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It is common that Inconel 718 is difficult to cut, which limits its application 

unavoidably. In this study, the mechanical-thermal coupling (MTC) treatment 

method is applied to improve the machinability of Inconel 718. After MTC 

treatment on Inconel 718 surface, the severe plastic deformation is produced easily, 

and the grain is refined without new substance produced. Moreover, a theoretical 

and computational model taking account of the electric field, thermal field, and 

mechanical field simultaneously is proposed so as to predict the temperature and 

stress distributions during MTC treatment. Furthermore, the influence of peak 

current during MTC treatment on the material properties and the machinability of 

Inconel 718 in ultra-precision machining have been investigated. Results show 

that the workpiece surface grain size decreases and the thickness of the 

deformation layer increases with the increasing peak current. Moreover, with the 

appropriate MTC parameters, the small cutting force and the high cutting surface 

quality are obtained compared without MTC treatment, so MTC treatment can be 

used as an effective method for improving the machinability of Inconel 718 

without deteriorating its base material performance, which is in favor of the 

application of the treated workpiece after machining. 
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Introduction 

 



The nickel-based superalloy Inconel 718 has excellent corrosion resistance and superior 

mechanical property that is maintained at elevated temperature, so it has been put into use 

broadly in the aerospace industry. However, the high strength and the low coefficient of 

heat conduction result in the hard machinability of Inconel 718. The machinability of 

Inconel 718 is only 8–20% of steel, which makes it difficult for machining parts. Close 

tolerances and an outstanding surface finish are critical for the application of Inconel 718 

[1]. Thus, any attempt to improve the machinability of such material is encouraged. 

Nowadays, coated cutting tools [2–6], air jet–assisted machining [7], laser-assisted 

machining (LAM) [8–12], and electrodischarge machining (EDM) [13–15] have been 

investigated to improve the machinability of Inconel 718. However, these methods have 

the following disadvantages. Firstly, the coated cutting tools have no appreciable benefit 

at the relatively high cutting speed [2, 3]. Secondly, the air jet–assisted machining needs a 

complex control system and shows high cost [7]. Thirdly, the heat transfer to the cutting 

tool, the lack of control on poor subsurface integrity, the high cost, and the large power 

consumption of high-powered lasers slow down the implementation of LAM [8, 11]. 

Fourthly, although the new EDM methods show the high material removal rate, the 

machined surface quality is poor, and the workpiece needs the subsequent precision 

machining [13, 15]. Ultrasonic vibration–assisted machining method uses the ultrasonic 

vibration energy to assist conventional machining, which is in favor of the machinability 

improvement of Inconel 718. Zhao et al. [16] studied single-point diamond turning 

Inconel 718 using the ultrasonic elliptical vibration cutting method. They found that the 

surface roughness generally decreased in magnitude. Li et al. [17] discussed how the 

ultrasonic vibration and peripheral speed of grinding wheel influenced the chip size and 



geometry in ultrasonic-assisted grinding (UAG) of Inconel 718. The results showed that 

the normal component force and tangential component force in UAG were both smaller 

than those in conventional grinding. Moreover, UAG could prospectively prevent the 

forming of shear chips and prefer the flow chips particularly at larger amplitude. It can be 

observed from the above literature survey that a complex ultrasonic system is needed 

during ultrasonicassisted machining, which shows high machining cost. Recently, an 

instantaneous high-energy input approach called electric pulse treatment has been put into 

use broadly, which can assist the deformation and control of the microstructure of metal 

materials. The movability of dislocations, vacancy diffusion, and atomic diffusion could 

be improved owing to coupling the thermal influence and the athermal influence of 

electrical pulse, which makes it ideal to assist the plastic deformation in rolling and 

drawing process. Some researchers have introduced electric pulse treatment to improve 

the metal machinability in recent years. Zhang et al. [18, 19] gone into the influence of 

electropulsing treatment on the changes of microstructure and ultra-precision machining 

of a rolled Mg-9Al-1Zn alloy. The results revealed that the cutting force was decreased 

and the surface quality was improved after electropulsing treatment, meaning the 

improvement of the AZ91 alloy machinability. Lou and Wu [20] applied electric pulse 

treatment to alter the Ti6Al4V properties and the Ti6Al4V machinability in ultra-

precision machining. They found that the variation of mechanical properties enhanced the 

