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1.3  Scope and Limitations  

This study focuses on investigating the tribological, mechanical and microstructural be-

haviour of plasma nitrided and AlCrN-coated AISI 4140 steel. 

The scope includes a review of background specimen preparation, the tribological theo-

retical aspects, evaluation of tribological performance through reciprocating wear test, 

scratch test, surface profilometry, characterization using XRD, SEM/EDX, EBSD and mi-

crohardness testing. 

The study is limited to a laboratory-scale investigation under dry sliding conditions. The 

elevated-temperature wear tests were not conducted. Further, the specimens are limited 

to four and multiple specimens under similar or different conditions (with different nitriding 

and coating conditions) are outside the study focus of this research. Nevertheless, the 

insight from this study is expected to strengthen and enhance the understanding of the 

tribological behaviour of duplex-coated steel. 

1.4 Structure of the Thesis  

The thesis is organised as follows: 

Chapter 1 

 

Introduction 

This chapter outlines the background and motivation for the study, and 

clearly establishes the problem statement, objective and research ques-

tion.  This section outlines the scope and limitations of the work. The 

chapter concludes with an overview of the thesis structure. 

Chapter 2 Theoretical Framework 

This chapter discusses the fundamental principles of steel surface engi-

neering and the basics of tribology. These concepts make the foundation 

for understanding the surface modification process and its influence on 

wear and adhesion performances. 

Chapter 3 Literature Review 

This chapter provides a comprehensive review of prior studies related to 

the surface engineering, AlCrN coating and Nitriding. It covers the histor-

ical development, current trends, and experimental techniques used in 
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prior studies. Further, a critical evaluation of the existing literature, iden-

tifies the research gaps and justification of the need for the present study 

is also presented in this chapter. 

Chapter 4 Methodology 

Outlines the materials, experimental setup, and techniques used for anal-

ysis. The details on specimen preparation, wear and scratch testing 

methods, surface characterization techniques like surface roughness 

analysis, hardness measurement, XRD and microstructural analysis us-

ing SEM, EDX and EBSD are included in this chapter. 

Chapter 5 Results and Discussion 

The experimental results including hardness profiles, surface roughness 

data, XRD residual stress results and XRD patterns, Tribological tests, 

adhesion behaviour and microstructural characteristics are presented 

and interpreted in this chapter. The relationships between mechanical 

properties, microstructure and coating performance are analysed and 

compared with findings from literature. 

Chapter 6 Conclusions and Outlook 

This chapter summarises the key findings of the research, novel contri-

bution and scientific significance. The practical implications of the results, 

suggestions for future research and industrial applications are further dis-

cussed in this chapter. 
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specimen surface. Due to this, the passivation layer breaks down, the temperature rises 

to the nitriding temperature (range 400-500°C) and due to bombardment by nitrogen the 

mass transfer occurs. Depending on the required hardness and temperature, the glow 

discharge is maintained. The components are cooled inside the chamber. The hardness 

peak is achieved with optimum time. To achieve better hardness around 700HV on the 

nitride surface it is important to optimize the nitrogen content in the gas and the pressure 

in the chamber. 

 

Figure  3 Schematic representation of the plasma nitriding system. (Legends: 1- vac-
uum furnace, 2- workpiece, 3- power pack and control, 4- temperature controller, 5- 

gas mix and control, 6- vacuum pump) [14] 

The plasma nitriding mechanism involves in the uniform iron nitride layer formation on 

the surface with the synergetic act of nitrogen ions from the plasma and sputtered ions 

from the cathode surface.  

2.3 PVD Coatings  

The PVD process involves the deposition of material at the atomic or molecular level. 

During the process, material is vaporized from either a solid or a liquid source. The mol-

ecules or atoms are conveyed to the substrate as a vapor in a vacuum or an environment 

of low-pressure plasma/gas. Then it condenses on the substrate. The PVD process is 

commonly employed to deposit very thin layers ranging from nanometers to micrometers. 

This method is also used to deposit multilayer coatings, freestanding structures and 

graded composition deposits. The substrate sizes can be varied from very small to large. 

