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Ultrasonic assisted dry grinding (UADG) is a novel green manufacturing technology for decreasing the negative environment impact

of cutting fluids and improving the surface characteristics. In this study, the influences of the ultrasonic amplitude, grinding depth

and grinding velocity on the surface roughness in ultrasonic assisted dry grinding of 12Cr2Ni4A with a large CBN grinding wheel

were investigated. Due to the Poisson effect, the ultrasonic assisted dry grinding using a large diameter grinding wheel is the

combination of axial ultrasonic assisted grinding and radial ultrasonic assisted grinding. The results indicated that the main axial

ultrasonic component tended to smooth the surface topography by increasing the interaction overlap of the adjacent cutting traces,

but it would result in more side flow/ploughing on the surface at a larger ultrasonic amplitude; the radial ultrasonic component

exerted a function on the increase of the surface roughness through deepening the individual grinding trajectories. Thus, the surface

roughness decreased first and then increased with the increase of grinding depth due to the combined contribution of axial and radial

vibrations. However, the improving effect of ultrasonic vibration on the surface roughness gradually weakened with the increase of

grinding velocity. Under proper operating parameters, surface roughness obtained in ultrasonic assisted dry grinding can be reduced

up to 30% compared with that of common dry grinding.
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1. Introduction

The cutting fluids have been extensively used in the metal grinding

process due to its good performance in cooling, cleaning, lubricating

and antirusting. However, high costs and associated environmental

problems have been associated with the use of a large quantity of

coolant-lubricants.1 Dry grinding (DG) technology is a fundamental

solution to eliminate the environmental and economic problems caused

by cutting fluids. Nevertheless, without sufficient cooling and

lubrication, the instant high temperature and considerable heat generated

in grinding process would lead to severe burns of the machined surface.

Over the years, ultrasonic assisted machining technologies such as

ultrasonic drilling,2,3 ultrasonic vibrating abrasive slurry jet machining,4,5

and ultrasonic welding6 have been emerged to improve the surface

integrity and decrease the negative environment impact of cutting

fluids. Previous research indicated that ultrasonic vibration grinding

methods could greatly lower the temperature in the grinding zone.7 The

UADG technique works by superimposing high frequency (16-40 kHz)

and low amplitude (2-30 µm) in the feed or cross feed direction to the

tool8-10 or the workpiece.11,12 It was well documented that UADG could

reduce thrust force and heat generation as well as improve surface

quality under proper operating parameters compared with that of

conventional dry grinding. Tawakoli and Azarhoushang7 demonstrated

that the thermal damage of the workpiece could be eliminated and the

normal and tangential grinding forces reduced by 60-70% and 30-50%

respectively with the aid of ultrasonic vibration. Paknejad et al.13

measured the temperature history and distribution of workpiece during

ultrasonic assisted dry creep feed up grinding and indicated that the
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ultrasonic vibration resulted in a dramatic decrease in maximum

temperature by 25.91% compared with DG. Experimental results of

Chen et al.14 on ultrasonic assisted dry grinding of carbon steel showed

a maximum reduction of 20% in surface roughness could be achieved

compared with that of DG and the values of the parameters Rk, Rpk and

Rvk of the Abbott-Firestone curve in UADG were smaller than those in

DG.15 Wang et al.16 also reported that ultrasonic vibration frequency

and amplitude had a significant influence on the material removal,

grinding force, surface morphology and roughness. It was found that

higher amplitude and frequency tended to produce a better surface.

