bonded to the substrate material. 

Current research is concentrated on the development of novel wear resistant 
thick coatings (hardfacings) and their analysis in terms of microstructure, 
mechanical and tribological properties. Plasma transferred arc (PTA) welding is 
used as a hardfacings fabrication technology. During hardfacing process 
powders are transported to the surface of the substrate material, building 
protective thick metallurgically bonded coatings. Usually such coatings consist 
of metal matrix reinforced with coarse (up to 250µm) hard particles like 
tungsten carbides. In present research cermet particles are suggested are 
reinforcements for NiCrBSi matrix alloy. This can be named as a main novelty 
of current work. During this research formation of so-called double metal 
matrix composite structures is obtained. 

Due to the extremely high temperature during PTA processing, the carbides are 
often dissolved in the matrix phase, subsequently recrystallised in form of 
precipitates, intermetallic phases or eta-carbides. Those material changes during 
the deposition process significantly influence (usually reduce) mechanical and 
wear properties of the hardfacings. In present work it was shown, that 
application of cermet particles as reinforcements can help to minimise the 
problem of carbide dissolution and provide thick wear resistant coatings with 
homogeneous distribution of cermet particles throughout the matrix. 

The aim of the present work is to bring together knowledge on the 
manufacturing of surfaces of commercial interest and surface engineering 
specialised in the characterisation of structures for two different fields of 
application: (i) cost-efficient wear resistant hardfacings reinforced with 
hardmetal scrap; (ii) cermet reinforcements for the high temperature (up to 
700°C) wear resistant applications. 

Throughout the thesis, the following scientific and technological aspects are 
addressed and solved: 
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• Pre-processing of cermets and hardmetals. 

• Evaluation of the cermet and hardmetal particles as NiCrBSi matrix 
reinforcements. 

• Deposition of the developed hardfacings. 

• Microstructural characterisation of the coatings. 

• Evaluation of the mechanical properties of the coatings. 

• Assessment of the hardfacings as the tribo-functional materials for wear 
application at room and high temperatures as well as in corrosive 
media. 

Keywords: hardfacing, PTA, tribology, high temperature wear, cermet, NiCrBSi 
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KOKKUVÕTE 

Materjalide hävimine läbi kõrgtemperatuurse oksüdatsiooni, korrosiooni ja 
abrasiiverosiooni põhjustab Euroopa tööstusele ebanormaalselt suuri kulutusi. 
Seetõttu on ülioluline vältida masinaosade purunemist hoidmaks ära võimalikke 
õnnetusi. Statistikal põhinevad andmed kinnitavad, et kulumine koos 
korrosiooni ja väsimusega on peamised materjalide rivist välja langemise 
põhjused. Ligikaudu 75% seadme ekspluatatsiooniga seotud kulutustest on 
põhjustatud masinaosade kulumisest. 

Pinded ja pinnatöötlus on tõestanud end eduka meetodina masinate eluea 
pikendamisel ning aitavad vältida tööriistade kulumist ja korrosiooni. Üks 
edukamaid pinnatöötlusmeetodeid on kõvapindamine keevitustehnoloogia abil. 
See meetod pakub võimalusi kanda alusmaterjalile pakse hea metallurgilise 
sidemega kaitsvaid pindeid. 

Käesoleva töö eesmärkideks on: (i) kasutatud kõvasulamiga armeeritud 
säästlike kulumiskindlate kõvapinnete väljatöötamine; (ii) kõrgtemperatuursete 
(kuni 700º) kermistega armeeritud kulumiskindlate pinnete loomine. 

Käesolev uurimistöö keskendub uudsete kulumiskindlate paksude kõvapinnete 
arendamisele: tehnoloogia optimeerimisele, pinnete mikrostruktuuri, 
mehaaniliste ja triboloogiliste omaduste uurimisele. Plasmakaarkeevitus (PTA-
welding) on üks levinud mooduseid kõvapinnete valmistamisel. Kõvapindamise 
käigus kantakse pulbrid alusmaterjali/toote pinnale, tekitades nii metallurgilise 
sidemega paksu kaitsva pinde. Tavaliselt koosnevad sellised pinded jämedate 
kõvade osakestega (kuni 250 µm), näiteks volframkarbiidiga armeeritud raua 
või nikli baasil metallmaatriksist. Käesolevas töös uuritakse keraamilis-
metalsete komposiitmaterjalide kasutamist NiCrBSi-sulamist maatriksi 
armeerimiseks. See on ka käesoleva töö peamiseks uudseks lahenduseks. 
Uurimistöö käigus saavutati nn. topeltarmeeritud WC-Co kõvasulami või TiC-
NiMo ja Cr3C2-Ni kermise osakestega metallmaatriksstruktuuriga 
komposiitpinded.  

