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ABSTRACT 

This study investigated the effects of semi finish, finish and 

critical finish machining parameters on the microstructural 

evolution of subsurface layers in Inconel 718. In order to assess 

the microstructural evolution in the subsurface layer following 

machining, advanced characterization methods including opto-

digital microscopy, X-ray diffraction and nanoindentation were 

used. Results showed that friction between the tool and the 

workpiece during machining lead to microstructural changes 

such as hardness enhancement on the surface, and softening on 

the subsurface. It was also observed that damage in the 

machined surface is related to the presence of defects such as 

cracks, cavities and carbide detachment from the surface. 

Finally, residual stress measurements revealed that, within the 

investigated parameters, the cutting speed has the most 

significant effect on surface integrity. 

INTRODUCTION 

Superalloys are used in the manufacturing of aerospace 

components such as turbine disks where high service 

temperatures are required [1, 2]. Surface integrity of subsurface 

and surface layers resulting from machining is crucial for 

fatigue life improvement [3]. Yet, machining processes 

including hard turning affects surface integrity and induces 

microstructural alterations such as surface hardness 

enhancement resulting from work hardening, plastic 

deformation, microcracks, white layer formation, 

recrystallization and tensile thermal residual stresses [1, 4-8]. 

In order to achieve dimensional tolerance, manufacturing 

of aerospace components require a multi-step machining 

procedure which includes semi finishing, finishing and critical 

finishing.   

This study intends to investigate the microstructural 

evolution of an Inconel 718 superalloy according to multi-step 

hard turning.  

EXPERIMENTAL INVESTIGATIONS 

Table 1 summarizes the machining parameters used during 

the different cutting steps: semi-finish, finish and critical finish. 

Using those parameters, 3D turning tests were carried out on a 

MAZAK center using age hardened cylindrical forged bars with 

a standard AMS heat treatment procedure. Machined specimens 

were sectioned, mounted and etched using an electrolytic 

solution containing 15 ml and 30 ml of H2O2 and HCl 

respectively in order to reveal grain boundaries and investigate 

the subsurface layers modifications. Grain size measurements 

were carried out using the MIP image analysis software 

(Nahamin Pardazan Asia, www.metsofts.com) as per ASTM 6 

as shown in Fig. 1. The hardness was measured to be 38±1 

HRC. The chemical composition of Inconel 718 was 

determined through an EDAX technique and results are 

presented on Table 2.  

 

Table 1 Machining parameters 

Machining step 
Cutting speed 

(m/min) 

Feed rate 

(mm/rev) 

Depth of cut 

(mm) 

 

Tool 

 

Semi-finish 524 0.18 1.02 Carbide 

Finish 590 0.08 0.25 Carbide 

Critical finish 524 0.05 0.13 Carbide 
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Table 2 Chemical composition of Inconel 718 (wt.%) 

Element wt.% 
Standard 

error 
Element wt.% 

Standard 

error 

Ni 52.97 0.3 V 0.09 0.01 

Fe 18.51 0.15 Al 0.39 0.06 

Cr 18.36 0.28 Ta 0.22 0.22 

Nb 4.47 0.09 Si 0.22 0.22 

Ti 1.02 0.03 C 0.07 0.01 

Mo 3.14 0.41    

 

An OLYMPUS DSX 500 opto-digital microscope and 

OLYMPUS LEXT OLS 4000 confocal microscope were used 

to assess the microstructure evolution during the various 

machining steps. Nanohardness measurements were carried out 

on the workpiece cross-section using a load of 1 mN with a 

HYSITRON tribo-indenter and a Berkovich tip.  The analysis 

of residual stress for machined surface was carried out using the 

sin
2
ψ method. The X-ray source was manganese Kα. Chromium 

was also used as filter with Bragg angle of 152.6º in the 

crystallographic plane of fcc {311}. The measurements were 

performed at β angles of ±17.3, ±13.7, ±0.4, and 0º. The 

applied oscillation was 2 degrees at each mentioned β in order 

to improve the peaks intensities. X-ray elastic constant of 14478 

MPa was taken into account for calculations.   

 

 

Fig. 1 Microstructure of Inconel 718 before machining 

 

RESULTS 

Plastic deformation 

Fig. 2 (a), (b) and (c) reveals typical subsurface damage 

produced by hard turning. The force applied by the tool during 

machining deformed the grain according to the cutting 

direction. Grain and grain boundaries deformations are 

explained by the effect of the cutting force applied from the tool 

to the workpiece and of the high cutting temperatures induced 

during removing material. The obtained results (Table 3) reveal 

that the severity of plastic deformation in finish and critical 

finish is more than the one in the semi finish step. The extent of 

plastic deformation can be explained through the degree of 

grain boundaries distortion. Fig. 2 (b) and Fig. 2 (c) show that 

the grain boundaries are more deformed than the grain 

boundaries shown on Fig. 2 (a). This deformation leads to crack 

initiation at grain boundaries as shown on Fig. 3 (c). Published 

reports in the literature indicate that the structural alteration 

beneath the surface increased when cutting speed, depth of cut 

and tool wear are increased [8, 9].     

 

                                  
(a)                                                  (b) 

 
(c) 

Fig. 2 Deformed layers after hard turning: (a) semi finish, (b) finish 

and (c) critical finish 

 

In addition, Fig. 2 shows that the deformed zone is not uniform 

in the surface. The Table 3 summarizes the average minimum 

and maximum deformed zone thickness. 