Meanwhile, the resonance of sonic wave vibration is the key

technology in the ultrasonic assisted grinding. If the ultrasonic is

superimposed to the workpiece, then each ultrasonic vibration system

must be individually designed to match the natural frequencies of the

workpiece as the ultrasonic vibration system is determined by the

material and structure of the workpiece. This makes it difficult and

expensive to design an ultrasonic vibration system. Instead, if the

ultrasonic is superimposed on the grinding wheel, these disadvantages

can be eliminated. However, as ultrasonic assisted grinding usually

operates with the diameter of the grinding wheel in the vicinity of 10

mm, it is mainly applied in the processing of micro components.17 The

diameter of the grinding wheel used to machine conventional

engineering parts is normally greater than 100 mm in order to improve

the machining efficiency. Although the ultrasonic vibration is designed

in one-wave length resonance, it should be noted that pure-longitudinal

waves can only exist in solids where the dimensions are very large

compared with the longitudinal wavelength. If not, due to the Poisson

effect, another ultrasonic vibration is simultaneously generated in the

radial direction at the same frequency but with a much smaller

amplitude.18,19 The amplitude in the radial direction is proportional to

the diameter of the grinding wheel.20 Therefore, the ultrasonic assisted

grinding using a large diameter grinding wheel is just the combination

of axial ultrasonic assisted grinding and radial ultrasonic assisted

grinding. Since the amplitude in the radial direction is much smaller

than that in the axial direction, it is different from two-dimensional

ultrasonic assisted grinding21 or elliptical ultrasonic assisted grinding22

where the amplitudes in different directions are usually identical.

As indicated by the literature review above, many researches have

been done on the UADG, but the effect of ultrasonic assisted dry

grinding with a large diameter grinding wheel on surface roughness has

not been studied yet. In this paper, an experimental platform was set up

firstly to perform ultrasonic assisted dry grinding with a large diameter

grinding wheel. Then, the influences of the vibration amplitude, the

depth of grinding and the grinding velocity on the surface roughness

were systematically studied. Finally, the formation mechanism of the

surface roughness was discussed from the view point of the effect of

ultrasonic in different directions on the grain movement track.

2. Kinematic Characteristics

Fig. 1 shows the schematic view of the UADG. A resin-bonded CBN

grinding wheel with a large diameter vibrating ultrasonically along its

own axial with frequency and amplitude of f and AZ rotates clockwise

with rotation speed of Vs. As shown in Fig. 1, Vw is the feed speed of

workpiece, and ap is the grinding depth. As mentioned previously, due

to the Poisson effect, another ultrasonic vibration is simultaneously

generated in the radial direction at the same frequency of f but with a

much smaller amplitude of Ay. In the current work, to verify this

statement, the vibration amplitudes of the grinding wheel in the radial

and axial direction were measured using a laser displacement sensor

(LK-G10 by KEYENCE), and the test results confirmed that the

ultrasonic amplitude was about 3 µm in the radial direction and about

10 µm in the axial direction. Due to the ultrasonic vibration in y-

direction, the grinding wheel moves leftward and rightward alternatively

in the grinding process. As a result, the grinding depth of UADG

changes periodically, resulting in a relative greater maximum depth

compared with that of CDG, as shown in Fig. 2(a). The sinusoidal

cutting trace of the grinding wheel is generated due to the ultrasonic

vibration in z-direction, as shown in Fig. 2(b).

The global coordinate system Oxyz is set with its origin O fixed on

the workpiece and coinciding with the grain at the lowest point. The

trajectory of grain G can be expressed as

Fig. 1 Schematic diagram of UAG

Fig. 2 Kinematics of cutting action in ultrasonic assisted grinding
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(1)

The velocities of the tool in the x-, y- and z- directions at time t,

represented as vx, vy and vz, respectively, can hence be determined by

differentiating Eq. (1) with respect to time t.

(2)

The contact length for a single grain can be represented as

(3)

The DG process can be treated as a special case of UADG where

Ay = 0 and Az = 0. Thus, it is deduced from Eq. (3) that the length of

the grain trajectory in UADG is greater than that in DG under the same

conditions. However, due to the ultrasonic vibration amplitude on the

order of micrometers, the second and third term on the right hand side

of Eq. (3) may be overestimated if the grinding velocity is large enough.

3. Experimental Setup and Conditions

The grinding tests were carried out on a 3-axis NC milling machine

with the conventional main spindle replaced with an ultrasonic spindle,

as shown in Fig. 3. The frequency of ultrasonic spindle is near 25 kHz

and the maximum amplitude Az is around 10 µm. The output ultrasonic

amplitude can be adjustable by varying the ultrasonic power. At the

lower end of the spindle, a resin-bonded 120# CBN grinding wheel

with a diameter of 100 mm was fixed. The workpiece is a plate-shaped

specimen of 12Cr2Ni4A steel (tempering at 140oC) with dimensions of

L16 × W9 × T9 mm. The main material properties of it are listed in

Table 1.

