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A B S T R A C T   

Tribological and machining performance of CrAlNAg coatings having different Ag content tested against AISI 
1045 medium carbon steel were assessed. Wear track was evaluated by scanning electron microscopy and energy 
dispersive spectroscopy. 3D topography of wear track and ball counterpart was determined by non-contact type 
profilometer. The formation of different oxide phases on track was confirmed using Raman spectroscopy. 
CrAlNAg9 and CrAlNAg12 coatings were found beneficial in reducing material adhesion from counterpart thus 
providing protective layers to counterpart, whereas small addition of Ag did not provide any improvement on 
CrAlN coating performance. CrAlNAg9 coated milling inserts demonstrated best results in terms of reduction in 
chip temperature (~17.5 %), cutting forces, surface roughness (~47 %) and chip thickness (~12.7 %) compared 
to uncoated inserts.   

1. Introduction 

With stringent environmental regulations, the industries in recent 
times are under greater obligation to minimize the usage of liquid 
lubrication in tribological applications. Machining industries, being the 
largest users of cutting fluids, are looking for more environment-friendly 
alternatives since machining involves greater friction, cutting force and 
heat generation. The excessive temperatures encountered during 
machining have negative effects on the material properties of cutting 
tools thus reducing tool lifespan and accelerating tool wear [1–3]. 
Consequently, cutting forces and mechanical vibration may increase, 
leading to unacceptable surface quality and increased power consump
tion due to the diminished effectiveness of cutting tools [4,5]. Therefore, 
it is crucial to manage cutting temperatures by optimizing cutting pa
rameters and utilising cutting fluids. These cutting fluids form a thin 
layer at the tool-chip interface, thereby reducing friction and leading to 
superior performance. However, traditional flood cooling methods 
cause environmental and health risks due to the petroleum-based nature 
of the fluids used. While these methods offer good lubrication, they 
provide inadequate cooling due to their low thermal properties, despite 
consuming a large amount of fluid [6]. Additionally, excessive fluid 
usage creates additional cost burdens to the machining industry [7]. On 

the other hand, dry cutting offers the advantage of eliminating the need 
for fluids, thus avoiding environment and health risks. This also helps 
reduce equipment cost, cleaning, and disposal costs related to liquid 
lubricants. However, dry machining comes with its own drawbacks, 
including insufficient chip removal, accelerated tool wear, sudden 
breakage of the tool and diminished surface quality [8,9]. Especially 
during high-speed and dry machining operations, the cutting tempera
tures and stresses on the cutting edges are significantly high, leading to 
rapid tool wear and excessive heat generation [3,10]. Application of 
surface engineering in the form of deposition of hard coatings over the 
surface of the cutting tools allows them to extend their service life. TiC 
and TiN coatings were the early coating systems that were developed 
and applied to the protection of the cutting tools [11,12]. TiN coating 
along with other nitride coatings, was further alloyed with Al, to 
enhance their mechanical and thermal properties [13–16]. This alloying 
approach allowed to expand their applicability in turning, milling and 
drilling operations by offering improved oxidation resistance and ther
mal stability of the coating materials. Among these coating materials, 
metastable CrAlN is one of the prominent and widely adopted material 
systems in machining applications due to its excellent resistance to 
oxidation combined with superior mechanical and tribological proper
ties [16–18]. In many cases, researchers found that CrAlN coating 
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outperforms the AlTiN coating in terms of improving the tool life (29 to 
100 %), surface roughness (up to 16 %) and hardness (up to 147 %) [19, 
20]. Moreover, the formation of dense and adherent mixed oxides layer 
of Al and Cr ((Al, Cr)2O3) helps in the retardation of the oxidation 
process [20]. The properties of this nitride coating make it a popular 
choice for machining of engineering alloys such as different grades of 
steel. 

AISI 1045 is a medium carbon steel extensively used in railway and 
automotive applications, as well as for fabrication of engine parts, 
couplings, and crankshafts [3,21]. Related industries prioritize high 
productivity, quality, cost efficiency and environmental waste reduction 
while machining AISI 1045 steel. In order to fulfill these demands, 
high-speed dry machining along with improved surface finish and tool 
life by reducing friction, existing coatings need some improvement by 
incorporating soft phase into their hard matrix. Addition of adequate 
quantity of soft phase such as Ag, into the matrix of nitride coatings, 
could be one of the strategies in the development of hard and solid 
lubricant coatings for cutting tools. Numerous research studies have 
concentrated on depositing transition metals nitride films with the 
addition of Ag [22–29]. Researchers who successfully incorporated Ag 
with CrN [27,30–32] and CrAlN [28] reported improvements in the 
tribological performance of the monolithic coatings (without Ag). As per 
the researchers, Ag diffuses on the top surface of the coating, during 
high-temperature tribology, forms a lubricious layer and helps easy 
sliding of the tribo-pair leading to reduction in friction [33]. The for
mation of oxides such as AgCrO2, was found responsible for altering the 
oxidation and tribological behaviour of the coatings [26,34]. At elevated 
temperatures, these oxides are generated due to the migration of Ag on 
the top surface from within the coating under conditions of temperature 
exposure and sliding [26,34,35]. Therefore, the content of Ag within the 
nitride phase should be carefully controlled for achieving optimal 
combination of hardness and lubrication during tribology. 

