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ABSTRACT

Purpose: The article presents a concept of a hybrid layer, consisting of a gradient layer and anti-wear 
coat, intended for machine parts regeneration.

Design/methodology/approach: The essence of method lies in the use of universal replacement 
material and its surface processing, which increases the hardness of the part that is being regenerated. 
The study was conducted on a material covered with a layer made of vacuum-nitraded padding weld 
of 17CrNi6-6, followed by an anti-wear DCL carbon coat. The morphology of thus created layers and 
their wear strength has been examined and their utility value has been evaluated.

Findings: The hybrid layers under study have been found to improve the machine parts strength, while 
at the same time reducing frictional resistance, reducing the adhesion forces of the elements in contact 
and improving the corrosion resistance.

Research limitations/implications: The method provides for making use of a versatile restoration 
material, which subsequently enables application of specific surface processing to improve the 
durability of the part being regenerated.

Practical implications: It is a new concept of a hybrid layer, intended for machine parts regeneration.
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1. Introduction 

 

Applying regeneration methods to restore or improve the 
utility properties of worn-out or damaged parts by regeneration is 
important mainly due to their pro-environmental value. Such 
actions postpone the need to dispose of worn-out parts of 
machines and devices. If they also lead to increase in their 

durability as compared to the original part, they are becoming an 
all the more beneficial solution. 

Currently, techniques of machine regeneration are based mainly 
on replacement actions. These usually involve hardfacing the 
damaged spots with a thin layer of the same material that the 
substrate is made of and performing comprehensive thermal 
treatment, which restores the pre-damage utility properties of the 

1.	�Introduction

parts. Sometimes, in order to improve the utility properties of 
machine parts, an advanced technology of applying surface layers is 
used, which is one of a group of so called “high technology” 
treatments [1]. One of examples of such techniques is plasma 
coating. However, it is an expensive technology, used mainly in the 
aviation, spaceship and medical industry. Therefore, it is justified to 
seek new techniques of regeneration, which would be cheap in use 
and which would result in better utility properties of the surfaces 
after regeneration than originally planned [2-5]. 

The article presents a concept of a hybrid layer, intended for 
regeneration of machine parts. It provides for making use of a 
versatile restoration material, which subsequently enables 
application of specific surface processing to improve the 
durability of the part being regenerated. In the case in hand, 
hybrid nature of the technique lies in that it combines a gradient 
layer with an anti-wear coat. Such a solution improves the 
material strength, while at the same time reducing frictional 
resistance, reducing the adhesion forces of the elements in contact 
and improving the corrosion resistance. 
 
 

2. Materials and methods 
 
 

2.1. Materials 
 

17CrNi6-6 steel, whose chemical composition enables the use 
of a wide range of types of thermochemical processing, which 
guarantee formation of gradient layers with good properties, i.e. 
nitriding or carburising, was used as the padding weld. 
Subsequently, a low-friction anti-wear coat was applied onto the 
thus prepared layer. The hybrid layer was formed in several stages. 

 
 

2.2. Formation of hybrid layers 
 

First, the pad welding with 17CrNi6-6 steel was conducted 
(Fig. 1). The process was conducted by the TIG method on the 
C45 steel substrate.  
 

 
 

Fig. 1. Sample of C45 steel pad-welded with 17CrNi6-6 steel 
 
Pad welding was conducted with a Kemppi welding device 

with a multi-function logic system, which enabled precise 
regulation of processes and control of parameters throughout the 
welding cycle. Due to the substrate and pad-welded material 
grade, direct current was applied with the negative pole on the 
tungsten electrode. Due to this method of pad welding applied in 
the process, it was necessary to use a specially designed grip for 
samples and to cool it down intensely to prevent the sample from 
melting or deformation. 

The welding current was set at 125 A and the parameters 
taken into account included the minimum thickness of the 
material being pad-welded (g = 5 mm), the diameter and type of 
non-melting electrode (tungsten; 3.2 mm), current polarity and 

type of shielding gas (argon, purity grade 99.99%). The padding 
weld on the samples was made as one layer and on one side, 
taking care to achieve good quality of melting into the native 
material (at approx. 1-1.5 mm), without typical defects, such as 
pores, cracks, contamination or lack of weld penetration [6]. 
Subsequently, pad welded samples were subjected to stress relief 
annealing and ground with an alundum grinding wheel, which 
resulted in the surface roughness of Ra=0.14 [7]. 

To make the pad welded layer more resistant, the process of 
multi-segment low-pressure nitriding in a multi-purpose vacuum 
furnace was conducted [8]. Before the nitriding process, thermal 
improvement treatment was performed, which involved 
quenching from the temperature of 860°C in high pressure gas 
and annealing at the temperature of 560°C. The process of low-
pressure nitriding consisted of two stages: saturation and diffusion 
[9]. The saturation stage involved pumping ammonia do the 
furnace chamber at the pressure of 26 mbar. Diffusion involved 
heating samples in an empty furnace chamber (with ammonia 
pumped out), when only diffusion transport of nitrogen takes 
place from the saturated layer to the core. The saturation phase 
lasted 4 hours, while the diffusion phase - 2 hours. 

