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Abstract 

The paper presents the results of industrial implementations in the area of 
hybrid surface treatment technologies obtained at the Institute for Sustainable 
Technology – National Research Institute (ITeE – PIB) in Radom. Problems 
generated both at the stage of conducting research in the area of hybrid surface 
treatment technologies, as well as at the stage of their industrial implementation 
were discussed. The effective designing scheme of hybrid layer for specific 
maintenance applications adopted by ITeE – PIB in Radom was described and 
its efficacy, based on the example of industrial implementations, was proved. 
Further the properties of the designed and created hybrid layers of the diffusion 
layer/PVD coating type (morphology, phase structure, chemical composition, 
adhesion, mechanical properties) and their implementation results in the range 
of tools working at high, cyclically changeable thermal loading (moulds for 
pressure aluminum casting), tools working at high mechanical loading and 
intensive friction (tools for cold plastic treatment) as well as machine cutting 
tools working in intensive, cyclic mechanical loading conditions (machining 
moulds) were demonstrated. As a result of the implementation experience 
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gained by the authors, they present a project of the structure, manufacture 
technology and properties of hybrid layer “nitrided layer/multi-layer coating 
Cr/CrN” increasing the durability of tools working in complex maintenance 
conditions, i.e. at high cyclically changeable thermal and mechanical loading, 
intensive friction and erosion (forging dies). The paper also demonstrates the 
results of maintenance studies carried out in industrial conditions for forging 
dies covered with hybrid layer “diffusion layer/multilayer Cr/CrN coating”. 

Introduction 

Fast development pace of numerous modern industry branches that has been 
observed in the last decades was, to a great extent, determined by the potential of 
surface engineering [1–3]. Industry’s expectations towards new types of coatings 
and layers concern not only greater mechanical strength, abrasive wear resistance 
or thermal resistance, but also an effective resistance to several maintenance 
properties operating simultaneously. As a result of the above expectations new 
layers with a complex structure, the so called hybrid layers [4–5], were created 
and in the consequence the necessity to apply complex technological processes, 
called multi-stage technologies or hybrid technologies [6–7], came up. The 
complexity of surface treatment hybrid technologies and its result – the necessity 
to combine different surface treatment methods into one multi-stage technological 
process - generates numerous problems, both in the area of studies, as well as at 
the implementation stage. Due to the complexity of the technological process, it is 
necessary to solve research problems related both to material engineering, 
including surface engineering, as well as physics, chemistry, mechanics or 
electronics. Among the implementation problems, the most important one is a high 
construction cost of technological devices intended for the realisation of the 
developed hybrid technologies. Such complexity of problems results in a small 
number of surface treatment hybrid technologies that can be effectively applied by 
industry. The best known and widely applied surface treatment hybrid technology 
is the combination of gas or ion nitriding process with the process of creating wear 
resistant hard coatings by means of one of the PVD methods. The result of 
a hybrid technology with the configuration described above is a hybrid layer 
consisting of a nitrided layer and a PVD coating generated directly on it (Fig. 1).  

The simultaneous occurence of the two structure elements mentioned 
above, i.e. nitrided layer and PVD coating, causes their mutual synergic 
interaction. The nitrided layer increases surface hardness and substrate 
resistance to plastic deformations. Thus it protects the PVD coating from the 
loss of internal cohesion and adhesion with the substrate. A coherent PVD 
coating constitutes a layer isolating the nitrided substrate by limiting the 
influence of external factors on its destruction process. While the role of the 
nitrided layer has been explicitly defined, i.e. “the increase of substrate’s 
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hardness and resistance to plastic deformations”, the role of a PVD coating 
“limiting the influence of external factors on substrate’s destruction process” 
can be different in every subsequent application and it requires a separate 
project procedure each time. In order to effectively select the structure of 
a hybrid layer for a specific maintenance application, a procedure algorithm, 
presented in Fig. 2, has been developed. First, destructive factors occurring in 
the maintenance process must be defined and a dominating destruction reason of 
the tested element has to be specified. Based on the above it will be possible to 
indicate a dominating destruction factor and the properties of the hybrid layer 
that will be able to efficiently limit its negative impact. Only having this type of 
information it is possible to effectively design a hybrid layer structure and its 
creation technology.  