In this regard, Kutschej et al. [31] found that addition of 12 at.% of 
Ag into the matrix of CrN coating helped in maintaining a minimum 
coefficient of friction (~0.4) and depth of wear track (~1 µm) which was 
lower than monolithic CrN coating. However, increasing Ag up to 22 at. 
% in the same architecture resulted in reduction of the friction coeffi
cient only during initial cycles, followed by coating failure during 
testing performed at 600 ◦C. The excessive outward diffusion of Ag from 
the coating initially provided lubrication, but over time, this phenom
enon made the coating porous, rendering it incapable of withstanding 
forces during sliding, leading to failure. Other researchers working with 
a similar composition (22–25 at.%) of Ag in CrN reported coefficient of 
friction in the range of 0.2 to 0.7 while testing under a temperature 
ranging from 400 ◦C to 600 ◦C [30,32]. It was observed that the outward 
diffusion of Ag and the formation of bulk clusters helped reduce friction 
between sliding pairs. Previous researchers [26,36] indicated that 
doping Ag into CrAlN provided superior lubrication and resistance to 
wear both under room temperature and up to 600 ◦C compared with 
reference CrAlN coating. 

In the previous work reported by the authors [26], it was identified 
that around 9 at.% of Ag was found effective in bringing about lowest 
coefficient of friction and specific wear rate than other Ag containing 
CrAlN-based coatings while sliding against Al2O3 ball. However, 
high-temperature tribological performance of Ag doped CrAlN coating 
against other counterparts remains relatively unexplored. Moreover, 
promising tribological performance of CrAlNAg coating also necessitates 
exploration of the capability of the same coating in machining appli
cations. Therefore, the present research aims at investigating the tribo
logical behaviour of CrAlNAg coatings with varying content of Ag 
against AISI 1045 steel ball counterpart. Attempt has been made to 
comprehensively understand the underlying mechanisms of friction and 
wear through tribological characterisation under high-temperature (600 
◦C) and evaluate the performance of CrAlNAg coatings in milling in 
terms of cutting force, chip temperature, surface finish and chip 
morphology in comparison with uncoated and reference CrAlN coated 

tools under dry environment. 

2. Experimental procedure 

2.1. Coating deposition and characterisation 

The CrAlN coatings with different Ag concentrations were deposited 
using a 4-target coating system (Make: Teer coatings Ltd., UK) utilising 
closed-field unbalanced magnetron sputtering (CFUMBS) technique. A 
circular disk made of tungsten carbide (WC), with a diameter of 20 mm 
and a thickness of about 3.5 mm, was employed for tribology testing. 
Uncoated milling inserts (TPAN1603) manufactured by WIDIA, India 
were utilised as the other substrates to evaluate the machining perfor
mance of the coatings. Initially, the WC disks to be used for tribology 
were polished using 400, 600, and 800 grit SiC papers, followed by 
diamond paste with particle sizes of 3 µm and 0.8 µm, successively. This 
process aimed to maintain the surface roughness of all samples below 
100 nm. Achievement of such a low value of surface roughness (Ra) was 
essential to ensure a uniform thickness of the coating all over the sub
strate. Subsequently, both sets of substrates were ultrasonically cleaned 
in separate baths of ethanol and acetone for 20 min each, followed by 
drying in an oven. To eliminate any remaining contaminants, the sam
ples underwent etching with Ar+ in the deposition chamber for 20 min 
under a base pressure of 4 × 10− 6 Pa with an applied bias voltage of −
600 V. The Ag concentration was adjusted by varying the power applied 
to the respective targets. Following deposition, the coated disk was cut 
to examine the fractured cross-section, allowing for the analysis of 
coating thickness and morphology using field emission scanning elec
tron microscopy (FESEM Gemini500; Zeiss, Germany) with the attach
ment of energy dispersive spectroscopy (EDS). For comprehensive 
details related to the deposition of the coatings, their mechanical and 
structural characterisation, as well as their oxidation resistance at 
elevated temperature, readers are referred to the previous work of the 
authors [26,34]. A summary of the chemical composition and the 
coating properties relevant to this research work is provided in Table 1 
[34]. 

2.2. Tribological characterisation 

The tribological performance of the coatings was analysed at 600 ◦C 
utilising a ball-on-disk type tribometer (CSM Instruments). The tests 
were conducted according to ASTM G99–17 standard utilising an AISI 
1045 medium carbon steel ball (6 mm diameter). The ball has a 
composition of 98.5 to 98.97 % iron (Fe), 0.60 to 0.9 % manganese (Mn), 
≤ 0.04 % phosphorus (P) and ≤ 0.05 % sulphur (S) respectively. The 
same material was further used to perform the machining tests. It was 

Table 1 
Classification of coatings with their elemental composition, thickness and me
chanical properties [34].  

Samples CrAlN CrAlNAg2 CrAlNAg9 CrAlNAg12 CrAlNAg16 

Coating 
thickness 
(µm) 

2.5 ±
0.04 

2.6 ± 0.08 3.0 ± 0.05 3.1 ± 0.05 3.3 ± 0.09 

Cr (at.%) 37 ±
0.4 

36 ± 0.8 34 ± 0.65 32 ± 0.5 31 ± 0.30 

Al (at.%) 10.9 
± 0.2 

10.4 ± 0.2 9.9 ± 0.1 9.3 ± 0.2 9.1 ± 0.08 

N (at.%) 50.0 
± 0.4 

48.8 ±
0.23 

45.7 ±
0.18 

44.1 ± 0.2 42.1 ±
0.25 

Ag (at.%) 0.0 2.4 ± 0.1 8.6 ± 0.2 11.8 ±
0.22 

15.8 ±
0.32 

O (at.%) 2.1 ±
0.08 

1.9 ± 0.09 1.7 ± 0.09 2.0 ± 0.06 1.8 ± 0.08 

Cr/Al ratio 3.4 ±
0.1 

3.5 ± 0.11 3.4 ± 0.1 3.5 ± 0.1 3.4 ± 0.12 

Hardness 
(GPa) 

