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component. A typical circuit layout of a series RLC resonance circuit is being shown in 

Fig. 5.10. 

+ 


Capacitor 
(Actuator) 

Figure 5. JO: Typical Series RLC Resonance Circuit 

The voltage that passes through the capacitor can be determined by: 

(5.9) 


The resonant frequency of the circuit can be determined by: 

1 
OJ.=-- (5.10) 

0 JLC 

The required driving current can be determined by: 

(5.11) 
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Figure 6.7: Thrust force on sample I (U.A. 20kHz 4µm). 
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Figure 6.8: Thrust force comparison. 
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The above results also show the simulation presented in Chapter 4 fails to predict 

the trend of the burr size. This is most likely due to neglecting the dynamic behavior of 

the material within the theoretical model. 

6.3.2 Effect ofPeak to Peak Vibration 

Tests 1-4 isolated the effect of the vibration magnitude on the burr size. Peak to 

peak vibration tested were 0, 1.33, 2.67 and 4µm. Table 6.3, Fig. 6.9 and 6.10 

summarize the results. 

Peak to Peak (µm) Ave. Burr Height (mm) Ave. Burr Width (mm) 

0 0.546 0.131 

1.33 0.629 0.122 

2.67 0.639 0.141 

4 0.384 0.177 

Table 6.3: Ave. Burr Height and Width vs Vibration Amplitude 

Burr Height vs Vibration Amplitude (Test# 1, 2, 3, 4) 
(3.175mm Drill 4000RPM 1.905mm/s feed 20kHz frequency) 

0.9 

I o.7--:2> o.s F====::;;====~t=:::=:::s;;;;=~
G> 

:::c ... D U.A. (Experiment)
~ 0.3 
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0.1 
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Amplitude (microns) 

Figure 6.9: Ave. Burr Height vs Vibration Amplitude 
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Burr Width vs Vibration Amplitude (Test# 1, 2, 3, 4) 
(3.175mm Drill 4000RPM 1.905mm/s feed 20kHz frequency) 

0.25 

6.U.A. (Simulation) 
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j 
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0.05 
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Figure 6. I 0: Ave. Burr Width vs Vibration Amplitude 

Fig. 6.9 and 6.10 demonstrated that the relationship between burr height and 

width and vibration amplitude is non-linear. After passing through a threshold, as the 

vibration amplitude increases, the burr height decreases while the burr width increases. 

Hence, there exists a better operating condition such that burr height can be reduced and 

the increase in burr width is acceptable. The simulation once again fails to predict the 

burr width trend. 

Similar to vibration frequency, when the peak to peak vibration is small enough, 

continuous cutting occurs, forming larger chips and burrs. Increasing the peak to peak 

vibration produces fine chips by the ultrasonic impact actions, reducing the thrust force 

and the burr height and width. 
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It is believed that as vibration amplitude increases, the cutting by the ultrasonic 

impact action dominates. This will cause the force normal to the rake face to be larger 

than with conventional drilling. This larger force will in turn cause the material to begin 

to rollover earlier in the cut, resulting in a thicker burr. It is also believed that the higher 

stiffness of this thicker burr causes it to maintain stronger contact with the cutting lips, 

causing it to be cut shorter. This is illustrated in Fig. 6.11. 

Thicker 

Short and Long and 

Wirle~ Thi~ 


Ultrasonic Assisted Conventional 

Figure 6.11: The formation ofshort and wide burr in ultrasonic assisted drilling. 

