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Introduction 
 

In a very general sense, the damage is a dissipative (irreversible) process, that is 

known to occur by a variety of mechanisms, depending on the properties of the material 

and the external conditions. Due to the complexities of the physical process resulting 

material damage, fatigue, creep, wear or corrosion may act together synergistically in most 

practical cases. For example, high-temperature components (such as various pressure 

vessels) are correspondingly subjected to combined creep, fatigue and corrosion. The 

surface itself is a momentous part of the mechanisms. The material damage is usually 

initiated on the surface. The surfaces of the structures are exposed to several mechanical 

and chemical effects. The lifetime of the structures can be predicted by the resistivity of 

the surface. The most aggressive damage initiation effects are wear [1-9] and corrosion 

[10-13]. In industrial practice, we can find several methods and processes to increase the 

surface resistance against these effects. While researching resistivity increasing processes, 

it has found the surface properties of the materials to be key elements. The surface of the 

materials is mostly characterised by the chemical composition, structure, surface 

roughness, and mechanical properties. During several years of research, I have studied how 

can the damage mechanism propagation depends on the surface characteristic and how can 

the surface resistivity of the surface against these mechanisms be increased. The foundation 

of this habilitation thesis book is a collection of the most important self-published articles 

[KT1 – KT10] of the research. 

I. Research antecedent 

The surface resistivity research focuses on the wear and corrosion phenomena. Both 

wear and corrosion processes can be characterized by weight loss as a function of time. 

The correlation between the wear resistance and the hardness is well known [1-9, O1-O15]. 

Several types of wear (abrasive, adhesive, fretting, etc.) and corrosion (selective corrosion, 

pitting corrosion, chemical corrosion, galvanic corrosion, etc.) [10-13, O16-O24] are well 

defined. There are several known experimental methods to analyse the mechanism of the 

wear and the corrosion. The wear and the corrosion processes are complex phenomena. In 

the case of the abrasive wear, the samples move on each other’s surface and by this dry 

sliding, they cut small particles from the surface. 
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To facilitate the process of increasing wear resistance, the surface hardness needs 

to be increased as well. The hardness of the materials depends on the chemical composition 

and the microstructure. There are several processes for surface hardening, like explosive 

hardening [14-28, O25-O36], surface coatings (PVD), and outer surface treatments [29-47, 

O37-O43]. Several research results introduce the correlation between surface hardness and 

wear resistance. I concluded - and published in my research results -, that the steels with 

the same hardness can show different wear resistance as a function of the microstructure 

[O9, O12]. Apparently, the hardness and the microstructure collectively describe well the 

wear resistance of the materials well [KT2, KT4]. Concerning corrosion, some correlation 

can also be found between the surface properties and the corrosion resistance. The 

corrosion resistivity depends on the surface chemical composition and microstructure 

[KT5, KT6]. Understanding the microstructure and its influence on wear and corrosion 

resistance is of great importance for designers and engineers in selecting wear-resistant 

materials [2]. Sometimes it occurs that under conditions of wear, the original structure with 

higher hardness does not exhibit a better wear resistance [3]. Experimental results 

demonstrate the influence of the local microstructure on the mechanism of the wear and 

corrosion processes and the dependency of wear and corrosion resistance as a function of 

the microstructure. 

I.1. Comparative wear resistance testing method 

In most cases, the wear process takes place under such circumstances when various 

parameters - depending on the local coordinates - have a significant effect on the kinetics 

of the wear [4]. Among the position-dependent parameters, the microstructure and the 

surface roughness of the specimen are especially important. Both are determined by the 

preliminary manufacturing procedures (heat treatment, plastic deformation, processing 

technology). In both industrial and research practice, one can find several tribotesters to 

investigate the wear resistance of the materials. For testing comparative wear resistance, 

using, a simple ball cratering tribometer grants results in a short time. The reason for the 

selection of this method was the availability and the optimal experimental time. The 

experimental setup is based on a ball/plane impact. It used a rolling bearing which is fixed 

at an angle to support the ball, so it would make it possible for the ball to do a special 
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circulating movement. The importance of this movement is that in this build-up it doesn’t 

have to take the wear of the ball into our consideration. 

For the comparative wear resistance investigation is suitable the ball cratering 

tribotester (the ball cratering tribometer is shown in Figure 1) is suitable. The experimental 

parameters in the case of the ball cratering setup are the following: load is constant (N = 

0,86 N), and the test time is 5 min. The wear cratering tool is an Al2O3 ceramic ball with a 

radius of R = 10 mm, whereas the rotation speed of the ball was n = 570 rot/min. 

 

Figure 1. Ball cratering tribotester [O5-O9, KT2, KT10] 

The wear coefficient can be determined using the dimensions of the resulting crater 

and the test parameters according to Equation (4). The h (mm) is the depth of the wear 

crater determined by Equation (1), where R (mm) is the ball radius, and r (mm) is the radius 

of the wear crater: 

ℎ = 𝑅 − √𝑅2 − 𝑟2     (1) 

The wear volume V (mm3) is determined by the Equation (2):    

𝑉 =
𝜋·ℎ

6
∙ (

3

4
∙ (2𝑟)2 + ℎ

2)    (2) 

The test length (m) is determined by Equation (3), where n (rot/min) is the speed of the 

ball, t (min) is the test time and R (mm) is the diameter of the ball: 

𝑆 = 𝑛 ∙ 2 ∙ 𝑅 ∙ 𝜋 ∙ 𝑡      (3) 

The wear coefficient K (mm3/Nm) is determined by Equation (4), where S (m) is the test 

length, N (N) is the normal load and V (mm3) is the lost wear volume: 

𝐾 =
𝑉

𝑆·𝑁
      (4)  
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I.2. Comparative corrosion resistance testing method for austenitic steel 

It can find several methods to determine the corrosion kinetic. To compare the 

corrosion kinetic of the test samples can use a simple method. A standardised method is 

the Huey Test (ASTM A262) [13], for detecting the intergranular attack in the austenitic 

stainless steel when the corrosive material is a concentrated FeIIICl at 95°C, for 48 hours. 

