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a b s t r a c t 

Rotary ultrasonic drilling (RUD) has been fully proved to be superior in hole-manufacturing of brittle materi- 

als and composites with reduced cutting force and improved machining quality. This paper was devoted to the 

proposition of a novel index for the design and manufacturing of an ultrasonic machine tool (RUMT), called the 

critical cutting force, to characterize the RUMT maximum processing capacity. When the cutting force exceeded 

this critical value, the ultrasonic amplitude decreased and the cutting force increased abruptly, resulting in the 

RUD superiority suppression. The critical cutting force dependency was investigated theoretically and experi- 

mentally. Firstly, the effect of cutting force on the ultrasonic amplitude stability was modeled and subsequently 

verified by experimental results on both quartz glass and C/SiC composites. It was indicated that the effect of 

material properties on the amplitude stability could be attributed to the cutting force variation no matter the 

material is composite or not. Following, a critical cutting force model was developed mechanistically with con- 

sideration to the interactive action between the cutting force and the ultrasonic vibration. The modeling results 

demonstrated that the critical cutting force was an inherent property of RUMT dependent on the corresponding 

excitation level and independent of the processing conditions. The experimental results on quartz glass, sapphire 

and C/SiC composites verified the model predictive ability and the critical cutting force independency of the 

processing conditions such as feedrate, spindle speed, material properties and even tool wear. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Hard and brittle materials that are represented by optical glass, ad-

anced ceramics and ceramic matrix composites, have a wide range of

ndustrial applications due to the corresponding excellent mechanical

nd chemical performances. In contrast, due to the corresponding high

ardness and low toughness, the hard and brittle materials are regarded

s the most difficult-to-machine materials. The rotary ultrasonic ma-

hining (RUM) has been sufficiently proved to be a superior machining

ethod, especially of hole-manufacturing for hard and brittle materi-

ls with reduced cutting force and subsurface damage, improved hole

xit quality and extended tool life [1–3] . In RUM, a diamond core tool

ibrates longitudinally in an ultrasonic frequency with amplitudes of

icrometers, simultaneously feeding towards the workpiece. A certain

UM machine tool (RUMT) can be used for not only hole drilling but

lso face milling, namely rotary ultrasonic drilling (RUD, as presented

n Fig. 1 (a)) and rotary ultrasonic face milling (RUFM). Due to the cor-
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esponding promising performance and application potential, the RUM

as attracted high attention in the fields of difficult-to-cut material pro-

essing [1] . 

A high number of typical and widely utilized difficult-to-cut ma-

erials have been successfully machined by RUM, such as the optical

lass [4–6] , the sapphire [7] , the silicon carbide [8] , the C/SiC [9,10] ,

he CFRP [11,12] , the CFRP/Ti [13] , the titanium alloy [14] , the KDP

rystal [15] , the glass ceramics [16] , the SiC p /Al [17] and the zirco-

ia [18] . Besides experimental investigations on the processing perfor-

ance of RUM, the theoretical modeling of processing outputs was also

aid significant attention to by academics and industry engineers. Pei

t al. mechanistically developed a model of material removal rate ( MRR )

n RUM of brittle materials based on the indentation fracture mechanics

19] . This model was quite fundamental and far-reaching that nearly

ll following modeling works were established on it. As an example,

everal cutting force models have been developed based on the MRR

odel by Liu et al. [20] , Cong et al. [21] , Yuan et al. [22] , Zhang et al.
ing 100084, China. 

g). 
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Nomenclature 

RUD rotary ultrasonic drilling 

RUMT ultrasonic machine tool 

MRR material removal rate 

P ultrasonic power 

f tuning frequency of RUMT 

T vibration period 

f 0 idle resonant frequency of RUMT 

A ultrasonic amplitude 

A 0 idle resonant ultrasonic amplitude 

F c cutting force 

F m 

impact force of all abrasives 

F n impact force of single abrasive 

S spindle speed 

f r feedrate 

t time 

R tool radius 

𝛿 penetration depth of abrasive 

Δt penetration time of abrasive 

H V microhardness of material 

E elastic modulus of material 

K IC fracture toughness of material 

𝜈 poisson’s ratio of material 

𝜌 density of material 

𝜓 semi-vertical angle of abrasive 

m quantity of effective abrasives 

C L length of lateral crack 

C h depth of lateral crack 

L s scratching length of abrasive 

V 0 theoretical material removal volume of single abrasive 

K V ratio of single abrasive’s actual material removal volume 

to theoretical material removal volume 

S 0 area of tool end face 

c 0 thickness of tool wall 

V M0 energy consumption parameter of ultrasonic system 

k equivalent stiffness of load 

b equivalent damping of load 

ΔP ultrasonic power variation 

F c,critical critical cutting force 

23] and Xiao et al. [18] , with consideration to the differences in mate-

ial types and machining types (drilling or milling). Bertsche et al. also

eveloped a radial cutting force model for RUM based on the macro and
Diamond Particles

Ultrasonic
Vibration

Coolant 
Flow In

Coolant 
Flow Out

Rotation

Feed 
Direction

Fig. 1. Illustration of RUD. 
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556 
icro kinematic analysis of tool, diamond grain and workpiece [24] .

eng et al. focused on the modeling work and suppression methods in

erms of RUM induced damages, such as edge chipping at the hole exit

nd subsurface damage [25,26] . Lv et al. also developed a model to pre-

ict the subsurface damage in the RUM of an optical glass [27] . These

odels established the dependency of processing outputs on the inputs

nd facilitated the improved RUM technology application. Moreover,

he other research trends of RUM were the corresponding performance

romotion through the complex vibration utilization, such as the ellip-

ical vibration substitution of the conventional longitudinal vibration

12,28,29] . 