6.3.3 Effect ofSpindle Speed 

Tests 1, 2 and 13-16 isolated the influence of the cutting speed. Spindle speeds 

tested were 4000, 6000 and 8000RPM. Table 6.4, fig. 6.12 and 6.13 summarized the 

results. 
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Ultrasonic Assisted Conventional 

Spindle Speed 

(RPM) 

Burr Height 

(mm) 

Burr Width 

(mm) 

Burr Height 

(mm) 

Burr Width 

(mm) 

4000 0.384 0.176 0.546 0.131 

6000 0.285 0.119 0.601 0.244 

8000 0.347 0.177 0.784 0.323 

Table 6.4: Ave. Burr Height and Width vs Spindle Speed 

Burr Height vs Spindle Speed (Test# 1, 2, 13, 14, 15, 16) 

(3.175mm Drill 1.905mm/s feed vibration condition: 20kHz 4microns) 
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Figure 6.12: Ave. Burr Height vs Cutting Speed 
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Burr Width vs Spindle Speed (Test# 1, 2, 13, 14, 15, 16) 

(3.175mm Drill 1.905mm/s feed vibration condition: 20kHz 4microns) 
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Figure 6.13: Ave. Burr Width vs Cutting Speed 

In conventional drilling, the burr size increases with the spindle speed. This is 

because the thrust force increases with spindle speed and more materials are deformed 

plastically. However, in ultrasonic drilling, the burr height and width reaches a minimum 

at 6000RPM with 20kHz and 4µm vibration. This suggested that for a particular cutting 

condition, there may exists a certain vibration condition that significantly reduces burr 

size but not necessary with the largest possible vibration frequency and amplitude as 

others have suggested [ 11]. 

On the other hand, there exists a range of vibration conditions that produces a 

larger burr. Carefully chosen vibration condition is critical for ultrasonic assisted 

drilling. 
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The combination of spindle speed and feed determines the primary cutting 

direction. In general, for conventional drilling, increasing spindle speed with constant 

feed increases the thrust force. This is because increasing the spindle speed alone will 

increase the angle between the spindle axis and cutting velocity vector [2]. The result is a 

decrease in the dynamic rake angle as shown in Fig. 6.14. This will increase the cutting 

forces. 

V1: low spindle speed 

V2 : high spindle speed 

Figure 6.14: Effect of cutting velocity direction on the dynamic rake angle. 

However, ultrasonic drilling interferes with feed, allowing exceptions from this 

general trend. High cutting speed and low feed forms thin chips, and with ultrasonic 

assistance fine and broken chips are formed and removed from the hole efficiently. 

Moreover, the direction of the cutting velocity vector changes periodically because of the 

high frequency oscillation. Therefore the dynamic rake angle changes with time, 
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0.8 

0.4 

0.2 

D Conventional 

0 Ultrasonic 

Ultrasonic Assisted 

reducing the effect of a small dynamic rake angle in conventional drilling. This shows 

that ultrasonic assisted drilling is particularly beneficial in high speed drilling. 

6.3.4 Effect ofCutting Feed 

Tests 15-20 isolated the influence of the cutting feed. Cutting feed tested were 

1.905, 3.810 and 5.715mm/s (4.5, 9 and 13.5in/min). Table 6.5, Fig. 6.15 and 6.16 

summarized the results. 

Ultrasonic Assisted Conventional 

Cutting Feed 

(mm/s) 

Burr Height 

(mm) 

Burr Width 

(mm) 

Burr Height 

(mm) 

Burr Width 

(mm) 

1.905 0.347 0.177 0.784 0.323 

3.810 0.616 0.262 0.504 0.348 

5.715 0.374 0.222 0.399 0.251 

Table 6.5: Ave. Burr Height and Width vs Cutting Feed 

Burr Height vs Feed (Test# 15, 16, 17, 18, 19, 20) 

(3.175mm Drill 8000RPM vibration condition: 20kHz 4microns) 
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Figure 6.15: Ave. Burr Height vs Cutting Feed 
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Burr Width vs Feed (Test# 15, 16, 17, 18, 19, 20) 

(3.175mm Drill 8000RPM vibration condition: 20kHz 4microns) 
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Figure 6.16: Ave. Burr Width vs Cutting Feed 

In contrast to the relationship with cutting speed, the burr height and width shows 

a maximum at 3.81 Omm/s (9in/min) feed in ultrasonic assisted drilling. It is important to 

avoid cutting at that point. When compares to conventional drilling, burr height and 

width were reduced at 5.715mm/s (13.5"/min) feed, which reaches the area of heavy 

feed, but not significantly. It is also important that ultrasonic assistance reduces burr size 

significantly under normal feed (4.5"/min). 

