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Abstract: Thrust force and metal chips are essential focuses in SiCp/AL6063 drilling operations. 

Compared with conventional drilling (CD), the ultrasonic vibration-assisted drilling (UVAD) has 

attractive advantages: for instance, short chips, small cutting forces, etc. However, the mechanism of 

UVAD is still inadequate, especially in the thrust force prediction model and numerical simulation. In 

this study, a mathematical prediction model considering the ultrasonic vibration of the drill is 

established to calculate the thrust force of UVAD. A 3D finite element model (FEM) for the thrust 

force and chip morphology analysis is subsequently researched based on ABAQUS software. Finally, 

experiments of CD and UVAD of SiCp/Al6063 are performed. The results show that when the feed 

rate reaches 151.6 mm/min, the thrust force of UVAD decreases to 66.1 N, and width of the chip 

decreases to 228 um. As a result, the errors of the mathematical prediction and 3D FEM model of 

UVAD are about 12.1 and 17.4% for the thrust force, and the errors of the CD and UVAD of 

SiCp/Al6063 are 3.5 and 11.4% for the chip width, respectively. Compared with the CD, UVAD could 

reduce the thrust force and improve chip evacuation effectively. 

Keywords: UVAD; mathematical prediction model; 3D FEM; chip morphology 

 

1. Introduction  

SiCp/Al6063 is a widely used metal matrix composite material. It has excellent performance in 
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terms of its low weight, high hardness, good fatigue resistance, good toughness, specific modulus and 

high dimensional stability [1−3]. Good performance makes it used in automotive, electronic packaging, 

aerospace, ships, weapons, and precision equipment. Although SiCp/Al6063 has premium properties 

such as high strength and low ductility, there are large thrust force, poor quality of the entrance, serious 

tool wear and other problems. Therefore, a lot of researchers have conducted studies on the problems. 

In recent years, some scholars have revealed that, when compared to conventional machining, 

the ultrasonic vibration-assisted machining with high-frequency and small-amplitude has exhibited 

good cutting performances for difficult-to-cut materials [4]. In mechanical manufacturing processes, 

ultrasonic vibration could reduce the machining force through intermittent cutting between machine 

tools and the work-piece and decrease the load in both densification and forming processes due to 

the reduced friction [5]. The principle of ultrasonic vibration-assisted manufacturing is shown in 

Figure 1. The ultrasonic vibration frequency parameter is input by the controller to control the 

movement of the motor on the tool handle. So, the ultrasonic vibration movement of tool is increased, 

which shortens the contact time between the tool and work-piece effectively. Also, it could improve 

the machining quality. 

 

Figure 1. Device principle of UVAD [6]. 

Recently, many scholars have made progress in the research field of the ultrasonic vibration-

assisted manufacturing of difficult-to-cut materials. Most of the ultrasonic vibration-assisted 

manufacturing processes focus on force and chip shape changes, etc. Zha et al. [7] carried out the 

ultrasonic vibration-assisted scratch experiment for SiCp/Al composite material, and the research 

showed that the cutting force is smaller than conventional scratch in the machining process. Wang 

et al. [8] compared the capacity of conventional grinding and ultrasonic vibration-assisted grinding 

of SiCp/Al composite material; the result indicated that ultrasonic vibration-assisted grinding can 

reduce the contact force and improve the machining quality. Qin et al. [9] used longitudinal torsional 
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ultrasonic vibration-assisted milling (LTUAM) technology to process high-strength titanium alloy 