The substrate shapes can vary from flat to complex. The usual PVD rates are 10-100Å 

per second [15]. 
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2.7 Adhesion Properties by Scratch ing  

The adhesion test instrument consists of a diamond stylus that can be moved across the 

surface with a progressive or constant load. The following image (Figure 7) illustrates 

the fundamental principle of the scratch test with progressive load. The progressive load 

scratch test is usually used to generate an increasing stress until a failure occurs along 

the scratch line at a specific point [21] . 

  
Figure  7 Schematic representation of a commercial scratch tester [21] . 

The critical load (Lc) can be observed using optical microscopy, acoustic emission, 

changes in penetration depth or variation in frictional force. The interpretation of the 

scratch test can be done using either scanning electron microscopy or optical micros-

copy. The modern test machines measure signals during the test such as applied normal 

load, Penetration depth (PD), tangential force/lateral force (FT), Acoustic emission signal, 

COF(µ) and residual depth (RD) [21] . 

Using the scratch test we can measure the adhesion. While determining cohesive dam-

age it is important to evaluate it under in-service behavior. The test is more effective if 

the substrate does not largely undergo any plastic deformation; thus, the test will provide 

a better measure of adhesion [21] . 
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3. LITERATURE REVIEW 

3.1 Historical Development and Trends in Surface Engineering  

Surface engineering has developed over time due to the higher demand for performance 

enhancements in various operating conditions. Surface engineering is an interdiscipli-

nary subject that has ties with materials science, chemistry and physics. Surface modifi-

cations were developed to enhance the wear hardness and wear resistance of tools and 

components. The advent of nitriding as a technical process in the United States in the 

early 20th century by a company named Adolph Machlet, and in Germany by Adolph Fry 

[24]. Ever since nitriding process has become a widely used technique in the manufac-

turing world and is still being experimented with under different conditions. These meth-

ods enhance the properties like fatigue resistance and surface hardness, allowing the 

alloy steels like AISI 4140 to be used for high-stress applications particularly in aero-

space and automotive sectors. 

Physical Vapour Deposition (PVD) coatings were started in the mid-1970s in the Soviet 

Union to improve the wear and tribological behaviour [25]. In many industries PVD coat-

ing is used to improve the lifetime and the performance of the components that undergo 

abrasion and dynamic loading. In recent years a great interest in coatings with Cr-X-N 

where X (can be Al,Ti,Si,O,C) has been observed. Early coatings such as TiN and CrN 

coatings provide basic performance benefits, but the demand for thermal stability at ele-

vated temperatures led to the development of Al-Cr-N coatings. Mashahiro et al. found 

that Al-Cr-N exhibits oxidation resistance at elevated temperatures, which increases with 

Al percentage [26].The AlCrN coatings have been reported to show superior impact wear 

performance and abrasion resistance by Mo et al. [27]. 

A significant trend in recent years for the thermochemical process integrated with PVD 

coatings called duplex treatments has emerged. Kovaci et al. reported that the plasma 

nitriding on ASI4140 steel improves corrosion resistance. Kovaci et al. further found that 

the corrosion resistance and tribo-corrosion resistance can be improved by increasing 

the layer thickness of plasma nitriding and duplex surface treatment as the protective 

barrier becomes more effective [28]. 
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For tribological tests, a reciprocating tribometer is used. The scratch test is done to eval-

uate the adhesion and wear properties. Surfaces of tested specimens for wear are stud-

ied using SEM. 

3.4 Critical Analysis of Related Research  

Numerous studies have been conducted on enhancing the wear resistance and hard-

ness of AISI 4140 steel through surface engineering methods, such as hard coatings 

and nitriding. Among those, Ramírez et al. have done notable work where cathodic arc 

PVD is used to deposit AlCrN coatings on nitrided and non-nitrided substrates [9].The 

study shows that duplex-coated specimens exhibited high hardness and low wear loss. 

These were supported by microstructural analysis through XRD and optical microscopy. 

However, the evaluation for residual stress is lacking and provides only wear character-

istics using the scratch test, which restricts it from providing deeper understanding of the 

performance of the coating under cyclic loading conditions. 