A similar argument to that presented in section 6.3.1 can be made here. At low 

feed, primary cutting action in ultrasonic assisted drilling is oblique cutting on the cutting 

lips. Ultrasonic assistance provides secondary cutting with the ultrasonic impact actions, 

producing smaller chips and burrs. As the feed increases, the chip segmentation effect is 

reduced because the larger chips are more difficult to break. It is believed that the burr 
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height and width can be reduced with high feed drilling by increasing the peak to peak 

vibration. 

6.3.5 Effect ofDrill Diameter 

Tests 7, 8, 17, 18, 21 and 22 isolated the influence of drill diameter. Drill 

diameter tested were 1.587, 2.381 and 3. I 75mm (1/16, 3/32 and 1/8 inch). Table 6.6, fig. 

6.17 and 6.18 summarize the results. 

Ultrasonic Assisted Conventional 

Drill Diameter 

(mm) 

Burr Height 

(mm) 

Burr Width 

(mm) 

Burr Height 

(mm) 

Burr Width 

(mm) 

1.587 0.787 0.255 0.503 0.221 

2.981 0.387 0.145 0.287 0.096 

3.175 0.616 0.262 0.503 0.348 

Table 6.6: Ave. Burr Height and Width vs Drill Diameter 

Burr Height vs Drill Diameter (Test# 7, 8, 17, 18, 21, 22) 
(8000RPM 3.81 mm/s feed vibration condition: 20kHz 4microns) 
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Figure 6.17: Ave. Burr Height vs Drill Diameter 
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Burr Width vs Drill Diameter (Test# 7, 8, 17, 18, 21, 22) 
(8000RPM 3.81 mm/s feed vibration condition: 20kHz 4microns) 
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Figure 6.18: Ave. Burr Width vs Drill Diameter 

Fig. 6.17 and 6.18 show that there exists a better drill size for a particular cutting 

condition. 2.981 mm (3/32 inch) drill produces the smallest burr height and width at 

8000RPM and 9"/min, which is the recommended cutting condition provided by the 

manufacturer of the drill. Drill diameter determines the total thrust force acting on the 

workpiece. It is well known that a specific range of cutting conditions is suitable for a 

particular drill size, and if chosen carefully, burr size can be minimized. 

The trends of ultrasonic assisted drilling and conventional drilling are relatively 

similar, hence it may be concluded that drill size has insignificant effect on the efficiency 

of ultrasonic assisted drilling. This is logical since the ultrasonic action is axial and 

therefore not significantly affected by the changes in the radial direction. 
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6.3.6 Tool Wear 

Tool wear plays an important role in metal cutting. Worn tools increase the burr 

size, cutting forces and undesired vibration. They also reduce the accuracy of the cut. 

Ultrasonic assisted drilling has demonstrated serious tool wear experimentally. Fig. 6.19 

shows two tools, after finishing them with the same method and drilling the same number 

of holes, one with ultrasonic assistance at 20kHz and 4µm and the other without. 

4000RPM 4000RPM 
l .905mmls Feed J.905mm/s Feed 

Ultrasonic Assisted Conventional 

Figure 6.19: Tool Wear Comparison 

Both drills are 3.175 mm ( 1/8 inch) diameter standard twisted drill and were used 

to drill 10 specimens at 4000RPM and l.905mm/s (4.5in/min) feed. It was found that 

part of the chisel edge (an area of approximately 0.05mm2
) of the tool after ultrasonic 

tests was chipped away after the ultrasonic assisted tests. Both chisel wear and cutting lip 

wear areas were also significantly larger than the tool after conventional tests (0.20mm2 

compared with 0.18mm2 chisel wear area, and 0.26mm2 compared with 0.18mm2 cutting 

lip wear area). Similar results were found for the other drilling tests di scussed in this 
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thesis. More examples are shown in Fig. 6.20. It was concluded that although ultrasonic 

assisted drilling serves as an effective way in reducing burr size, it increases tool wear, 

and therefore reduces tool life. 

