
Impact of Process Parameters 
on Machining-Induced Micro-Hardness 
in Dry End Milling of Inconel 625 Using 
Coated Tool 

Ramesh Rajguru and Hari Vasudevan 

Abstract Super alloys, such as nickel-based alloy Inconel 625, are capable of main-
taining their excellent mechanical properties, even after extended contact with high 
temperatures. The class of super alloys was mainly developed for the components 
of aircraft turbine engines as well as turbo-superchargers and many other industrial 
uses, such as oil and petroleum refineries, chemical plants, gas turbines and rocket 
engines. However, they are difficult to cut during the machining process and induce 
high micro-hardness on machined surface. Machining-induced micro-hardness has 
been generally recognized as one of the key factors among all surface integrity param-
eters. Micro-hardness measurements are considered significant in the determination 
of wear and corrosion resistance as well as to obtain an in depth understanding of 
machining-affected region. This study was carried out to investigate the machining-
induced micro-hardness of Inconel 625, during the end milling under dry environ-
ments with ultra-hard coating. ANOVA in combination with mean effect plot was 
applied for the analyses of micro-hardness. ANOVA results indicated the R2 value 
as 98.16%, very close to 1, implying that the model terms are significant. Cutting 
speed and depth of cut were observed as the prime factors on machining-induced 
micro-hardness. Minimum micro-hardness (266 HV) was obtained at a higher feed 
per tooth, lower cutting speed, higher depth of cut and positive radial rake angle. 
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1 Introduction 

Inconel 625, a heat treatable nickel chromium iron alloy has demonstrated to be one 
of the most versatile alloys with unique properties, including outstanding resistance
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to creep, corrosion, especially oxidation and carburization, high strength as well as 
stiffness at elevated temperatures. However, it is difficult to machine the alloy due to 
superior mechanical properties, leading to declining levels of machinability as well 
as lower ranges of cutting speed. As milling operation, particularly the end milling 
process is extensively used in aerospace applications, a finishing operation, with 
specified dimensional tolerances and surface quality, is very much needed. Higher 
quality of machined surfaces generated are considered important and essential in 
manufacturing. The degree and in depth micro-hardness of machined surfaces depend 
on many factors such as cutting conditions, cutting and tool geometry parameters 
and properties of material being machined. Therefore, it becomes important to know 
as to how the changes of cutting conditions influence the machining-induced micro-
hardness in the end milling of Inconel 625 as well as undercutting and tool geometry 
parameters. 

Raykar et al. [1] conducted a turning operation on Inconel 718 to analyse the 
micro-hardness of the machined surface and the degree of work hardening under a 
high pressure coolant. They pointed out that micro-hardness of machined surface is 
1.11 times the bulk micro-hardness. Further, they also found the base material micro-
hardness at a depth of approximately 270–300 micron, for all work piece. Kadam 
and Pawade [2] conducted a high-speed turning operation on Inconel 718 under dry, 
water vapour and chilled air machining environments for the assessment of surface 
integrity in term of micro-hardness of the machined surface through degree of work 
hardening under machined surface. They revealed that the coolant, steam imparted 
low degree of work hardening in contrast to the turning under chilled air and dry 
environments. Rajguru and Vasudevan [3] investigated influence of tool geometry 
on surface integrity aspects such as surface roughness, micro-hardness and residual 
stress. They pointed out that micro-hardness of the top layer was higher due to high 
rate of the work hardening during machining of Inconel 625. 

Vasudevan et al. [4] conducted a turning operation to optimize machining parame-
ters on Inconel 625 under dry conditions with coated carbide inserts. They concluded 
that dry machining could be carried out in the precision machining industries with 
the successful implementation of essential measures. Xavior et al. [5] studied the 
machinability of Inconel 718 under three different cutting tools, namely PVD TiAlN 
carbide, cubic boron nitride and ceramic with high-speed machining and pointed 
out that PVD TiAlN carbide tools cannot be used at speeds above 60 m/min. Halim 
et al. [6] investigated the effect of high-speed milling of Inconel 718 under dry and 
cryogenic environments on tool wear and chip morphology. They revealed strong 
influence of cutting conditions on the chip morphology such as distorted and darker 
colour under dry condition. 