Ti-6Al-4V. The result showed that, compared with CM, the cutting force of LTUAM is significantly 

reduced due to the high-frequency intermittent cutting mechanism caused by ultrasonic vibration. In 

terms of UVAD, Scholars have explored comprehensive discussion for the thrust force and chip 

changes. Junichiro et al. [10] pointed out that UVAD is a discontinuous processing mode, which 

could reduce the friction and plastic deformation in the cutting deformation zone. So, it could reduce 

the thrust force and temperature. Zhu et al. [11] carried out UVAD micro-hole experiments to compare 

with the CD, UVAD reduced thrust force. Baraheni et al. [12] found the thrust force is lower while 

studying the UVAD process of aviation aluminum alloy (AA7075). In addition, the comparison 

between UVAD and CD thrust force of aluminum alloy by Li et al. [13] showed that UVAD thrust 

force is smaller than CD. All these studies were in line with the conclusion proposed by Junichiro 

and verified the mechanism of UVAD thrust force reduction. Moreover, some scholars studied the 

degree of thrust force reduction using UVAD. Compared with the CD, Gao et al. [14] found that 

the average thrust force was reduced by 1.98 to 24.9% in ultrasonic vibration–assisted micro-hole 

drilling of Ti-6Al-4V. Li et al. [15] carried out a fundamental investigation into rotational UVAD 

on ceramic matrix composites of C/SiC, and the result showed that reduction rate of specific 

drilling energy of rotational UVAD decreased from over 30% to less than 15% compared with CD. 

Li et al. [16] found that the thrust force reduced by 26% in UVAD of Ti-6Al-4V and also with good 

machining. Abdelaziz et al. [17] explored the differences between UVAD and CD under different 

feed rates. UVAD improved the quality of hole, for instance, the hole error of cylindricity was 

reduced by 33%, and the thrust force and torque were reduced by 18.5% and 20% on average 

respectively. Furthermore, some researchers analyzed the advantages of chip removal in ultrasonic 

vibration-assisted manufacturing. Studies show that the bending degree and size of conventional 

drilling milling (CM) chips are much larger than ultrasonic vibration-assisted milling (UVAM) 

chips [18]. Niu et al. [19] found that the amplitude is the main factor affecting the chip shape in 

UVAM of 20% SiCp/Al composite. Li et al. [20] revealed that UVAD has good chip damage and 

chip removal effect, good drilling surface integrity in the comparative experiment study of titanium 

alloy. Meanwhile, Xu et al. [21] also showed that UVAD could improve discharge chips. According 

to the research, UVAD of difficult-to-cut materials has advantages of significantly decreasing 

thrust force, improving discharge chips.  

Considering the processing advantages of UVAD, some scholars have carried out corresponding 

research on prediction model. As a result, the UVAD prediction model can be divided into 3D FEM 

and mathematical thrust force prediction model. For 3D FEM of SiCp/Al6063 composite materials, 

a small amount of work has been carried out. Dou et al. [22] proposed a new constitutive model, 

established a 3D FEM and verified the constitutive model and prediction model by comparing with 

the experiment results. Hu et al. [23] established a 3D FEM, verified the thrust force and torque of 

the 3D finite element model through experiment and studied the influence of edge radius on chip 

formation by using the model. Chen et al. [24] established a 2D FEM composed of SiCp/Al6063, 

explored the influence of particle distribution on the cutting mechanism and concluded that the 

processability of material with uniform particle distribution was better than that of material with 

random particle distribution. There are few reports on 3D FEM simulation of UVAD of SiCp/Al6063. 

For mathematical thrust force prediction model of ultrasonic vibration-assisted manufacturing, the 

researches mainly focused on UVAM and UVAD. Ni et al. [25] proposed a theoretical model for 

calculating the tool and work-piece contact rate (TWCR) in UVAM process, and they studied the 



2654 

Mathematical Biosciences and Engineering  Volume 20, Issue 2, 2651−2668. 

influence of processing parameters on TWCR. The results showed that the cutting force components 

in UVAM are reduced compared with CM. Although the principle of tool action in drilling and 

milling is basically the same, there are differences in the mechanical distribution of the tool. Table 1 

lists some of the currently accepted models of UVAD. Lu et al. [26] proposed an UVAD thrust force 

prediction model and discussed the influence of amplitude on thrust force adjustment theoretically. 