Ti6Al4V machinability with the cutting force decrease and the machining quality 

improvement. Wang et al. [21] introduced electropulsing into turning AISI 304 stainless 

steel. The consequences revealed that the primary cutting force, the microhardness, and 

the axial machined surface roughness all decreased under the proper parameters of 



electropulsing treatment. Although the metal machinability has been improved by 

introducing electric pulse treatment according to the above literature, the overall property 

of the metal material is easily changed because the whole metal material is performed by 

electric pulse treatment simultaneously, which is not appropriate for the application of the 

treated material after machining. The mechanical-thermal coupling (MTC) treatment 

method has been proposed by our previous research, and gradient nanostructure layer is 

prepared efficiently on the commercial pure copper surface [22, 23]. In this study, the 

MTC treatment method, which can only change the surface property but not deteriorate 

the base material performance of Inconel 718, is applied to improve the ultraprecision 

machinability of Inconel 718. Moreover, a theoretical and computational model to predict 

the temperature and stress distributions during MTC treatment has been proposed, and the 

effect of peak current on material properties and ultra-precision machining performance of 

Inconel 718 has been investigated. 

Principle and experiment details for MTC treatment 
 

Principle for MTC treatment 

The schematic of MTC principle is displayed in Fig. 1a. It can be observed from the 

figure that during MTC, the workpiece surface is acted by both the force and the 

heat from tool impacting. The thermal impacting can raise the temperature at the 

touch point to the expected value rapidly, which can make the material plasticity at 

the touch point increase; the plastic zone is generated rapidly; and then the 

ultrasonicfrequency mechanical impacting can cause the severe plastic deformation 

at the plastic zone, so the grain can be refined at the plastic region. As shown in Fig. 

1b, the mechanical force consists of two parts: the preload pressure from the air 



pressure and the impact force from the ultrasonic generator, and the heat is produced 

by the high-instantaneous energy-density pulse current from the pulse power supply 

during MTC treatment. Figure 1c depicts the developed experimental device for 

MTC treatment. As shown in the figure, the workpiece rotates along its axial 

direction with the velocity V1. Meanwhile, the treatment tool acts on the end face of 

the workpiece and slides along the end face with the velocity V2. As the tool tip 

slides from the end to the other end of the end face, the workpiece surface is 

considered being treated by one pass. During MTC, the workpiece and the tool are 

linked to the negative pole and the positive pole of the pulse generator, respectively. 

In order to dissipate the generated heat quickly, the cooling medium is flushed to the 

touch point between the tool and the workpiece using a jet nozzle at room 

temperature. Moreover, the microthermal impacting by the electric pulse and the 

micromechanical ultrasonic impacting act on the workpiece surface simultaneously. 

Meanwhile, at the touch point, the high peak pulse current causes the electron in the 

material to move along the electric field quickly, and the great electron wind force is 

generated; as a consequence, the deformation resistance decreases greatly, and the 

severe plastic deformation occurs, which can refine the grain on the metal surface 

easily after sufficient pass treatment. There are two reasons for the improvement of 

machining performance during MTC. Firstly, according to Astakhov [24], the 

energy spent in actual cutting is much smaller than it should be because a certain 

cold working in the layer is achieved, which leads to the process machinability 

being improved. In this paper, the principle of the MTC treatment is shown in Fig. 1. 