Santosh et al. explored AlCrN and TiCN coatings applied on nitrided AISI4140 steel 

[10].The mechanical and tribological properties were assessed using Vickers indenta-

tion, Pin-on-disc wear testing and SEM. The study provides important data on surface 

roughness, coating adhesion, friction behaviour and surface level SEM analysis, but it 

does not contain grain orientation insights. The understanding of wear under more com-

plex conditions is limited by the pin-on-disc test. 

An advanced study on multilayer coatings deposited on AISI 4140 substrate was con-

ducted by Li et al. including coatings like Cr, CrN, CrTiAlSiN, WCrAlTiN and CrWAlTiN 

[31]. High resolution techniques like selected area electron diffraction (SAED) and trans-

mission electron microscopy (TEM) were used to analyse coating morphology and phase 

structure. The study focused primarily on multilayer coatings. Moreover, the tribological 

tests were done under oil-lubricated conditions, which does not represent dry or semi-

dry conditions. 

Dalibon et al. have conducted research on AISI 420 martensitic stainless steel with AlCrN 

and TiAlN coatings which were deposited using cathodic arc PVD (CAPVD) [32]. The 

findings show that AlCrN has significantly lower wear loss compared to TiAlN highlighting 

the superior performance of AlCrN under sliding conditions. However, the study was 

conducted with different substrates (AISI420) and excludes the nitriding pretreatment, 

where nitriding and coating interactions were not explored. In contrast the adhesion anal-

ysis was limited to Rockwell C and a basic scratch test. 
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Pogornik et al. have investigated the effect of TiN and TiAlN coatings on quenched and 

tempered AISI 4140 steel. This study demonstrated how nitriding enhances coating ad-

hesion and reduces the stress gradients, which improves the wear resistance. This study 

was conducted on Ti-based coatings. The advanced crystallographic and morphological 

analysis is lacking in the above study. Maskavizan et al has evaluated the wear and 

corrosion behaviour of cathodic arc PVD CrN coating on plasma nitride and non-plasma 

nitride AISI 4140 steel, where the CrN coating on plasma nitrided surface provides more 

effective results on wear resistance, adhesion and corrosion resistance [33]. 

3.5 Identification of Knowledge Gaps 

There exist critical knowledge gaps despite the extensive studies on surface treatment 

of AISI 4140 steel using plasma nitriding and physical vapour deposition coatings like 

AlCrN. Many studies, including Ramírez et al. [9] and Santosh et al. [10] have demon-

strated the individual and combined benefits of plasma nitriding and PVD hard coatings, 

but they often discussed only limited wear testing methods and surface-level analyses. 

Pin-on-disc was utilized in most of these test methods which fail to showcase the com-

plex contact mechanisms in industrial applications. Moreover, much of the literature lacks 

thorough investigation of residual stresses associated with duplex coatings and sub-

strates, which is a significant factor in determining long-term mechanical performance 

and failure modes. 

The previous studies have focused more on surface hardness and volume loss as major 

performance metrics, but they do not provide sufficient insight into how microstructure 

features such as unit cell structures, phase transformations induced by nitriding and coat-

ing process affect the wear resistance. In the context of duplex-treated AISI 4140 with 

AlCrN coatings, the EBSD is seldom used, although it offers crystallographic understand-

ing of wear mechanisms and grain boundary behaviour. 

There is a noticeable lack of research focused on the interaction between plasma nitrid-

ing and single-layer AlCrN coatings on AISI 4140 steel with modern characterization 

tools, even though studies such as those done by Li et al. [31]have studied multilayer 

coatings, and Dalibón et al. [32]and Podgornik et al. [8]have studied different coating 

substrates. The effect of plasma nitriding on coating stress distribution, coating adhesion 

and microstructural transition at the interface remains insufficiently studied. 

Not only the evaluation of mechanical performance through scratch and wear test but 

also more comprehensive studies such as XRD, SEM and EDX to investigate micro-

structural evolution are highlighted in this gap. Therefore, this thesis seeks to address 
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this knowledge gap by presenting an in-depth analysis of the microstructural and tribo-

logical performance of AlCrN coatings applied to both nitrided and non-nitrided AISI 4140 

steel substrate by using a combination of advanced and conventional material charac-

terization techniques. 