A DLC layer was applied on the thus formed substrate, mainly 
in order to reduce the friction coefficient, to increase the abrasive 
wear strength. The DLC layer was applied by the RF PACVD/MS 
method with an interlayer of TiC, which improved the coating 
adhesion to the substrate. Treatment with the RF PACVD/MS 
method involved reactive sputtering of titanium cathode in the radio 
frequency electric field. The DLC layer was applied at the pressure 
of 1x10-2 mbar and the substrate temperature below 200°C. 
Methane was used as carboniferous gas [10-13]. 
 
 

3. Experiments and results 
 
 
3.1. Morphology of a hybrid layer 
 

Metallographic examinations have confirmed the presence of 
a multilayer structure consisting of: a substrate of C45 steel, pad 
welded layer of 17CrNi6-6 steel and nitrided layer with the depth 
of 0.3 mm with a DLC coating with the depth of 2 m (Fig. 2). 
The nitrided layer consisted of the internal nitriding zone with 
finely dispersed nitrides. An analysis of hardness distribution 
showed that it was a gradient layer, with the maximum hardness 
achieved equal to 510 HV0.2 (Fig. 3). 

 

 
 

Fig. 2. Microstructure of a hybrid layer 
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Fig. 3. Distribution of microhardness of the hybrid layer - 17CrNi6-
6 steel following low-pressure nitriding with a DLC layer 
 
 
3.2. Measurement of residual stress 
distribution 

 
Measurement of residual stress distribution in the layer was 

performed by the Waissman-Phillips method (Fig. 4) [14,15]. The 
nitrided samples with the DLC layer were etched with aqueous 
solution of nitric acid and hydrochloric acid. The non-etched 
surfaces were protected with grease to balance out the tension. 
The current density was set at 0.4 A/cm2. The samples were 
etched to the depth of 0.2 mm. Subsequently, the process of the 
surface layer removal was slowed down due to accumulating 
products of corrosion. Since it has been found in an experiment 
that an increase in the electrolyte temperature by 5°C during the 
etching process causes a measurement error of 10%, the 
temperature of the electrolyte was maintained at ±2oC. Moreover, 
the electrolyte was stirred below the surface being etched so as 
not to disturb the process of the surface layer removal.  

 
 

 
 

Fig. 4. Connection diagram of the etching stand 
 
The maximum compressive stress was recorded under the 

DLC coat, where it was close to -600 MPa. The stress decreased 
with increasing distance from the surface, adopting the value of 
approx. -150 MPa in the internal nitriding layer (Fig. 5). 

 
 
Fig. 5. Measurement of residual stress distribution by the 
Waissman-Phillips method 
 
 
3.3. Measurement of the fatigue bending 
strength of samples with the hybrid layer 
 

Evaluation of the ability to transfer cyclic and changing load 
was performed by subjecting the samples to fatigue tests on a 
servo-hydraulic-dynamic machine of the INSTRON 1251 type. 
Sample for fatigue strength testing had the dimensions of 
120x5x10 mm and were made in accordance with the standard 
PN-76/H-04326. The method of sample loading is shown in 
Fig. 6. The fatigue strength test employed the unilateral positive 
cycle [16-18]. 

In order to determine the force and corresponding 
displacements when a sample is bent, the fatigue strength tests 
was begun with an analysis of the bending characteristics (Fig. 7). 
The bending characteristics provided the basis for estimating the 
bending stress in a sample by resistance tensometry. In the next 
stage of the fatigue strength test, the load characteristics were 
used to choose the stress which corresponded to the amplitude of 
the fatigue stress and average stress. The values of the maximum 
stress to determine fatigue strength, both limited and unlimited, 
were selected by the staircase method. 
 

 
 

Fig. 6. The method of loading a sample with the “P” force in a 
fatigue strength test 

3.2.	�Measurement of residual stress  
distribution

3.3.	�Measurement of the fatigue bending 
strength of samples with the hybrid layer

 
 

Fig. 7. The sample bending test 
 

An analysis of results of the fatigue tests (Fig. 8) revealed 
three patterns of sample destruction [19]. In one of them, there 
were fatigue cracks from the sample edge, which can be attributed 
to concentration of stress on the sample edges at the maximum 
load, close to limited fatigue strength. In the next one, at load 
values close to unlimited fatigue strength, cracks were initiated 
and propagated under the surface layer, which was reflected in the 
distribution of residual stress (Fig. 9). The third pattern of 
destruction involved exceeding the plasticising load of the C45 
steel substrate layer, which resulted in cracking of the hybrid 
layers at some places . 
 