It can be seen from Fig. 1a that the force and the heat act on the surface of 



workpiece at the same time during treatment. The force acting on the surface of the 

workpiece is similar with the “cold working” mentioned above. Secondly, the 

thermal impacting in Fig. 1a can raise the temperature at the touch point to the 

expected value rapidly, which can make the plasticity of the touch point increase; 

the plastic zone is generated rapidly; and then the ultrasonic-frequency mechanical 

impacting can cause the severe plastic deformation at the plastic zone. As a result, 

the thermal acting on the workpiece can further enhance the effect of cold working, 

which makes the surface plastic deformation in cold working generated more easily. 

Consequently, the machining performance is further improved. 

 

 

Experiment details for MTC treatment of Inconel 718 

In this investigation, Inconel 718 nickel–based superalloy was taken as the 

workpiece, its microstructure is shown in Fig. 2, and its chemical composition is 

shown in Fig. 3. The average grain diameter of Inconel 718 was 9.55 μm (Fig. 2). 

The Inconel 718 specimen was a cylinder with the diameter of 20 mm and the length 

of 300 mm. An MG18 hard alloy cylinder with a hemispherical tip was used as the 

treatment tool, and the diameter of the cylinder was 6 mm. During MTC, V1 was 

250 rpm; V2 was 5 mm/min; the frequency of the ultrasonic vibration was 26 kHz; 

the amplitude of the ultrasonic vibration was 10 μm; the frequency of electric pulse 

was 1000 Hz; the peak currents of electric pulse were 0 A, 600 A, and 1000 A, 

respectively; and each specimen was treated 12 passes with the same condition. It is 

necessary to make the ultrasonic vibration tool stay in good contact with the 

workpiece, so the static force was set to 600 N. 



 

Test details for treated specimens 

To investigate the effect of MTC parameter on Inconel 718 properties, structural 

characterization and microhardness test were performed. The details are as follows: 

The sample preparation for metallographic examination followed the ordinary route 

of cutting, mounting, polishing, and etching with aqua regia at room temperature, 

and then the metallographic structure of the treated sample was observed with a 

metallurgic microscope (DM2500M; Leica, Germany). For analyzing the untreated 

and the treated workpiece, a thermal field emission scanning electron microscope 

(JEOL JSM-7001F, JEOL Ltd.) with an electron backscatter diffraction (EBSD) 

analysis apparatus (TSL Incorporated) was used. Structural characteristics of the 

treated surface were obtained by an X-ray diffraction (XRD) (X’Pert PRO MPD) 

with a CuKα radiation; moreover, the acceleration voltage was 40 kV, and the 

applied current was 40 mA during the XRD test. Transmission electron microscopy 

(TEM) (Tecnai G2 F20 S-TWIN) was applied to analyze the grain size of the treated 

surface. Moreover, the voltage was set as 200 kV, and a focused ion beam (FIB) 

(Helios NanoLab 600i) was used to prepare the observed sample during the TEM 

test. The microhardness of the workpiece surface was measured using a digital 

microhardness tester (TIME6610M; Beijing TIME High Technology Ltd., China) 

with a diamond Vickers indenter under a load of 0.98 N for 15 s. It is worth 

mentioning that each specimen was tested five times under the same testing 

conditions. As a result, the observed microhardness and the grain size of the treated 

surface were both obtained by averaging five experimental measurements. 



 

Modeling for MTC treatment 

Modeling of the electrical field during MTC treatment 

Because the workpiece and the treatment tool are both axisymmetric and the 

magnetic field is so small that its effect can be considered negligible, the electric 

field can be written as the following steady equation [25]: 

where ε is the electrical conductivity of material. At the top surface of the tool, the 

electric current was applied evenly, which satisfies the following condition: 

where i(t) is the pulse current during MTC treatment. Moreover, at the other 

surfaces and symmetric axis, the potential gradient is 0. 