18.0 
± 3.2 

17.0 ± 2.6 23 ± 3.3 19.9 ± 3.3 14.4 ± 3.1  
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ensured that the chemical composition of the ball counterpart closely 
matched with that of the workpiece material. Some of the essential 
mechanical properties related to workpiece material are provided in  
Table 2. The tests were carried out at 600 ◦C with a 2 N load, 0.1 m/s 
linear speed and 6 mm track radius for 1250 cycles. The parameters 
were selected in such a way as to ensure the survival of the coatings even 
after the running-in period so that reasonable comparisons could be 
required during the steady-state regime. Moreover, the normal load was 
chosen in such a way that the contact condition in terms of Hertzian 
contact pressure during tribology as well as machining test could be 
maintained in a comparable range [37]. All the tests were repeated 
thrice for ascertaining the repeatability of the results. During the test, 
the required temperature was achieved by the muffle furnace attached 
to the tribometer, which was controlled by the thermocouple present 
inside the chamber at three different locations. Meanwhile, the coeffi
cient of friction was continuously measured with the computer system 
integrated with the tribometer. After the test, samples were cooled in
side the furnace itself. Developed wear track and ball counterparts from 
the tests were examined utilising a non-contact type surface profil
ometer (S neox; Sensofar, Spain). Following the tribological tests, the 
morphology of the wear track alongside the ball counterpart was ana
lysed using FESEM, while the compositions of the sliding wear debris 
were determined utilising EDS. Raman spectroscopy (alpha300 R; 
WITec, Germany) equipped with an Ar laser operating at a wavelength 
of 532 nm was employed to scrutinize the wear track and its 
constituents. 

2.3. Performance evaluation in dry machining 

The current study aims at exploring the advantages of incorporating 
solid lubrication with hard nitride coating to enhance material removal 
rate (MRR) under severe conditions (combination of high cutting, feed 
and depth of cut) during dry milling operations. Considering the wide 
range of applications and extensive necessity of machining operations, 
AISI 1045 steel has been chosen as the workpiece material in the current 
research work. The shape of the workpiece was in the form of rectan
gular block with a dimension of 120 mm × 50 mm x 50 mm. Fig. 1 il
lustrates the experimental setup for face milling operation. Table 3 
presents attributes regarding the cutting tools and conditions. The 
machining tests were carried out using a 3-axis vertical machining 
center (AMS 540 V: Ace Micromatic, India). All experiments were con
ducted in a dry environment to evaluate the machining performance of 
both uncoated and coated tools. To enhance the statistical accuracy of 
measuring various machining characteristics, all the experiments were 
repeated three times. The study examined the impact of different per
centages of Ag in coatings on various machining characteristics during 
the face milling of AISI 1045 steel. The machining characteristics 
included the calculation of cutting force, surface roughness, chip tem
perature, tool wear (rake and flank wear) and chip characteristics. 

2.4. Force and temperature analysis 

To measure the cutting forces generated during cutting, a multi- 
component (9257B; Kistler, Switzerland) dynamometer was used. The 
dynamometer was connected to a charge amplifier (5001 A; Kistler, 
Switzerland) having eight-channels and a data logger system. The 
combined arrangement facilitates the recording of data concerning the 

X, Y and Z components of cutting forces (Fx, Fy, and Fz, respectively) 
throughout the machining operation. Chip temperature was measured 
using an infrared (IR) camera (X6540sc; FLIR, US), calibrated to mea
sure temperatures ranging from 350 ◦C to 1200 ◦C. During temperature 
recording the emissivity of the workpiece was assumed to be ~0.8 which 
was determined through a number of calibration experiments. Adapted 
methodology for measuring cutting temperature has been previously 
employed by other researchers as well [3,40]. 

2.5. Wear analysis 

Average flank and crater wear were determined after every five 
passes of the machining using a stereo-zoom microscope (S9i; LEICA, 
Germany). This allowed for the assessment of tool wear during 
machining with different uncoated and coated inserts. Machining op
erations were carried out for a total of 22 passes across all coating 
conditions, ensuring a comprehensive comparison of different 
machining characteristics including tool wear. Meanwhile, both the 
flank and rake surfaces of the tool inserts were inspected using SEM and 
EDS after completing 22 passes of face milling. 

2.6. Chip thickness and surface roughness 

Chip thickness and surface roughness are important characteristics 
for assessing machining performance. Surface roughness tests were 
conducted on the uncoated and as-deposited milling inserts and later on 
the machined workpiece using a portable roughness tester (Surtronic S- 
100; Taylor and Hobson, England) with a cut-off length of 0.8 mm and a 
sampling length of 4 mm. The parameter considered for surface rough
ness analysis was the arithmetic mean surface roughness (Ra). The 
stereo-zoom microscope was used to capture the optical images of the 
machined chips. The thickness of these chips was measured at their 
maximum cross-section with the help of a micrometer (C/N 342–251- 
30; Mitutoyo, Japan) having the least count of 0.01 mm. To ensure 
statistical accuracy, at least five repetitions were conducted, ensuring a 
reliable assessment of the surface roughness and chip thickness. 