The testing of the austenitic stainless steel intergranular corrosion tendency needs to do 

heat treatment of the test samples before the corrosion tests. The most commonly used 

sensitising treatment is 1 h at 675°C. It knows that the most important corrosion forms in 

the case of austenitic steels are the intergranular and the stress corrosion. The well-known 

susceptibility of austenitic stainless steels to intergranular corrosion after heat ‐ treatment 

in the temperature range of  500°–800°C (sensitization) has long been attributed to the 

depletion of Cr from regions of the alloy matrix adjacent to grain boundaries in which 

Cr23C6 had precipitated. Those regions of the steel in which the local Cr composition falls 

below about 12% have a diminished ability to form a passive film and hence corrode 

preferentially [11]. The fabrication and welding technology affected microstructure can 

show high corrosion sensitivity [12]. The Cr23C6 precipitation showed in Figure 2. The 

plastic deformation modifies the grain size, and the welding technology causes heat input 

that can affect other transformation and precipitation phenomena. 

 

Figure 2. Schematic representation of the carbide precipitation at grain boundaries in 

austenitic stainless steel [11] 

The kinetic determination of the corrosion is a goal of several kinds of research [12, O21-

O23, KT5, KT6]. 
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I.3. Explosive hardening 

Shock hardening or explosive hardening is a beneficial and common technology 

[14, 17, 18, 21, 23, O28, KT4]. Explosive hardening of railway frogs from Hadfield steel 

(Mn steel) is a common technology in the world, which allows for increases in the surface 

and subsurface hardness of frogs (Figure 4) [23, 25, O28]. This hardening technology is 

also able to increase the hardness and the wear resistance of the austenitic stainless steel 

too [27, O34, KT2, KT5]. The austenitic stainless steel has great ductility, low hardness 

and very good corrosion resistance. It is impossible to increase the hardness by the way of 

simple heat treating. 

 

Figure 3. Hardness increasing [25, 27, KT2] 

Cold working and ageing heat treatment involve hardness increasing in the case of 

this steel. That static strain ageing is a well-known phenomenon frequently observed in the 

body-centred cubic crystal structure (bcc) metals and alloys (Figure 3 shows the explosive 

hardening effect) [24, 25, 27]. 

It is known the explosion shock occurs a hardness rising but the parameters of this 

phenomenon have not been fully understood and studied yet. The effect of strain rate on 

the ϒ-α’ transformation in stainless steel has been of interest to researchers for some years. 

The early work simply noted if the pulse duration (Δt) increases, also increase the amount 

of martensite and the hardness of the steel also increases [25]. 

The conventional work hardening mechanism of Hadfield steel involves mainly 

dislocation, twinning as well as dynamic strain ageing [22]. Though explosively hardened 
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Hadfield steel crossings have been widely used in railways around the world, the 

deformation mechanism of this steel during explosive impact is not well understood [23]. 

This austenitic steel contains approximately 1,2% carbon and 12% manganese in a 1 to 

10 ratio. It was unique in that it exhibited high toughness, high ductility, high work 

hardening ability and excellent wear resistance. Because of these properties, Hadfield’s 

austenitic manganese steel (AMS) gained rapid acceptance as a useful Engineering material 

[24]. Figure 4 shows the typical application of the casted manganese steel in the railway 

crossing nose. 

 

Figure 4. Typical casted manganese crossing [25] 

It’s known that this steel microstructure and hardness change during forging. The 

casted samples have an austenitic microstructure, that after cold working, transforms to 

martensite. The explosion effect also involves a microstructure and hardness changing, 

with almost the same result as after forging. 

 

Figure 5. Optical macrographs of the direct hardened Hadfield steel (etching them 

using a solution containing 4% HNO3 and 96% C2H5OH) 
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Figure 5 shows the microstructure of the surface layer after direct hardening by two 

different explosive materials. The microstructures in the case of both samples are 

martensitic [KT4]. 

It has been commonly accepted that AMS subjected to rapid work hardening is stable 

during plastic strain (Figure 6). However, nowadays evidence to suggests that under rapid 

work hardening and plastic deformation, AMS undergoes strain-induced stress 

transformation from  austenite to α ferrite or  martensite. It demonstrated that the 

transformation from  austenite to  martensite is dependent on the strain rate [24]. 

 

Figure 6. Sketches of Hadfield steel crossing and its section 

as well as direct explosive hardening places on the surface [28]. 

Explosive-hardening of metals has long been used industrially and AMS (12-14% Mn 

contain) have long been singled out for particular use [20]. Hadfield steel has been widely 

used to manufacture railway crossings because of its excellent work hardening, high 

strength and toughness properties [21].  