 

Modeling of the thermal field during MTC treatment 

The heat transferred to the workpiece in unit time can be calculated according to 

Joule’s law as follows: 

 



where ƞ1 is the heat distribution coefficient transferred to the workpiece and R is the 

total resistance, which is composed of the workpiece resistance, the contact 

resistance at the touch point, and the tool resistance. During MTC treatment, the 

heat convection between the workpiece and the cooling medium occurs, so some 

heat will be lost, and the dissipation heat in unit time can be calculated as follows 

[25]: 

 

 

where k1 is the convective thermal conductivity, A is the heat dissipation region, ƞ3 

is the temperature distribution coefficient on the workpiece surface, T is the 

temperature on the workpiece surface, and T0 is the environment temperature. 

Moreover, the unsteady heat conduction formula in plane is as follows [25]: 

where ρ is the workpiece density, c is the specific heat of the workpiece, k is the 

thermal conductivity of the workpiece, and q is the net heat transferred to the 

workpiece in unit time. Substituting Eqs. (3) and (4) into Eq. (5) and considering the 

mechanical force transferred to the workpiece, the temperature distribution on the 

workpiece surface can be expressed as follows: 



where ƞ2 is the heat removal coefficient of the workpiece and P is the mechanical 

power during MTC treatment. 

 

Modeling of the stress field during MTC treatment 

During MTC treatment, the displacement of the mechanical ultrasonic vibration can 

be expressed as follows: 

where L is the displacement amplitude of the mechanical ultrasonic vibration and fU 

is the frequency of the mechanical ultrasonic vibration. During the mechanical 

ultrasonic vibration, the pressure of the ultrasonic vibration tool acted on the 

workpiece surface can be expressed as follows: 

where F0 is the preload pressure and M is the impact force amplitude of the 

mechanical ultrasonic vibration. The pit pressed by the mechanical ultrasonic 

vibration tool is shown in Fig. 4 where R0 is the radius of the ultrasonic vibration 

tool, so the projection area of the pit on the workpiece can be calculated as follows: 



The stress at the touch point by the mechanical force can be calculated as follows: 

 

During MTC, the thermal stress can also be generated by the pulse current heat, and 

the thermal stress along the vertical direction can be expressed as follows: 

where E is Young’s modulus of the workpiece, μ is Poisson’s ratio of the workpiece, 

α is the linear expansion coefficient of the workpiece, and u and v can be expressed 

as follows: 

The boundary conditions are as follows: 



 

where l and m are the direction cosine, and during MTC, they are as follows: 

Considering the mechanical force and the pulse current heat, the total stress in the 

workpiece during MTC can be calculated as follows: 

 

The FEM simulation of MTC treatment 

A computational model was developed according to Eqs. 6 and 15 on the basis of 

the finite element ANSYS software, and the temperature field and the strain field 

were calculated during MTC. Tables 1 and 2 list partial essential parameters of the 

treatment tool and the workpiece applied in the model ANSYS. The simulation 

model is shown in Fig. 5. The boundary conditions of the simulation were as 

follows:  



1. The fixed constraints were applied on both sides of the vibrating head and on both 

sides and bottom of the workpiece. The bottom of the vibrating head was always in 

contact with the top of the workpiece. 

2. A force of 600 þ 250sin π 2  105t  N was applied to the top of the vibrating head.  

3. The pulse current with a peak current of 0 A, 600 A, and 1000 Awas evenly 

applied to the top of the vibrating head and the bottom of the workpiece.  

4. The convection coefficient of the water-based fluid was 1200 W/m2 /°C.  

5. The temperature of finite element simulation was 22 °C. 

 

Experiment details for ultra-precision machining of Inconel 718 

In this research, all the cutting experiments for treated Inconel 718 were conducted 

on a four-axis ultra-precision machine (Nanotech 350 UPL; Moore, USA), as shown 

in Fig. 6, under the following cutting conditions: cutting depth of 4 μm, feeding 

speed of 4 mm/min, and spindle speed of 1500 rpm. The parameters of cubic boron 

nitride (CBN) cutting tool are as follows: tool nose radius of 0.610 mm, tool rake 

angle of 0°, and front clearance angle of 15°, and the cutting environment was 

“lubricant compressed air + mineral oil to form a mist.” In addition, the granularity 

of the CBN cutting tool was fine, the concentration of the cutting tool was 80%, and 

the binder was Co. The output pressure of cool air in minimal quantity lubrication 