3. Results 

3.1. Coatings thickness and surface roughness 

The fractography technique was utilised to examine the thickness of 
the developed CrAlN and CrAlNAg coatings. Fractographs of the coat
ings, as a function of the chemical composition, are depicted in Fig. 2(a). 
The reference CrAlN coating demonstrates a smooth and uniform 
appearance, displaying a growth pattern involving a columnar cross- 
section. To enhance the adhesion of the coating with the WC sub
strate, an interlayer of Cr with a thickness of approximately 600 nm was 
first deposited for all the coating configurations. As Ag was introduced 
by increasing the power density applied to the Ag target during the 
deposition (maintaining the same power densities of Cr and Al targets as 
in the reference CrAlN coating), an increase in the coating thickness was 
observed, as evident from Fig. 2(a). The columnar structure was evident 
in all the deposited coatings. A representative image of elemental 
mapping (see Fig. 2(b)) carried out at the cross-section of the CrAlNAg9 
coating reveals the distribution of different elements along the thickness 
of the coating. 

The surface roughness of the uncoated milling insert was 0.293 µm, 
while that of the coated inserts is as follows. 

CrAlN: 0.312 µm, CrAlNAg2: 0.305 µm, CrAlNAg9: 0.287 µm, CrAl
NAg12: 0.268 µm, and CrAlNAg16: 0.261 µm. 

Evidently, doping of Ag into the matrix of CrAlN was effective in 
bringing down the surface roughness, an observation that was also re
ported earlier [26]. 

Table 2 
Mechanical and other properties of AISI 1045 steel [38,39].  

Mechanical properties Poisson’s Ratio 0.3 
Elastic Modulus (GPa) 200 
Brinell Hardness 170-210 
Tensile Strength (MPa) 570-700 

Other properties Thermal Conductivity (W/(mK)) 38 
Density (kg/m3) 7800-7850  
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3.2. Tribological behaviour of coatings at 600 ◦C 

Variations in the coefficient of friction versus sliding distance for all 
the coatings tested against AISI 1045 steel ball at 600 ◦C were presented 
in Fig. 3. The temperature and counterpart were intentionally selected to 
simulate the temperature generation during milling of AISI 1045 steel. 
The 3D profilometric image of the coated disk and counterpart steel ball 
are presented in Fig. 4. At 600 ◦C, the steel ball was softened and 
exhibited wear when sliding against the hard coating, as depicted in 
Fig. 4. Coatings with no Ag or low percentage of Ag doping demon
strated a significant amount of adhesion between the coating and 
counterpart, resulting in prominent wear flats. Conversely, the CrAl
NAg9 and CrAlNAg12 coatings exhibited no sticking on the track. 

Optimal Ag-doped coatings were found to form a protective transfer 
layer on top of the counterpart, enabling smooth gliding of the ball and 
minimizing direct contact with the disk, thus reducing wear. However, 
the CrAlNAg16 coating with the highest Ag content displayed a non- 
functional transfer layer on the counterpart, accompanied by a wear 
flat (Fig. 4). The excessive presence of softer Ag in the coating promoted 
uncontrolled outward diffusion, depleting the Ag content within a few 
cycles. This excessive diffusion led to the formation of a large and un
sustainable transfer layer that was eventually removed during sliding. 

Consequently, the steel ball came into direct contact with the sliding 
track surface, resulting in metal deposition. This phenomenon explains 
why the coefficient of friction for CrAlN, CrAlNAg2, and CrAlNAg16 
coatings is similar to that for iron-to-iron sliding, as observed in previous 
studies [41,42]. Notably, the presence of additional hard ceramic par
ticles (Cr and Al, based) in the CrAlNAg12 coating increased the coef
ficient of friction. The CrAlNAg9 coating exhibited double track 
formation, which occurs when a hard particle from either the coating or 
counterpart (in this case, from the coating) becomes trapped in the 
track, leading to three-body abrasion [43,44]. Due to the particle’s small 
size, it acts as a sharp pin sliding along the track, intensifying the con
ditions for the coating and resulting in increased wear depth. Conse
quently, the CrAlNAg9 coating displayed a higher coefficient of friction. 

Fig. 5 displays the wear flat diameter and the maximum thickness of 
the transfer layer formed on several coatings. It is evident from the 
figure that CrAlN and CrAlNAg2 exhibit similar wear flat sizes, while the 
wear flat size for CrAlNAg9 is minimum and increases gradually there
after. Regarding transfer layer thickness, no transfer layer was observed 
for CrAlN and CrAlNAg2 coatings. However, both CrAlNAg9 and CrAl
NAg12 coatings developed a sustainable transfer layer. Conversely, the 
formation of a thick transfer layer in the CrAlNAg16 coating rendered it 
unsustainable during sliding. 

Furthermore, the wear track was 2D scanned to examine the wear 
depth profile of the track, as shown in Fig. 6. It is clear from the figure 
that material sticking occurred on the wear track of CrAlN and CrAl
NAg2 coatings. However, a unique double-track formation was observed 
for the case of the CrAlNAg9 coating. Whereas the wear depth suggested 
that substrates were exposed for the case of CrAlNAg12 and CrAlNAg16 
coatings. 

SEM and EDS mapping were conducted on both the wear track and 
ball counterpart to analyse their elemental composition. EDS analysis of 
the wear track, shown in Fig. 7, revealed the deposition of material from 
the ball counterpart onto the tracks of CrAlN and CrAlNAg16 coatings, 
primarily in the form of iron oxides. The presence of a double-track 
formation on the CrAlNAg9 coating indicated a deficiency of Ag 
within the wear depth. It is likely that aluminium oxide was also formed 
during sliding. The CrAlNAg16 coating displayed a decrease in Ag 
content within the track due to excessive outward diffusion. The 
elemental analysis of the wear tracks confirmed the deposition of iron 
oxide onto the wear tracks of reference CrAlN, CrAlNAg2 and CrAl
NAg16 coatings. The track of the CrAlNAg9 coating did not show any 
evidence of worn particles comprising steel (iron) coming from the ball 
counterpart. The coating was primarily intact with the possible forma
tion of oxides of Cr and Al (as evident from the elemental mapping of O) 
as the protective layer within the wear track. When considering the 
CrAlNAg16 coating, depletion of Ag within the track along with material 

Fig. 1. Experimental setup for carrying out machining tests using uncoated and coated milling inserts.  