 

 

Figure 7. Setup of the direct explosion hardening [22] 
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The setup of the Hadfield frog hardening can see in Figure 6. The experimental setup of 

the direct explosive surface hardening is illustrated in Figure 7. The direct explosive surface 

hardening means that the explosive material is located on the steel surface (show Figure 6 

and Figure 7) 

The pressure of the nascent gases is calculated by the Equation (5) [29]: 

𝑃 =
1

4
𝑣𝑑

2
𝜌0     (5) 

Where: 

- vd:  detonation velocity of explosive [m/s]; 

- ρ0:  density of explosive [kg/m3];  

- ρ:   density of the nascent gases [kg/dm3]; 

The explosion impact force on the surface (6) [29]: 

= pdtJ      (6) 

Where: 

- J:  impulse on the surface unit [N/m2]; 

- P:  nascent gases pressure from the Equation (5) [Pa].  

The P pressure quantity depends on the parameters of the explosive material and the effect 

time depends on the amount (thickness) of the explosive material. The velocity of the 

collision (vc) must be lower than the speed of the sound (vs) (7), which means it needs to 

use a low-speed explosive for this technology. The interfacial pressure at the collision front 

also must exceed the material's yield strength to occur a plastic deformation. This is the 

surface hardening under extreme pressure [21, 29].  

1
s

c

v

v
      (7) 

The thickness of the explosive powder can be optimized based on the practice. It is 

known that it needs a minimal amount of explosive, about 0,017 (g/mm2) Permont 10T 

[29]. The hardness increases depending on the pressure of the nascent gases (see Figure 8). 
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Figure 8. The hardness as a function of the pressure of nascent gases [27] 

The explosion kinetic, therefore the nascent pressure (P) is displayed as a function of time 

in Figure 9. It can be seen that the nascent pressure increases in the first and second periods 

and in the third period the pressure is constant. 

 

 

Figure 9. The kinetics of the detonation  

(I.: burning period, II.: explosion period, III.: detonation period) [28] 

I.4. Surface coating 

Improving the wear resistance of the steel is a pressing requirement from the 

industrial side. For tool steels, the better wear resistance means a longer lifetime, which 

directly influences the production rate and ultimately, the price of the manufactured 

products. Thus, high productivity requires tool steels with a long lifetime and high 

performance. The required properties of tool steels are high strength at elevated 

temperatures, high impact strength, hot wear resistance, good toughness, and good 

hardenability. Despite high strength tool steels having good hot working capabilities, at 

elevated temperatures during the manufacturing process they suffer from surface oxidation, 

decarbonization, chemical interactions between oxides, tribological contacts as well as 
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thermal and mechanical loads [30-35]. High strength tool steels are widely used in hot-

working processes (above 200°C). To ensure consistent production quality at high volume 

productions, the surface roughness and wear properties of such tools need to be superior. 

For surface modification commonly used to improve the wear resistance of tool steels, 

several processes are suitable [36-40, KT7-KT10]. Common industrial processes to 

improve the wear resistance and the mechanical properties of the surface of tool steels are 

nitriding, surface hardening, laser surface treatment and surface coating [31, 41]. Different 

research groups have shown the improvement possibilities of lifetime and performance of 

hot work tools by applying surface treatment processes, such as plasma nitriding, PVD 

coating or a combination of treatments [42-45]. During plasma nitriding, a nitride layer is 

formed on the surface of the used metal, which significantly improves the hardness of the 

surface [46]. PVD is used to develop layers of CrN, TiN, CrAlN or TiAlN depending on 

the chemical composition of the steel to improve surface hardness [47]. The improvement 

of PVD technology allows the development of multi-layer systems and the surface 

modification after nitriding [48]. Coated and heat-treated surface characterization was 

published by a different research group [49–52]. The improvement of wear resistance can 

be attributed to the combined effects of surface roughness, surface hardness and stiffness. 

Based on fracture mechanics and crack propagation theories the damaging process usually 

starts with the failure of the surface [53]. Researchers found that with a refinement of the 

surface roughness the fatigue limit of the surface layer declines. The literature discusses 

multiple methods to modify the surface characteristic of different materials, however, all 

the methods and characterization methodology are specially optimised to produce 

applicable results [54–56]. Further studies investigate the improvement possibilities of 

wear resistance of tool steel. These studies indicate that surface roughness by itself does 

not provide a definite indication of wear resistance. Furthermore, to obtain the desired wear 

properties, several layers are required with different stiffness and elasticity [57–59]. TiN 

monolayer deposited by PVD has inferior mechanical and wear properties compared to 

TiN/Ti or TiN/TiCN multilayers [60, 61]. The monolayers are more brittle than the 

multilayer systems and the damaging process starts sooner [62]. Thus, the development of 

a multilayer system by PVD to improve wear resistance is more advantageous. Tribological 

property investigation of TiAlN, CrAlN, Al2O3, SiC and B4C PVD coatings has shown that 

the performance of the treated tools depends on several parameters such as substrate 
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chemical composition and microstructure, substrate mechanical properties, deposition 

method and chemical composition of the deposited layer [62–68]. The friction and wear 

properties can be improved by the deposition of TiN, TiAlN, AlTiN and CrAlN layers by 

PVD [28, O37-O43]. Another way to increase the performance of tool steel is nanolayer 

technology and duplex coating treatments [66]. The duplex PVD process is also a suitable 

technology to create high-strength surface layers [67, 68].  

 

Figure 10. SEM Cross-section of the TiN coating 

 

Figure 10 shows a TiN coating cross-section with the columnar structure. Different 

layers of the surface as a function of the coating thickness and chemical composition (nano 

multilayer PVD coating) increase the wear resistance and lifetime of the tools [67]. Based 

on the literature review and the material science studies, it can be concluded that increasing 

the lifetime of tool steels must be a complex treatment and the substrate’s mechanical and 

chemical properties are extremely important [68]. 