Chang et al. [27] proposed a thrust force predicted model during UVAD of 6061-t6 aluminum alloy. 

The maximum errors were only 7% when using the proposed model. Shi et al. [28] established a 

mathematical model of average thrust force in the process of UVAD based on the principle of UVAD. 

Feng et al. [29] formed a soft coefficient response surface by using the experiment data, which 

described the change rules of soft coefficient visually, and then established a thrust force prediction 

model. The result showed that the error of the thrust force prediction model is about 10%, and the 

maximum thrust force error is not more than 23.1%. According to the above research, the errors of 

the prediction models drilling are different. The maximum error of the proposed prediction model is 

between 7−23%. 

Table 1. The Mathematical thrust force prediction model of UVAD. 

Author Year Reference The Mathematical thrust force prediction model of UVAD 

Lu et al. 2007 [26] 

𝐹𝑥 = (1 +
cos−1 (−

𝑣𝑇
2𝜋𝑎

)

2𝜋
− 𝐻 (cos−1 (−

𝑣𝑇

2𝜋𝑎
)))

⋅
𝑤𝜏𝑎𝑝 cos(𝐾 − 𝐺(𝑎))

sin(𝐺(𝑎)) ⋅ cos(𝐾 − 𝐺(𝑎))
 

Chang et 

al. 
2009 [27] Δ𝑃𝑖 = 𝐹𝑙,𝑇 sin 𝑝 cos 𝜂𝑑 + 𝐹𝑙,𝐶 sin 𝜂𝑑 + 𝐹𝑝𝑡 

Shi et al. 2019 [28] 𝐹 = 𝐹𝑓 −
2𝜋2𝑓2𝐴2𝑚 sin(2𝜋𝑓𝑡𝑡) ⋅ sin (2𝜋𝑓𝑡𝑡 + cos−1 (

𝑣0

2𝜋𝑓𝐴
))

𝑣0 (
1
𝑓

− 𝑡𝑡)
 

Feng et al. 2019 [29] 𝐹Z = 𝐹1 + 𝐹 = 2 (∫
𝑑𝐹𝑙

𝑑𝑟

𝑑
2

𝑑′

2

𝑑𝑟 + ∫
𝑑𝐹𝑐

𝑑𝑟

𝑑′

2

0

𝑑𝑟) 

Although the ultrasonic vibration-assisted machining is applied widely in engineering, some 

scholars have established the mathematical prediction model and 3D FEM to analyze the thrust force 

and chip morphology. However, the UVAD mathematical prediction model is not accurate enough for 

SiCp/Al6063 composite materials, and the FEM is almost absent. Thus, there are a lot of works to 

research. In this study, the difference between UVAD and CD of the SiCp/AL6063 is studied. A 

mathematical prediction model considering the ultrasonic vibration-assisted of the work-piece is 

established to calculate the thrust force of UVAD of SiCp/AL6063. A 3D FEM for the thrust force and 

chip morphology analysis are subsequently researched based on ABAQUS software. Finally, CD and 

UVAD of drilling SiCp/Al6063 experiments were performed. 
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2. Thrust force prediction model of UVAD 

In this part, a modified mathematical thrust force prediction model of UVAD is established. The 

model is mainly based on the following aspects: the CD thrust force prediction model and the motion 

relationship between UVAD and CD. 

2.1. The mathematical thrust force prediction model of CD 

For the research on the mathematical thrust force prediction model of CD, the mathematical thrust 

force model is divided into two parts. The first part is the cutting force on the main cutting edge, which 

is represented here as 𝐹𝑙. The second part is the cutting force on the chisel edge, which is expressed 

by 𝐹𝑐. The sum of the two parts is equivalent to the thrust force. The mathematical thrust force model 

of CD could be expressed by Eq (1).  

                   𝐹𝑓 = 𝐹𝑙 + 𝐹𝑐  (1) 

In the prediction model, the thrust force of the main cutting edge and the transverse cutting edge 

are defined by Elhachimi et al. [30], which is expressed by Eqs (2) and (3), respectively. 