As shown in Tables 2 and 3, several groups of grinding tests were

performed using various grinding depths of 5, 10, 15, 20, 25, and 30

mm, different ultrasonic amplitudes and wheel speeds of 0, 4, 7, 10 um

and 400, 800, 1200, 1600, 2000, 2400 rpm respectively. Common

grinding tests were performed by switching off the ultrasonic generator.

Wheel dressing was carried out prior to each group using a silicon

carbide roller with a 100 mm/min feed speed, 2000 rpm spindle speed

and 30 µm dressing depth with spark-out.

After the grinding tests, the sample was ultrasonically cleaned for

15 minutes in anhydrous alcohol. A scanning electron microscope

(SEM) with various magnifications (2000×) was used to investigate the

surface integrity and fracture mode. A white-light interferometer (NT

9100 by Wyko, Co., Ltd.) was employed to measure the three-

dimensional surface roughness parameters. To ensure the reliability of

the test data, three tests were carried out where each set of process

parameters were used to get the average values.
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Table 1 Mechanical properties of workpiece (12Cr2Ni4A)

Elastic modulus (GPa) Density (kg/m3) Poisson’s ratio HRC

207 7.84 × 103 0.298 13

Table 2 Machining variables

Experiment Spindle speed (rpm) Ultrasonic vibration amplitude (um) Grinding depth (um)

Group 1 1200 0 5,10,15,20,25,30

Group 2 1200 4 5,10,15,20,25,30

Group 3 1200 7 5,10,15,20,25,30

Group 4 1200 10 5,10,15,20,25,30

Table 3 Machining variables

Experiment Grinding depth (um) Ultrasonic amplitude (um) Spindle speed (rpm)

Group 5 10 0 400,800,1200,1600, 2000,2400

Group 6 10 4 400,800,1200,1600, 2000,2400

Group 7 10 7 400,800,1200,1600, 2000,2400

Group 8 10 10 400,800,1200,1600, 2000,2400

Fig. 3 Experimental set-up for ultrasonic assisted dry grinding
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4. Results and Discussions

The influences of the ultrasonic vibration on the machining

mechanism were investigated. Figs. 4(a) to (d) show the SEM images

of typical workpiece surfaces ground by DG and UADG at spindle

speed of 1200 rpm and grinding depth of 15 µm. It can be seen that the

surfaces ground after UADG have greater levels of overlapping and

side flow/ploughing, and the overlapping and side flow/ploughing were

aggravated with the increase of vibration amplitude.

The primary reason for this phenomenon is that the tangential

grinding direction changes in a sinusoidal pattern as shown in Fig. 2(b).

Then, the tangential force Ft can be divided into two parts along the x

and z direction, which are respectively given by:23

(4)

where ϕ is the engagement angle which can be obtained by the relative

velocity of the abrasive grain in Eq. (2)

(5)

Substitute Eq. (5) into Eq. (6), and the following result is obtained.

(6)

Eq. (6) implies that the ultrasonic vibration amplitude in the axial

direction adds additional force in the z-direction. Hence the stress

between the grain and the workpiece in the z-direction is increased.

Nevertheless, the stress produced by Fz has not reached the fracture

stress as the engagement angle is small. Thus, the workpice material

flow upheaved and stacked at two sides of the furrows. In addition, the

Fz is proportional to the tangential force Ft and amplitude Az. It is also

well known that the cutting forces increase as the grinding depth

increases.24 Therefore, more material piles up to the sides of the groove

as the ultrasonic vibration amplitude and the grinding depth increase,

resulting in a worse ground surface.