 

 

 

 

  



 

15 

 

II. New scientific results 

Thesis 1.  

I developed a new explosive hardening process specification, namely the indirect 

explosive surface hardening process, and demonstrated that this process results in a 

bigger hardness of the surface than the conventional direct process in the case of the 

tested steels (X120Mn12, X5CrNi1810) when the setup hole is between 1,5-10 mm 

[KT1, KT2, KT3, KT4]. 

Direct hardening is a common surface hardening of the Hadfield steel, usually, a rapid 

process usually used to increase the surface hardness of the casted Hadfield steel railway 

crossing. It is known the explosion shock affects a hardness-rising phenomenon, but the 

parameters of this process have not been well understood yet. The effect of strain rate on 

the γ-α’ transformation in stainless steel has been studied for some years ago. The direct 

hardening setup is shown in Figure 11 and the indirect explosive surface hardening process 

is shown in Figure 12. 

 

 

Figure 11. Direct explosive hardening 

setup  

Figure 12. Indirect explosive hardening 

setup [KT2, KT4]. 

The setup of the direct hardening which was used is shown in Figure 11 when the 

explosive charge detonates in contact with metal, creating a detonation shock to the steel 

surface. The hardening depends on the explosive parameters detonation velocity and 

density of the explosive. The detonation is controlled and reproducible. The mechanical 

properties change through the pressure of the detonation. 

In the case of the indirect surface hardening process, a setup was used (shown in 

Figure 12) when between the explosive and the metal there was some millimeter distance. 

For this investigation, a 1 mm thick mild steel (S235JR) was used as a flayer plate (see 

Figure 12). This setup is similar to the explosion cladding technology. The used explosive 
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was also Permon 10T (powder). In the case of indirect hardening, it needs to use a thin 

layer (plastic coating see Figure 12) needs to be used on the surface of the base plate, which 

prevents the joining of the base plate and the hardener flayer plate.  

We measured the surface hardness (HV1,2) of the direct and indirect hardened test 

samples. The explosive hardening is made by a Permon 10T explosive material. The used 

materials were annealed Hadfield steel X120Mn12 (110 HV1,2) and stainless steel 

X5CrNi1810 (215HV1,25). The used explosive material and the setup parameters are 

summarized in Table 1. 

Table 1. Parameters of used explosive hardening 

Explosive PERMON 10T (powder) 

The specific volume of the gas 928 dm3/kg Hole size (indirect hardening) 1.5 mm 

Detonation rate 3200 m/s The thickness of the 

explosive 

30 mm 

Density 850 kg/m3 Weight 319 g 

 

Table 2. Surface hardnesses 

Materials Base metal 

(HV1,2) 

Direct hardening 

(HV1,2) 

Indirect hardening 

(HV1,2) 

X120Mn12 110 238,4 472,348 

X5CrNi1810 215 263 322 

 

The summarised experimental results of the direct and the indirect explosive surface 

hardening are shown in Table 2 and Figure 13. 

 

Figure 13. The results of the explosive hardening 

110
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472,348

215

263
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Base metal (HV1,2) Direct hardening (HV1,2) Indirect hardening (HV1,2)

Explosive hardening

X120Mn12 X5CrNi1810
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The research results verify the thesis because the indirect explosive surface hardening 

results in a higher hardness increase than the traditional direct explosive hardening process. 

It can suggest the indirect explosive surface hardening in the practice. 

 

  



 

18 

 

Thesis 2. 

I demonstrated that the obtained surface hardness in the case of the tested steels 

(X5CrNi1810, X120Mn12) depends on the hole size (up to 10 mm) of the indirect 

explosive surface hardening setup [KT1, KT2, KT3, KT4]. 

The setup of the direct explosive surface hardening is shown in Figure 11 while the indirect 

explosive surface hardening setup is shown in Figure 12. The obtained hardness values as 

a function of the hole size of the indirect explosive surface hardening are summarized in 

Table 3 and shown in Figure 14.  

Table 3. The earned hardness as a function of the hardening hole size of the indirect 

explosive surface hardening 

Steel X120Mn12 X5CrNi1810 

Hole size Hardness HV30 

0 215 263 

2 222 322 

3 217 330 

4 243 335 

7 not tested 340 

10 not tested 348 

 

 

Figure 14. The surface hardness is a function of the hole size 
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The surface hardness increases as a function of the setup hole sizes because the resulting 

hardness depends on the plastic deformation rate and the plastic deformation depends on 

the collision energy of the flayer plate.  

In the case of indirect hardening, the hardness of the base plate (Hadfield steel) is increased 

higher than in the case of direct hardening. The reason for this difference is that in the case 

of the indirect hardening the hardener plate interfered with the base plate surface at a very 

high velocity. 

The experimental results verify the thesis, that the indirect explosive surface hardening 

influences the hardness depending on the setup hole size. 
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Thesis 3. 

I demonstrated that the indirect explosive surface hardening technology increases the 

wear resistance of the tested steel (X5CrNi1810) as a function of the indirect explosive 

surface hardening setup hole size [KT1, KT2, KT3, KT4]. 