 𝐹𝑙 = 2𝑘𝐴𝐵 ∫
𝑟𝑣0(sin(𝜆𝑛−𝛾𝑛−𝜉) sin 𝑝−cos 𝑝) sin 𝑝 cos 𝜉

2 sin 𝜙𝑛 cos(𝜙𝑛+𝜆𝑛−𝛾𝑛)(𝑟2−𝑡2)
1

2⁄
𝑑𝑟

𝑑

2
𝑑′

2

 (2) 

Here, 𝑟 represents the radius length of any point of the main cutting edge, 𝑣0 is the feed rate, and 

the diameter of the tool is indicated by 𝑑, the half-edge angle of the drill tip is 𝑝, the dip angle of the 

cutter’s edge is 𝜓, the lip spacing is 2𝑤, the chisel edge diameter is 𝑑′, which are shown in Figure 2. 

r

l

dl
p

r
r+dr

 

Figure 2. The geometry diagram of the main cutting edge. 

Also, 𝜙𝑛  is the normal shear Angle,  𝛾𝑛  is the dynamic normal rake Angle,  𝜆𝑛  is the normal 

friction Angle of the interface between the cutter and chip,  𝑖  and  𝜉  are the dynamic tool cutting 
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inclination angle and intermediate angle respectively, which are shown in Figure 3. 

A

A

Section A-A

Line of the cutting lip

Chip

Materials

Figure 3. Schematic diagram of cutting force on the main cutting edge. 

          𝐹𝑐 = 2𝑘𝐴𝐵 ∫
𝑣0 cos 𝛾𝑓 cos(𝜙𝑑−𝛾𝑑)

2 sin 𝜙𝑑 cos(𝜙𝑑+𝜆𝑑−𝛾𝑑)

𝑑′

2
𝑟0

⋅ (cos 𝛾𝑓 − tan(𝜙𝑑 − 𝛾𝑑) sin 𝛾𝑓) 𝑑𝑟  (3) 

Where, 𝛾𝑑  is the dynamic angle before cutting, 𝛾𝑓 is the angle between the cutting speed and feed 

rate, 𝜙𝑑   is the dynamic shear angle, and 𝜆𝑑  is the frictional angle between tool and chip. In the 

process of UVAD, the thrust force near the axial part could be ignored in model [31]. Wiriyacosol 

et al. [32] concluded that 𝛾0 could be ignored in drilling small holes, and 𝛾0 was treated as 0 in this 

study, and these parameters were determined from the transverse edge model [29].  

2.2. The mathematical thrust force prediction model of UVAD 

In the process of the UVAD, it could be divided into countless ultrasonic vibration-assisted cycles. 

Therefore, the thrust force of one cycle in the ultrasonic vibration-assisted motion is obtained, and the 

total thrust force of the ultrasonic vibration-assisted motion is obtained by integral summation methods. 

Since the cutting edge of the tool has symmetry, it is generally assumed that the radial forces in the 

drilling process cancel each other. And its motion form could be regarded as the superposition of the 

CD motion and the UVAD motion. In the CD, the axial feed rate displacement of the tool is expressed 

in Eq (4), and the velocity is expressed in Eq (5): 

                   𝑦0(𝑡) = 𝑣0𝑡   (4) 

                𝑣0(𝑡) = 𝑦0
′ (𝑡) = 𝑣0 (5) 
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The motion of UVAD could be regarded as the vibration motion (Amplitude 𝐴, Frequency 𝑓) 

adding on the CD. The motion curves are shown in Figure 4. The axial displacement of the ultrasonic 

vibration-assisted movement is expressed in Eq (6), and Eq (7) respectively: 

            𝑦1(𝑡) = 𝐴 sin(2𝜋𝑓𝑡) (6) 

      𝑣1(𝑡) = 𝑦1
′ (𝑡) = 2𝜋𝐴𝑓 cos(2𝜋𝑓𝑡) (7) 
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Figure 4. The superimposed amplitude function curve of UVAD. 