(MQL) device was 0.225 MPa, the temperature of MQL was − 5 °C, the type of 

lubricating oil was BesluxBescut 173, the viscosity of lubricating oil was 100 mm2 

/s, the output oil volume was 10 ml/h, and the nozzle pointed in the direction of 

feed. During the cutting experiments, a dynamometer (Kistler 9252A) was applied 



to detect the cutting force, and the signal of cutting force was recorded with a 

sample frequency of 100 kHz. To investigate the effect of peak current on the 

machined surface, the optical profiling system (WYKONT8000) was applied to 

examine the micromorphology of the machined surface with different peak currents. 

The microstructure of the cutting chips was examined with an electron probe micro-

analyzer (EPMA JEOL JXA-8230, Japan). 

 

Result and discussion 

Influence of MTC treatment on the material properties of Inconel 718 

Figures 7 and 8 show the microstructure, the microhardness, and the average grain 

size of the treated Inconel 718 surface with different peak currents, respectively. It 

can be observed from Fig. 8a that the hardness of the treated surface increases after 

MTC treatment. Meanwhile, the hardness from the surface to the matrix gradually 

decreases. Besides, the thickness of the hardened layer increases with the increase of 

the current. At the same depth, the hardness increases with the increase of peak 

current. It can be seen from Figs. 7a, c, and e and 8 that the treated surface grain is 

refined, and the microhardness increases compared with the matrix. Moreover, as 

the peak current increases, the grain becomes small and uniform, and the 

microhardness increases gradually. It is worth mentioning that with the peak current 

of 1000 A during MTC treatment, the average surface grain size (36.8 nm) is 

decreased by 99.6%, and the microhardness (615.3 HV) is increased by 50.4% 

compared with the matrix. The phenomena can be explained as follows: When the 

peak current is 0 A, only the micromechanical shock by the ultrasonic apparatus 



impacts the workpiece surface, a certain plastic deformation takes place at the 

surface, and the original grain is refined in the plastic deformation layer. As the peak 

current is bigger than 0 A, the microthermal shock by electric pulse impacts the 

workpiece surface as well, which results in the high temperature distribution and the 

high temperature gradient at the touch point (Fig. 9a), and then the high thermal 

stress is generated. Combining the effect of the continuous ultrasonic vibration, the 

high stress is produced at the touch point. It can be observed from Fig. 9b that the 

equivalent stress at the touch point is about 1322.55 MPa, which far exceeds the 

yield strength of Inconel 718 (510 MPa). Meanwhile, at the touch point, the high-

instantaneous energy-density pulse current can cause the electron in the material to 

move along the electric field quickly, which may cause the deformation resistance to 

decrease tremendously and the plasticity to be enhanced greatly at the touch point as 

well. Therefore, the severe plastic deformation takes place, and a great number of 

dislocations are generated in the treated surface. The dislocation wall and the 

dislocation tangle are formed by the slip, accumulation, interaction, and 

rearrangement of the dislocations (Fig. 10), and they will develop into the high-

angle grain boundary which can split the original large grain into many small ones. 