The comparative wear resistance of the hardened samples was tested by a ball cratering 

tribometer in case of standard parameters (load, rotation per minute, investigation time, 

etc.). The wear coefficient K (mm3/Nm) was determined by Equation (4), where S (m) was 

the test length, N (N) was the normal load and V (mm3) was the lost wear volume: 

𝐾 =
𝑉

𝑆·𝑁
      (4)  

The wear resistance R (Nm/m3) is the reciprocal value of the wear coefficient: 

𝑅 =
1

𝐾
      (8) 

The results of the wear resistance test are summarised in Table 4. 

 

Table 4. Wear resistance test results 

Hole size of the 

hardening setup  

Hardness 

HV30 

Wear coefficient K 

(mm3/Nm) 

Wear resistance R= 1/K 

(Nm/mm3) 

2 222 8,93 10-20 1,12 1019 

3 217 8,29 10-20 1,21 1019 

4 243 6,33 10-20 1,58 1019 

 

Figure 15 shows the wear resistance as a function of the hardening setup hole size and the 

hardness. The submitted research results verify the thesis, that the indirect explosive 

surface hardening technology increases the wear resistance of the tested steel as a function 

of the hole size. 
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Figure 15. Wear coefficient as a function of the hole size and the hardness 
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Thesis 4. 

I demonstrated that the stainless steel (X2CrNi18-9) corrosion resistance dependence 

on the surface roughness is bigger in the case of the heated at 800 °C than the non-

heated stainless steel corrosion resistance dependence [KT5, KT6]. 

In the experimental study, the welding heat effect was modelled by heat treating. It heated 

all samples for one hour at 800ºC and cooling was by air. After the heat treatment, the test 

samples' surfaces were ground with different quality grinding papers. The measured 

surface roughnesses find in Table 5. 

Table 5. The grinding parameters and the surface roughness 

Test sample 

Identification number 
N 1 N 2 N 5 N 6 

Grinding paper P120 P180 P320 P400 

Surface roughness 

Ra(µm) 
2,353 1,412 0,677 0,54 

The surface roughness and heat caused changes in both microstructure and corrosion 

resistance of the tested samples. This process was modelled by laboratory experiments 

ASTM A262. Under this load, the sheets showed a weight loss that is measurable with 

analytical scales. The measured weight loss volumes (g) are shown in Table 6.  

Table 6. Corrosion test results 

Test sample Identification number 

Weight loss (g) 

Without heat treating Heat-treated 

N 1 0,4217 g 0,9608 g 

N 2 0,4005 g 1,2904 g 

N 5 0,4468 g 1,0636 g 

N 6 0,561 g 1,7667 g 

Tested samples were examined by microscopy and the results are shown in Figures 16-19. 

On the surface it observed pitting corrosion phenomena through visual testing, it used 
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stereo microscopy. It was observed that in the case of the tested samples the unsuitable 

surface roughness caused reduced corrosion resistance. In the case of the heat-treated 

samples, the heat treatment decreased corrosion resistance. The corrosion was recognizable 

by visual testing (Figure 16-19) and measurable by weight loss control. 

 

Figure 16. N. 1. samples: a) without heat treatment, b) heat treated 

 

Figure 17. N. 2. samples: a) without heat treatment, b) heat treated 

 

Figure 18. N. 5. samples: a) without heat treatment, b) heat treated 
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Figure 19. N. 6. samples: a) without heat treatment, b) heat treated 

It was detected a relationship between the surface roughness and the weight loss. Figure 20 

shows the relationship between the surface roughness and the weight loss in the case of the 

heat-treated samples and other samples without heat-treatment. 

 

Figure 20. The weight loss of the tested samples 

 

Based on the experimental results, it can conclude that the corrosion resistance decrease is 

more significant in the case of the heat-treated samples.  
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Thesis 5. 

I demonstrated, that the wear resistance (1/K) of the CA-PVD (Cr/CrN, TiN/TiAlN) 

coating is bigger in the case of the plasma nitriding underlayer application [KT7, 

KT8, KT9, KT10]. 

Table 6 shows the chemical composition of 1.2344 (X40CrMoV5-1) tool steel. The 

hardness of the steel sample was 229 HB. The tested disk-shaped samples had a Ø 15 mm 

× 3 mm dimension. 

Table 6. Chemical composition of the tool steel 

Element C Si Mn Cr Mo V 

Concentration % 0.40 0.25 0.45 5.25 2.31 0.65 

All samples were quenched and tempered. The austenitization was carried out at 1030 °C 

for 10 min, whereas N2 gas was used as cooling media at 9 bar pressure. The quenching 

was followed by tempering at 550 °C, 580 °C and 540 °C, respectively, for 2 hours at 

each temperature in N2 at 1,5 bar. 

Test samples N2, N5, and N6 were subsequently subjected to plasma nitriding. The samples 

were placed into the plasma nitriding furnace right after heat treatment, where a cleaning 

cycle was performed. 

Test samples N3, N4, N5, and N6 were treated in a Cathodic Arc Physical Vapour 

Deposition (CA-PVD) vacuum chamber having multiple cathodes. The temperature of the 

substrates was held at approximately 400 °C inside a vacuum chamber. CA-PVD was 

employed to prepare TiN/AlTiN and Cr/CrN multilayers. The nitriding and the CA-PVD 

coating are made by Surface Modification Technologies Pvt. Ltd. Vasai, India.  

Wear resistance tests were carried out on a ball-cratering tribotester, shown in Figure 1. 

