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Abstract 

Carbon fiber reinforced plastic (CFRP) composites are very difficult to machine. A large number 

of holes need to be drilled in CFRP for many applications. Therefore, so it is important to 

develop cost-effective drilling processes. CFRP has been drilled by rotary ultrasonic machining 

(RUM) successfully. The literature has reports about the effects of input variables on output 

variables (including cutting force, torque, surface roughness, tool wear, and workpiece 

delamination) in RUM of CFRP. However, there are no reports on power consumption in RUM 

of CFRP. This paper reports the first study on power consumption in RUM of CFRP. It reports an 

experimental investigation on effects of input variables (ultrasonic power, tool rotation speed, 

feedrate, and type of CFRP) on power consumption of each component (including ultrasonic 

power supply, spindle motor, coolant pump, and air compressor) and the entire RUM system. 

 

1. Introduction 

Carbon fiber reinforced plastic (CFRP) composites are increasingly used as primary 

structural materials in the aerospace industry [Mangalgiri, 1999]. Superior properties of CFRP 

include low density (lower than aluminum); high strength (as strong as high-strength steels); 

high stiffness (stiffer than titanium); good toughness; good fatigue, creep, wear, and corrosion 

resistance; low friction coefficient; good dimensional stability (about zero coefficient of thermal 

expansion); and high vibration damping ability [Chung DDL 2010; Arul et al. 2006; Sadat et al. 
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1995; Davim and Reis 2003; Lambert 1987; Guu et al., 2001; Mallick 1997; Schwartz 1992; 

Morgan 2005; Park et al. 1995; Ruegg and Habermeier 1981]. Due to some of these superior 

properties, CFRPs are very difficult to machine. A large number of holes need to be drilled in 

CFRP for many applications (especially in aircraft assembling) [Boeing Co. Web]. Therefore, it 

is important to develop cost-effective drilling processes. 

 

CFRP has been drilled by rotary ultrasonic machining (RUM) successfully [Li et al. 2007; 

Cong et al. 2011abcd, Feng et al. 2011]. RUM is a hybrid machining process that combines 

material removal mechanisms of diamond grinding and ultrasonic machining. Figure 1 illustrates 

the RUM process. The cutting tool is a core drill with metal-bonded diamond abrasives. During 

machining, the rotating tool vibrates axially at an ultrasonic frequency (typically 20 kHz) and 

feeds along its axial direction towards the workpiece. Coolant is pumped through the core of the 

cutting tool, washing away the swarf and preventing the cutting zone from overheating.  

 

The literature contains several studies on RUM of CFRP. Effects of input variables 

(including ultrasonic power, tool rotation speed, feedrate, and coolant type) on output variables 

(including cutting force, torque, surface roughness, delamination, and tool wear) have been 

investigated [Li et al. 2007; Cong et al. 2011abcd, Feng et al. 2011]. Using the same CFRP 

workpiece material and similar machining conditions, twist drilling and RUM have been 

compared [Cong et al. 2011d]. Also, to reduce the costs associated with cutting fluids, RUM of 
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CFRP using cold air as coolant has been studied [Cong et al. 2011abc]. Feasible regions in RUM 

of CFRP using cold air as coolant have been identified [Cong et al. 2011b]. A comparison of 

RUM of CFRP using cold air and cutting fluid has been made [Cong et al. 2011c]. These studies 

have shown that ultrasonic vibration in RUM can reduce cutting force, torque, cutting 

temperature, workpiece delamination, and tool wear.  

 

The literature has no reports on power consumption in RUM. This study is the first to 

investigate power consumption in RUM of CFRP. It reports an experimental investigation on 

effects of input variables (including ultrasonic power, tool rotation speed, feedrate, and type of 

CFRP) on power consumption of each component (including ultrasonic power supply, spindle 

motor, coolant pump, and air compressor) and the entire RUM system. It also provides the 

percentage of each component’s power consumption relative to the entire RUM system’s power 

consumption under each experimental condition. There are four sections in this paper. Following 

this introduction section, Section 2 describes workpiece material properties, experimental 

conditions, and measurement procedures. Section 3 presents and discusses experimental results. 