In all aforementioned researches, the stable ultrasonic amplitude

as assumed against various processing conditions. Therefore, the pro-

essing parameters were always selected indifferently to the interactive

ffects between ultrasonic parameters (frequency and amplitudes) and

rinding parameters (spindle speed, feedrate). In other words, the effect

f material removal on the stability of ultrasonic amplitude was gen-

rally neglected. In contrast, as a typical ultrasonic assisted machining

echnology, the RUM is supposed to be sensitive to the tuning frequency

f RUMT and the mechanical load, due to material removal. Actually,

ertain critical aspects have been reported to exist in other ultrasonic as-

isted machining technologies. As an example, Astashev et al. discovered

hat when the static driving force ultrasonic machining (USM) exceeded

 critical value, the MRR would decrease to zero due to the ultrasonic

mplitude suppression [30] . Shamoto et al. reported a critical nominal

learance angle of the cutting tool that guaranteed the always-positive

nstantaneous clearance angle during elliptical vibration cutting [31] .

rehl et al. calculated a critical upfeed velocity below which, most ben-

fits of vibration assisted cutting would be derived from the periodic

eparation of the tool rake face from the uncut material. Similarly, es-

ecially in RUD, according to the authors’ previous study [32] , a critical

eedrate exists, below which the superior performance of RUD would be

ffective in terms of significant cutting force reduction. In contrast, the

ritical feedrate of RUD is dependent on too many factors such as the

pindle speed, the tool wall thickness, the abrasive size and the material

roperties. Moreover, the feasibility of critical feedrate during brittle

omposites drilling is not involved in the authors’ previous study [32] ,

hough the ceramic matrix composite was also an important machining

bject of the RUMT. The potential effect of material removal of brittle

omposites on the critical aspect of RUD was not clear. It was difficult

nd troublesome for the critical feedrate model utilization to guide the

anufacturing and application of the RUMT directly. 

Considering RUD apart from RUFM is one of most important and

ature application of RUM technology, this paper was devoted to a

ovel critical aspect proposition of RUD, called the critical cutting force

hat was significantly fundamental compared to the critical feedrate.

t would be derived theoretically and verified experimentally that the

ritical cutting force was an inherent property of RUMT, which was in-

ependent of the material type and properties, and of the processing pa-

ameters, such as the spindle speed, the drilling depth, the tool wear and

he feedrate. The critical cutting force was suggested as a novel design

ndex for the RUMT. Moreover, the potential effect of brittle composites

nd the methods for the critical cutting force improvement of RUMT

ere also discussed. 

. Mechanistic modeling 

The model of critical cutting force in RUD of brittle materials and

omposites was developed and described step by step in this chapter.

irstly, the cutting force dependency on the processing parameters, espe-

ially on the actual ultrasonic amplitude was established. Consequently,

he cutting force effect on the stability of ultrasonic vibration was mod-

led based on the RUMT model, given an idle ultrasonic amplitude. Fi-

ally, the critical cutting force model was derived. 
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Fig. 2. Trajectory of diamond abrasive in RUD. 
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.1. Dependency of cutting force on processing parameters 

The cutting force model development was derived from the mate-

ial removal mechanism in the RUD of brittle materials. The abrasives

lectroplated on the tool end face accomplished the dominant material

emoval of RUD. As presented in Fig. 1 , the movement of diamond abra-

ive combined the rotational motion, the longitudinal feed motion and

he longitudinal ultrasonic vibration. The trajectory movement of the

iamond abrasive during RUD can be expressed as: 

 RUM 

( 𝑡 ) = 

⎡ ⎢ ⎢ ⎢ ⎣ 
𝑅 cos ( 2 𝜋𝑆 60 𝑡 ) 
𝑅 sin ( 2 𝜋𝑆 60 𝑡 ) 
𝐴 cos (2 𝜋𝑓𝑡 ) + 𝑓 r 𝑡 

⎤ ⎥ ⎥ ⎥ ⎦ (1)

here, t is the processing duration, R is the tool average radius, f is the

uning frequency of RUMT, A is the actual ultrasonic amplitude, S is the

pindle speed in rpm and f r is the longitudinal feedrate. Fig. 2 presents

he trajectory of a diamond abrasive obtained from Eq. (1) . 

In RUD, the diamond abrasives could be considered as multiple Vick-

rs indenters. These indenters impacted the workpiece surface and re-

oved the material in the mode of brittle fracture. Due to the tool ul-

rasonic vibration, the diamond abrasives were not always in contact

ith the workpiece material. As presented in Fig. 2 , in each vibration

ycle, the diamond abrasives on the tool end face penetrated the work-

iece material for a certain period of time, called the effective contact

uration ( Δt ), with a maximum depth of 𝛿. 

Because the longitudinal feedrate of tool was significantly lower than

he vibrational velocity, such as f r ≪ 2 𝜋fA , the . f r . can be neglected dur-

ng the of contact duration Δt calculation. From Eq. (1) , the Δt can be

erived as: 

𝑡 = 

1 
𝜋𝑓 

arccos (1 − 

𝛿

𝐴 

) (2)

Through the arccos (1 − 𝛿∕ 𝐴 ) ≈
√
2 𝛿∕ 𝐴 to simplify Eq. (2) , the Δt can

e calculated as: 

𝑡 ≈
√
2 

𝜋𝑓 
( 𝛿
𝐴 

) 
1 
2 (3) 

According to the results of Jiao et al. [33] , the maximum impact

orce of a single diamond abrasive F n can be expressed as a function of

he penetration depth: 

 n = 

1 
2 
𝜉𝛿2 tan 2 𝜓 𝐻 V (4)

here, 𝜉 is the geometrical factor of the indenter, 𝜓 is semi-vertical an-

le of the indenter, H V is the micro hardness of the workpiece material.

With the assumption that all effective abrasives that took part in

he material removal, penetrated the workpiece material with the same

aximum depth of 𝛿, the maximum impact force F m 

of all abrasives can

e calculated as: 

 = 𝑚 𝐹 (5)
m n 

557 
here, m is the number of effective abrasives. As presented in Fig. 2 ,

 triple wave could be utilized to simplify the actual cutting force as

ollows: 

 ( 𝑡 ) = 

{ 

𝐹 m 
2Δ𝑡 𝑡 + 𝐹 m , −Δ𝑡 < 𝑡 < 0 
− 

𝐹 m 
2Δ𝑡 𝑡 + 𝐹 m , 0 < 𝑡 < Δ𝑡 

(6)

Consequently, according to the theorem of impulse, the average cut-

ing force F c can be derived as: 

𝐹 c 
𝑓 

= 

𝐹 m Δ𝑡 
2 

(7) 