The used load was Nc = 0.86 N and the test time was 5 min. The wear cratering tool was 

an Al2O3 ceramic ball with a radius of R = 10 mm, whereas the rotation speed of the ball 

was n = 570 rot/min. The wear coefficient K (mm3/Nm) was determined by Equation (4), 

where S (m) was the test length, N (N) was the normal load and V (mm3) was the lost wear 

volume: 

𝐾 =
𝑉

𝑆⋅𝑁
      (4) 
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The results of the microhardness, the surface roughness and the wear coefficient are 

collected in Table 7. Microhardness does not show a significant difference between plasma 

nitrided and non-plasma nitrided coatings. The wear coefficient in the case of the plasma 

nitrided and non-plasma nitrided coatings show a relevant difference. 

Table 7. Microhardness, surface roughness and wear coefficient of the samples 

Number 

of the test 

samples 

Test sample 

identification 

Microhardness 

(HV0.01) 

Surface 

roughness 

Ra (µm) 

Wear 

coefficient K 

(mm3/Nm) 

Wear 

resistance 

1/K 

(Nm/mm3) 

N1 Hardened 

 

606 0,01045 6,32·10-9 1,5·108 

N2 Hardened and 

Plasmanitrided 
1140 0,05745 1.95·10-9 5,12·108 

N3 Hardened and 

PVD coated 

TiN/TiAlN 

2938 0,23335 8,46·10–10 1,18·109 

N4 Hardened and 

PVD coated 

Cr/CrN 

2775 0,1768 4,23·10–11 2,36·1010 

N5 Hardened, 

plasma nitrided 

and PVD coated 

TiN/TiAlN 

2679 0,1895 7,57·10-10 1,32·109 

N6 Hardened, 

plasma nitrided 

and PVD coated 

Cr/CrN 

2756 0,1700 3,68·10-12 2,71·1011 

 

Figure 22 shows that the wear resistance 1/K in the case of the plasma nitrided under 

layered CA-PVD coatings (N5, N6) is bigger than in the case of the non-plasma nitrided 

under layered CA-PVD coatings (N3, N4). The reason for the difference can be interpreted 

by the underlayer's mechanical properties. Test sample N1 has the smallest wear resistance, 
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it is the hardened base steel. The Cr/CrN PVD coated test samples (N5, N6) have high wear 

resistance, even the N6 sample with a nitrided underlayer is the best one with the wear 

resistance value. The TiN/TiAlN PVD samples (N3, N5) show the same tendency because 

the N5 sample with a nitrided underlayer has a higher wear resistance than the N3 sample 

without a nitrided underlayer. 

 

Figure 21. The wear coefficient as a function of the hardness 

 

Figure 22. The wear resistance (1/K) as a function of the microhardness 

Based on the experimental results, it can conclude that the nitrided underlayer increases the 

wear resistance of the TiN/TiAlN and the Cr/CrN PVD coatings.   
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II. The effects and echos of the research results 
 

Numerous research focuses the welding. The explosion welding process is not a new but 

not well-known process. The published research results in the explosion welding and 

hardening affected a high number of references and motivating new research. In the Óbuda 

University Bánki Donát Faculty of Mechanical and Safety Engineering several TDK, BSc 

and MSc researches work realized (István Sikari Nágl BSc 2013, Bálint Völgyi BSc 2013, 

Tamás Rigó TDK 2013, etc.). The corrosion resistance research results have also great 

interest, several references and Ádám Szigeti have got a First price of the „most innovative 

BSc thesis work” racing (2017). The research of the surface coating processes and the 

process results testing affected also several references, MSc diploma work of Haidarh 

Shbanah (2022) and the international partnership from 2017 with Umesh Mhatre (Surface 

Modification Technologies Pvt. Ltd. India). 

The references of the publications are the next: 

[KT1] Kovács-Coskun Tünde;Völgyi Bálint; Sikari-Nágl István: Investigation of 

aluminium-steel joint formed by explosion welding, JOURNAL OF PHYSICS-

CONFERENCE SERIES (1742-6588 1742-6596): 602 pp 1-4 (2015) 
1. Costanza G. et al. Metallurgical characterization of an explosion welded aluminium/steel 

joint. (2016) METALLURGIA ITALIANA 0026-0843 11 17-22  

2. Nagyné Halász Erzsébet et al. Parametrikus bizonytalanságelemzési módszerek 

anyagvizsgálati szemléltetése: Demonstration of Parametric Uncertainty Investigation 

Methods by a Materials Testing Example. (2017) Megjelent: A XXII. Fiatal Műszakiak 

Tudományos Ülésszaka előadásai pp. 311-314  

3. ALVES Ricardo José. Soldadura por explosão de aço carbono a aluminio. (2017)  

4. Venkateswarlu D et al. Analysing the Friction Stir Welded Joints of AA2219 Al-Cu Alloy 

in Different Heat-Treated-State. (2018) IOP CONFERENCE SERIES: MATERIALS 

SCIENCE AND ENGINEERING 1757-8981 1757-899X 330 p. 012074  

5. László A Gömze et al. Changing the rheo-mechanical models of light metal Ti and Ti-alloy 

powders under uniaxial compaction. (2018) JOURNAL OF PHYSICS-CONFERENCE 

SERIES 1742-6588 1742-6596 1045  

6. Costanza Girolamo et al. Explosion Welding: Process Evolution and Parameters 

Optimization. (2018) MATERIALS SCIENCE FORUM 0255-5476 1662-9752 941 1558-

1564  

7. Shiva Apireddi et al. Microstructure Characterization of Al-TiC Surface Composite 

Fabricated by Friction Stir Processing. (2018) IOP CONFERENCE SERIES: 