The influences of the vibration amplitude on surface roughness were

investigated as well. Fig. 5 shows the surface roughness vs grinding

depth at different vibration amplitudes. Experiments were conducted at

a spindle speed of 1200 r/min and a feed speed of 300 mm/min. It is

evident that the variation trends of the surface roughness in UADG and

DG are different. The surface roughness in DG rises against the grinding

depth. However, in UADG, the surface roughness first decreases and
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Fig. 4 SEM images of work surface
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then increases with respect to the grinding depth. At the same grinding

depth, the situation is more complex depending on the ultrasonic

vibration amplitude. For the grinding depth of 5 µm, the surface finish

in ultrasonic assisted grinding is improved by 2.4% over the DG at the

vibration amplitude of 4 µm. In contrast, the surface finish with

ultrasonic assisted grinding technique is worse than that in DG at the

vibration amplitude of 7 µm and 10 µm. For the grinding depth in the

range of 10-20 µm, the surface roughness with the vibration amplitude

of 7 µm is the smallest where a reduction of up to 30% is achieved at

the grinding depth of 20 µm. Compared with the vibration amplitude of

4 µm, the effectiveness of UADG is the worst at the vibration amplitude

of 10 µm. Once the grinding depth is beyond 20 µm, the surface

roughness in UADG increases rapidly. It is worth noting that for the

grinding depth of 30 µm, the surface finish with ultrasonic assisted

grinding technique is worse than that in DG at the vibration amplitude

of 7 µm and 10 µm.

The influences of the vibration amplitude and grinding velocity on

the surface roughness were obtained as shown in Fig. 6. The grinding

depth of and feed speed were set as 10 µm and 300 mm/min respectively.

Obviously, the surface roughness in all the cases presents a similar

reduction variation tendency as the grinding velocity increases. The

results show that UADG has certain effect in reducing the surface

roughness at low grinding velocities. There is a reduction of up to 26%

in surface roughness at thegrinding speed of 400 rpm and vibration

amplitude of 7 µm. However, as the grinding velocity increases,

UADG’s effect gradually weakens, and becomes even worse for the

grinding speed of 2400 rpm. At the same grinding velocity, the surface

roughness decreases at the beginning and then increases with the

increase of ultrasonic vibration amplitude. However, when the grinding

velocity exceeds 1600 rpm, the surface roughness increase gradually

with the increase of ultrasonic amplitude.

For the results shown in Figs. 5 and 6, the contribution of the UADG

with a large diameter grinding wheel to the surface roughness can be

accordingly attributed to the overlapping and ploughing conditions in

the axial direction, the intermittent cutting conditions in the radial

direction. Due to the oscillation in the radial direction, as shown in Fig.

2(a), the tool moves leftward and rightward alternatively in the cutting

process, leading to the periodical variation of the depth of grinding in

UADG and its maximum value to be greater than that in CG. It can be

observed from Fig. 7 that the ground surface after DG consisting of

Fig. 5 Surface roughness versus depth of grinding for different

ultrasonic amplitudes

Fig. 6 Surface roughness versus grinding velocity for different

ultrasonic amplitudes

Fig. 7 Photographs of the ground surface
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numerous small and straight grinding grooves, while the grinding

grooves in UADG are sinusoidal shape and there is intermittent

scratching owing to the ultrasonic vibration in the radial direction.

Linear profiles of the ground surface along the grinding direction

provide an insight into how the radial component of ultrasonic vibration

qualitatively affects the surface topography.

Fig. 8 presents the linear profiles of the ground surface in DG and

UADG at different ultrasonic vibration amplitudes. It can be found that

the profile of DG is virtually flat while the profile fluctuates with

periodic rise and fall in UADG. The greater the ultrasonic action is, the

larger the value of peak-valley spacing will be, which could increase

the surface roughness value. Therefore, the surface finish after UADG

does not improve significantly and even becomes worse at a smaller

value of grinding depth.

Beyond that, the axial component of ultrasonic vibration also exert

a function on the surface roughness by changing the individual grinding

traces as shown in Fig. 2(b). It can be found that the grits would interact

with each other and more overlaps of the material removal could be

generated due to the sinusoidal cutting trace, which can reduce the

grinding marks and smooth the workpiece surface.25,26 Moreover, due

to the sinusoidal variations of the velocities in y- and z-direction, the

impact effects of the tool on the workpiece are generated. The impact

could produce tiny blade fragmentations of abrasive to get new cutting

blades and thus the self-sharpening of the abrasives which is helpful for

material removal during ultrasonic assisted grinding.27,28 The ultrasonic

vibration also increase the grain protrusion height and enlarges the chip

allowance space by accelerating the removal rate of bond material.29

The sharper grinding wheel is beneficial to improve the surface

roughness. From that it can be inferred that the ultrasonic vibration in

the axial direction tends to smoothen the surface topography and

reduce the surface roughness. This can be considered as a main reason

why the surface roughness is reduced in UADG at the grinding depth

in the range of 10-20 µm.