Through the substitution of Eqs. (3) –(5) into Eq. (7) , it could be ob-

ained: 

 n = 

[
𝜋

𝑚 

] 4 
5 ⋅ [ tan 𝜓𝐴 ] 

2 
5 
[
2 𝜉𝐻 v 

] 1 
5 ⋅ 𝐹 c 

4 
5 (8) 

As illustrated in Fig. 4 (a), the material removal during the RUD of

rittle materials was regarded as an indentation fracture process. The

ateral and medial cracks were produced during the diamond abrasives

enetration. The radial cracks remained beneath the workpiece surface

s the subsurface damage. The lateral cracks propagated and interacted

ith each other, leading to the material removal. The length C L and

epth C h of the lateral crack can be expressed as [34] : 

 

 

 

 

 

𝐶 L = 𝐶 2 ( cot 𝜓) 5∕12 
( 

𝐸 3∕4 

𝐻 V 𝐾 IC (1− 𝜈2 ) 
1∕2 

) 1∕2 
𝐹 

5∕8 
n 

𝐶 h = 𝐶 2 ( cot 𝜓) 1∕3 
𝐸 1∕2 

𝐻 V 
𝐹 

1∕2 
n 

(9) 

here, E, 𝜈 and K IC represent the elastic module, the Poisson’s ratio and

he fracture toughness of the workpiece material, respectively and C 2 is

n constant factor, C 2 = 0.226 [34] . 

In Fig. 4 (b), B 0 B 1 B 2 B 3 B 4 is the theoretical material removal volume

f a single abrasive, where L s is the scratching length of a single abra-

ive on the material surface during one vibration period and it could be

erived as: 

 s = 

𝜋𝑅𝑆Δ𝑡 
30 

(10) 

Consequently, the theoretical material removal volume V 0 of a single

brasive could be calculated as: 

 0 = 

𝐶 L 𝐶 h 𝐿 s 
3 

(11) 

Therefore, the material removal rate MRR of all abrasives is: 

𝑅𝑅 = 𝐾 V ⋅ 𝑉 0 ⋅ 𝑓 ⋅ 𝑚 (12)

here, K v is the actual material removal volume ratio of a single abra-

ive to the theoretical material removal volume. Simultaneously, the

MR can be calculated from the tool feed motion: 

𝑅𝑅 = 𝑓 r 𝑆 0 (13) 

here, S 0 is the tool end face area. Because the thickness c 0 of the tool

all is relatively significantly lower than the tool radius R , the S 0 can

e simplified as: 

 0 ≈ 2 𝜋𝑅 𝑐 0 (14) 

According to Eqs. (10) –(14) , it can be obtained: 

 V ⋅
𝐶 L 𝐶 h 
3 

⋅
𝜋𝑅𝑆Δ𝑡 

30 
⋅ 𝑓 ⋅ 𝑚 = 2 𝜋𝑅 𝑐 0 𝑓 r (15)

Through Eqs. (3) , (4) , (8) and (9) substitution into Eq. (15) , the cut-

ing force F c can be derived as: 

 c = 

⎡ ⎢ ⎢ ⎣ 
90 𝐻 

59∕40 
V 𝐾 

1∕2 
IC 

(
1 − 𝜈2 

)1∕4 
𝑚 

1 
10 𝑐 0 𝑓 r 

𝜋
1 
10 𝜉1∕40 𝐾 V 𝐶 

2 
2 𝐸 

7∕8 ( tan 𝜓 ) 3∕10 𝐴 

1 
20 𝑆 

⎤ ⎥ ⎥ ⎦ 
10 
11 

(16) 

Eq. (16) established the relationship among the cutting force F c and

he processing parameters including spindle speed, feedrate, ultrasonic

mplitude, tool parameters and material properties in the RUD of brittle
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aterials. When brittle composites are machined, the material proper-

ies E, 𝜈, K IC and H V in Eq. (16) could utilize the equivalent values ob-

ained by the experiments or mixing rule of the composites. Actually, the

ependency of cutting force on processing parameters is so significant

ot only in RUD but also in RUFM [24] . 

.2. Effect of cutting force on ultrasonic amplitude stability 

According to Astashev et al. [30] , a typical machine for power ultra-

onic process could be modeled as in Fig. 5 . The RUD is a typical power

ltrasonic process; consequently the RUMT could also be modeled as in

ig. 5 . As presented in Fig. 5 , the load on the tool from material removal

as represented by 𝐹 , the actual complex ultrasonic amplitude of the

ool during machining was represented by �̃� . 

According to Astashev et al. [30] , the relationship between the actual

omplex ultrasonic amplitude �̃� under load and the idle complex ultra-

onic amplitude �̃� 0 without load for a general ultrasonic system can be

xpressed as: 

̃ = �̃� 0 
𝑊 M 

( 𝑗 ⋅ 2 𝜋𝑓 ) 
𝑊 M 

( 𝑗 ⋅ 2 𝜋𝑓 ) + 𝑊 H ( 𝑗 ⋅ 2 𝜋𝑓 ) 
(17)

here, W M 

( j · 2 𝜋f ) is the dynamic stiffness of the RUMT which relates

he displacement of the tool to the forces acting upon it. W H ( j · 2 𝜋f )

s the dynamic stiffness which relates the ultrasonic amplitude �̃� to the

oad 𝐹 of the ultrasonic process and: 

̃
 = 𝑊 H ( 𝑗 ⋅ 2 𝜋𝑓 ) ̃𝑎 (18)

W M 

( j · 2 𝜋f ) and W H ( j · 2 𝜋f ) can be written as: 
 

𝑊 M 

( 𝑗 ⋅ 2 𝜋𝑓 ) = 𝑈 M 

( 2 𝜋𝑓 ) + 𝑗𝑉 M 

( 2 𝜋𝑓 ) 

𝑊 H ( 𝑗 ⋅ 2 𝜋𝑓 ) = 𝑘 ( 𝐴 ) + 𝑗𝜔𝑏 ( 𝐴 ) 
(19)

here, 𝐴 = |�̃� |, U M 

and V M 

are the real and imaginary parts of W M 

re-

pectively, k and b are the equivalent stiffness and the load damping

rom the material removal respectively. 