Moreover, as the peak current decreases, the temperature distribution and the 

equivalent stress at the touch point decrease (Fig. 9), so the severe plastic 

deformation decreases, the grain size increases, and the microhardness decreases. It 

can also be seen from Fig. 7b, d, and fthat the plastic flow occurs at the treated 

surface, and the surface grain is elongated simultaneously. Moreover, the plastic 

deformation at the treated surface decreases gradually from the top surface to the 



base of the workpiece, and the thickness of the deformation layer increases with the 

increasing peak current. The phenomena can be explained as follows: During MTC 

treatment, the force is tangent to the treated surface on account of the movement of 

tool tip, and as a result, the grains on the surface are elongated and almost parallel to 

the treated surface. Moreover, the force from ultrasonic and the heat from electric 

pulse both decrease as the depth of the treated surface increases. Thus, the plastic 

flow occurs at the treated surface, and the severe plastic deformation decreases 

gradually as the depth of the treated surface increases. Furthermore, as the peak 

current increases, the thermal impacting from the electric pulse increases and the 

affected zone is intensified in depth, so the thicknesses of the deformation layer 

increases. In order to detect whether the phase change happens during MTC 

treatment, the XRD analysis has been carried out on the workpiece surface with 

different peak currents, and the result is displayed in Fig. 11. It is observed from the 

figure that only broadening of the diffraction peak happens and no new diffraction 

peak appears after the treatment, which means that only the workpiece surface grain 

is refined and no other substance is generated during the treatment. This finding 

suggests that it is reasonable to ignore the tool contamination, particularly on the top 

surface. The reason for this phenomenon may be that the short touch time and the 

cooling temperature restrain the interdiffusion of elements between the tool and the 

treated material. Figure 12 illustrates the pole figure of the Inconel 718 section from 

the top surface of 70 μm treated with different peak currents. It can be observed 

from this figure that there is no obvious texture generated on the treated workpiece 



surface in contrast with the initial workpiece surface, although the grain is refined. 

That is to say the workpiece maintains isotropic after the treatment. 

 

Influence of MTC treatment on ultra-precision machining performance of 

Inconel 718 

In order to study the effect of the MTC parameters on the machinability of Inconel 

718 during ultra-precision machining, the matrix without MTC treatment is also 

machined in the cutting experiment. The surface topography of Inconel 718 treated 

with different peak currents is shown in Fig. 13. It can be observed from this figure 

that the surface roughness of any treated Inconel 718 is smaller than that of the 

matrix, and the surface roughness decreases with the increasing peak current. The 

reasons for this phenomenon are as follows: The grain size of the treated Inconel 

718 surface is smaller than that of the matrix, and the grain size decreases with the 

increasing peak current (Fig. 7). As the peak current increases, the Inconel 718 

surface defect decreases, the surface residual stress of Inconel 718 decreases on 

account of the high temperature recrystallization, and the coordination of the 

inhomogeneous deformation among the grains during machining is improved [26], 

so the surface roughness decreases with the increasing peak current. The cutting 

force of Inconel 718 treated with different peak currents is shown in Fig. 14. As 

calculated from Fig. 14, the average cutting force with matrix and Inconel 718 

treated with 0 A, 600 A, and 1000 A is 7.43 N, 7.31 N, 4.85 N, and 6.92 N, 

respectively. It can be seen that the surface hardness increases, the cutting force 



decreases first and then increases, and the surface quality becomes better as the 

grain size decreases. The detailed analyses are as follows. 

 

The reasons why the surface hardness increases 

According to the relation proposed by Armstrong [27]: 

where H is the hardness, H0 and kH are the experimental constants, and l is the 

average grain diameter. It can be seen from Eq. (16) that the hardness (H) increases 

when the average grain diameter (l) decreases. 

 

The reasons why the cutting force decreases 

When the grain size decreases from 9550 to 150.5 nm, the surface hardness 

increases, the cutting force decreases, and the surface roughness decreases. The 

reasons why the cutting force decreases are as follows: In the direction of the shear 

force, the machined materials in the primary deformation zone are squeezed out. 