3.6 Summary and Research Justification  

Surface engineering has experienced a considerable development over the past century 

due to increasing demand for superior performance in mechanically and thermally de-

manding environments. The physical vapour deposition coatings like AlCrN have seen a 

convergence of chemical, metallurgical and physical sciences since the early develop-

ment of nitriding in the 20th century to the mid-1970s. AlCrN coatings have been identi-

fied as highly promising due to their excellent wear resistance, oxidation resistance at 

elevated temperature and thermal stability. Additionally, nitriding of low alloy steels like 

AISI 4140 has shown improvements in surface hardness, corrosion resistance and fa-

tigue strength. The duplex treatments integrated with nitriding and hard coatings like 

AlCrN are more prevalent due to the increasing demand for industrial components that 

can withstand harsh conditions. 

The existing research exhibits several limitations despite the significant progress over 

time. Many of the studies focus on surface-level mechanical performance like hardness 

and wear volume loss assessed with basic tribological tests like pin-on-disc methods or 

scratch tests. They seldom simulate the more complex loading and wear conditions in 

the real world. Further the microstructural insights into the coating substrate are often 

unexplored. The critical aspects influencing the durability such as residual stress, phase 

transformation and grain boundary behaviour are investigated rarely using advanced 

techniques like EBSD and SEM/EDX mapping. 

Considering the gaps this study is justified by the need for a deep understanding of mi-

crostructural and tribological interplay between the plasma nitrided AISI 4140 interface 

and AlCrN coatings. This study aims to utilize both advanced and conventional charac-

terization techniques to assess wear behaviour, coating adhesion and substrate struc-

tural changes. Further, this study will contribute to optimizing duplex treatments for high-

performance engineering applications and provide new insights into structure-property 

relationships by focusing on both nitrided and non-nitrided conditions. 
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5. RESULTS AND DISCUSSION 

5.1 Surface Roughness  

The Ra values represent the arithmetic mean roughness. The Ra values give a sense of 

surface smoothness. The Rz is a measurement of the average peak-to-valley height. Rz 

provides a more realistic image of extreme irregularities of the surface compared to Ra. 

These values were obtained prior to the wear tests, representing as-prepared surface 

topography. The nitrided specimen shows the highest Ra value. Dobrocky et al. [35] have 

stated that the formation of iron nitrides increases the lattice parameters which could 

affect the surface roughness. Alicja [36] stated that PVD coatings increase surface 

roughness, which increases the COF. Alicja further stated that low surface roughness 

does not imply a low COF in all cases. Figure 10 shows the surface roughness profiles 

of all four specimens in a span of 250 µm.Table 2 shows the Ra and Rz values. 

 

Figure  10 Surface roughness profile along the wear direction before the wear test. 
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Figure 24 XRD FWHM data. 

The untreated AISI4140 steel specimen shows relatively low compressive residual 

stresses in the range of 165-185 MPa. They have almost identical values in both 0° and 

90° orientations. The FWHM values in Figure 24 shows ~2.5 which indicates a low de-

gree of micro-strain and a stable crystal structure. The absence of surface modification 

is reflected by the isotropic stress distribution, and it gives a baseline for comparison of 

surface-treated specimens. 

Plasma nitriding has produced a considerable increase in compressive residual stress 

range between 336-406MPa, which is almost double the AISI4140 untreated steel spec-

imen´s value. This enhancement is due to the formation of nitride phases like cubic Fe4N 

and hexagonal Fe3N. This diffusion zone expands the lattice and induces compressive 

stresses. The FWHM values (~3.7-3.8) increased compared to the AISI4140 non-

treated, indicating a higher dislocation density and microstructural distortion. The values 

at 0° and 90° may suggest directional variation of nitrogen diffusion or nitride precipita-

tion. 