 

 

Fig. 1. Hybrid layer „nitrided layer/PVD coating” 
Source: Authors. 

 

 
Fig. 2. A graph of hybrid layer’s effective design for industrial application 
Source: Authors. 
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1.  Hybrid layer design with the use of hybrid layer effective design scheme  

The algorithm presented in Fig. 2 was applied to design a hybrid layer 
structure „nitrided layer / PVD coating” intended for increasing the durability of 
forging dies. In the maintenance process forging dies are exposed to 
simultaneous operation of different destruction factors, i.e. intensive, cyclically 
changeable effect of high temperature, intensive wear and cyclically variable, 
high mechanical loadings. A detailed analysis of forging dies at their different 
application stage revealed that the main reasons of their destruction are plastic 
deformations and thermal and mechanical wear [8]. 

 

 

Fig. 3. Hybrid layer „nitrided layer / PVD coating” intended for the increase of forging dies 
durability designed with the use of graph presented in Fig. 1 

Source: Authors. 
 
As the most effective optimisation direction of the hybrid layer „nitrided layer / 

PVD coating” leading to the increase of forging dies durability an expansion of 
a single-layer PVD coating into the direction of a multi-layer coating on the basis of 
CrN and metallic Cr has been recognised. According to a multi-stage mechanism of 
multi-layer coatings destruction [9–11] described in literature, they are characterised 
by increased crack resistance. Borders between subsequent constituent layers of 
a multi-layer coating are places, in which microcracks change their propagation 
directions or fade. This phenomenon decreases the possibility of microcracks 
propagation deep into the coating by prolonging the way of a single crack and 
reducing at the same time its energy. According to numerous literature data [12–16] 
the multi-layer Cr-CrN coatings are characterised by a very good crystallographic 
matching of the subsequent constituent Cr and CrN [12] layers and the creation of 
several dozen nanometer-thick crystal transient layer [16]. It ensures a good cohesion 
of the coating and in the end good maintenance properties: great adhesion [13], 
abrasive wear resistance [14] and corrosion resistance [15]. Constituent layers of 
metallic chromium in multi-layer Cr-CrN coating compensate tensile stress triggered 
by differences in linear thermal expansion of steel (αSteel = 10-13x10-6 K-1) and CrN 
(αCrN = 0.7x10-6 K-1). The thermal expansion coefficient of chromium has an 
intermediate value αSteel>αCr>αCrN and amounts to αCr = 4.5x10-6 K-1. In the work 
[17] it was proved that the occurrence of constituent layers with higher plasticity 
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considerably increases the resistance of multi-layer coating to abrasive wear. The 
results of experimental studies show in this case a significant role of metallic 
chromium constituent layers which, through plastic deformation possibility, limit the 
operation of hard particles in the friction zone. The results of simulation studies 
presented in works [18–19] proved that both the value of stresses initiated in the Cr-
CrN coating as well as the layer’s susceptibility to plastic deformations indeed 
depend on its structure, i.e. order of deposited Cr and CrN layers towards substrate 
and mutual relation of their thickness. In case the first constituent layer of Cr-CrN 
multi-layer coating directly connecting to substrate is a layer of metallic chromium 
stress relaxation occurs at the boarder of the substrate and the coating, and as a result 
a significant improvement of coating’s adhesion with the substrate can be observed. 
At the same time the most external constituent layer of Cr-CrN multi-layer should be 
CrN layer, which in the effect ensures greater resistance to plastic deformation. In 
the work [20] it was proved that in the case of steel containing from 3% to 5.2% of 
Cr the thickness ratio Cr/CrN≈1/3 in Cr-CrN multi-layer coating ensures the most 
uniform distribution of stresses in two mutually perpendicular directions, in the 
plane parallel to the surface. As a result of analysis conducted in order to increase the 
durability of forging dies a hybrid layer “nitrided layer / CrN coating” demonstrated 
in Fig. 3, was selected. 