8000RPM 8000RPM 
3.81mm/s Feed 3.81mm/s Feed 

Ultrasonic Assisted Conventional 

8000RPM 8000RPM 
1.905mm/s Feed J.905mm/s Feed 

Ultrasonic Assisted Conventional 

Figure 6.20: Tool wear comparison. 
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Although it has not been analyzed in details, it is clear that the ultrasonic impact 

actions and interrupted feed affects the stress level on the tool. The hammering action 

significantly increases stress concentration on chisel edge and the end of cutting lips, 

increasing tool wear in these region. It is believed that this is the major causes of tool 

wear in ultrasonic assisted drilling. Applying suitable coatings on the drill can solve this 

problem easily, but it will not be discussed in this thesis. 

6.3 Conclusion 

The experiments have shown that ultrasonic assistance has the potential to reduce 

burr size. However, under different cutting conditions, different vibration conditions 

have different effect on burr size and if not chosen carefully, ultrasonic assistance can 

increases burr size. 

The effect of vibration frequency was considered. It was concluded that the 

vibration frequency must be large enough such that discontinuous cutting can occur. 

Otherwise long saw-tooth like chip will form, which result in the formation of larger burr. 

In the investigation of the effect of peak to peak vibration, it was found that 

increasing the peak to peak vibration results in smaller burr height but larger burr width. 

It is believed that at high vibration amplitude, the ultrasonic impact actions dominate, 

causing the force normal to the rake face to be larger. This larger force will cause the 

material to rollover earlier in the cut, resulting in a thicker burr. This thicker burr is 

stiffer, hence maintaining a stronger contact with the cutting lips, resulting in a shorter 

burr. 
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It was also found that ultrasonic assisted drilling enables high speed (spindle 

speed) drilling without increasing the burr size, which conventional drilling does. It is 

believed that the periodic change in the direction of the cutting velocity vector due to the 

ultrasonic vibration reduces the effect of small dynamic rake angle compared with 

conventional drilling. This in turn reduces the thrust force and burr height and width. 

In the investigation of the effect of cutting feed, it was found that ultrasonic 

assisted drilling can significantly reduce the burr size under normal feed. However, in 

heavy feed drilling, burr size is increased. It was suspected that the chip segmenting 

effect produced by ultrasonic assisted drilling at heavy feed is not efficient. It is believed 

that increasing the peak to peak vibration can solve this problem. 

From the investigations in all of the experimental results, it is concluded that for 

each cutting conditions, there exists specific vibration conditions that reduces burr height 

and width significantly. This conclusion contradicts previous literature, in which 

recorded that higher frequency and amplitude increases the burr reduction. It was also 

concluded that the efficiency of ultrasonic assistance is not significantly affected by drill 

size. 

Throughout the experiments, it was found that ultrasonic assistance significantly 

increases tool wear, especially in the chisel edge area, on standard high speed twist drill. 

Applying suitable coatings on the drill is recommended in ultrasonic assisted drilling. 



CHAPTER 7 


CONCLUSIONS AND RECOMMENDATIONS 

7.1 Introduction 

This thesis outlined the effect of ultrasonic vibration in the feed direction on burr 

height and width for drilling of 1100-0 aluminum. It was determined that ultrasonic 

assisted drilling can reduce the burr height and width if the vibration condition is chosen 

carefully. 

Two simulation studies were conducted. A finite element model of orthogonal 

cutting with and without ultrasonic assistance was first developed. This model simulated 

the cutting of an aluminum workpiece. Secondly, an exit burr model was established 

based on a circular plate deflection model. This model also allowed ultrasonic vibration 

to be included. 