MATERIALS SCIENCE AND ENGINEERING 1757-8981 1757-899X 330 p. 012060  

8. Haraszti Ferenc. Thermographic Inspection in the Electric Industry. (2018) ACTA 

MATERIALIA TRANSYLVANICA (EN) 2601-8799 1 2 77-80  

9. VALIZADEH Alireza. A study of the bonding of aluminium alloys to mild steel prepared 

by an overcasting process. (2020)  
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10. Zhang Qi et al. Microstructure and Properties of an Al 6061/Galvanized Plate Fabricated 

by CMT Welding. (2020) JOURNAL OF WUHAN UNIVERSITY OF TECHNOLOGY-

MATERIALS SCIENCE EDITION 1000-2413 1993-0437 35 5 937-945  

11. Selvaraj Senthil Kumaran et al. Performance Comparison of Advanced Ceramic Cladding 

Approaches via Solid-State and Traditional Welding Processes: A Review. (2020) 

MATERIALS 1996-1944 13 24 p. 5805  

12. Wallerstein Daniel et al. Advanced characterization of intermetallic compounds in 

dissimilar aluminum-steel joints obtained by laser welding-brazing with Al Si filler 

metals. (2021) MATERIALS CHARACTERIZATION 1044-5803 179 p. 111345  

13. Wallerstein Daniel et al. Recent Developments in Laser Welding of Aluminum Alloys to 

Steel. (2021) METALS 2075-4701 11 4 p. 622  

14. Sahu Suryakanta et al. Welding of Dissimilar Metals—Challenges and a Way Forward 

with Friction Stir Welding. (2021) Megjelent: Welding Technology pp. 167-192 

[KT2] Kovács-Coskun, Tünde: Explosive Surface Hardening of Austenitic Stainless 

Steel, IOP CONFERENCE SERIES: MATERIALS SCIENCE AND ENGINEERING 

123 pp. 1-5. , 5 p. (2016) 
1. László A Gömze et al. Changing the rheo-mechanical models of light metal Ti and Ti-

alloy powders under uniaxial compaction. (2018) JOURNAL OF PHYSICS-

CONFERENCE SERIES 1742-6588 1742-6596 1045  

2. Bolobov V I et al. About the use of 110G13L steel as a material for the excavator bucket 

teeth. (2019) IOP CONFERENCE SERIES: EARTH AND ENVIRONMENTAL 

SCIENCE 1755-1307 1755-1315 378 p. 012005 

[KT3] Gáti, József ; Kovács, Tünde: Metal hardness changing in case of explosive welding, 

In: Szakál, Anikó (szerk.) Proceedings of the 11th IEEE International Symposium on 

Applied Computational Intelligence and Informatics SACI 2016, Budapest, Magyarország 

: IEEE (2016) 412 p. pp. 157-160. , 4 p. 
1. Mariš Ladislav et al. Resilience of Historical Public Buildings against Blast in a Context 

of Monument Preservation. (2017) KEY ENGINEERING MATERIALS 1013-9826 

1662-9795 755 248-260  

2. Zvakova Zuzana et al. Evaluation Process of the Burglary Resistance When Explosives 

Are Used to Create an Opening in the Barriers. (2021) SYMMETRY 2073-8994 13 9 p. 

1740  

3. Zvaková Zuzana et al. Explosives and burglary resistance of barriers. Determination of 

burglary resistance factors. (2021) MATEC WEB OF CONFERENCES 2261-236X 352 

p. 00016  

[KT4] Kovács, T., Völgyi, B., & Sikari-Nágl, I. (2014). Hadfield Steel Hardening by 

Explosion. Materials Science Forum, 792, 93–97. 

doi:10.4028/www.scientific.net/msf.792.93  
1. ZAMBRANO, O. A.; TRESSIA, G.; SOUZA, R. M. Failure analysis of a crossing rail 

made of Hadfield steel after severe plastic deformation induced by wheel-rail interaction. 

Engineering Failure Analysis, 2020, 115: 104621. 

2. KOSTUREK, R., et al. The influence of the post-weld heat treatment on the 

microstructure of mangalloy–carbon steel clad-plate obtained by explosive welding. 

Kovove Mater, 2020, 58: 33-39. 

3. GUSKOV, A. V., et al. Effect of Explosion on the Mechanical Properties of 110G13L 

Steel. Combustion, Explosion, and Shock Waves, 2019, 55.6: 744-749. 

4. ГУСЬКОВ, Анатолий Васильевич, et al. ИССЛЕДОВАНИЕ ВЛИЯНИЯ ВЗРЫВА 

НА МЕХАНИЧЕСКИЕ СВОЙСТВА СТАЛИ 110Г13Л. Физика горения и взрыва, 

2019, 55.6: 120-126.  
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[KT5] Haraszti F., Kovács T.: Plastic deformation effect of the corrosion resistance in 

case of austenitic stainless steel, IOP Conference Series: Materials Science and 

Engineering, Volume 175, (2017) 
1. KALÁCSKA, Eszter; MÁJLINGER, Kornél; VARBAI, Balázs. Gas tungsten arc 

welding of different high strength austenitic stainless steel grades. 2017. 

2. FÁBIÁN, Enikő Réka. Laser Welding Parameters Effect on the Weld Metals Properties 

at Duplex Stainless Steels. Adv Tech Mat, 2018, 43.2: 7-13. 