Thakur et al. [7] highlighted a sustainable alternative, using multilayer PVD 
TiN/TiAlN coating tool, on dry machining of nickel-based super alloy. The results 
revealed that the machining characteristics of nickel-based super alloy was found 
superior under the dry machining, using PVD TiN/TiAlN coating tool. Further, the 
work hardening at machined surface as well as sub-surface under dry conditions 
was comparable with flood cooling conditions. Makhesana et al. [8] conducted a 
machining operation on Inconel 718 to investigate the effect of cutting conditions,
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namely dry, flood and minimum quantity liquid on micro hardness. They concluded 
that no substantial variation was observed in the micro-hardness, as against the 
base material with cutting conditions. According to literature of Chaabani et al. 
[9], dry coolant generates a harder and large work hardening layer, as compared to a 
conventional coolant during the machining of Inconel 718. A research study by Xu 
et al. [10], on machinability of Inconel 718, investigated the influence of rake angle 
on micro-hardness of machined surface and they concluded that the positive rake 
angle produces less work hardening on machined surface and minimum sub-surface 
deformation. 

In the machining of a heat treatable nickel chromium iron alloy Inconel 625, 
which has numerous applications in manufacturing industries, the establishment of 
efficient cutting and tool geometry parameters has been a problem, as a result of 
high rate of work hardening and huge amount of heat generation. Also, the cutting 
tool coating is applied in many cases to improve dry machining in the machining 
process. Advanced tool coating such as TiAlSiN play a key role in the sustainable 
alternative of cutting fluid, notably during the machining of nickel-based super alloys. 
It promotes an eco-friendly green machining environment of high speed machining 
of nickel-based super alloy as well [11]. In this context, this study was conducted 
to investigate the machined induced micro-hardness of Inconel 625 during the end 
milling, under dry environments with ultra-hard coating. 

2 Experimental Procedure 

A heat treatable nickel chromium iron alloy such as Inconel 625 was considered 
as the work piece in the current investigation. The test samples were of rectangular 
size of 150 × 50 × 6 mm3. Four controlling factors were selected such as feed 
per tooth, cutting speed, depth of cut and radial rake angle with two levels and are 
presented in Table 1. The experiments were conducted at various cutting conditions 
as per the L8 orthogonal array, and the experimental setup is depicted in Fig. 1. The  
range of standard helix angle was between 30 and 45° for most of the end milling 
process, due to sharpness and cutting edge strength. To improve the machined surface 
quality and to reduce the cutting force, machining of difficult to cut material could 
be achieved by using variable pitch milling end mill cutter. Therefore, solid carbide 
PVD-TiAlSiN coated cutter with four teeth was used as the cutting tool. Milling of 
nickel-based super alloy often requires more rigid and robust equipment, as compared 
to the milling of carbon steels. Hence, machining were performed using MAXMILL 
PLUS+ CNC machine at the Advanced Machining Centre of Walchand College of 
Engineering, Sangli, Maharashtra, India. The measurement of micro-hardness was 
carried out with Vickers digital micro-hardness tester. Experimental conditions with 
factors and responses are depicted in Table 2.
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Table 1 Factors and their levels 

Factors designation Factors Units Levels 

1 2 

Vc Cutting speed m/min 50 90 

fz Feed per tooth mm/tooth 0.05 0.17 

ae Radial depth of cut mm 0.2 1.0 

γ Radial rake angle ° 5 13 

Fig. 1 Experimental setup 

Table 2 Experimental plan with factors and response 

(Vc) (fz) (ae) (γ°) Micro-hardness 
(μm) 

m/min mm/ 
tooth 

mm ° 50 100 150 200 250 

50 0.05 0.2 5 304 293 278 274 258 

50 0.05 1.0 13 274 260 248 243 240 

50 0.17 0.2 13 295 288 285 281 280 

50 0.17 1.0 5 266 254 253 245 233 

90 0.05 0.2 13 344 343 339 334 331 

90 0.05 1.0 5 305 303 300 296 297 

90 0.17 0.2 5 321 310 302 300 298 

90 0.17 1.0 13 305 275 259 298 228
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3 Results and Discussion 