According to Eqs (4)−(7), the tool displacement in the UVAD is Eq (8), and the velocity could be 

expressed as Eq (9): 

    𝑦(𝑡) = 𝑦0(𝑡) + 𝑦1(𝑡) = 𝑣0𝑡 + 𝐴 sin(2𝜋𝑓𝑡) (8) 

   𝑣(𝑡) = 𝑣0(𝑡) + 𝑣1(𝑡) = 𝑣0 + 2𝜋𝐴𝑓 cos(2𝜋𝑓𝑡) (9) 

Within one cycle time 𝑇, when the UVAD feed rate is 0, it could be identified that the tool starts 

to leave from the work-piece. The Eq (10) can be obtained: 

           𝑡𝑛 =
cos−1(−

𝑣0
2𝜋𝐴𝑓

)

2𝜋𝑓
  (10) 

In air cutting period (𝑡0-𝑡𝑛), the displacement of tool was equal to the amplitude function 

superimposed by ultrasonic vibration, which could be expressed as Eq (11), and the actual drilling 

time 𝑡𝑡 in one cycle of UVAD could be expressed as Eq (12): 

   𝑣0(𝑡0 − 𝑡𝑛) = 𝐴 sin(2𝜋𝑓𝑡𝑛) − 𝐴 sin(2𝜋𝑓𝑡0) (11) 

    𝑡𝑡 = (𝑡𝑛 + 𝑇) − 𝑡0 =
𝜋−cos−1(

𝑣0
2𝜋𝐴𝑓

)

2𝜋𝑓
+

1

𝑓
− 𝑡0 (12) 
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Supposed that the mass of the tool is 𝑚 (Tool’s mass is about 30 g), Eq (13) is obtained from the 

kinetic energy theorem: 

             𝐹0𝑦 =
𝑚(𝑣𝑡𝑛+𝑇

2−𝑣𝑡0
2)

2
 (13) 

The thrust force of the ultrasonic vibration motion within one cycle of Eq (14) is derived 

according to Eqs (10)−(13): 

            

    𝐹0 = −
2𝜋2𝑓2𝐴2𝑚 sin(2𝜋𝑓𝑡𝑡) sin(2𝜋𝑓𝑡𝑡+cos−1(

𝑣0
2𝜋𝐴𝑓

))

𝑣0(
1

𝑓
−𝑡𝑡)

 (14) 

According to the integral theorem, the total thrust force in the process of the ultrasonic vibration 

motion could be expressed as Eq (15): 

       𝐹𝑠 = 𝑛𝐹0 = ∫ 𝐹0 𝑑𝑛 = ∫ 𝐹0 𝑑 (
ℎ

𝑣(𝑡)⋅𝑇
)

ℎ

𝑣(𝑡)⋅𝑇

0

𝑛

0
 (15) 

The UVAD is the superposition of the CD and the ultrasonic vibration motion. Therefore, the 

thrust force model of UVAD is equal to the sum of average impact force of the ultrasonic vibration 

motion and the mathematical thrust force model of CD. Finally, the mathematical thrust force model 

of UVAD could be obtained as Eq (16): 

𝐹 = 𝐹𝑓 + 𝐹𝑠 = 2𝑘𝐴𝐵 ∫
𝑟𝑣0(sin(𝜆𝑛−𝛾𝑛−𝜉) sin 𝑝−cos 𝑝) sin 𝑝 cos 𝜉

2 sin 𝜙𝑛 cos(𝜙𝑛+𝜆𝑛−𝛾𝑛)(𝑟2−𝑡2)
1

2⁄
𝑑𝑟

𝑑

2

𝑑′

2

+ 2𝑘𝐴𝐵 ∫
𝑣0 cos 𝛾𝑓 cos(𝜙𝑑−𝛾𝑑)