Testing equipment was designed and built to obtain experimental results. A 

piezoelectric actuator was used to drive a workpiece holder at a maximum frequency of 

20kHz and 4µm maximum peak to peak vibration. Three electrical circuits were 

considered to drive the piezoelectric actuator, including the on/off switching circuit, 

series RLC resonance circuit, and a polarity switching circuit. Both the on/off switching 

and polarity switching circuits were built and tested. It was shown that the on/off 
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switching circuit failed, but the polarity switching circuit successfully drove the actuator 

at the required vibration condition. With the aid of finite element modeling, a workpiece 

holder consisting of a vibratory diaphragm was design and built, and then used to hold 

the workpiece during testing. 

7 .2 Conclusions 

1. 	 The experimental results prove that ultrasonic assisted drilling can reduce burr 

height and width. When the vibration frequency was above a certain threshold 

(between 15-20 kHz) smaller burrs were produced. It is believed that when the 

vibration frequency is high enough for a given material and cutting condition, 

ultrasonic impact actions become significant and cause chip segmentation. This 

results in fine, powdered chips, reducing the thrust force and burr size. On the 

other hand, if the vibration frequency is too small, insignificant ultrasonic impact 

action occurs. Larger chips are formed, increasing thrust force and burr size. 

2. 	 It was found that as peak to peak vibration increased the burr height decreased but 

the burr width increased. It is believed that the ultrasonic impact action 

dominates when the peak to peak vibration increases, increasing the force normal 

to the rake face. This force causes the material to begin to rollover earlier, 

increasing the burr width. However, the deformed material is thicker and stiffer, 

causing it to maintain a stronger contact with the cutting lips, hence reducing the 

burr height. 
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3. 	 The investigations on spindle speed and cutting feed have shown that there exists 

a better vibration condition for each particular cutting condition, where burr size 

can be reduced effectively. In other words, carelessly chosen ultrasonic 

assistance can produce larger burrs. It was also shown that ultrasonic assisted 

drilling allows a higher spindle speed and feed to be used without increasing the 

burr size. 

4. 	 The investigation on drill size concluded that although drill sizes affect burr sizes 

significantly, its effect on the efficiency of ultrasonic assisted drilling is 

insignificant. This is logical because the ultrasonic action is axial and therefore 

should not be significantly affected by changes in the radial direction. 

5. 	 Although ultrasonic assisted drilling demonstrated significant reduction in burr 

size, it also introduces increased drill wear. After drilling only 10 holes with a 

particular drill, part of the chisel edge was chipped off, and significant wear on 

cutting lips was also observed. Similar results were found in the rest of the 

experiments. Hence, ultrasonic assisted drilling introduces challenges in the 

context of tool strength and tool life. It must be noted that only standard high 

speed steel twist drills were tested so better performance may be achieved using 

drills with suitable coatings. 

6. 	 The equipment developed for ultrasonic assistance was cost effective, and 

successfully drove the workpiece at the necessary vibration conditions. 

7. 	 An exit burr model was established to model the effects of ultrasonic assistance 

on burr size. An effective feed, a combination of drill feed and ultrasonic 
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vibration, was used to calculate the effective dynamic uncut chip thickness. 

Deflection of a circular plate was used to model the deflection of the materials 

below the tool. Unfortunately, the simulation using this model failed to predict 

the actual burr height and width. It is believed that the failure was due to 

neglecting the dynamic behavior of the material within the theoretical model. 

8. 	 The results from the finite element simulation of orthogonal cutting suggested that 

ultrasonic vibration is beneficial in reducing burr height and width. However, this 

conclusion cannot be generalized since the simulations were only performed for 

one set of cutting conditions. These simulation results also do not necessarily 

apply to more complex cutting processes. 

7.3 Recommendations for Future Work 

The following future work is suggested: 

• 	 Developing a theoretical exit burr model that includes the dynamic behavior of 

the material below the tool into consideration. 

• 	 Investigating in the possibility of building a series RLC resonance circuit that 

enables the workpiece to be driven at a higher vibration amplitude with a 

relatively small power input. 

• 	 Extending the current experimental investigations to 30kHz and 1 Oµm to validate 

the second order predictions regarding the effects of vibration frequency and peak 

to peak vibration. 
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