The cutting materials can be split from the workpiece and become chips when the 

plastic deformation reaches to the limit [28]. Moreover, the intergranular tensile 

stress occurs due to the inhomogeneous deformation among the grains during 

machining [26]. As the grain size is big, the coordination of the inhomogeneous 

deformation is bad, and the brittle intergranular fracture occurs easily, which 

induces the high cutting force and the serrated chip with severe cracks. However, as 

the grain size decreases, the dislocation sliding distance is shortened effectively, the 

local deformation and the stress distribution become uniform, and the stress 



concentration is reduced, so the cutting force decreases and the continuous chips are 

obtained, which means that the cutting process becomes more stable on account of 

MTC treatment. 

 

The reasons why the cutting force increases 

When the average grain size decreases from 150.5 to 36.8 nm (minimum), the 

hardness increases, the cutting force increases, and the surface quality is improved. 

The reasons why the cutting force increases are as follows: The stress acting on the 

boundary τGB
i is given by the following expression [29]: 

where DGB is the grain size, τ is the applied stress, G is the shear modulus, b is the 

Burgers vector, and k is a constant equal to (1 − υ), where υ is Poisson’s ratio. G and 

b are the constants related to the material. 

 In addition, the τGB
i can also be given by the following expression [29]: 

where M is the Taylor factor and k1 is a constant.  

It can be seen from Eq. (18) that τGB
i is a constant for a given material.  

Additionally, it can be obtained from Eq. (17) 



In Eq. (19), ( ) is a constant related to the material. As a result, a constant 

called Ψ is defined as follows: Ψ =  . Introducing the constant Ψ, Eq. (19) is 

obtained 

The applied stress (τ) is given by the following expression [30]: 

where Ft is the tangential force, Ff is the feed force, As is the shear plane area, and ϕ 

is the shear angle. The shear angle can be determined experimentally from measured 

cutting force signals and the tool geometry [31]. The shear plane area (As) is given 

by the following expression [30]: 



where dc is the cutting depth. The average length (lAB) is measured from the serrated 

chips after diamond turning [30].  

It can be obtained from Fig. 15 

where βa is the average friction angle, αr is rake angle, and F is the resultant force. 

As can be seen from Fig. 15, the angle between the resultant force (F) and shear 

plane is given by the following expression: Υ = ϕ + βa − αr, and as a result 

where Υ is also the angle between the resultant force (F) and the shear force (Fs). 

Besides, it should be noted that Υ varies over a small range depending on the 

material and Υ is approximately equal to 45° [32]. Substituting Eqs. (22), (23), (24), 

and (25) into Eq. (21), the applied stress can be expressed as follows: 

 



Substituting Eq. (26) into Eq. (20), the cutting force can be expressed as follows: 

 

It can be observed from Eq. (27) that the cutting force (F) increases when the grain 

size (DGB) decreases. 

It can be seen from the above analysis that the increase of surface hardness is an 

inevitable result of grain refinement. But within the grain size range of 150.5~9550 

nm, the refinement of grains reduces the cutting force and improves the surface 

quality, which improves the machinability of Inconel 718. 

In conclusion, the appropriate MTC-induced grain refinement of Inconel 718 is in 

favor of the improvement of its machinability during ultra-precision machining. 

 

Conclusion 

In this study, the ultrasonic-frequency MTC treatment method is applied. Moreover, 

a theoretical and computational model to predict the temperature and stress 

distributions during MTC treatment has been proposed, and the effect of peak 

current on material properties and ultra-precision machining performance of Inconel 

718 has been studied. The conclusions drawn are as follows:  

1. Inconel 718 surface is impacted by the micromechanical ultrasonic shock; the 

microthermal shock caused by the electric pulse at the same time during MTC 

treatment, the high temperature distribution, and the high stress distribution are 



produced at the touch point; and the severe plastic deformation occurs easily, so the 

grain is refined easily after MTC treatment.  

2. The workpiece surface grain size decreases, and the thicknesses of the 

deformation layer increases with the increasing peak current. Furthermore, the 

workpiece surface maintains isotropic after MTC treatment.  

3. The machined surface roughness of the treated Inconel 718 is smaller than that of 

the matrix, and the surface roughness decreases with the increasing peak current. 