The analysis was performed to investigate the influence of the controlled factors on 
top layer of the machined surface and sub-surfaces micro-hardness up to 250 μm. 
Mean effect plot and analysis of variance for machine induced micro-hardness results 
were obtained using Minitab software. Figure 2 depicts the pattern of the micro-
hardness plots at different experimental conditions. 

Fig. 2 Variation of micro-hardness at different cutting conditions
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Table 3 Analysis of variance results 

Source DF Seq SS Adj SS Adj MS F P 

Vc 1 2312.0 2312.0 2312.0 88.36 0.003 

fz 1 200.0 200.0 200.0 7.64 0.070 

ae 1 1624.5 1624.5 1624.5 62.08 0.004 

γ 1 60.5 60.5 60.5 2.31 0.226 

Error 3 78.5 78.5 26.2 

Total 7 4275.5 

R-Sq = 98.16% 
R-Sq(adj) = 95.72% 

It can be seen from Fig. 2 that the micro-hardness is higher closer to the top layer 
and it decreases underneath the surface layer up to 250 μm, because of the reduction 
in the work hardening. Further, the value of micro-hardness, being just below the 
machined surface is higher and it could be attributed to high amount of heat at cutting 
zone and severe plastic deformation. A blend of higher level of cutting speed and 
radial rake angle, along with lower level of feed per tooth and depth of cut results in 
maximum micro hardness of 344 HV, as a result of high amount of work hardening 
rate. 

Analysis of variance for machine-induced micro-hardness results is presented 
in Table 3, and it revealed that the micro-hardness is significantly influenced by the 
cutting speed and radial depth of cut, followed by feed per tooth and radial rake angle. 
Cutting speed and depth of cut influenced the micro-hardness with a contribution of 
54.075 and 37.99%, respectively, as compared to other process parameters. ANOVA 
table indicates the R2 value as 98.16%, which is very close to 1. It implied that the 
model terms are significant. Higher value of ‘F’ in ANOVA table indicated that the 
effect of design parameters is large, as compared to the error. Hence, the cutting speed 
which showed the highest ‘F’ value has more influence on the process response. 

To demonstrate the influence of process variable on micro-hardness, the main 
effect plot of micro-hardness was plotted and is depicted in Fig. 3. Mean effect plot 
of micro-hardness revealed that the micro-hardness increased as the cutting speed is 
increased from 50 to 90 m/min, as a result of high amount of work hardening rate. 
The effects of other two parameters were seen as moderate.

4 Conclusion 

End milling experiments were performed as part of this study to investigate the 
influence of the controlled factors on machined surface and sub-surfaces of micro-
hardness up to 250 μm on Inconel 625, under dry environments with ultra-hard 
coating. The micro-hardness was analysed using the analysis of variance and the main 
effect plot. A blend of higher level cutting speed and radial rake angle, along with
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Fig. 3 Mean effect plot for micro-hardness

lower level of feed per tooth and depth of cut resulted in maximum micro-hardness of 
344 HV, close to machined surface. Analysis of variance for machine-induced micro-
hardness results revealed that the micro-hardness is significantly influenced by the 
cutting speed and radial depth of cut with a contribution of 54.075 and 37.99%, 
respectively. The experimental results revealed that the minimum micro-hardness 
(266 HV) was observed at lower cutting speed (50 m/min), radial rake angle (5°), 
higher feed per tooth (0.17 mm/tooth) as well as higher radial depth of cut (1.0 mm). 
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