Generally, the RUMT was tuned at the corresponding idle resonant

requency f 0 without machining. At this time frame, the U M 

and V M 

can

e calculated as: 
 

𝑈 M 

(2 𝜋𝑓 0 ) = 0 
𝑉 M 

(2 𝜋𝑓 0 ) = 𝑉 M0 
(20)

here, V M0 is the energy consumption parameter of RUMT. 

By the harmonic linearization method application for Eq. (6) , the

 ( A ) and b ( A ) can be calculated as: 
 

𝑘 ( 𝐴 ) = 

2 
𝑇𝐴 

∫ 𝑇 

0 𝐹 ( 𝑡 ) cos (2 𝜋𝑓𝑡 ) 𝑑𝑡 ≈
2 𝐹 c 
𝐴 

𝑏 ( 𝐴 ) = − 

1 
𝑇𝜋𝑓𝐴 

∫ 𝑇 

0 𝐹 ( 𝑡 ) sin (2 𝜋𝑓𝑡 ) 𝑑𝑡 = 0 
(21)

With Eqs. (19) –(21) substitution into Eq. (17) , and by modulus oper-

tion, the actual ultrasonic amplitude A during machining process can

e derived as: 

 = 

𝐴 0 𝑉 M0 √ (
2 𝐹 c 
𝐴 

)2 
+ 𝑉 2 

M0 

(22)

here, 𝐴 0 = |�̃� 0 | is the idle ultrasonic amplitude without machining. 

On the other hand, according to the authors’ previous study, the ul-

rasonic power that the RUMT consumes can be expressed as [35] : 
 

𝑃 𝐴 0 
= 𝜋𝑓 0 𝑉 M0 𝐴 

2 
0 + 𝑃 0 

𝑃 𝐴 = 𝜋𝑓 0 𝑉 M0 𝐴 

2 + 𝑃 0 
(23)

here, P A and 𝑃 𝐴 0 are the ultrasonic power that RUMT consumes when

he ultrasonic amplitude of the tool are A and A 0 respectively, P 0 is the

lectric power that RUMT consumes when the ultrasonic amplitude is

ero. 

With Eq. (22) substitution into Eq. (23) , the variation of ultrasonic

ower ΔP due to the effect of cutting force can be derived as: 

𝑃 = 

4 𝜋𝑓 0 
𝑉 M0 

𝐹 2 c (24)

here Δ𝑃 = 𝑃 𝐴 0 
− 𝑃 𝐴 . 
558 
.3. Critical cutting force and its dependency on RUMT’s properties 

According to Eq. (16) , the relationship between the cutting force F c 
nd the actual ultrasonic amplitude A during machining process can be

ritten as: 

 c = 𝜆𝐴 

− 𝜒 (25)

here, 𝜒 is the constant index, whereas 𝜆 is a coefficient that depends

n drilling conditions such as feedrate, spindle speed, abrasives, lubri-

ation, chip discharging and material properties. 

With Eq. (25) substitution into Eq. (22) , it could be obtained: 

= 

𝑉 M0 
2 

√ 

𝐴 

2 
0 − 𝐴 

2 𝐴 

− 𝜒 (26)

Eq. (26) established the relationship among the drilling conditions

nd the actual ultrasonic amplitude. As well known that, the average

utting force F c significantly depends on processing parameters. Ac-

ording to Eqs. (25) and (26) , if the processing parameters related 𝜆

ncreases (such as feedrate increase [32] ), the A decreases, therefore the

verage cutting force F c increases. In Eq. (26) , according to the knowl-

dge of functions, when 𝐴 = 𝐴 0 
√
𝜒∕( 𝜒+1) , processing parameters related

reaches the corresponding extreme value. The physical significance of

he extreme value of 𝜆 is that, if the 𝜆 continues to increase exceeding

ts extreme value, Eq. (26) would not be balanced ever resulting in the

neffectiveness of RUD. When the 𝜆 reaches its extreme value, simul-

aneously average cutting force F c reaches the corresponding extreme

alue, called the critical cutting force F c,critical : 

 c , critical = 

𝑉 M0 𝐴 0 

2 
√
1 + 𝜒

(27)

here, V M0 A 0 represents the excitation level of RUMT, which could be

djusted during the RUMT design and manufacturing. Eq. (27) indicated

hat the critical cutting force was an inherent property of RUMT (no de-

endency on 𝜆) characterizing the RUMT maximum processing capacity,

herefore proving suitable as a design and manufacture index of RUMT’s.

Due to the tool ultrasonic vibration, the actual cutting force during

UD varied ultrasonically. The critical cutting force of Eq. (27) is the

verage value of actual cutting force, whereas not the maximum value

s illustrated in Fig. 3 (b). By the Fourier transformation method appli-

ation, the actual cutting force could be extracted from a direct current

omponent (namely the average value) and the series of ultrasonic fre-

uency components. According to Eqs. (17) –(19) , it is the ultrasonic fre-

uency components of the actual cutting force that affect the stability of
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ltrasonic vibration [30] . In contrast, Eq. (21) developed the relation-

hip among the average value and the ultrasonic frequency components

f the cutting force. Therefore, it proved practicable to utilize the av-

rage value of actual cutting force to characterize the critical cutting

orce. 

Furthermore, the resonant frequency of the dynamometer was quite

ow (would become quite lower once it was mounted with the work-

iece) compared to the ultrasonic vibration frequency. As an example,

he resonant frequency of the precise Kistler 9256C2 dynamometer was

nly 4.6 kHz. It was impossible to acquire the force variation within a

ibration cycle regardless of any high sampling frequency. Though the

ltrasonic frequency components of the actual cutting force could not be

easured effectively due to the significantly lower resonant frequency

f the dynamometer, the direct current component of the actual cutting

orce could be measured with an appropriate accuracy. Therefore, it was

eneficial for the critical cutting force application if the average value

f the actual cutting force is utilized, the availability consideration of

he cutting force’ components. 