Table 3 
Specifications of cutting tools, workpiece and machining parameters for milling 
experiment.  

Workpiece material AISI 1045 medium carbon steel 

Insert designation TPAN 1603PPN THM 
Inserts used Uncoated cemented carbide inserts (ISO K10) 

Coated cemented carbide inserts: CrAlN, CrAlNAg2, 
CrAlNAg9, CrAlNAg12, CrAlNAg16 

Tool holder Face-mill cutter with BT-40 taper 85 mm diameter (Make: 
WIDIA) 

Cutting velocity; Vc 

(m/min) 
250 

Feed; fr (mm/min) 300 
Feed/tooth; fz (mm/ 

tooth) 
0.3205 

Radial depth of cut; ae 

(mm) 
20 

Axial depth of cut; ap 

(mm) 
1 

No. of passes 22 
Length of cut per pass 

(mm) 
120 

Environment 
condition 

Dry  
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adhesion (steel) was observed. The material adhesion could be attrib
uted to significant ball wear as evident in Figs. 4 and 5. Wear of the ball 
counterpart caused the widening of the wear tracks for CrAlN, CrAlNAg2 
and CrAlNAg16 coatings. It is noteworthy to mention that wearing of the 
counterpart ball for the case of CrAlN, CrAlNAg2 and CrAlNAg16 
coatings increased the contact area and hence widening of the wear 
track took place. 

For further analysis, Raman spectroscopy (please refer to Fig. 8) was 
conducted inside the wear track of the coatings, revealing the presence 
of Cr2O3, Fe2O3, Al2O3 and AgCrO2 within the track. It is worth noting 
that the acceleration of local oxidation was attributed to the presence of 
defects induced by the sliding action [45]. Inside the wear track of the 

CrAlN coating, Al2O3 and Fe2O3 were observed, while no traces of Cr2O3 
were found. The dominant peaks of Al2O3 were observed in the CrAl
NAg12 coating, consistent with findings from a previous study [26]. The 
oxide phase of Ag (AgCrO2) was significantly present in CrAlNAg16, 
followed by CrAlNAg12. CrAlNAg9 coated samples also exhibited the 
presence of Cr2O3, Al2O3 and AgCrO2, but in lesser quantities compared 
to CrAlNAg12. It is important to note that this phase is thermally stable 
between the temperature range of 450 ◦C to 850 ◦C [29]. The generation 
of AgCrO2 and the availability of Ag inside the sliding tracks contribute 
to the facilitation of sliding for the counterpart, as both are known for 
their low shearing properties [35,46]. However, excessive formation of 
AgCrO2 can degrade the strength of the coating, as it occupies the sur
face and reduces the formation of the protective oxide layer (Cr2O3) on 
top of the coating. 

EDS analysis of the ball counterpart, presented in Fig. 9, reveals no 
transfer layer formation for the CrAlN coating, with only abrasive wear 
of the ball occurring due to the harder CrAlN phase. The EDS elemental 
mapping also indicates a transfer layer rich in oxides of Cr and Al for 
CrAlNAg9 and CrAlNAg12 coatings. For the CrAlNAg9 coating, the 
presence of Ag in the transfer layer was not significant. Therefore, it can 
be concluded that the protective transfer layer was hard and abrasive, 
but without lubricious properties. As a result, the CrAlNAg9 coating 
exhibited a high coefficient of friction, apart from minor wear of the 
coating at the narrow point of contact between the oxides-rich transfer 
layer and the wear track. A larger area of the transfer layer in CrAl
NAg12 and CrAlNAg16 caused greater depth of wear in the track. 
Although Ag was present in the transfer layer as shown in Fig. 9, it was 
segregated along the boundary of the transfer layer, while Al and Cr 
oxides formed in the areas of contact with the track. The segregation or 
accumulation of Ag took place along the boundary of the contact area of 
the ball counterpart as an outcome of outward diffusion of Ag from 
within the coating at high temperature leading to loss of lubricating 
phase (Ag) from the coating. A similar observation was also noted in the 
previous studies [47–50]. Therefore, Ag could not provide a major 

Fig. 2. (a) SEM micrographs of cross-section of coated CrAlNAg with different contents of Ag deposited over WC substrate along with (b) representative images of 
elemental mapping of CrAlNAg9 coating. 

Fig. 3. Variation of coefficient of friction of CrAlNAg coatings when sliding 
against AISI 1045 steel ball at 600 ◦C. 
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Fig. 4. 3D surface profilometer images of ball counterpart and wear track of CrAlNAg coatings after sliding against AISI 1045 steel ball at 600 ◦C.  
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lubrication effect, and coating wear was more pronounced for CrAl
NAg12 and CrAlNAg16 coatings. 