2. Technological realisation 

A designed hybrid layer “nitrided layer / (Cr/CrN)x8” was obtained with 
the use of hybrid method which is the combination of ion nitriding process and 
coatings deposition by means of arc-evaporation on dies made of steel grade 
EN X32CrMoV3.3 intended for forging of rolling bearing track. To do so 
Standard arc-vacuum device developed by ITeE – PIB in Radom was applied 
[21]. Parameters of the developed hybrid technology are shown in Tab. 1. The 
structure and properties of the created hybrid layer are shown in Fig. 4. 

 
Table 1. Hybrid technology stages of developing hybrid layer “nitrided layer / (Cr/CrN)x8” on 

steel EN X32CrMoV3.3 

No Stage Temperatur
e t [oC] 

Voltage 
Ubias [V] 

Curent 
I [A] 

Time 
t [min] 

Pressure 
p [mbar] 

Atmosphere 

1 Heating do 520 - - - 2.5 25%Ar+75%H2 

2 Nitriding 520 - - 120 4.3 8%N2+92%H2 

3 Nitriding 520 - - 120 4.3 6%N2+94%H2 

4 Cooling - - - 60 - - 

5 Ion etching do 420 -950 5x80 1 < 10-4 - 

7 Deposition Cr 380-420 -50 5x80 10 5.0 x 10-3 100%Ar 

8   Deposition CrN 380-420 -200 5x80 15 3.5 x 10-2 100%N2 

9 Cooling <200 - - 120 < 10-4 - 

Source: Authors. 
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Fig. 4. Hybrid layer “nitrated layer /  (Cr/CrN)x8”: a) properties, b) hybrid layer structure 
Source: Authors. 

3. Maintenance testing 

In order to verify the effectiveness of the created hybrid layer in the 
process of increasing the durability of forging dies, maintenance testing in 
industrial conditions was carried out. It was revealed that dies with hybrid layer 
„nitrided layer /  (Cr/CrN)x8” performed on average on 60000 pieces of 
forgings. Compared to the durability of standard dies subjected solely to gas 
nitriding process (≈10000 pieces of forgings) it constituted 6-tuple durability 
increase (Fig. 5). When comparing the obtained results with the durability of 
dies covered with hybrid layer “nitrided layer /  CrN”, previously examined by 
the authors [22–23], a 3-tuple durability increase was recorded. 

 
 

 

Fig. 5. The results of maintetance testing of forging dies covered with hybrid layer “nitrided 
layer /  (Cr/CrN)x8” 

Source: Authors. 
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Conclusion  

The article presents the scheme – proposed by the authors and verified in 
industrial conditions of designing hybrid layer structures intended for increasing 
the durability of different types of tools. Based on the example of forging dies, it 
has been proved that effective design scheme of the developed hybrid layer 
presented in Fig. 1, enables an effective design of hybrid layer structure and at 
the same time effectively limits the operation of several destruction factors, e.g.: 
intensive friction and cyclically changeable high temperature operation, 
intensive friction and cyclically changeable high mechanical loadings. The 
obtained results of maintenance testing revealed that hybrid layer “nitrided 
layer / (Cr/CrN)x8” ensures multiple durability increase of forging dies applied 
in the process of forging rolling bearing tracks. According to the authors of this 
article, the above allows to state that the identification of destruction factors 
operating in the maintenance process and the identification of dominating 
surface destruction mechanisms is necessary to effectively design hybrid layers 
for anti-wear purposes. 

Acknowledgements 

Scientific work financed by the Polish Ministry of Science and Higher 
Education, carried out within the international project 271/N-DFG/2008/0 “New 
generation forging dies with increased maintenance durability”. 