. Experimental procedure 

.1. Experimental setup 

The experiments were conducted in a RUMT Ultrasonic 50 that was

roduced by DMG, in Germany. The tuning frequency range of the Ultra-

onic 50 was 16.5 kHz–30 kHz. As presented in Fig. 6 , the Ultrasonic 50

omprised an ultrasonic spindle system (model HSK63-S), a numerical

ontrol machining system and a coolant system. The ultrasonic spin-

le system was the key component of Ultrasonic 50. It consisted of an

ltrasonic spindle and a power supply. The power supply with a max-

mum output ultrasonic power of 300 W, converted the 50 Hz electri-

al current into the ultrasonic frequency AC output for the ultrasonic

pindle. The ultrasonic spindle, with a maximum rotating speed of the

ltrasonic spindle of 6000 rpm in ultrasonic mode, consisted of a piezo-

lectric transducer, an ultrasonic horn and a diamond core tool. The

iezoelectric transducer converted the AC input into ultrasonic mechan-

cal vibrations. The ultrasonic horn amplified the ultrasonic vibrational

mplitude into the applicable magnitude mechanical machining. The

omponents of ultrasonic spindle should be well designed to guarantee

 considerable vibration amplitude. 
559 
As presented in Fig. 6 , an electroplated diamond core tool that was

loser to a ring with diamond powder was utilized in the experiments.

he corresponding grit size was D76, the outside diameter was 8 mm and

he wall thickness was 1.2 mm. The diamond core tool was connected

o the ultrasonic horn by an ER16 cone fit. Simultaneously, a fixture

ounted on a piezoelectric dynamometer (model 9256C2, Kistler In-

trument Corp.) was utilized to hold the specimen by two clamps. The

ltrasonic power was read from the RUMT operation panel. 

The dynamometer was utilized to measure the cutting forces along

he longitudinal direction of the tool during the drilling experiments.

he cutting electrical signal force from the dynamometer was ampli-

ed by an amplifier (5070A) and consequently fed to a data recorder.

he recorded cutting force was subsequently saved and processed by

ommercial software (Dynoware, Kistler Instrument Corp.) Generally,

n order to capture the variation of actual cutting force in ultrasonic

requency, the sampling frequency of cutting force measurement should

t least double the ultrasonic frequency. However, because the reso-

ant frequency of the dynamometer (Kistler 9256C2) was quite low

4.6 kHz) compared to the ultrasonic vibration frequency. Moreover, the

esonant frequency of force measurement system would become quite

ower once it was mounted with the workpiece. Therefore, it was impos-

ible to acquire the force variation accurately within a vibration cycle.

he increase of sampling frequency was ineffective in this situation. Fol-

owing, as it has been discussed in Section 2.3 , it proved practicable to

tilize the direct current component of actual cutting force to character-

ze the critical cutting force. Furthermore, the direct current component

f the actual cutting force, namely the average cutting force, could be

easured with an appropriate accuracy at relatively low sampling rate.
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Fig. 7. (a) Dependency of ultrasonic power and amplitudes on frequency, (b) relationship between ultrasonic power and amplitudes [32] . 
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Table 1 

Material properties. 

Property Unit Quartz glass Sapphire 

Young’s modulus GPa 76.7 478 

Vickers hardness GPa 9.5 27.6 

Fracture toughness MPa m 

1/2 0.71 2.0 

Density g/cm 

3 2.2 3.9 

Poisson ratio / 0.17 0.28 

Carbon fiber 
bundle

Voids

Carbon fiber

SiC matrix5 μm

Carbon fiber 
bundle

Top surface of 
workpiece

Lateral surface 
of workpiece

Fig. 8. Structure of C/SiC penal. 
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onsequently, the sampling frequency of the cutting force measurement

as set at 1000 Hz. 

As explained in Section 2.3 , the direct current component of the ac-

ual cutting force, namely the average cutting force, could be measured

ith an appropriate accuracy by low-frequency dynamometer. The raw

ata of measured cutting force contain sufficient information regard-

ng the average cutting force, together with unavoidable noises. In this

tudy, a widely applied data analysis method, namely the simple moving

verage method (1000 window size equivalent to sampling frequency)

as used through Dynaware to obtain the variation tendency of aver-

ge cutting force with increase of drilling depth. The moving average

ethod is usually applied with time series data to clear away short-term

uctuations and highlight longer-term trends [36] . 

.2. Experiments to obtain V M0 

In the model of critical cutting force, as expressed by Eq. (27) , the

 M0 is an important parameter which characterized the energy con-

umption ability of RUMT. As illustrated by Eq. (23) , the RUMT with a

igher V M0 consumes more energy. For a certain RUMT, the V M0 could

e obtained by the ultrasonic power and amplitudes measurements. 

A group of experiments for the ultrasonic power and amplitudes mea-

urements were performed to obtain the amplitude-frequency charac-

eristics of Ultrasonic 50 with the aforementioned tool at idle mode.

he frequency values were set from 17.30 kHz to 18.35 kHz to tune the

UMT discontinuously. The ultrasonic amplitude was measured by a

aser fiber vibrometer (LKH008, KEYENCE, Japan), which had a maxi-

um sampling frequency of 392 kHz and a resolution ratio of 0.1 μm.

he ultrasonic amplitudes were derived from the sine curve obtained

y the laser spot focusing at the tool end face when the tool was vibrat-

ng. Fig. 7 demonstrates the measuring results, such as the relationship

etween the ultrasonic power and the amplitude. 

As presented in Fig. 7 (a), the ultrasonic power reached the corre-

ponding peak value 42 W at 17.79 kHz. Simultaneously, the ultrasonic

mplitude also reached the corresponding maximum value 11.2 μm at

7.79 kHz. Therefore, the idle resonant frequency f 0 of the Ultrasonic

0 was 17.7 kHz and the idle ultrasonic amplitude A 0 was 11.2 μm.

ig. 7 (b) demonstrates a positive dependency of ultrasonic power on

he ultrasonic amplitude. Through Eq. (23) to fit the data as depicted in

ig. 7 (b), the V M0 could be derived as 4.25 N/μm. 

.3. Design of RUD tests 

The RUD tests were conducted on quartz glass, sapphire crystal and

 C/SiC ceramic matrix composite. The dimensions of workpieces for
560 
hese three materials were 30 mm ×30 mm ×8 mm. A single hole of

 mm diameter was drilled in the middle of each workpiece. The quartz

lass and sapphire crystal were typical brittle materials of a simple sub-

tance. The corresponding mechanical properties are listed in Table. 1 .

he C/SiC composite was a typical brittle composite material. Fig. 8

resents the structure of the 2D C/SiC panel utilized in this study. It

as fabricated by precursor infiltration and pyrolysis. The C/SiC com-

osite consisted of carbon fibers, SiC matrix and voids. The carbon fiber

iameter of the C/SiC was approximately 5 μm. Carbon fiber bundles

riented in 0°and 90° could be discriminated from the workpiece sur-

ace of approximately 1.8 g/cm 

3 in density. 