3.3. Milling performance of the coating 

During the face milling operation of AISI 1045 medium carbon steel, 
three cutting force components (Fx, Fy, Fz) were recorded. Fig. 10 (a) 
illustrates three such representative force profiles while machining with 

uncoated and CrAlNAg9 coated milling inserts. It is evident that the 
highest force (Fx) was generated along the direction of the table feed, 
while the lowest force (Fz) was observed along the cutter axis. In selected 
cutting parameters, radial depth is less than 1/4th of the cutter diameter. 
Moreover, considering high material removal rate as an objective, the 
chosen feed per tooth was high. This resulted in higher cutting force 
along the feed direction. These could be the reasons for the recorded 
distribution of cutting forces. As the tool moves along the feed direction, 
it engages with the workpiece material, leading to the shearing and 
removal of material. The cutting edge of the tool meets the material at a 
specific angle known as the shear angle. This angle is influenced by both 
tool geometry and the properties of the material being cut. This shear 
angle significantly influences the component of cutting force along the 
feed direction. 

The same Fig. 10 (b) also presents the variation of Fx, Fy, and Fz 
including maximum, minimum and mean values calculated from the 
cutting force profile for uncoated, CrAlN and CrAlNAg coated tools. It is 
noteworthy to mention that forces are being demonstrated only during 
the first pass of machining to negate the influence of tool wear. Uncoated 
milling inserts exhibit higher cutting force, particularly in terms of Fx 
and Fy, than CrAlN and CrAlNAg coatings. This is attributed to the anti- 
friction properties of the same coatings. While investigating the relative 
performance of the coated tools, it is observed that CrAlNAg12 coating 
resulted in higher values of Fx, Fy, and Fz than CrAlN and other CrAlNAg 
coatings. 

In-depth analysis of high-temperature tribology results (Figs. 3 and 
7) also pinpointed the inferior tribological performance of CrAlNAg12 
coating in terms of higher friction, material adhesion and greater depth 
of wear track. Therefore, the results of cutting force are in agreement 
with those of tribology using the same counterpart as that of the 
workpiece material. Interestingly, CrAlNAg9 and CrAlNAg16 showed a 
reduction (6–12 %) in Fz compared to CrAlN, indicating the effective
ness of the addition of Ag into the hard CrAlN phase. 

Fig. 11 illustrates the variation in chip temperature and the pro
gression of chip temperature with each pass of milling. A total of 22 
passes or until tool failure were considered. It is evident that the un
coated tool generated the highest temperature during machining. As the 
higher cutting force for the uncoated tool was associated with higher 
chip-tool interface friction, the same mechanism of greater frictional 
heat generation could explain the chip temperature. Since the uncoated 
tool failed after only 6 passes, the machining was discontinued for the 
same tool. The CrAlN coating imparted both anti-friction properties as 
well as wear resistance, resulting in a reduction in chip temperature. The 
benefit of the addition of Ag of an optimal quantity was evident as the 
CrAlNAg9 coating was effective in bringing down chip temperature in 
the range of 3–4 % compared to those of the CrAlN coating and 14–17 % 
compared to those of the uncoated tool. It is also evident that a very low 
content of Ag (2 %) was insufficient to provide a sizable lubrication 
effect for the CrAlNAg2 coating, whereas higher Ag content was also not 
effective. CrAlNAg12 exhibited poor tribological behaviour all along, 
resulting in a higher chip temperature than those for the CrAlN, CrAl
NAg2, and CrAlNAg9 coatings. A little consideration would indicate that 
the chip temperature for the CrAlAg16 coating was similar to that of the 
CrAlNAg9 coating after 2 passes. However, owing to excessive outward 
diffusion of Ag to the surface followed by loss, the CrAlAg16 coating 
quickly lost its tribological properties and as a result, it suffered from a 
higher rate of tool wear (to be discussed later) and escalated the rise in 
chip temperature. The sharpest slope of increase of chip temperature is 
comparable only with the uncoated tool. 

The condition of those tools after 22 runs of face milling under dry 
conditions is depicted in Fig. 12 using SEM images. The figure reveals 
that the uncoated tool suffered from breakage of the cutting edge and 
nose, indicating severe wear. Whereas, higher material adhesion could 
be observed for CrAlN coated inserts. Apart from adhesion, the CrAlN 
coated tool also suffered from edge chipping but with much less severity 
than the uncoated tool. The high brittleness of the CrAlN coated tool was 

Fig. 5. Wear flat diameter and thickness of transfer layer after sliding against 
AISI 1045 steel ball at 600 ◦C. 

Fig. 6. Wear track profile (2D) of CrAlNAg coatings after sliding against AISI 
1045 steel ball at 600 ◦C. 
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not effective in withstanding the high force and stress of aggressive 
machining conditions. The inclusion of the softer phase of Ag was of 
clear benefit in terms of improving resistance to edge chipping of the 
tool. 

The superior tribological properties of CrAlN and CrAlNAg9 coatings 
compared to the other coatings were also found to correlated with the 
tool wear phenomena. Higher resistance to tool wear of CrAlNAg9 
coating in comparison with reference CrAlN coated tool is attributed to 
higher coating hardness of CrAlNAg9 coating than CrAlN as shown in 
Table 1. While the uncoated insert suffered from severe wear charac
terised by escalated nose damage (with an average wear band of 77 µm) 
and crater wear (with an average depth of 9 µm) after only 6 passes, the 
other coatings survived for 22 runs. Various wear mechanisms could 
also be observed, including edge chipping and material adhesion over 
the CrAlN coated tool, crack formation at the rake surface of the CrAl
NAg16 coating, etc. 

The average flank wear was periodically measured after a finite 
number of milling passes so that the progressive wear of the uncoated 
and coated tools could be investigated. The results are demonstrated in  
Fig. 13, in which it is evident that the minimum flank wear could be 
accomplished with the CrAlNAg9 coated tool, followed by CrAlNAg2 
and CrAlN coated tools. However, it may be noted that this reduction in 

Fig. 7. SEM and EDS elemental mapping images of wear track of CrAlNAg coatings tested against AISI 1045 steel ball at 600 ◦C.  