Moreover, the cutting force of the treated Inconel 718 is smaller than that of the 

matrix in this investigation.  

4. MTC treatment can only change the surface property of Inconel 718, and the 

machining performance of Inconel 718 in ultra-precision machining can be 

improved by the appropriate MTC-induced grain refinement, and as a result, MTC 

treatment is a useful way of decreasing the cutting force and enhancing the cutting 

surface quality, which is in favor of its application. 
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Table 1 Material properties of the workpiece and the treatment tool 

 Inconel 718 nickel–

based superalloy 

Cemented carbide 

Density (kg/m3) 8.19 x 103 12.90 x 103 

Thermal expansion coefficient (K-1) 1.3 x 10-5 6 x 10-6 

Heat conductivity (W/m K) 11.4 110 

Specific heat (J/kg K) 435 950 

Yield strength (MPa) 510 946 

 

Table 2 Mechanical properties of the Inconel 718 nickel–based superalloy 

Temperature (K) Elastic modulus 

(GPa) 

Tangent modulus 

(GPa) 

Poisson’s ratio 

294 211 21.1 0.29 

421 203.7 20.37 0.28 

533 197.2 19.72 0.27 

644 190.6 19.06 0.27 

810 180.4 18.04 0.27 

921 172.4 17.25 0.28 

1088 155 15.5 0.32 

1199 136.8 13.68 0.33 

 

 

 

 

Fig. 1. Schematic of the principle and the implementation for MTC treatment. 

Schematic of a the MTC principle, b the generation of force and heat during MTC, 

and c the experimental device for MTC treatment 

Fig. 2. Microstructure of Inconel 718. a The grain color map of Inconel 718. b The 

grain size distribution of Inconel 718 

Fig. 3. Chemical composition of Inconel 718 



Fig. 4. Schematic of the displacement of the mechanical ultrasonic vibration tool 

Fig. 5. The model of FEM simulation 

Fig. 6. Ultra-precision machining of Inconel 718 

Fig. 7. Microstructure of the treated Inconel 718 with different peak currents during 

MTC treatment. a TEM bright-field image of the treated top surface with 0 A. b 

Metallograph of the treated section with an optical magnification of × 200 with 0 A. 

c TEM bright-field image of the treated top surface with 600 A. d Metallograph of 

the treated section with an optical magnification of × 200 with 600 A. e TEM bright-

field image of the treated top surface with 1000 A. f Metallograph of the treated 

section with an optical magnification of × 200 with 1000 A 

Fig. 8. The microhardness and the average grain size of the treated Inconel 718 

surface with different peak currents. A) The microhardness map in the depth of the 

surface. B) The average grain size of the treated surface 

Fig. 9. Numerical simulation results after MTC treatment. Temperature field at the 

touch point with the peak currents of a) 1000 A, c) 600 A, and e) 0 A, respectively. 

Equivalent stress field at the touch point with the peak currents of b) 1000 A, d) 600 

A, and f) 0 A, respectively 

Fig. 10. TEM bright-field image showing the dislocation wall in the treated surface 

after MTC treatment with the peak current of 1000 A (the arrow points to the 

dislocation wall) 

Fig. 11. XRD pattern of the workpiece surface treated with different peak currents. 

a) Matrix. b) 0 A. c) 600 A. d) 1000 A 



Fig. 12. The pole figure of the Inconel 718 section from the top surface of 70 μm 

treated with different peak currents. a) Matrix. b) 0 A. c) 600 A. d) 1000 A 

Fig. 13 Surface topography of machined Inconel 718 treated with different peak 

currents. a) Matrix. b) 0 A. c) 600 A. d) 1000 A 

Fig. 14 Cutting force during ultra-precision machining of Inconel 718 treated with 

different peak currents 

Fig. 15 The model of cutting forces 

 



 



 



 

 





 



 





 

 

 



 



 

 

 

 