The processing parameters utilized for the RUD tests are listed in

able. 2 . The drilling tests were performed twice for each parameter

ombination. Blaser (Switzerland) supplied the processing coolant uti-
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Table 2 

Processing variables. 

Experiment Spindle speed (rpm) Feedrate (mm/min) Material Ultrasonic frequency f 

Group 3 1000, 3000, 5000 2.4, 3.0, 3.6, 4.2, 5.0, 6.0 Quartz glass f ≈ f 0 = 17.79 kHz 

Group 4 1000, 3000, 5000 0.5, 1, 1.5 Sapphire f ≈ f 0 = 17.79 kHz 

Group 5 1000, 3000, 5000 0.3, 0.5, 0.8 C/SiC f ≈ f 0 = 17.79 kHz 

Fig. 9. Ultrasonic power and cutting force. 
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ized for the spindle cooling by internal and external circulation in this

tudy. 

. Results 

.1. Verification of cutting force effects on ultrasonic amplitude stability 

Fig. 9 presents the typical curves of the time-varying ultrasonic

ower and cutting force. The average values of the ultrasonic power

nd cutting force were utilized for the results presentation only in the

ection 4.1 . These values were calculated by the following system of

quations: 

 

 

 

 

 

𝑃 𝐴 = 

∫
𝑡 1 
𝑡 0 

𝑃𝑑𝑡 

𝑡 1 − 𝑡 0 

𝐹 c = 

∫
𝑡 1 
𝑡 0 

𝐹𝑑𝑡 

𝑡 1 − 𝑡 0 

(28) 

here, P is the time-varying ultrasonic power, F is the time-varying cut-

ing force, t 0 is the duration when the cutting force first reached a rel-

tively stable value, t 1 - t 0 = 0.5/ f r . The factor 0.5 that represented the

rilling depth was utilized to ensure a sufficient participation of the

brasives on the material removal. The calculation method of the ultra-

onic power variation ΔP is also illustrated in Fig. 9 . 

Due to positive correlation between the ultrasonic power and the ul-

rasonic amplitude, the ultrasonic power could be utilized to monitor

he ultrasonic amplitude variation. Eq. (24) demonstrates the effects of

utting force on the ultrasonic amplitude stability regardless of material

roperties when the RUMT was tuned at the corresponding idle res-

nant frequency. Fig. 10 presents the comparison of predicted results

y Eq. (24) with the experimental results on the quartz glass and the

/SiC composite in terms of ultrasonic power variation. As presented

n Fig. 10 , the predicted results were in good agreement with the ex-

erimental results. Simultaneously, despite the quite high difference in

aterial characteristics of the quartz glass and the C/SiC, the experi-

ental results on the quartz glass were consistent with the results on

he C/SiC. Therefore, the effect of material properties on the amplitude

tability could be attributed to the cutting force variation. The RUD ma-

erial removal mode should be considered to explain the neglecting dif-

erence in the effects of cutting force on the ultrasonic power variation

egardless of the material type. Though the quartz glass was a brittle

aterial of simple substance and the C/SiC was a brittle composite, the
561 
rittle fracture mode was dominant in the quartz glass and C/SiC RUD.

oreover, Eq. (24) was simply derived based on a brittle-fracture-type

aterial removal assumption of the RUD. 

.2. Existence of critical cutting force and repeatability 

Fig. 11 presents the cutting force variation during the quartz glass

rilling for the spindle speed of 3000 rpm. The most noticeable appear-

nce was the abrupt cutting force increase during drilling when the

eedrate was 3.6, 4.2 or 6.0 mm/min. In contrast, when the feedrate

as 2.4 or 3.0 mm/min, no such abrupt increase in the cutting force

as observed. As it is well known a dramatic reduction of cutting force

s the major processing superiority of RUD compared to conventional

rinding. The abrupt increase of cutting force suppresses the superiority

f RUD. Furthermore, in Fig. 11 , the cutting force increased gradually

s the drilling depth increased at first for the feedrate of 3.6, 4.2 or

.0 mm/min. Consequently, when the cutting force exceeds a critical

alue, the abrupt increase of the cutting force occurs. 

Fig. 12 presents the cutting force results of three repeated drilling

ests on quartz glass for the feedrate of 6 mm/min and the spindle speed

f 3000 rpm. The experimental results demonstrated good repeatabil-

ty, indicating that the critical cutting force existence was scientifically

bligatory rather than accidental. 
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Fig. 13. Ultrasonic power variation vs cutting force variation. 

 

g  

5  

t  

c  

d  

t  

c

4

p

 

t  

c  

e  

e

 

o  

c

 

c  

o  

c  

e  

4

 

s  

p  

f  

s  

u  

0

20

40

60

80

0 20 40 60 80 100

 ecrof gnit tu
C

F
c/N

Time t/s

Quartz, 3000 rpm
Sapphire, 1000 rpm
Sapphire, 3000 rpm
C/SiC, 1000 rpm

Calculated Fc,critical

Fig. 14. Effects of material and spindle speed on critical cutting force. 

v  

t

 

m  

f  

p  

p  

t  

T  

f  

c

5

5

o

 

a  

a  

c  

w  

s

 

U  

f  

d  

a  

u  

p  

i  

c  

c  

o  

h  

t  

r  

a  

t

 

t  

a  

n  

t  

R  

a  

s  

t  

m  
Fig. 13 presents the ultrasonic power variation during the quartz

lass drilling for the feedrate of 5 mm/min and the spindle speed of

000 rpm. In Fig. 13 , the ultrasonic power variation tendency was con-

rary to the cutting force variation tendency. During drilling, when the

utting force increased abruptly, the ultrasonic power simultaneously

ecreased abruptly. It indicated that the interaction between the cut-

ing force and the ultrasonic vibration indeed accounted for the critical

utting force existence as demonstrated during the modeling. 