Finally, conclusions are summarized in Section 4. 
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2. Experimental conditions 

2.1. Workpiece material properties 

CFRP composites were composed of carbon fibers and epoxy resin. Based on carbon fiber 

structures, CFRP composites used in this study can be classified into four types: wide yarn 

woven, thin yarn woven, flake, and unidirectional continuous. Their material properties are listed 

in Table 1. The fiber structures are illustrated in Figure 2. Specifications of these structures are 

shown in Table 2. 
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2.2. Experimental set-up 

The experiments were performed on a rotary ultrasonic machine (Series 10, Sonic-Mill, 

Albuquerque, NM, USA). The experimental set-up is schematically illustrated in Figure 3. It 

mainly consisted of an ultrasonic spindle system, a data acquisition system, and a cooling 

system. The ultrasonic spindle system was comprised of an ultrasonic spindle, a power supply, 

and a spindle motor with speed controller. The power supply converted (60 Hz) electrical supply 

to high-frequency (20 kHz) electrical energy. This high-frequency electrical energy was provided 

to a piezoelectric converter (located in the ultrasonic spindle) that changed high-frequency 

electrical energy into mechanical vibration. The ultrasonic vibration was amplified and 

transmitted to the cutting tool. This caused the cutting tool to vibrate at the frequency of 20 kHz. 

The amplitude of ultrasonic vibration could be adjusted by changing the setting of output control 

of the power supply. A motor (SJ-PF, Mitsubishi Electric Crop., Tokyo, Japan) attached atop the 

ultrasonic spindle supplied the rotational motion of the tool and different speeds were obtained 

by adjusting the speed controller. The cooling system was comprised of pump, coolant tank, 

pressure regulator, flow rate and pressure gauges, and valves. The cooling system provided 

coolant to the spindle and the interface of machining. 
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The up and down movement of the spindle was driven (through a hydraulic cylinder) by high-

pressure compressive air. The compressive air was provided by a stand-alone air compressor 

(CI523E80V, North Central Air, Downs, KS, USA). The air compressor started running if the air 

pressure was below 150 psi. The air compressor would keep running until the air pressure 

reached 180 psi. The air pressure decreased as each hole was drilled. About 30 holes could be 
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drilled within one running cycle of the air compressor. This working cycle of the air compressor 

is illustrated in Figure 4. 

 

Cutting tools used were metal-bonded diamond core drills (NBR Diamond Tool Corp., 

LaGrangeville, NY, USA), as illustrated in Figure 5. The outer and inner diameters (OD and ID) 

of the cutting tools were 9.54 mm and 7.82 mm, respectively, and tuning length was 45 mm. The 

diamond abrasives had mesh size of 80/100 and concentration of 100. The metal bond was of B 

type.  

 

Following input variables were varied in the experiments: 

•  Types of CFRP: Different CFRP fiber structures. 

•  Spindle speed: Rotational speed of cutting tool; 

•  Feedrate: Feedrate of cutting tool; 

•  Ultrasonic power: Percentage of power from ultrasonic power supply. As illustrated in 
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Figure 6, there was an almost linear relationship between ultrasonic power and ultrasonic 

vibration amplitude and higher ultrasonic power would produce higher ultrasonic vibration 

amplitude. 

The values of these input variables are shown in Table 3. Only one variable was changed at 

a time while keeping other variables constant. The pressure and flow rate of coolant were kept 

the same at 40 psi and 1.5 lpm, respectively. Four holes were drilled under each machining 

condition. 
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2.3. Measurement procedures 

 

The power consumption presented in this paper was the electricity energy (W) consumed when 

drilling a hole in the workpiece material divided by the workpiece thickness (mm). Note that the 

CFRP workpieces have different thicknesses. 