As mentioned before, the ploughing action generated by ultrasonic

vibration results in a worse surface topography, which means that the

surface roughness should increase with the increase of the vibration

amplitude and grinding depth. The integrated effects of ultrasonic

vibration in the radial and axial direction result in the final workpiece

surface. At the small depth of grinding, ultrasonic vibration has less

effect on surface roughness improvement since the radial vibration is

predominant. As the grinding depth increases, ultrasonic vibration can

remarkably improve the surface roughness as the axial vibration

generates more overlaps of the material removal than in DG. However,

affected by the ploughing action owing to the axial vibration and

deepening the grinding depth owing to the radial vibration, the surface

roughness decreases first and then increases with the increase of

ultrasonic vibration amplitude at the same grinding depth. When the

grinding depth exceeds a certain value, the effect of ploughing caused

by ultrasonic vibration surpasses the overlap effect, and then the surface

roughness of UADG rises with the increase of grinding depth. The larger

the ultrasonic amplitude is, the faster the growth rate becomes.

However, as shown in Fig. 9, with the increase of grinding velocity,

the contact length of UADG and DG for a single grain would tend to

equalize, which decreases the chance of the trajectories to cross each

other. The effect of overlapping decreases. While the deepening effect

is not weaker due to the grinding velocity has no effect on the radial

vibration. Therefore, as the grinding velocity increases, the effect on

surface roughness improvement gradually weakens and becomes even

worse.

5. Conclusions

In this investigation, the ground surfaces are compared between DG

and UADG with a large diameter grinding wheel. Due to the Poisson

effect, the UADG using a large diameter grinding wheel is the

combination of axial ultrasonic assisted grinding and radial ultrasonic

assisted grinding. The radial vibration exerts a function on the increase

of the surface roughness through deepening the individual grinding

traces, and the axial vibration tends to smooth the surface topography

by increasing the interaction overlap of adjacent cutting trajectories.

From the results of the experiments, the following conclusions can

be obtained:

(1) In terms of surface quality, SEM micrographs reveal greater

levels of overlapping and side flow/ploughing on the workpiece surface

Fig. 8 Surface profiles of the ground workpiece in CDG and UADG

(grinding velocity = 1200 rpm, grinding depth = 15 um and

feed speed = 300 mm/min)

Fig. 9 Contact length versus grinding velocity for different ultrasonic

amplitude
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machined with ultrasonic vibration in comparison with that of common

grinding. Furthermore, the overlapping and side flow/ploughing were

aggravated with the increase of vibration amplitude.

(2) The grinding depth and velocity have a great influence on

ultrasonic effects. Slightly deep grinding depth and lower grinding

velocity tend to produce a better surface at the same ultrasonic vibration

frequency and amplitude.

(3) Under the current experimental conditions, the maxim reduction

of surface roughness in UAG is 30% at the ultrasonic amplitude of 7

um and the grinding depth of 20 µm.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the support of the National

Natural Science Foundation of China (NSFC) through Grants No.

51605160, 51535012, U1604255, the support of the Key research and

development project of Hunan province through Grants No. 2016JC

2001. The open Research Fund of Key Laboratory of High Performance

Complex Manufacturing, Central South University (No.Kfkt2016-8).

REFERENCES

1. Sharma, A. K., Tiwari, A. K., and Dixit, A. R., “Effects of Minimum

Quantity Lubrication (MQL) in Machining Processes Using

Conventional and Nanofluid Based Cutting Fluids: A Comprehensive

Review,” Journal of Cleaner Production, Vol. 127, pp. 1-18, 2016.

2. Kumaran, S. T., Ko, T. J., Li, C., Yu, Z., and Uthayakumar, M.,

“Rotary Ultrasonic Machining of Woven CFRP Composite in a

Cryogenic Environment,” Journal of Alloys and Compounds, Vol.