3. VARBAI, Balázs, et al. Ausztenites és duplex korrózióálló acélok vegyes kötéseinek 

korróziós tulajdonságai. Bányászati és Kohászati Lapok-Kohászat, 2018, 151.1: 36-40. 

4. ŁAWRYNOWICZ, Zdzisław. Effect of the degree of cold work and sensitization time on 

intergranular corrosion behavior in austenitic stainless steel. Advances in Materials 

Science, 2019, 19.1: 32-43. 

5. KASZA, ZOLTÁN. Lightning protection risk analysis for structures. 

6. AGBOKWOR, Silas Ezedinma, et al. Corrosivity Study of Sensitized Welded and 

Unwelded Austenitic Stainless Steel AISI 304 in Oxidizing and Non-Oxidizing 

Environment. European Journal of Engineering and Technology Research, 2019, 4.10: 

179-184. 

[KT6] László, TÓTH ; Ferenc, HARASZTI ; Tünde, KOVÁCS: Surface Roughness 

Effect in the Case of Welded Stainless Steel Corrosion Resistance, ACTA 

MATERIALIA TRANSYLVANICA (EN) 1 : 1 pp. 53-56. , 4 p. (2018) 
1. Stescu C et al. Machining of thermal sprayed coatings – a case study for self-fluxing 

powder. (2019) IOP CONFERENCE SERIES: MATERIALS SCIENCE AND 

ENGINEERING 1757-8981 1757-899X 572 012051-012058  

2. Ţîţu M A et al. Optimization of the objective function –surface quality by end-milling 

dimensional machining of some aluminium alloys. (2019) IOP CONFERENCE SERIES: 

MATERIALS SCIENCE AND ENGINEERING 1757-8981 1757-899X 572 p. 012042  

3. Zoltan Kasza. Analyzing the Corrosion Potential of a Lightning Protection Systems. 

(2020) TRANSACTIONS ON ADVANCED RESEARCH 1820-4511 16 2 15-19  

4. Kónya J et al. Experimental Study of Thermochemical Treated Biomedical 3D Printed 

Titanium Alloy Implant. (2020) IOP CONFERENCE SERIES: MATERIALS SCIENCE 

AND ENGINEERING 1757-8981 1757-899X 877 p. 012016  

5. Kasza Zoltán. POSSIBLE CORROSION PROBLEMS IN LIGHTNING PROTECTION 

SYSTEMS. (2020) EUROPEAN JOURNAL OF MATERIALS SCIENCE AND 

ENGINEERING 2537-4338 2537-4346 5 2 100-106  

6. Jovičević-Klug Matic et al. Cross-effect of surface finishing and deep cryogenic 

treatment on corrosion resistance of AISI M35 steel. (2021) JOURNAL OF 

MATERIALS RESEARCH AND TECHNOLOGY 2238-7854 2214-0697 14 2365-2381  

7. Kasza Zoltán. Lightning protection risk analysis for structures. (2021) 

[KT7] Kovács, Tünde: Nano-mechanical and surface morphological properties of TiN 

coating produced by PVD in tool steel MATERIALS SCIENCE FORUM 659 pp. 191-

196. , 6 p. (2010) 
1. Nagyné Halász. Felületkezelt próbatestek elektronmikroszkópos vizsgálatai. (2011) 

Megjelent: XVI. FMTÜ Nemzetközi Tudományos Konferencia pp. 221-224  

2. Hagarová M. Effect of elevated temperature on tribological properties of PVD layers. 

(2016) MATERIALS SCIENCE-MEDZIAGOTYRA 1392-1320 2029-7289 22 1 142-

147  

3. Tóth László et al. Szerszámacélok felületi kopásállóságának növelése felületkezeléssel. 

(2020) MŰSZAKI TUDOMÁNYOS KÖZLEMÉNYEK (HU) 2393-1280 2668-1390 13 

170-173 
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[KT8] Tünde, Kovács-Coskun ; Enikő, Bitay: The hardness control in the coated surface 

layer, MATERIALS SCIENCE FORUM 729 pp. 415-418. , 4 p. (2013) 
1. Zoltán Nyikes. COMPENSATION OF DIGITAL COMPETENCE DEFICIENCY WITH 

SOFTWARE ERGONOMIC TOOLS. (2018) INTERDISCIPLINARY DESCRIPTION 

OF COMPLEX SYSTEMS 1334-4684 1334-4676 16 1 132-138  

2. Zoltán Nyikes. CONTEMPORARY DIGITAL COMPETENCY REVIEW. (2018) 

INTERDISCIPLINARY DESCRIPTION OF COMPLEX SYSTEMS 1334-4684 1334-

4676 16 1 124-131  

3. Andraws Andrew et al. Examination of Spot Welded Seam of a Car Body. (2018) 

MŰSZAKI TUDOMÁNYOS KÖZLEMÉNYEK (EN) 2601-5773 9 27-30  

4. Fábián Enikő Réka et al. PVD-bevonatos forgácsolószerszámok adhéziós viselkedése. 

(2020) ACTA MATERIALIA TRANSYLVANICA (HU) 2601-1883 2668-1366 3 2 61-

64  

5. Tóth László et al. Szerszámacélok felületi kopásállóságának növelése felületkezeléssel. 
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170-173  
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lehetőségeivel. (2021) Megjelent: Studia Doctorandorum Alumnae II. (2021) pp. 637-806  

7. László Tóth. The Possibilities of the Retained Austenite Reduction on Tool Steels. (2021) 

European Journal of Materials Science and Engineering 2537-4338 2537-4346 6 2 99-

105 
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