References 

1. Prengel H.G., Pfouts W.G., Santhanan A.T.: “State of art in the hard 
coatings for carbide cutting tools”, Surface and Coatings Technology 102 
(1998) 183. 

2. Lim C.Y.H., Lau P.P.T., Lim S.C.: “Work material and the effectivness of 
coated tools”, Surface and Coatings Technology 146–147 (2001) 298. 

3. Merlo A.M.: “The contribution of surface engineering to the product 
performance in the automotive industry”, Surface and Coatings Technology 
174–175 (2003) 21. 

4. Hogmmark S., Jacobson S., Larsson M.: “Design and evaluation of 
tribological coatings”, Wear 246 (2000) 20. 

5. Donet C., Erdemir A.: “Historical developments and new trends in 
tribological and solid lubricant coatings”, Surface and Coatings 
Technology 180–181 (2004) 76. 

6. Mattox D.M.: “Ion plating – past, present and future”, Surface and 
Coatings Technology 133–134 (2000) 517. 



 PROBLEMY  EKSPLOATACJI – MAINTENANCE  PROBLEMS 3-2010 
 

112 

7. Takayasu Sato, Kenichi Sugai, Shizuyo Ueda, Kauji Matsunami, Manabu 
Yasuoka, “Development of a hybrid coating process as an advanced surface 
modification for cutting tools and moulds”, Surface and Coatings 
Technology 169–170 (2003) 45. 

8. Smolik J., Walkowicz J.,, Tacikowski J.: “Influence of the structure of the 
composite nitrided layer/PVD coating on the durability of tools for hot 
working”, Surface and Coatings Technology 125 (2000) 134. 

9. Holleck H.: “Designing advanced coatings for wear protection”, Surface 
Engeneering (1991) vol. 7, nr 2, 137. 

10. Holleck H., “Designing advanced coatings for wear protection”, “Surface 
Engineering & Heat Treatment – Past, Present and Future” Edited by 
P.H.Morton, Published by The Institute of Metals, 1 Carlton Hause 
Terrace, London SW1Y 5DB, s. 312. 

11. Subramanian C., Strafford K.N.: “Review of multicomponent and 
multilayer coatings for tribological applications”, Wear 165 (1993) 85. 

12. Romero J., Esteve J., Lousto A.: “Period dependence of hardness and 
microstructure on nanometric Cr/CrN multilayers”, Surface and Coatings 
Technology 188–189 (2004) 338. 

13. Major L., et al.: “Crystallographic aspects related to advanced tribological 
multilayers of Cr/CrN and Ti/TiN types produced by pulsed laser 
deposition (PLD)”, Surface and Coatings Technology 200 (2006) 6190. 

14. Berger M., Wiklund U., Eriksson M.. Engqvist H., Jacobson S.: “The 
multilayer effect in abrasion – optimising the combination of hard and 
tough phases”, Surface and Coatings Technology 116–119 (1999) 1138. 

15. Jehn H.A.: “Improvement of the corrosion resistance of PVD hard coating–
substrate system”, Surface and Coatings Technology 125 (2000) 212. 

16. Han S. et al.: “The effect of Cr interlayer on the microstructure of CrN 
coatings on steel”, Thin Solid Films 377–388 (2000) 578. 

17. Berger M., Wiklund U., Eriksson M., Engqvist H., Jacobson S.: “The 
multilayer effect in abrasion–optimising the combination of hard and tough 
phases”, Surface and Coatings Technology 116–119 (1999) 1138. 

18. Lakkaraju R.K., Bobaru F., Rohde S.L.: „Optimization of multilayer wear–
resistant thin films using finite element analysis on stiff and compilant 
substrates”, Journal Vacuum Science and Technology A 24 (1), Jan/Feb 
(2006) 146–155. 

19. Gorishnyy T., Olson L.G., Oden M., Aouadi S.M., Rohde S.L.: 
„Optimization of wear–resistant coating architectures using finite element 
analysis”, Journal Vacuum Science and Technology A 21 (2003) 332–339. 