The increase in residual stress after plasma nitriding is reported, due to nitrogen diffusion 

expands the steel lattice and increases the residual stress, which improves the fatigue 

performance [39].The high compressive stress in AlCrN coating is consistent with the 
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The SEM or EBSD images did not reveal significant microcracks or delamination, where 

the second  and third  reasons can be eliminated in this study. The most probable reason 

can be proposed for the low compressive stress is that stress relaxation occurs during 

the PVD coating process. 

5.4 Hardness  

The Figure 25 shows a hardness profile of the cross-section of all four specimens. The 

zero in-depth profile indicates proximity to the surface (less than a few microns depth). 

The highest hardness closer to the surface is from duplex-coated specimen and the next 

highest is from AlCrN-coated specimen. The nitride has higher hardness within the typi-

cal nitride hardness range. In both plasma nitrided and AlCrN-coated specimens, higher 

hardness is observed up to 200 µm depth, and all four specimens have similar hardness 

values beyond 200 µm depth. The Duplex specimen has lower hardness starting near 

50 µm depth. 

 

Figure  25 Hardness depth profile on cross-section of the specimens. 

Figure 26 shows the surface hardness values of the tested specimens. The AlCrN-

coated specimen shows the highest hardness of 1960 HV. Interestingly, the duplex-

treated specimen shows a hardness of 1285HV, which is less than the hardness of 

AlCrN-coated specimen. The Nitrided specimen shows 560 Hv and AISI 4140 steel 

shows 374 HV. 
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Figure  26 surface hardness of four specimens. 

The surface hardness shown in Figure 26 shows that the AlCrN-coated specimen has 

the highest hardness of all specimens, possibly due to the more compressive stresses 

induced on the coating. The duplex-treated specimen has a lower hardness value than 

the AlCrN coating, still showing enhanced hardness compared to nitrided steel and AISI 

4140 steel. The reduced surface hardness of the duplex-treated specimen directly cor-

relates with its lower compressive residual stress measured using the XRD residual 

stress test. It suggests that beneficial strengthening from compressive stress is partially 

lost. 

The surface hardness values of this study deviate from a similar study conducted by 

Ramírez et al. [9]. They measured hardness using spherical instrument indentation test 

and the test values were acquired in GPa as nitrided steel has 8.8GPa, AlCrN coating 

has 22.2GPa and duplex-coated steel has 23.9GPa. The equivalent hardness of them in 

HV0.05 are 898, 2264 and 2438 respectively. The nitriding hardness is less in this study 

possibly due to lesser nitriding time (15 hours) whereas Ramírez et al. nitrided it for 18 

hours. The deviation for the AlCrN coating and duplex-treated specimen is possible due 

to the surface roughness, the microstructural heterogeneity between nitriding and coat-

ing. The reduction is also possible as a reduced compressive stress was observed in 

duplex-treated specimens during XRD residual stress test. Despite the different results 

in two studies, the increased hardness is still promising in terms of duplex coating.  

The hardness profile values indicate higher hardness on the coated cross-section closer 

to the coating edge (Figure 25). The value of duplex-coated specimen on the AlCrN is 

higher than that of the only AlCrN-coated specimen. This could be possible due to the 

hardness indenter being pressed on a different phase (like Cr compound). The average 
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penetration depth of duplex-treated specimen and AlCrN-coated specimen is approxi-

mately 4.3 µm and 2.5 µm respectively, suggest that the indenter has not fully penetrate 

the AlCrN-coated specimen and duplex-treated sample was penetrated through the 

AlCrN coating (see section 4.1). The results acquired from the micro indentation test are 

misleading when comparing the hardness depth profile for coating evaluation and it is 

suggested to perform a nano hardness test at a closer range of coating depth with a few 

micron intervals (Ex: 30 µm range with 5 µm intervals). Such a study would provide more 

comprehensive results to determine the properties of the coating along with the micro-

structure analysis. 

5.5 Friction and Wear  

In this study the wear behaviour of AISI4140 steel with different coatings under different 

sliding conditions was studied under controlled sliding conditions. The analysis focuses 

on wear profile, specific wear rate(k), surface roughness, temperature and COF. Inves-

tigating these parameters provides insight into the coating´s ability to maintain surface 

integrity, resistance to frictional damage and energy dissipation and its ability for long-

term performance. 