 
Table 3 Average deformed layers thickness after hard 

turning 

 Semi finish Finish Critical finish 

Minimum average 

thickness (µm) 
6.11 ± 0.31 5 ± 0.3 4.1 ± 0.27  

Maximum average 

thickness (µm) 
10.03 ± 0.21 11.05 ± 0.54 8 ± 0.135  

Defects in machined surface 

As depicted in Fig. 3 (a), (b) and (c) many types of surface 

discontinuities and defects such as gouge, brittle carbide zone, 

carbide detachment, cavities and microcracks. It can be seen 

that the degradation of surface quality of a stage to the next is 

very clear. Plucking of particles and carbides from the surface 

cause dragging and tearing defects in the next pass from the 

surface like microcracks in the critical finish. Moreover, each 

cutting step causes residual effects in the surface that will be 

affected by the next machining step. 
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(a)                                                (b)   

                          
(c) 

Fig. 3 Surface defects in hard turned layers of Inconel 718: (a) semi 

finish, (b) finish and (c) critical finish 

 

Nanohardness measurements 

In order to ensure the accuracy of nanohardness 

measurements of the subsurface layers, specific preparation was 

required for all samples. To this end, samples were cut along 

their longitudinal section resulting in a rectangular shape 

thereby increasing the accuracy and reliability of the hardness 

measurements. Standard polishing procedures according to 

ASTM E3-11 was used for the initial preparation of the samples 

[10]. In order to remove ,̧ or at least to minimize, the stresses 

induced during the polishing procedure all the samples were 

placed in an automatic vibromet polisher for twenty four hours. 

A matrix of (10*6) indentations covering the area between the 

surface and bulk material was carried out using the following 

conditions: load of 1 mN (indent size 2 µm), 5 s loading time, 5 

s discharge time and 2 s break time. The spacing between each 

indent was kept at 6 µm i.e. at least 3 times the size of the 

indent.  

The hardness maps Fig. 4 (a), (b) and (c) illustrate a non-

homogenous distribution in the subsurface layer. Age hardened 

Inconel 718 contains γ’, γ” precipitates, primary and secondary 

carbides distributed over the entire surface [11]. The layers 

affected by hard turning are harder than the bulk material. The 

percentage of hardness increases compared to the average 

values of the bulk material are 4.5% 6.7% and 5.6% for semi 

finish, finish and critical finish, respectively. However, the 

subsurface layers appear to be softened as illustrated in Fig. 5. 

 
                                           (a) 

 
                                           (b) 

 
                                            (c) 

Fig. 4 Hardness maps in the hard turned surface and balk material: 

(a) semi finish, (b) finish and (c) critical finish 
 

The low thermal conductivity of Inconel 718 is 11 W/mK 

compared to steels 45 W/mK and aluminum alloys 120 W/mK 

[12, 13] increases the concentration of heat at the tool-

workpiece interface. Ginting and Nouari [14] explained that the 

thermal softening effect on the subsurface layers is greater than 

the work-hardening effect on the surface, which is the reason 

for lower hardness values in the subsurface A similar behavior 

is observed in the present study as shown in Fig. 5. Just after the 

first 10 microns of the hardened layer, a thermal softening 

occurs. The softening is clearly demonstrated in the semi finish 

as well as the finish steps. The depth of the softened layer is in 

the range of 60 µm, while it is about 30 µm for the critical 

Carbide 

detachment Cavity 

Microcracks 

Sensitive zone 

Gouge 
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finish step. It can be concluded that the thermal gradient 

generated in the first two mentioned steps is more than critical 

finish step. This result can be explained by the higher values of 

depth of cut (1.02 mm) and feed rate (0.18 mm/rev) in the semi 

finish and the higher cutting speed (590 m/min) in the finish 

step. According to the literature, the main source of temperature 

increase during machining is the cutting speed [15, 16].      

 

 

Fig. 5 Nanohardness depth profiles 

 

Surface residual stress 

Surface residual stress measurements were taken after each 

machining step in both the cutting and feeding directions as 

illustrated in Figs. 6 and 7. Results show that residual stresses 

are tensile in nature and are influenced by the cutting speed.  

Semi finish and critical finish steps showed that the intensity of 

the tensile residual stresses at the surface is almost identical. 

However, the variation of cutting speed from 524 to 590 m/min 

increased the residual stress from 600 to 1200 MPa. Such high 

tensile residual stresses at the surface can be related to the 

substantial increase in the material hardness result from severe 

plastic deformation and work hardening during machining [6, 

17].  

 

Fig. 6 Illustration of the cutting and feeding direction in turning 

 

 

Fig. 7 Residual stress in the surface 

CONCLUSIONS 

In the presented work, an attempt was made to characterize 

the subsurface deformation and defects of Inconel 718 after 

hard turning using three different machining steps. Optical 

images, nanoindentation and XRD were used in order to 

quantify and detect the depth of deformation zone, defects and 

residual stress in the hard turned surfaces. The results indicated 

that many types and defects are present in the surface and 

subsurface layers such as: microcracks, cavities, softening in the 

subsurface layers and tensile residual stress. The work hardened 

layers in the three steps of machining semi finish, finish and 

critical finish does not exceed 11µm.  
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