 

Power consumption of the ultrasonic power supply was calculated by 

F

IU
W uu

u 



3600

                                                             (1) 

where uW  was the power consumption of ultrasonic power supply (w·h/mm); uU  was the actual 

electricity voltage of ultrasonic power supply (V); uI  was the measured current of ultrasonic 

power supply during machining (A); and F was the feedrate (mm/s).  

 

Power consumption of the coolant pump was calculated by 

F

IU
W c

c 



3600

c                                                                (2) 

where cW  was the power consumption of coolant pump (w·h/mm); cU  was the voltage for 

coolant pump (V); cI  was the measured current of coolant pump during machining (A); and F 

was the feedrate (mm/s). 

 

Power consumption of the air compressor was calculated by 

Thn

tIU
W aaa

a 



3600

                                                         (3) 
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where aW  was the power consumption of air compressor (w·h/mm); aU  was the actual 

electricity voltage of air compressor (V); aI  was the measured current of air compressor when it 

was running (A); at  was the period of time during which the air compressor was running (s); n 

was the number of holes that could be drilled within one air compressor activation cycle; and Th 

was the thickness of the workpiece (mm). 

 

Because of the machine design, it is difficult to measure voltage and current of the spindle motor 

directly. Power consumption of the spindle motor was calculated by 

cu
pp

cups WW
F

IU
WWWW 





3600

                                           (4) 

where sW  was the power consumption of spindle motor (w·h/mm); pW  was power consumption 

of the control panel (w·h/mm); pU  was the measured electricity voltage of control panel (V); pI  

was the measured current of the control panel during machining (A); and F was the feedrate 

(mm/s). 

 

Power consumption of the entire RUM system was 

pa WWW RUM                                                                   (5) 

 

The current and voltage of ultrasonic power supply, coolant pump, air compressor, and control 

panel (including spindle motor, ultrasonic power supply, and coolant pump) were measured by a 

data acquisition system. It was consisted of a current clamp, a voltage probe, a multimeter 
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(Model 189, Fluke Crop., Everett, WA), and a computer with Flukeview Forms software 

(Version 3.4, Fluke Crop., Everett, WA). The sampling rate was set at 1 Hz. 

 

3. Results and discussion 

3.1. Effects of ultrasonic power 

Effects of ultrasonic power on power consumption for the entire RUM system and each 

component are shown in Figure 7. When ultrasonic power increased from 0 to 80%, power 

consumption of ultrasonic power supply increased slightly, power consumption of spindle motor 

decreased significantly, power consumption of coolant pump and air compressor kept constant, 

power consumption of the entire RUM system almost kept constant. 
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Power consumption percentages of each component under different settings of ultrasonic power 

are shown in Figure 8. For different settings of ultrasonic power, power consumption of coolant 

pump always had the highest percentage (about 70% of the entire RUM system power 

consumption), and power consumption percentage of air compressor kept unchanged at 11%. As 

the ultrasonic power increased, power consumption percentage of ultrasonic power supply 

increased from 0 to 16%, in contrast, spindle motor power consumption percentage decreased 

from 20% to 3%. 

 

Effects of ultrasonic power on other output variables (including cutting force, torque, and surface 
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roughness) had been studied [Cong et al., 2011c]. When ultrasonic power increased from 0% to 

80%, cutting force and torque decreased. The decrease of cutting force and torque were about 

20% and 40%, respectively. When ultrasonic power increased from 0 to 80%, surface roughness 

decreased first and then increased. Compared with RUM without ultrasonic power, the decrease 

of surface roughness was about 10%. It is noted that ultrasonic power in RUM can reduce cutting 

force, torque, and surface roughness, without increasing power consumption. 
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3.2. Effects of tool rotation speed 

Effects of tool rotation speed on power consumption are shown in Figure 9. As tool rotation 
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speed increased, power consumption of ultrasonic power supply decreased, power consumption 

of spindle motor increased dramatically, power consumption of coolant pump and air compressor 

kept unchanged, and power consumption of the entire RUM system increased slightly. 