Fig. 8. Raman spectra of the wear track of CrAlNAg coatings after sliding 
against AISI 1045 steel ball at 600 ◦C. 
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flank wear was in the range of 7–10 %. This result is in agreement with 
those of cutting force and chip temperature as no significant improve
ment was received with the addition of Ag. Moreover, CrAlNAg12 and 
CrAlNAg16 coated tools showed greater flank wear. It is noteworthy to 
mention that the lower values of flank wear are attributed to the ge
ometry of the milling inserts having a chamfered cutting edge. There
fore, the flank surface is protected until the chamfered edge gives in. The 
tool will therefore fail even with the lower values of flank wear if the 
chamfered edge suffers from severe damage leading to chipping or 
breakage of the cutting edge and nose [3,51]. This is exactly what has 
been observed in the current research work. A similar trend was also 
followed in the progressive depth of crater wear (shown in Fig. 14) for 
the uncoated and coated tools. CrAlN, CrAlNAg2, and CrAlNAg9 coat
ings showed similar crater wear (with a depth of the craters in the range 
of 4 to 4.5 µm), whereas the highest wear was recorded for the uncoated 
insert, followed by CrAlNAg16 and CrAlNAg12 coated tools. 

Due to running-in wear, the rate of crater wear was faster at the 
beginning, while it became steady subsequently as evident in Fig. 14. It 
may be further noted that although the coatings were partially removed 
from the chip sliding zone of the rake surface, the coated tools resulted 
in much higher tool life compared to their uncoated counterpart due to 
the "wear-pad effect." Moreover, it may be concluded that the results of 
high-temperature tribology, cutting forces and chip temperature had a 

strong correlation with the tool wear phenomena of the uncoated and 
developed CrAlNAg coatings. 

The SEM images displayed in Fig. 15 illustrate the free and under 
surfaces of the chips after face milling of AISI 1045 steel using both 
uncoated and different coated tool inserts under the same cutting con
ditions. Generally, serrated or segmented chips are commonly observed 
during the machining of steels. The collected chips clearly exhibit the 
formation of serrated teeth during machining and the size of chip 
serration decreases when coated inserts were used. This reduction in 
chip separation size is a clear indication of better tool wear resistance 
and reduced shear stress while cutting with the coated inserts. The 
coating with the highest Ag content displays more pronounced serration 
as shown in Fig. 15. 

The observed lamellar structure in Fig. 15 (a-f) is a fundamental 
feature of the free surface of the chips and characterised by jagged and 
rough appearances resulting from the shearing mechanism. In the major 
section of the chips, these lamellae align parallel with the side cutting 
edge, while in the corner section, they are inclined and roughly parallel 
with the nose of the tool. Similar observations have been reported by the 
previous researchers [52,53]. Fig. 15 (a1-f1) shows the under surfaces of 
the chips which were in sliding contact with the tool rake surface during 
milling operation. The undersurface indirectly represents the condition 
of chip-tool interface during machining. For example, rougher rake 

Fig. 9. SEM and EDS elemental mapping images of AISI 1045 steel ball counterpart after sliding against CrAlNAg coatings tested at 600 ◦C.  
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surface morphology would induce some damage to the undersurface of 
the chip during machining. Tribochemical reactions such as oxidation at 
machining zone temperature also play a significant role in chip 
morphology. 

During milling, similar to other cutting operations, the back surface 
of the chip encounters close contact with the tool rake face. During 
machining, severe plastic deformation of the chips takes place, resulting 
in elevated contact pressure and friction force. The cutting zone 

temperature is also considerably high, as shown in Fig. 11. The collec
tive influence of high contact pressure, elevated temperature and fric
tional force contribute to a smooth and shiny back surface (see Fig. 15 
(a1-f1)), in contrast to the free surface of the chips. Notably, parallel 
stripes on the undersurface are discernible, attributed to irregular cut
ting edges and/or potential hard particles; nevertheless, the overall 
surface remains smooth. 

While the uncoated tool resulted in a smoother morphology of the 
undersurface of the chip, CrAlN-coated tool caused prominent abrasive 
marks. Moreover, the other coated inserts such as CrAlNAg2 and CrAl
NAg12 showed inconsistency and tearing of the chips. Formation of 
harder phases like Al2O3 during tribological contact in machining might 
be responsible for the development of such a structure. It may be 
recalled that the formation of Al2O3 was detected inside the wear track 
during steel ball tribology test (Fig. 8), as well. However, for CrAlNAg9 
and CrAlNAg16 coatings, softer phases are too dominant to cause major 
disruption in the back surface of the chip as evident from the figure. The 
Ra values of the rake surface were also connected to the morphology of 
the chip undersurface. For example, the uncoated and CrAlNAg9 coated 
tools with lower surface roughness than reference CrAlN coating resul
ted in smoother morphology of the back surface of the chips. 

Fig. 16 shows the results of maximum chip thickness while using 
uncoated and different coated tools after the second run of milling 
operation. The same figure also includes the microscopic images of the 
chips. All the chips look similar as they are of discontinuous type with a 
C-shaped appearance. However, there is significant variation in the chip 
thickness as presented in the same figure. Since chip thickness is an 
indirect measure of mechanical deformation during machining, it is 
related to chip-tool interface friction and cutting force. The same figure 
depicts that the maximum chip thickness is recorded with the uncoated 
milling insert. Therefore, the cutting force results are coherent with 

Fig. 10. Shows (a) representative cutting force signal during face milling of AISI 1045 steel using uncoated and CrAlNAg9 coated tools and (b) maximum, minimum 
and mean values of cutting forces using milling inserts under the condition of Vc = 250 m/min, fz = 0.3205 mm/tooth, ap = 1 mm, ae = 20 mm. 