.3. Verification of critical cutting force independency on processing 

arameters 

As demonstrated by Eq. (27) , the critical cutting force was only de-

ermined by the excitation level A 0 V M0 of RUMT. In other words, the

ritical cutting force ought to be independent of the processing param-

ters, such as the feedrate, the spindle speed, the material property and

ven the tool wear. 

As presented in Fig. 11 , the critical cutting forces for the feedrate

f 3.6, 4.2 and 6.0 mm/min were almost identical, indicating that the

ritical cutting force was independent of the feedrate. 

Fig. 14 presents the material and spindle speed effects on the criti-

al cutting force. As illustrated in Fig. 14 , indifferently to the materials

r to the spindle speed, the critical cutting forces were almost identi-

al. Furthermore, in Fig. 14 , the obtained critical cutting force from the

xperimental results agreed well with the calculated results for V M0 of

.25 N/μm and A 0 of 11.2 μm. 

In Fig. 12 , the three curves of cutting force did not increase abruptly

imultaneously. The occurrence of the cutting force abrupt increase ap-

eared earlier as the drilling sequence increased. Moreover, the cutting

orce stable value following the abrupt increase increased as the drilling

equence increased. The aforementioned phenomenon indicated a grad-

al tool wear of RUD. In contrast, the obtained critical cutting forces for
562 
arious drilling sequences ere identical, verifying the independency of

he critical cutting force on the tool wear. 

Therefore, according to the aforementioned discussions, the experi-

ental results verified the theoretical analysis that the ‘critical cutting

orce’ was an inherent property of the RUMT and independent of the

rocessing parameters, though the cutting force is truly dependent of

rocessing parameters. In other words, the processing parameters de-

ermine the cutting force, but not determine the ‘critical cutting force’.

he selection of processing parameters should guarantee that the cutting

orce during the machining process is always smaller than the ‘critical

utting force’. 

. Discussion 

.1. Critical cutting force as a novel index for the design and manufacture 

f RUMT 

Because the critical cutting force is an inherent property of RUMT

nd independent of the processing parameters, it was ideal to be selected

s an index for the design and manufacturing of the RUMT. The critical

utting force builds a coupling bridge between the RUD and the RUMT,

ith consideration to the effect of machining on the ultrasonic vibration

tability. It would have two major potential applications: 

One was for the design and manufacturing guidance of the RUMT.

ltrasonic frequency and amplitude are two crucial input parameters

or process optimization of RUD, therefore two important output in-

exes for design and manufacturing of RUMT [19,20,37] . Currently,

 manufacturer usually only provides these two ultrasonic indexes to

sers of RUMT. Based on this study, the ultrasonic frequency and am-

litude are actually not sufficient to characterize the processing capac-

ty of a RUMT. The manufacturer of RUMT should better provide the

orresponding critical cutting force for the users. The potential users

an apply the critical cutting force as an index to assist in the selection

f RUMT, according to the certain material processing requirement. For

arder materials, a RUMT with a higher critical cutting force is required

o guarantee the desired machining efficiency. Moreover, given the cor-

esponding good designability of A 0 V M0 , the manufacturer of RUMT can

lso design and manufacture the RUMT intentionally and strategically

o satisfy any user demands. 

The other application of the proposed critical cutting force is for

he utilization of a certain RUMT. If only the ultrasonic frequency and

mplitude are provided as in the past, the users of a certain RUMT do

ot know how to select processing parameters guaranteeing the effec-

iveness of RUD. Due to wrong selection of processing parameters, the

UMT are easily overloaded, resulting in a fatal damage of the RUMT

nd the workpiece. The transducer of the Ultrasonic 50 utilized in this

tudy was once destroyed when the Si 3 N 4 was drilled. In contrast, if

he critical cutting force is provided (or obtained by machining experi-

ents), the users of a certain RUMT can not only avoid the aforemen-
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ioned problem, whereas can also maximize the RUMT potential by the

ecisive non-conservative parameters application. 

In certain cases, the manufacturer, such as DMG Corp., would pro-

ide the ultrasonic power of RUMT to the users. Furthermore, at this

ime, the users still cannot recognize the RUMT processing capacity sim-

ly according to the ultrasonic power. Based on this study, an evalua-

ion method for the critical cutting force calculation could be provided.

hrough the Eq. (23) substitution into Eq. (27) , it could obtain: 

 c , critical = 

𝑃 𝐴 0 
− 𝑃 0 

2 𝜋𝑓 0 𝐴 0 
√
1 + 𝜒

(29) 

Through Eq. (29) , the critical cutting force can be evaluated when

he ultrasonic power is provided. Eq. (29) also indicates that only the

esults of harmonic analysis of the RUMT are not enough to identify

ts critical cutting force. By the harmonic analysis of the RUMT, the

elationship between ultrasonic amplitude A and tuning frequency f can

e obtained. Hence the resonant frequency f 0 and maximum ultrasonic

mplitude A 0 can be recognized. However, even two RUMTs share same

armonic analysis results with each other, their critical cutting forces

re very likely to be different due to their different energy consuming

evel. Simultaneously, according to Astashev et al. [30] , the ultrasonic

mplitude A at frequencies in the vicinity of resonance without load can

e expressed as: 𝐴 = 𝐴 0 ∕ 
√ 

1 + ( 𝑈 M 

( 2 𝜋𝑓 )∕ 𝑉 M0 ) 2 . It can be derived from

his equation that, when the A 0 , f 0 and A (tuning frequency f ) of two

UMTs are all identical correspondingly, the V M0 may be distinct due

o the difference of U M 

. Thus, the information regarding the ultrasonic

ower is essential to quantificationally identify the critical cutting force

f RUMT with the results of harmonic analysis. 

According to the critical cutting force modeling and the experimen-

al results, the critical cutting force existence was due to the variation

f ultrasonic amplitude during machining. Therefore, for a RUMT that

he frequency automatic tracking system was developed, which could

etain the output amplitude stable, whereas the existence of critical cut-

ing force ought to be discussed with the frequency automatic tracking

ystem characteristic consideration. In addition, the model of critical

utting force in this study was derived and verified for the RUD of brittle

aterials. Thus, it could only be convinced that this model was appli-

able to the RUD process. The applicability of this critical cutting force

odel to RUFM could not be definitely proposed without experimental

ata. However, considering their strong similarity of material removal

echanisms between RUD and RUFM, the authors of this study tended

o believe the applicability of the critical cutting force model to RUFM.

he model verification for RUFM, or whether RUFM has its specific crit-

cal phenomenon would be further investigated in the future. 