 

Power consumption percentages of each component under different settings of tool rotation 

speed are shown in Figure 10. For different settings of tool rotation speed, power consumption of 

coolant pump always had the largest percentage. As tool rotation speed increased from 1000 to 

5000 rpm, power consumption percentage of ultrasonic power supply decreased slightly from 

11% to 8%, power consumption percentage of spindle motor increased from 1% to 15%, power 

consumption percentage of coolant pump decreased from 76% to 67%, and power consumption 

percentage of air compressor decreased slightly from 12% to 10%. 
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3.3. Effects of feedrate 

Effects of feedrate on power consumption are shown in Figure 11. As feedrate increased, power 



RUM CFRP Power Consumption (Text) 20 

consumptions of ultrasonic power supply, spindle motor, and coolant pump decreased 

dramatically, power consumption of air compressor kept the same, and power consumption of 

the entire RUM system increased remarkably. 

 

Power consumption percentages of each component under different settings of feedrate are 

shown in Figure 12. As feedrate increased from 0.1 to 0.7 mm/s, power consumption percentage 

of air compressor increased from 2% to 14%, power consumption percentage of coolant pump 

decreased from 79% to 67%, and power consumption percentages of ultrasonic power supply 

and spindle motor did not change much and remained as approximately 9%. 
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3.4. Effects of CFRP type 

Effects of CFRP type on power consumption are shown in Figure 13. CFRP type significantly 
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affected power consumption of ultrasonic power supply and spindle motor. The power 

consumption of ultrasonic power supply was the highest when machining CFRP #1 (with wide 

yarn woven fiber structure) and the lowest when machining CFRP #3 (with flake fiber structure). 

In contrast, power consumption of spindle motor was the highest when machining CFRP #3 and 

the lowest when machining CFRP #1. For different types of CFRP, power consumption of 

coolant pump and air compressor kept unchanged. Power consumption of the entire RUM system 

did no change much for these different CFRP types. 

 

Power consumption percentages of each component for RUM of different CFRP types are shown 

in Figure 14. When CFRP type changed, power consumption of coolant pump always had the 

highest percentage (71% ~ 73%). Power consumption percentage of air compressor stayed at 

7%. Power consumption percentages of ultrasonic power supply and spindle motor changed 

slightly. 
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4. Conclusions 

This paper reported a study on power consumption in RUM of CFRP. Power consumption of the 

entire RUM system and each component under different settings of ultrasonic power, tool 

rotation speed, feedrate, and CFRP type was studied. The following conclusions are drawn from 

this study: 

 

(1)  As ultrasonic power increased or tool rotation speed decreased, power consumption of 

ultrasonic power supply increased slightly, power consumption of spindle motor decreased 
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dramatically, power consumption of coolant pump and air compressor kept unchanged, and 

power consumption of the entire RUM system increased slightly. As feedrate decreased, 

power consumptions of ultrasonic power supply, spindle motor, and coolant pump decreased 

dramatically, power consumption of air compressor kept the same, and power consumption 

of the entire RUM system increased remarkably. 

(2)  CFRP type significantly affected power consumption of ultrasonic power supply and spindle 

motor. For different CFRP types, power consumption of coolant pump and air compressor 

kept unchanged. Power consumption of the entire RUM system did no change much for 

these different CFRP types. 

(3)  As the ultrasonic power increased or tool rotation speed, power consumption percentage of 

ultrasonic power supply increased. In contrast, power consumption percentage of spindle 

motor decreased, power consumption percentage of air compressor kept unchanged. 

(4)  Under all the test conditions, power consumption of coolant pump always had the highest 

percentage (higher than 65% of the entire RUM system power consumption). 

(5)  As ultrasonic power increased or tool rotation speed decreased, power consumption 

percentage of ultrasonic power supply increased, power consumption percentage of spindle 

motor decreased. 

(6)  As feedrate increased, power consumption percentage of air compressor increased, power 

consumption percentage of coolant pump decreased, and power consumption percentages of 

ultrasonic power supply and spindle motor did not change much. 
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(7)  For different CFRP types, the percentage of each component did not change much. 
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