Figure 27 represents the COF and temperature as a function of sliding distance of four 

specimens: a) untreated b) nitrided c) AlCrN-coated and d) duplex-treated specimens, 

respectively. Figure 28 and 29 shows the COF and temperature variation as a function 

of sliding distance, respectively. 
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Figure 28 Variation in COF and temperature as a function of sliding distance.  

Figure 27 Sliding wear test COF profiles. 
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(a) (b) 

(c) 

Figure 32 SEM images of wear track of Nitrided steel specimen under two magnifi-
cations a)100X b) edge of wear track 100X c)1000X. 

Figure 33 shows the EDS elemental mapping images of wear track of plasma nitrided 

AISI 4140 steel and Figure 34 shows the counter surface images of the plasma nitrided 

specimen. In Figure 33 b it shows the presence of nitrogen outside the wear track, also 

it shows some presence of nitrogen inside the wear track. This could be an indicator that 

the wear track is still shallower than the nitride region, which can also be observed by 

studying the wear track dimensions, see Figure 42 & 43. The presence of Cr on the wear 

track (Figure 33 c) is possible as it was transferred from the counter surface on to the 

wear track (Figure 34). In Figure 33 d, the presence of oxygen indicates that the wear 

track has formed oxides, possibly iron oxides from the surface. Not only that, but also 

the Figure 34 d shows the presence of oxides indicating that the oxides could have been 

transferred from the counter surface.  
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Figure 38 shows the SEM images of wear track of duplex-coated specimen. The wear 

track shows a prominent wear in the mid-section of the track. A delamination can be 

observed at the edges of the wear track. The possible formation of oxides can be seen 

in the images (Figure 38 & 39). Also, it can be seen tiny cracks on the surface near to 

the delamination area. Tiny debris and some directional scratches can also be seen (Fig-

ure 38 b) 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 38 SEM images of wear track (from different locations) of Nitrided + AlCrN 
steel specimen under different magnifications a) right edge 32X b) left edge of wear 

track 200X c) center 100X d) left edge 1000X. 

Figure 39 and Figure 40 shows the EDS elemental mapping images of counter surface 

and wear track respectively. On the counter surface (Figure 39), there is no material 

transferred from the duplex-coated surface, but this does not mean there is no possibility 

of transferring materials, which needed further verification under different analytical 

methods. The wear surface EDS elemental map shows presence of Iron and Oxygen on 

the wear track, which could suggest the removal of coating and the presence of Oxides 
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Table 3 Wear Constant values. 

Specimen  �:�H�D�U���F�R�Q�V�W�D�Q�W���µ�N�¶��
(mm³/(N·m))  

AISI 4140 steel 3.3483 

Nitrided steel 0.08355 

AlCrN-coated steel 0.03583 

Duplex (AlCrN + Nitrided) 0.003206 

The wear test results were different compared to previous studies, due to the test pa-

rameter changes. Some wear tests were done with pin on disc, some COF values were 

determined by scratch related tests, and some were done on different or elevated tem-

peratures. Moreover, the different processing techniques and conditions can be consid-

ered for the deviations from this study. Given that, even though there are significant de-

viations or certain variations, many previous studies were an immense help in determin-

ing the behaviour of the coatings used in this study. 

5.6 Adhesion properties by scratch test results  

Figure 43 shows the acoustic emission (AE) and COF data plot over the 1cm distance. 

The first significant AE peak appears around 3.5mm distance. The AE shows significant 

high peaks up to 7 mm distance, with individual AE peaks distinguishable. Simultane-

ously the COF value shows a sudden boost around 7mm scratch length and remains 

almost uniform till the end of the scratch distance. 

 

Figure  43 Acoustic Emission, applied load and COF behavior during scratch test of 
AlCrN-coated specimen. 

The AE and COF variations were used to identify the first critical load (Lc1) and second 

critical load (Lc2). Lc1 is an indicator of the initiation of the crack appearing on the track, 




