20. Lamastra F.R., Leonardi F., Montanari R., Casadei F., Valente T., 
Gusmano G.: “X–ray residual stress analysis on CrN/Cr/CrN multilayer 
PVD coatings deposited on different steel substrates”, Surface and 
Coatings Technology 200 (2006) 6172. 



3-2010 PROBLEMY  EKSPLOATACJI – MAINTENANCE  PROBLEMS 
 

113 

21. Miernik K., Walkowicz J., Smolik J., Bujak J., Brudnias R., Słomka Z.: 
“Budowa i działanie wieloźródłowego urządzenia do nakładania powłok 
metodami PAPVD”, Problemy Eksploatacji 4 (2000) 303. 

22. Smolik J., Gulde M., Walkowicz J., Suchanek J.: “Influence of the structure 
of the composite: nitrided layer/PVD coating” on the durability of forging 
dies made of steel DIN 1.2367”, Surface and Coatings Technology 180–
181 (2004) 506. 

23. Mazurkiewicz A.: “Knowledge transfer mechanisms for advanced surface 
engineering technologies”, International Heat Treatment and Surface 
Engineering vol. 1, no 3 (2007) 108–113. 
 

Reviewer: 
Jarosław  MIZERA 

 
 
 
 

Rozwój hybrydowych technologii powierzchniowych w oparciu  
o praktyczne zastosowania przemysłowe 

Słowa kluczowe 

Hybrydowe technologie obróbki powierzchniowej, matryce kuźnicze, powłoki 
wielowarstwowe. 

Streszczenie 

W artykule przedstawiono wyniki wdrożeń przemysłowych w zakresie hy-
brydowych technologii obróbki powierzchni opracowanych w Instytucie Tech-
nologii Eksploatacji – Państwowym Instytucie Badawczym w Radomiu. Omó-
wiono problemy generowane zarówno na etapie prowadzenia prac badawczych 
z zakresu hybrydowych technologii obróbki powierzchni, jak również na etapie 
ich realizacji przemysłowych. Zaprezentowano przyjęty w ITeE – PIB w Rado-
miu, efektywny system projektowania warstwy hybrydowej, przeznaczony do 
specjalnie wymagających zastosowań eksploatacyjnych, którego skuteczność 
została wykazana na przykładzie wdrożeń przemysłowych. Następnie przedsta-
wiono właściwości zaprojektowanych i wytworzonych warstw hybrydowych 
typu warstwa dyfuzyjna/powłoka PVD (morfologia, skład fazowy, skład che-
miczny, adhezja, właściwości mechaniczne) oraz wyniki ich zastosowań prak-
tycznych, w tym: na narzędziach pracujących przy cyklicznie zmiennych obcią-
żeniach cieplnych (formy do ciśnieniowego odlewania aluminium), na narzę-
dziach pracujących przy dużych i cyklicznie zmiennych obciążeniach mecha-
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nicznych oraz intensywnym tarciu (narzędzia do obróbki plastycznej na zimno) 
oraz na narzędziach pracujących przy wysokich, cyklicznie zmiennych obcią-
żeniach mechanicznych (matryce skrawające). Na podstawie zdobytych doś-
wiadczeń autorzy przedstawiają propozycję struktury oraz technologii wytwa-
rzania warstwy hybrydowej typu „warstwa azotowana/wielowarstwowa pow-
łoka Cr/CrN” zwiększającej trwałość narzędzi pracujących w złożonych warun-
kach eksploatacyjnych, tj. przy wysokich, cyklicznie zmiennych obciążeniach 
cieplnych i mechanicznych, intensywnym tarciu oraz erozji (matryce kuźnicze). 
W artykule przedstawiono także wyniki badań eksploatacyjnych przeprowa-
dzonych w warunkach przemysłowych na matrycach kuźniczych pokrytych 
warstwą hybrydową typu „warstwa dyfuzyjna/powłoka wielowarstwowa Cr/CrN”. 

 
 