698, pp. 984-993, 2017.

3. Shan, C., Zhang, X., Dang, J., and Yang, Y., “Rotary Ultrasonic

Drilling of Needle-Punched Carbon/Carbon Composites: Comparisons

with Conventional Twist Drilling and High-Speed Drilling,” The

International Journal of Advanced Manufacturing Technology, 2017.

(DOI: 10.1007/s00170-017-1228-7)

4. Qi, H., Wen, D., Lu, C., and Li, G., “Numerical and Experimental

Study on Ultrasonic Vibration-Assisted Micro-Channelling of Glasses

Using an Abrasive Slurry Jet,” International Journal of Mechanical

Sciences, Vol. 110, pp. 94-107, 2016.

5. Qi, H., Wen, D., Yuan, Q., Zhang, L., and Chen, Z., “Numerical

Investigation on Particle Impact Erosion in Ultrasonic-Assisted

Abrasive Slurry Jet Micro-Machining of Glasses,” Powder

Technology, Vol. 314, pp. 627-634, 2017.

6. Watanabe, T., Sakuyama, H., and Yanagisawa, A., “Ultrasonic Welding

between Mild Steel Sheet and Al-Mg Alloy Sheet,” Journal of

Materials Processing Technology, Vol. 209, Nos. 15-16, pp. 5475-

5480, 2009.

7. Tawakoli, T. and Azarhoushang, B., “Influence of Ultrasonic

Vibrations on Dry Grinding of Soft Steel,” International Journal of

Machine Tools and Manufacture, Vol. 48, No. 14, pp. 1585-1591,

2008.

8. Li, C., Zhang, F., Meng, B., Liu, L., and Rao, X., “Material Removal

Mechanism and Grinding Force Modelling of Ultrasonic Vibration

Assisted Grinding for SiC Ceramics,” Ceramics International, Vol.

43, No. 3, pp. 2981-2993, 2017.

9. Gong, H., Fang, F., and Hu, X., “Kinematic View of Tool Life in

Rotary Ultrasonic Side Milling of Hard and Brittle Materials,”

International Journal of Machine Tools and Manufacture, Vol. 50,

No. 3, pp. 303-307, 2010.

10. Chen, H., Tang, J., Lang, X., Huang, Y., and He, Y., “Influences of

Dressing Lead on Surface Roughness of Ultrasonic-Assisted

Grinding,” The International Journal of Advanced Manufacturing

Technology, Vol. 71, Nos. 9-12, pp. 2011-2015, 2014.

11. Abdullah, A., Sotoodezadeh, M., Abedini, R., and Fartashvand, V.,

“Experimental Study on Ultrasonic Use in Dry Creep-Feed Up-

Grinding of Aluminum 7075 and Steel X210Cr12,” International

Journal of Precision Engineering and Manufacturing, Vol. 14, No. 2,

pp. 191-198, 2013.

12. Molaie, M., Akbari, J., and Movahhedy, M., “Ultrasonic Assisted

Grinding Process with Minimum Quantity Lubrication Using Oil-

Based Nanofluids,” Journal of Cleaner Production, Vol. 129, pp.

212-222, 2016.

13. Paknejad, M., Abdullah, A., and Azarhoushang, B., “Effects of High

Power Ultrasonic Vibration on Temperature Distribution of Workpiece

in Dry Creep Feed up Grinding,” Ultrasonics Sonochemistry, Vol.

39, pp. 392-402, 2017.

14. Chen, H., Tang, J., and Zhou, W., “An Experimental Study of the

Effects of Ultrasonic Vibration on Grinding Surface Roughness of

C45 Carbon Steel,” The International Journal of Advanced

Manufacturing Technology, Vol. 68, Nos. 9-12, pp. 2095-2098,

2013.

15. Chen, H. and Tang, J., “Influence of Ultrasonic Assisted Grinding

on Abbott-Firestone Curve,” The International Journal of Advanced

Manufacturing Technology, Vol. 86, Nos. 9-12, pp. 2753-2757,

2016.