Fig. 11. Variation in chip temperature across machining runs during 
machining of 1045 steel using developed CrAlNAg coated tools. 
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those of chip thickness, as the uncoated tool resulted in the highest 
values of Fx and Fy as shown in Fig. 10. Moreover, Fy and Fz (Fig. 10 (b)), 
related to the CrAlNAg9 coated tool, are either the smallest or second 
smallest respectively. Since the maximum chip thickness for the CrAl
NAg9 coated tool is found to be minimum, it is evident that the same 

coating actually exhibits low friction characteristics during machining 
operation. It is also important to mention that the CrAlNAg12 coating 
resulted in the highest value of chip thickness among all the coated tools. 
This can be explained by the unfavourable formation of oxides in large 
quantities for the CrAlNAg12 coating during tribo-test, as presented in 

Fig. 12. SEM images of rake and flank surfaces of uncoated, developed CrAlNAg coated tools after 22 runs of milling operations under the condition of Vc = 250 m/ 
min, fz = 0.3205 mm/tooth, ap = 1 mm, ae = 20 mm. 

Fig. 13. Progression of average flank wear of uncoated, CrAlN and CrAlNAg 
coated tools during dry face milling operation. Fig. 14. Variation of progressive crater wear of uncoated and coated milling 

inserts during milling of AISI 1045 steel. 
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previous work [26]. 
The workpiece surface roughness after machining with uncoated and 

different coated tools is shown in Fig. 17. The results clearly highlight 
that the lowest surface roughness is initially achieved for CrAlNAg9 and 
CrAlNAg16 coatings. This indicates the effectiveness of the addition of 
Ag in the CrAlN coating. However, there is a significant increase in 
roughness observed for the CrAlNAg16 coating due to maximum flank 
and crater wear among the coated tools, as presented in Figs. 13 and 14. 

Superior surface finish was obtained with the CrAlNAg9 coated tool 
(37–38 % improvement than reference CrAlN), which is attributed to its 
greater capability to prevent material adhesion on to the tool surface 
during machining. During ball-on-disk tribology test, the phenomenon 
of lower sticking tendency of CrAlNAg9 coating was clearly established 
(Figs. 4 and 6). Moreover, surface roughness is also directly correlated 
with tool wear as there is a clear increasing trend of surface roughness 

Fig. 15. SEM images of free and back surface of the chips while using uncoated, developed CrAlNAg coated milling inserts after machining under the condition of Vc 
= 250 m/min, fz = 0.3205 mm/tooth, ap = 1 mm, ae = 20 mm. 

Fig. 16. Plot of maximum chip thickness after face milling operation while 
using uncoated, developed CrAlNAg coated tools. Fig. 17. Variation of surface roughness after different runs using uncoated and 

different coated milling inserts. 
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with the progression of machining, as indicated in Fig. 17. Additionally, 
the rate of increase of roughness with machining runs is also correlated 
with the rate of tool wear. For example, uncoated and CrAlNAg16 coated 
tools exhibit a greater slope of increase of surface roughness compared 
to other coated tools. 

4. Conclusion 

During the ball-on-disk test at 600 ◦C, the steel ball counterpart 
softened and exhibited wear when sliding against CrAlN-based coatings 
without or lower content of Ag resulting in the development of wear flat. 
Moreover, these coatings demonstrated formation of a layer comprising 
worn particles of coating as well as ball counterparts in between. On the 
other hand, coatings with higher Ag content such as CrAlNAg9 and 
CrAlNAg12 helped in the formation of a protective transfer layer on the 
outer surface of the ball counterpart thereby mitigating the adhesion of 
wear debris onto the coated surface and wear of the steel ball. However, 
CrAlNAg16 coating with the highest Ag content displayed the formation 
of an unstable transfer layer on the counterpart, accompanied by a 
sizeable wear flat. 

Both reference CrAlN and CrAlNAg9 coated tools were successful in 
reducing cutting force (Fx) by 17.5 % and 16 % respectively, with 
reference to the uncoated tool. The same CrAlN and CrAlNAg9 coated 
tools also diminished the chip temperature by 14.3 % and 17.5 % 
respectively, when compared to their uncoated counterpart. In a similar 
way, the same two coated tools caused a reduction in chip thickness by 
12 % and 12.7 % with respect to the uncoated insert. However, no sig
nificant change in cutting forces, chip temperature and chip thickness 
could be observed while using CrAlNag9 and reference CrAlN coated 
tools. The effect of Ag addition was more prominent in the case of tool 
wear protection and machined surface roughness. CrAlNAg9 coated tool 
resulted in reduction in average flank wear in the range of 7 % to 10 % 
in comparison with the reference CrAlN coated tool. Under similar 
machining conditions, the uncoated milling insert could only survive an 
overall cutting length of 720 mm while all the coated tools were able to 
sustain a cutting length of 2640 mm without tool failure. CrAlNAg9 
coated tool brought about decrease in surface roughness by ~47 % and 
~36 % compared to uncoated and reference CrAlN coated tools, 
respectively. Superior surface finish was obtained with CrAlNAg9 coated 
tool (36–38 % improvement than the reference CrAlN) which is related 
to the anti-friction and anti-sticking properties provided by the transfer 
layer at the tribo-contact. 
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