Erakordselt kõrge temperatuuri tõttu PTA-keevituse käigus karbiidid sageli 
sulavad metalses maatriksis ja rekristalliseeruvad disperssete osakestena, 
intermetalliididena või muude ühenditena. Need materjali muutused 
pindamisprotsessi käigus mõjutavad oluliselt (tavaliselt vähendavad) 
kõvapinnete mehaanilisi ja kulumisomadusi. Käesolevas töös näidatakse, et 
keraamilis-metalsete komposiitmaterjalide (kermiste) kasutamine armeerimisel 
aitab vähendada karbiidide lahustumist ning tekitada homogeenselt jaotunud 
osakestega paksu kulumiskindla kaitsekihi kogu maatriksi mahus.  

Käesolevas doktoritöös käsitletakse ja lahendatakse järgmiseid teaduslikke ja 
tehnoloogilisi aspekte: 
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• kõvasulami ja kermiste ümbertöötlus; 

• kõvasulami ja kermiste sobivuse hindamine NiCrBSi-baasil pinnete 
armeerimisel; 

• uutest komposiitpulbritest kõvapinnete saamine; 

• pinnete mikrostruktuuri kirjeldamine; 

• pinnete mehaaniliste omaduste hindamine; 

• kõvapinnete sobivuse hindamine tribofunktsionaalsete materjalidena 
kulumise ja korrosiooni tingimustes toa- ja kõrgetel temperatuuridel. 

Võtmesõnad: kõvapindamine, PTA-keevitus, triboloogia, kõrgtemperatuurne 
kulumine, kõvasulam, kermised, iseräbustuv NiCrBSi-sulam 
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I�F� v3w?x?AB:8_3;ŷ=z89B{|@8:?AC>}B9~A@_@C̀ 2���2�\2�42���42��



��������	
�������	���������	��������������������	������������	��� �!� �!�����"�����	��!#���$�!�����#�������	�!����!	���	����#����#��!�� �#������%��!��� ��������������������	����&�����$��!��� � ���	����	������!���&�"���	!��������	��������������		 �	����!��	�
����!�������#	��� 	����$!��	��'(�)(*+��������������!���������	���������	�����	!����#�	 ��� ��	�����#	
 �����	���!��	�
�������,��!���&�"�����	���������	������	!�����!�����!�!������� �-�����!##!����#�!���.�!� �#�!��������-#����������!���&!����!�)�	�!	���	� ���	�$� !� ���#����#��!�� ������!��� ��)!� !����!���	�����	�#!�������	�

��������!������#!��������		����	���- ��������� ���	���	�����!���&�/���!���� ��!�������%����� ������������#!�������#�	���������#��!�-�!��� ����	 ���	����	�!� ���#�%��#���#!������������	�����!��	#	����	���0��!���	������������������*���	
����� ����!����� !��!���&����
������#��!�-�!��� ���1��	� ����	���02�!�!�-���)�����!��������!�� ��� ��#�!���	�����������	�����	����%��3���	���	�� �	����	��"��������		 �	����!��	�
���!�!�-���	����%�����3�������'��+�4�	
��!� �	�!��	�	��#������%��!��� ��	����	���-����
������!���&!� �����#!���������	���#����#��!�� �!��� ��
����	�� ���� ���������#�!�������*���"�������#!������������*���	�����	�!���	��!���	��3*5���� �����!� �����#!�����������  � ���	�����!�!���&)��������		��-��#	��� ���������	������!���$�������� �����3��������'��)�*+�67879:;<=>??@��%����!� ����	������	#	�� �����,��!��	-����*ABC@(��"������������	��� �	!������	
�!�!� ����	�*BDA(�C@(�)
������������#!������������	��� �!� �!������$�!��!�!� ����$!���	����A((�C@(��"���!� ����	�����#�!��!�����!������E����� �	!���!��&�����-���	��������!���!������"�������!�����!� ����	���������3�������	��� �	!������ ���	!�����	�����	�����	��- ��������� �����#!��������C	
�$��)����!���	�������	��������!��	#��&��-	����F"1�	!�����!
� ��#��! 	��!� ����$!������ �	����!�� �"		��!��	�����	�!���	�	��!� ����!� 	 ����	��!���� �$� �!�#�!������!�	��� ���!��	����	 
!�!##��� �"���	��!� ����	��������,��!��	-���G�A��C@(�!���#���!��������	
**�H�!� �!#� �- ����!���
��������!������#��!������"�� �!� ���� �!�������� �� ��� �!� �!����� �� ���	��� ��!��	���#������!�	#	�����!� ����	��!� #�!���!� ��� �������B�������!���C@(���������	������!� �����3��������	��� ����,���!� �!������"���!� ����$!�����	��	��!����!���������- ����!���������#��!�����!�����	 ��H��	*��H��I!#�  ����!�����!� ������!�����	 B��H�J!������#��!����	����H�����!� �������	
����!����C@�	��	�������!� �����3�������	��� ����,���!� �!������6767K:=LM=<>=N:NML=��!������������������#�	#������	��!��#�!����#!�!���-#�	�$� �����	�!��	�	�����#!��!������	������-���	�!�!����!�#�	#�������!� ���$��!���� !����	#�	���������������!� ! $!��� !����!�� �����'�B+�����	����!���!�#�	#������	����#�!�����!� ����!� �� ��� O	���P�	 �����
��� ������� �-�!�	�� ���!��	��!��������!� ��!������!��-!�!�-�� ��������������!#���#������!��	��"���� ��� O	���P�	 �����0���� �������� �-����Q�!��	�.(R0�S (TU��V WR0�X (TU��V WR0�Y
����Z�����F	���	�P��!��	)����� �&M ��	������$!�����	������ �������#!� ����� �&? ��	������	����	�����!#���"����� ���������	���� �!	� ��#�!����������� �����#���������$�����!��	�J������ (TZ������	 ����! �$�!��	���	 0������	� ��	�(�[�"��!���	!�	��!�	�� ���!��	��!�������������#����������!���
!��	�	#!����� ���������������!���!�#�	#������	������!� �����3�������	��� �!� �!������/�
!��������� ��!���!������������	����������	�� ��! �	��!����	����#�	#������)��#���!��-���!� #�!���������!�������!�������	! 3 ��#�!��������$��	��!��� �	��!���� ��!� !���&�1��&#���� )�!��� ���&�����!�-#��!���!��������!$�	��)
����!���&!��	-��	
��	�#�!������-�"����!�����
\]̂_̀_aI2#!������.!�����,���!� �!����J������������	��� �!� �!����J�������3�������	��� �!� �!�����

����b7cMdM=>N:e7fgh;i:j>klL:NM=m?n>jo=LeLmp8qrs8qt8uv8wqxv8wy



���������	
�������
��������
�����	��������������	������	��� ��	!�"	���
	���
���������	!�"#��	���
	���
�����$

����%��&������
��	!�"#��'�	����	���
	�����	�����	����������
(	(�)� ����	��� �)�'�	�����������	��������	��	*��*	
���'�	�����$

+",+ -./01023456.789:;5<3=>?5402@AB3<C2?6?@DEFGHEFIEJKELFMKELN



����������	���
��������������	�������������������������	�����	����������	��	������������������������������������	���������������	�������������������� ���������������!""#
����	 �����	������	��������������������������������� ���	������������������	������������������	�$����������������������������	�����	�����
 	�������		���������	�������	��%�&%"������������������		��'�������(��)�������������������������		��*�*+,�"-���������������	����������	 ��
������'���"*.���&..-�'������	��������������/���	��$������������������		����������/���	�������/��������
�/���	� ���������������������	��	���������	�������������������������	��	������������	����	�� ��	�����	���	���	�����������������������	����������������/����
�)�	�������	����	�������	����������������������
�/���	� ����������		��������������$)����������������������������	����������0����������������������������������	��������	!""#�1�����(�2%�&%"3�����	����	������		�� ��%�&%"��������	'����������������������/�$��	����	�		��'����������	�����������������	���� ����	������������		������	���������	'���� ����� ����	��"*+,�*-����������		���"�4+,,-�����������5����6	������	�2��%&3�����	����	��������������������	�������0���������	�	'����	��'�����	�������������	���� ����	��������

�������������
������������������������������		�	���������	�����������		�� ���������	�1�	�������������������	�����������������  ����	�� ������ ����������� '��� ������ ���	�
������������!"��"(#�'����%�&%"���
�����	'���	��'����/�������������������		����������%��%&�7����������������	���	��������������%�&%"87�������������������������	�����������(��$��������		 ����	����������/���	��������������'�����������/ ����	������%�&%"����������������������������	�����������		�	�������/�� ��������������$)����������$��'�������	�����������/�������'���	��	�������������	�����������������	������� ��������	������	�	���
���������	�����

9:;<=<>��������		��	������������ �	���2%�&%"3?�����������������'���	�������%�&%"��������	@2%�&%"87�3?�����������������'�����������������	@27�%�A��3?7�%�A�������/�����������

9:;<B<��$
������/��������������8��	������������ ��������/������������������	���������@������������������������������������������������	��

9:;<C<��7�����������������	�������	���%�&%"�����������������@���������������������	�������	���%�&%"87�������������������

4"�*DEFGHGIJKLMENOPQRLSJTUVLKGIWXYJSZIVMVW[\]̂ _\]̀\ab\c]db\ce



������������	�
��������
�������������	������������������������
�	����
�	������������������	���
�	�����
		���������������	����������
�	�����	��
���� ����	��������	���
���������	������	�	�����
!����������	�������
�	�����	��
���
���	������������
������"���	���#���
���	�$�
�����
	�������������
������	����������������������	���������%���
�	����������
���	���������	����#���������	���
���������
�	�������	��
���	��������������	��	�������������	����#��%��������
����	
������������������������
�	���� ���
�	�������������	���	�������������������	�����������������������	�����������	��&'()�#���	���	�
�	������	�������*	+*'���������	���
��,���"��������+-�./+01�������	�����	�����	�'/01����'�01��#���������	������	�����������
�������	�����������	����
��*	-*+��	��
����%��
�������	��	��������	�������*+*'23����!���	��������
�	��	�������*	+*'&'+4'()������	����������������������	51�%�������������	���	��	�������-*+�
		��������������	���������	���	�
����������������!���	��������������������	�
���	������������������*	+*'	����	
��
������#��	���������������������������������	������	�����������6
��������	��
����%��������
����
���	��	���������*	+*'���*	+*'23��	����	
����	���
�����	���	��	�����7%����	4����	����
������	��������
���������	���
�	�������*	+*'23�	����	
����	���
��������������
�����	���������	���%��	�������	�����
������89:9;<=>?@A>BC>DEFGHG>CIJ@KG?I>@ELMD����%���!�%�������	�����%��	�������	����������$���
��������	�����	����������
	��	�
��	�������	��&/4'/4'N)�7%����	4��
�������%��	�����
���������������������
�	4���
	�����������
������6����	��
����	�����������	�������	��������������	��	����������	���%��		�������
�&'/)�#��	��	�4��
�����������������	���
����	����	
��%���
�	����
�	���������
�	�����	��
���
�����������	����������
���	
�����������������
�	����	����	
��
������4����
������������	���	����
������OPPQ*�#������
����	�����%��	�������	������	���
����������������������������7#�*�R#��
���S��&'/)�#����%�	�
���
����������	��������	���	���������������
�������	���	��%��	��	�	���
���������	���������N��%����������	�
%��	����
��������������	������	���	�4+PPQ*4OOPQ*���-PPQ*�

R
���	
�������������������
�����%���3�*	 5����	�����TP%��U������V*WV'*��	�������%����!�����	���	��
������	����1	��	�������%��	�������	����	���	��
�����	����	�����
	��������%��	�&+P)�#��%��	�������	����3�*	 5����	��%��������	����	
������%�����������������������������	���������NX
����
��
�������������
	������5�
���'�/��#���������%�	���������
������������	�
%��	���OOPQ*������������	���	��#�����
	�����%��	��������	���	��-PPQ*	�$�
������������������������
���	��	�����������	��	���
����	���������
!�#��	����	
������3�*	 5����	��%���*	+*'��	�������	�����������������
	������������	�
%��	�������	���	�����+PPQ*�R������	�����	���	�����%��		���	��������
	�����������������������Y/���+��-PPQ*�#���%�����������%�������	3�*	 5����	��	����	
��%���*	+*'23�����������������	���	������	
�����	�����Z�����������������
	������%��	���%������
���%�����
	�������������������	���	����-PPQ*�����N�4�����%��		�������
�%���%�
������	
���	���*	+*'	����	
��
�������#�������	��	�	����
�����	���	��
���	���
����TP%��UV*WV'*��3���������������	���	�����%-PPQ*�������4�%���	4������������������������	���	����������	�
%��	����
	�������Y'PU��
���	���*	+*'23�
�	���	����	
��
������������
����������������	�������	��������������	������������������������������������������	���	�������	��
���������	
���������	���������
����
�����������	������6
�������$���
����%��	��������	�5[� ���������������	�����������	����
�������������	��
�������������������	���
���������
�4��������������������������
�����������������������	�*	+*'23�	����	
����	���
�����	����
�������		����	
��#����	�	���
��
�	����
�	����	����	
��
�����������������	���	������
���������	��������
������������������
	���	�
��	�&/�)�1	
������	�������%���������������
�	��������������	�����
�����	��
�
�������%�������
����%��		�������
������������	���	���#��
�	�����	��
���	����	
��
�����������������	���%��		�������
�����	����
�W��	����
����������
��������6��
�	������������������*	+*'���*	-*+��������	������	�����������������
�	�����	��
���4%��
��	�����	�������	��������	���������������
���	������
��������
����������	��	����	
����
�������5[���
	�	����������/P��%���%	���	��
�����
����������	7#�*�R#���������	� �����	���	��#������%��	��
�������������6����*	+*'	����	
��
�����������N��������������������
���	�����%�����	��$�!������������������	����������
������	����#����
�������������	����
	�����%��������	���	�����������	������%������������	����������������
���	������#����
	������%��		����������	���	���OOPQ*���-PPQ*���������	������%���������������
���������	�����%����������	�����	������&+P)��	�����������������	������
�	�����	��
����*	+*'23�������3�*	 5����	������������
���	������������	��
��������
�������%	���	��
������/P�����	���	�	�4���
�	�����	���
�����%����
������������	�����
�	�����	�
��	�	����	�	������	
	�
!����	�����������%������������
������7�	��������������������� �	����� �� ����		�������	� ���	!�� ������/P����	����������
����	����	
�������	������������	����	���������
��������������	�����	��������4���	��	�4�������
	������%��		�������
�����
������*	�
!�%��
������	��	���
�
��
����
�
������
������	���
�������
���������������%��
	��\��
�	������R����		�����	��
	�����%��		�������
�
����
		������%�������	��	�����������	�����������
�	���������7�	���
����	����	
��%���*	+*'23���%����
�	�������������������
���������
����
���	��	���������������
�����	�����*	+*'23�	����	
�����	��
����	���	�
���������
����
���	��	��������3�*	 5����	��4��%������
�����������������������	�������]̂_̀à����
����	�����%��	����������
������b����	���c3�*	 5����	��%�����	����	
�����X�*	+*'	������c 
�����	����	
��%���������	�*	+*'��	��
���X�*	+*'23�	������c 
�����	����	
��%���
�	�����	��
���X�V*WV'*	������c3�*	 5����	��	����	
��%���TP%��UV*WV'*��	��
����

('-T d9eEfELG@>g9hijCJ>?GklI>@ELMDmG?KLIgIMnopqropsot:oupv:ouw



��������	
��	���������������������������������������������������������� !"#���$��$�������%�������$��&����������������������&%&��������������������������������������������������'()����������"*"+���$�����������������������������'()&��������������$&������������������������ ���$ ���$��&�������"(����������������������������������$�����������������������$��&��������������������$����,"-".�&�������$&������$���������&��&����������#�-#*���#�-#*/0�������������������������������������������$����%��������������������������������1����������������"2"(�����������1���&���������������1����������$����������������$&��������&&��������"(������������3445#������������#�-#*/0������������������������$&�����������$%$�����������6#76*#����������0�#��8��������")�����$���$���������������������#�-#*/0���������������������������$&����������������&��3445#����������������������������".����������$�������������������&�����&��$���������%9�����������&�����������'()�����������������������������":�;��<�=>?=@=�A	(�������������������B)������#�$��%'�����$CD��1���$��%����������&�����$���&��%��$&�����1��������E1�����)������F�%�����'��$�����)�����DGGHE������(��0��#�&����H$�ID'��1������0�����J��������E����������������������������B)������#�����

��#�$&���������(��������CD)#*(�������H$�IE�����&�����������(������K��1�������(��������������L8G�����0M*!!"(���������������&���������&&��������������������BG���������$���������������������C�����1�������������$ ���L���&���8�����G��������&��N���!"*"424!"4O%443O��L�����".������&���������&&���������LGFL����������������&��N���BP�Q��C"(������������������������R�")"H�1����1�S���$#L8(��$&�%��������������R�&�"%.��"8"I"H���������$(KT����������������&����UFR���8L+������"V=W=X=��=	Y!Z."I�����1��."[�����+"8�������+")�����1�6���*\3D*44OE!]*"Y*Z+")�����1�."I�����1��F"T��������["'����(�����".��"2\D*4!*E*\!"Y-Z+"8�����+")�����1�."I�����1��["'��"R )&&�"'��"-OD*44\E-!\]"Y2Z8"+��������"�"[�$��+"I������6���*4-D*44OE!!22"Y]Z+"F���)"'������̂�F"'�����G"G������(�����".��"-OD*44\E*O"Y\Z0"L&��������["�������["+"H����$����)"T"����������'"I"8����$��8���"#���"(������"*4*D*44ME!24]"Y3ZR"L"6�����("["L����["_"'������)"'"[�����["(���$"8&���(������"!]D*44\E244"YMZ["6������["'"����$����I"G�����["(���$"8&���(������"!]D*44\E33O"YOZ�"H"+������8������#���������'���������������6����6�������'��������Q�$�����#�$�������*44\"Y!4Z["G"G�����)"0�1�����0"_�&���)"H����1����6���*\3D*44OE*!-"Y!!ZF"Q"R����["+"̀����&�#"8����$������#�$&�"8��"(������"]MD!OOME*OO"Y!*Z#"_������L"�������8���"#���"(������"*4\D*4!!E!4\*"Y!-Z["0��$�����["0J����'"T�������.��"["F������"+��"I���+����"*3D*44OE23*"Y!2Z "̀'"_��������8���"#���"(������"!24D*44!E!O]"Y!]Za"R�����("Q��("#"Q���8���"#���"(������"!!4D!OOMEM!"Y!\Za"R�����("#"Q���G"["Q��6���*]!D*44!E!-3*"Y!3Za"I�����b"I���'"6����8���"#���"(������"*4*D*44ME*OO-"Y!MZ8"+��������"[�$��+"I������#����"8��"]!D*44OE!!3*"Y!OZ8"+�������+"I�������"[�$��)���+����"]!D*44-E2*\3"Y*4Z)"a�����."I�����1��I"6�����$����'"_����L"�������.��"["I���(����"8���"L��"\D*4!*E����& 77�,"���"���7!4"!!3O7!32O]!2M!!a"4444444442"Y*!ZI"6�����$����L"�������+"_������c����I"R���������(�����"Q���"-2D*44OE!]]"

d
?�ef�6��������������������������$��$&������� �E#�-#*�����������������g�E#�-#*/0������������������"

2*33hijklkmnopqirstuvpwnxyzpokm{|}nw~mzqz{�������������������



����������	

���������
������
���������	��
����������� !�"���"�����
�����#��$%��&�'��%�������(��%�	���)�������*
	+������,	
-�	��
��.��//! �!"���.�)�,%��	����	�)��	��%0�1�2%���3�������)������	��
��
�-�4�+�����./��/�� 56���5�)�,%��	����	�����
�����3�������(��%�	���&�'��%���������	
�!"��//� �/5� ��!�)�,%��	����	�7�,	8�-�)��	��%0���+���89����	��
�.!��/�� !!���������	�:�399����;��'��������//6 /.��/����6�(�,�
��	�(����	�����<�����	0	���<	8	:%+����	��
�&+��7�:�"����//5 �5.�����)�,%��	����	���3�������)������	��
��
�-�4�+������6��//� "!���"/�,����0��8	���7��	-��+����#	
:	�,�2	����:�
�4
�=���'����"���/�/ .���.��6 >?@ABACDEFG?HIJKLFMDNOPFEACQRSDMTCPGPQUVWXYVWZV[\V]Ŵ\V]_
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