 
 

Fig. 8. Patterns of fatigue destruction of samples 

 
 
Fig. 9. The form of destruction in the fatigue test close to 
unlimited fatigue strength 
 
 

The fatigue tests allowed to develop a Wöhler's diagram 
(Fig. 10), for limited and unlimited fatigue strength.  The extreme 
results were rejected if they considerably deviated from the 
average number of cycles for the specific load. Unlimited fatigue 
strength of such compositions is close to 770 MPa. 
 
 

 
 

Fig. 10. Wöhler's diagram and forms of fatigue cracks 
 
 
3.4. Testing the ductility of hybrid layers. 
 

Ductility test was performed on fractures of flat samples with 
hybrid layers, earlier subjected to a static bending test. The 
fracture surfaces were evaluated with a scanning microscope in 
order to determine the nature of a fracture (Figs. 11, 12, 13). 

Scanning tests have shown that in hybrid layers following 
low-pressure nitriding with a DLC layer there are brittle 100% 
transcrystalline fractures (Fig. 11), (in the layer subjected to 
thermochemical treatment) like fractures in the padding weld area 
(Fig. 12) under the layer subjected to thermochemical treatment. 
The core in the discussed case is ductile (Fig. 13). 
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3.4. Testing the ductility of hybrid layers. 
 

Ductility test was performed on fractures of flat samples with 
hybrid layers, earlier subjected to a static bending test. The 
fracture surfaces were evaluated with a scanning microscope in 
order to determine the nature of a fracture (Figs. 11, 12, 13). 

Scanning tests have shown that in hybrid layers following 
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transcrystalline fractures (Fig. 11), (in the layer subjected to 
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3.4.	�Testing the ductility of hybrid layers
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a) 

 

b) 

 
Fig. 11. A scanning microscope image of the fracture surface of a 
hybrid layer following low-pressure nitriding with a DLC layer. 
Brittle transcrystalline fracture 
 

 
 
Fig. 12. A scanning microscope image of the fracture surface of a 
padding weld of a hybrid layer following low-pressure nitriding 
with a DLC layer. Brittle transcrystalline fracture 

3.5. Determination of the friction coefficient of 
hybrid layers 

 
The friction coefficient of the hybrid layers was determined 

by the “pin-on-disk” tribological test, which employs a T-11 
device. The test involved recording a change of a coefficient of 
friction of a ceramic ball loaded with a force of F = 10 N and 
moving at the friction speed of 0.1 m/s along the way of 1,000 m. 
The test was repeated on five samples. 

The coefficient of friction for the nitrided hybrid layers with 
the DLC coating was equal to 0.13 (Fig. 14), which practically 
means that the friction pair cannot be seized. 
 

 
 

Fig. 14. Changes of the coefficient of friction of a sample with a 
“nitrided - DLC” hybrid layer 
 
 
4. Conclusions 
 

The study results have shown that using hybrid layers in 
regeneration of worn-out machine parts, as compared to original 
parts, can result in increase in a part strength, hardness, in 
decrease in the frictional resistance and adhesive forces of the 
parts in contact and in increase in fatigue strength. When all the 
attributes which increase the wear strength are achieved, 
regeneration of parts by the method described in this paper 
enables restoration of the original dimensions of the parts. 

Employing this solution postpones the need to use new parts 
and to get rid of old ones, thereby ensuring tangible pro-
environmental and economic effect. 
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Fig. 12. A scanning microscope image of the fracture surface of a 
padding weld of a hybrid layer following low-pressure nitriding 
with a DLC layer. Brittle transcrystalline fracture 

3.5. Determination of the friction coefficient of 
hybrid layers 

 
The friction coefficient of the hybrid layers was determined 

by the “pin-on-disk” tribological test, which employs a T-11 
device. The test involved recording a change of a coefficient of 
friction of a ceramic ball loaded with a force of F = 10 N and 
moving at the friction speed of 0.1 m/s along the way of 1,000 m. 
The test was repeated on five samples. 

The coefficient of friction for the nitrided hybrid layers with 
the DLC coating was equal to 0.13 (Fig. 14), which practically 
means that the friction pair cannot be seized. 
 

 
 

Fig. 14. Changes of the coefficient of friction of a sample with a 
“nitrided - DLC” hybrid layer 
 
 
4. Conclusions 
 

The study results have shown that using hybrid layers in 
regeneration of worn-out machine parts, as compared to original 
parts, can result in increase in a part strength, hardness, in 
decrease in the frictional resistance and adhesive forces of the 
parts in contact and in increase in fatigue strength. When all the 
attributes which increase the wear strength are achieved, 
regeneration of parts by the method described in this paper 
enables restoration of the original dimensions of the parts. 

Employing this solution postpones the need to use new parts 
and to get rid of old ones, thereby ensuring tangible pro-
environmental and economic effect. 
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