2 sin 𝜙𝑑 cos(𝜙𝑑+𝜆𝑑−𝛾𝑑)
⋅

𝑑′

2
0

(cos 𝛾𝑓 − tan(𝜙𝑑 − 𝛾𝑑) sin 𝛾𝑓) 𝑑𝑟 − ∫
2𝜋2𝑓2𝐴2𝑚 sin(2𝜋𝑓𝑡𝑡) sin(2𝜋𝑓𝑡𝑡+cos−1(

𝑣0
2𝜋𝐴𝑓

))

𝑣0(
1

𝑓
−𝑡𝑡)

𝑑
ℎ𝑓

𝑣(𝑡)

ℎ𝑓

𝑣(𝑡)

0
 (16) 

3. 3D FEM of the drilling process 

The 3D FEM could do better to simulate the stress distribution and the chip morphology during 

the process of drilling. In this part, using the ABAQUS/Explicit dynamic solver module, the 3D FEM 

of UVAD and CD were established. The processing properties of SiCp/AL6063, the stress distribution 

and chip morphology were predicted. 

3.1. 3D FEM description 

The 3D FEM of drilling which was done in ABAQUS is presented in Figure 5(a). In the model, 

a conical concave surface of the work-piece was established in advance to reduce the number of 

meshes and increase the simulation efficiency. The work-piece was divided into 12 parts as shown 

in Figure 5(b), and meshed by the neutral axis meshing method as shown in Figure 5(c). The cutting 

edge was refined with the adaptive meshing method, which could reduce the error. The 3D FEM 

of drilling assembly is shown in Figure 5(d). In the tool meshing, the minimum mesh size was 0.01 

mm, and it was divided into 9477 elements approximately. In the meshing of the work-piece, the 
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minimum meshed size was 0.008 mm, and about 276,000 meshes were built. In the drilling process, 

the part of the chisel edge near the axis is in the state of indentation, which has little effect on the 

axial force and torque and can be neglected in the process of modeling [31]. The rest of the chisel 

edge may be considered in orthogonal cutting [30].  

According to the research of Nan et al. [33], all element nodes on the tool were coupled to a 

reference point on the tool’s central axis to control the boundary conditions of the tool’s movement 

and simulate the drilling process. 

Work-piece

Drill simplification

Center axis

 
 

(a) (b) 

  

(c) (d) 

Figure 5. The illustration of 3D FEM. (a) 3D FEM of drilling; (b) Structure division of the 

work-piece; (c) Meshed diagram of the work-piece; (d) The diagram of drilling assembly. 

3.2. Constitutive model and separation criterion for SiCp/Al6063 

Constitutive model explains the mechanical behavior of the work-piece and reflects the 

relationship between stress and strain, strain rate and temperature. In the field of the mechanical cutting 

simulation, the Johnson-Cook (J-C) model has been used widely. Zhou, Tang et al. [34,35] proposed 

the J-C equivalent homogenization model for metal matrix composites, and the mechanical parameters 

of the material are shown in Tables 2 and 3. 
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Table 2. Mechanical and thermal properties of SiCp/Al6063. 

Density 

(kg/m3) 

Modulus of elasticity 

(GPa) 

Poisson’s 

ratio 

Thermal conductivity 

(Wm−1K−1) 

Expansion 

2790 158 0.25 157 1.2e-5 

Table 3. Mechanical and thermal properties of the diamond-coated carbide tool. 