16. Wang, Y., Lin, B., Wang, S., and Cao, X., “Study on the System

Matching of Ultrasonic Vibration Assisted Grinding for Hard and

Brittle Materials Processing,” International Journal of Machine Tools

and Manufacture, Vol. 77, pp. 66-73, 2014.

17. Wei, S., Zhao, H., and Jing, J., “Investigation on Three-Dimensional

Surface Roughness Evaluation of Engineering Ceramic for Rotary

Ultrasonic Grinding Machining,” Applied Surface Science, Vol. 357,

pp. 139-146, 2015.

18. Cao, J., Wu, Y., Lu, D., Fujimoto, M., and Nomura, M., “Material

Removal Behavior in Ultrasonic-Assisted Scratching of SiC Ceramics

with a Single Diamond Tool,” International Journal of Machine Tools

and Manufacture, Vol. 79, pp. 49-61, 2014.

19. Li, S., Wu, Y., and Nomura, M., “Effect of Grinding Wheel Ultrasonic

Vibration on Chip Formation in Surface Grinding of Inconel 718,”



936 / JUNE 2018 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 19, No. 6

The International Journal of Advanced Manufacturing Technology,

Vol. 86, Nos. 1-4, pp. 1113-1125, 2016.

20. Chou, C.-L., “Wave Effects of Ultrasonic Vibration on Machining,”

Pennsylvania State University, 1994.

21. Yanyan, Y., Bo, Z., and Junli, L., “Ultraprecision Surface Finishing

of Nano-ZrO2 Ceramics Using Two-Dimensional Ultrasonic Assisted

Grinding,” The International Journal of Advanced Manufacturing

Technology, Vol. 43, Nos. 5-6, pp. 462-467, 2009.

22. Liang, Z., Wu, Y., Wang, X., and Zhao, W., “A New Two-

Dimensional Ultrasonic Assisted Grinding (2D-UAG) Method and

Its Fundamental Performance in Monocrystal Silicon Machining,”

International Journal of Machine Tools and Manufacture, Vol. 50,

No. 8, pp. 728-736, 2010.

23. Chen, J. B., Fang, Q. H., Wang, C. C., Du, J. K., and Liu, F.,

“Theoretical Study on Brittle-Ductile Transition Behavior in Elliptical

Ultrasonic Assisted Grinding of Hard Brittle Materials,” Precision

Engineering, Vol. 46, pp. 104-117, 2016.

24. Tang, J., Du, J., and Chen, Y., “Modeling and Experimental Study of

Grinding Forces in Surface Grinding,” Journal of Materials Processing

Technology, Vol. 209, No. 6, pp. 2847-2854, 2009.

25. Guo, B. and Zhao, Q., “Ultrasonic Vibration Assisted Grinding of

Hard and Brittle Linear Micro-Structured Surfaces,” Precision

Engineering, Vol. 48, pp. 98-106, 2017.

26. Wang, Y., Lin, B., Cao, X., and Wang, S., “An Experimental

Investigation of System Matching in Ultrasonic Vibration Assisted

Grinding for Titanium,” Journal of Materials Processing Technology,

Vol. 214, No. 9, pp. 1871-1878, 2014.

27. Liang, Z., Wang, X., Wu, Y., Xie, L., Liu, Z., and Zhao, W., “An

Investigation on Wear Mechanism of Resin-Bonded Diamond Wheel

in Elliptical Ultrasonic Assisted Grinding (EUAG) of Monocrystal

Sapphire,” Journal of Materials Processing Technology, Vol. 212,

No. 4, pp. 868-876, 2012.

28. Wang, Q., Zhao, W., Liang, Z., Wang, X., Zhou, T., et al.,

“Investigation of Diamond Wheel Topography in Elliptical Ultrasonic

Assisted Grinding (EUAG) of Monocrystal Sapphire Using Fractal

Analysis Method,” Ultrasonics, Vol. 84, pp. 87-95, 2018.

29. Shen, J., Wang, J., Jiang, B., and Xu, X., “Study on Wear of Diamond

Wheel in Ultrasonic Vibration-Assisted Grinding Ceramic,” Wear,

Vols. 332-333, pp. 788-793, 2015.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