.2. Methods for RUMT critical cutting force improvement 

The critical cutting force model provided a guideline for the critical

utting force improvement of the RUMT. It was enlarging the excitation

evel A 0 V M0 of the RUMT. In order for higher critical cutting force to be

btained, one way was to enlarge A 0 by the input voltage or current in-

rease of the power supply, whereas the other way was to enlarge V M0 

y of the corresponding ultrasonic vibration system design. Indifferently

o the A 0 or V M0 enlarging, the ultrasonic power would be enlarged. A

igher power RUMT development is beneficial for the RUD of harder

aterials. In contrast, the enlargement of ultrasonic power follows in-

reased heat production. This indicates that the heat production is in-

vitable to guarantee the stability of ultrasonic vibration during RUD.

n contrast, increased heat production would induce higher temperature

ariation of the ultrasonic vibration system material. This was harmful

or the ultrasonic vibration stability also. In the design of higher power

UMT, it was profitable to pay higher attention to the heat dissipation

nhancement than the heat production reduction in order for the tem-

erature variation to be suppressed. 

According to Eq. (23) , the ultrasonic power is proportional to the

quare of ultrasonic amplitude A 0 , whereas being directly proportional
563 
o the energy consumption parameter V M0 of the RUMT. Thus, the A 0 

nlarging is significantly likely to lead an exaggerated temperature vari-

tion than the V M0 enlargement. Furthermore, the ultrasonic amplitude

 0 is not available to an arbitrary increase with consideration to the

ependency of machining performance of the RUD upon it. Therefore,

he V M0 enlargement is significantly valuable compared to the A 0 , when

he A 0 is already relatively high. 

Following, regarding the designability of V M0 a vibration system of

 cylindrical bar was taken as an example. Fig. 15 illustrates a model

f a cylindrical bar vibration system with the cross sectional area of S u 
nd the length of l u . 

The W M 

( j 𝜔 ) of the cylindrical bar vibration system can be expressed

s [30] : 

 M 

( 𝑗𝜔 ) = 𝜛𝜔 

( 

tan 
(
𝜔 0 − 𝜔 

)
𝑛𝜋

2 𝜔 0 
+ 𝑗 

𝜉0 
4 𝜋

𝑛𝜋𝜔 ∕ 𝜔 0 − (−1) 𝑛 sin ( 𝑛𝜋𝜔 ∕ 𝜔 0 ) 
1 + (−1) 𝑛 𝑐 𝑜𝑠 ( 𝑛𝜋𝜔 ∕ 𝜔 0 ) 

) 

(30) 

here, 𝜔 = 2 𝜋f, 𝜔 0 = 2 𝜋f 0 , ϖ is the wave impedance, n is the number of

uarter-waves in the length of the bar. 𝜉0 is the absorption coefficient

f the material that is inversely proportional to the vibrating system

-factor. 

Consequently, the V M0 can be derived from Eq. (30) as: 

 M0 = 

||𝑊 M 

( 𝑗 𝜔 0 ) ||= 

1 
8 
𝜛 𝜔 0 𝜉0 𝑛 (31)

With the 𝜔 0 = 𝜋nc /2 l u , 𝑐 = 

√
𝐸 𝑢 ∕ 𝜌𝑢 and 𝜛 = 𝑆 a 

√
𝐸 𝑢 𝜌𝑢 ( c is wave ve-

ocity, E u and 𝜌u are elastic module and density of bar material respec-

ively) substitution into Eq. (31) , the V M0 can be written as: 

 M0 = 

𝑆 𝑢 𝐸 𝑢 𝜉0 𝜋𝑛 
2 

16 𝑙 𝑢 
(32) 

Several methods for obtaining higher V M0 were demonstrated by

q. (32) , such as the bar cross sectional area enlarging, the number in-

rease of the quarter waves n , and the bar materials with higher absorp-

ion coefficient 𝜉0 or higher elastic modulus selection. Piezoceramics

nd giant magnetostrictive materials (GMMs) are the two main types of

nergy-conversion material in the manufacture of transducers. GMMs

ave giant magnetostriction (over 1000 ppm), high energy density and

igher absorption coefficient than that of piezoceramics. These supe-

ior properties of GMMs are beneficial to the miniaturization design of

igh power RUMT with high critical cutting force. At present, GMMs has

een widely applied as energy-conversion materials in the areas such as

onochemistry, industrial processing, and medicine. However, the ap-

lication of GMMs in the RUMT is very seldom [38] . More efforts are

equired to prompt the promising utilization of GMMs in RUD technol-

gy. 

. Conclusions 

In this study, a critical cutting force guaranteeing the superior perfor-

ance of rotary ultrasonic drilling (RUD) was investigated theoretically

nd experimentally. The following conclusions could be drawn: 
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1) The effect of cutting force on the ultrasonic amplitude stability was

modeled when the ultrasonic machine tools (RUMT) were tuned at

the corresponding idle resonant frequency. The experimental results

on both quartz glass and C/SiC composites verified the model, indi-

cating that the effect of material properties on the amplitude stability

could be attributed to the cutting force variation. 

2) During the RUD of brittle materials and composites, when the cutting

force exceeded a critical value, it would increase abruptly. Simulta-

neously, the ultrasonic amplitude would decrease abruptly leading

to the severe suppression of the RUD processing superiority in terms

of cutting force reduction. A critical cutting force model was devel-

oped mechanistically. The experimental results on the quartz glass,

the sapphire and the C/SiC composite verified the computational ac-

curacy of the model. 

3) The mechanistic modelling results indicated that the critical cutting

force was an inherent property of RUMT depending on the corre-

sponding excitation level, being independent of the processing con-

ditions. The experimental results verified the independency of the

critical cutting force of the feedrate, the spindle speed, the material

properties and even the tool wear. The critical cutting force is an

ideal index for the design and manufacturing of the RUMT, charac-

terizing the corresponding maximum processing capacity. 
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