Material Density 

(kg/m3) 

Modulus of elasticity 

(GPa) 

Poisson’s 

ratio 

Thermal conductivity 

(Wm−1K−1) 

Expansion 

Diamond 

coating 
3 1 0.2 2000 1.1e-6 

YG6 15 0.635 0.25 79 5e-6 

In the J-C model, the relationship of strain, strain rate and temperature on the flow stress of 

SiCp/Al6063 composite material is shown in Eq (17): 

     𝜎̅ = (𝐴 + 𝐵[𝜀]𝑛) (1 + 𝐶 ln [
𝜀̇

𝜀0̇
]) (1 − [

𝑇−𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑜𝑜𝑚
]

𝑚
) (17) 

where  𝜎̅  is equivalent stress,  𝐴  is the initial yield strength,  𝐵  is the hardening modulus,  𝐶  is the 

correlation coefficient of strain rate, 𝑚  is the thermal softening coefficient, 𝑛  is the index of work 

hardening,  𝜀  is the equivalent plastic strain, 𝜀 ̇ is plastic strain rate,  𝜀0 ̇  is the reference strain 

rate, 𝑇𝑟𝑜𝑜𝑚 is the room temperature, 𝑇𝑚𝑒𝑙𝑡 is the melting temperature of materials. 

The constitutive model parameters were adopted by the reference [22], which were shown in 

Table 4. 

Table 4. J-C constitutive model parameters of SiCp/Al6063. 

A(MPa) B(MPa) n C m 

446.68 323.39 0.279 0.012 0.877 

Chip separation is the key of drilling simulation. Only when the chip separation principle is 

correctly selected, the changes in temperature, stress and other fields could be output correctly. Based 

on the J-C yield stress equation, the critical strain fracture criterion was adopted from reference [36], 

as shown in Eqs (18) and (19): 

                    𝐷 = ∑
∆𝜀𝑝

𝜀𝑝𝑓 (18) 

        𝜀𝑝𝑓 = [𝐷1 + 𝐷2exp (𝐷3
𝑝

𝑞
)] × [1 + 𝐷4 ln (

𝜀𝑝𝑙̇

𝜀0̇
)] × [1 + 𝐷5 (

𝑇−𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡−𝑇𝑟𝑜𝑜𝑚
)]    (19) 

where, ∆𝜀𝑝 represents the increment of the equivalent plastic strain being loaded, 𝑝 is the hydrostatic 

pressure, and  𝑞  represents Mises stress. The damage parameters (D1~D5) are constant. Damage 

evolution occurs when D = 1 is set here. 𝜀𝑝𝑓 is the current damage strain, and accumulated damage is 

the function of average stress, strain rate and temperature. The J-C damage parameters D1~D5 of 

SiCp/Al6063 are shown in Table 5. 
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Table 5. The damage parameters of J-C model for SiCp/Al6063. 

D1 D2 D3 D4 D5 Reference 

0.071 1.248 -1.142 0.147 0.1 [37] 

3.3. Drilling simulation analysis and evaluation 

The results of the numerical simulation of the SiCp/Al6063 are presented in Figure 6, where 

Figure 6(a),(b) shows the simulation steps of UVAD and CD respectively. The simulation was carried 

out with the following cutting conditions: Feed rate was 151.6 mm/min, and the vibration frequency 

of UVAD was 20 kHz. (a1−a5) and (b1−b5) were the results of the two drilling methods at the times 

(T = 0.12 s, T = 0.18 s, T = 0.24 s, T = 0.36 s, T = 0.48 s), respectively. 

(a) Stress cloud diagram of The ultrasonic vibration- 
assisted drilling

(b) Stress cloud diagram of The conventional drilling

a1 a2 a3 a4 a5

b1 b2 b3 b4 b5

 

Figure 6. The simulation results of the UVAD and CD (a) Stress diagram of the UVAD; 

(b) Stress diagram of the CD. (a1−a5) and (b1−b5) represent the states at different times 

of UVAD and CD FEM, respectively. 

The results show that the average Mises stress of UVAD is smaller than that of CD. When the 

feed rate reaches 151.6 mm/min, the drilling process is relatively stable at the fourth moment. In 

this moment, the maximum stress of UVAD is 922.1 MPa, and the maximum stress of CD is 1512 

MPa. The maximum stress of UVAD reduces by 39.01% compared to CD. 

4. Experimental verification 

The experiment setup was built and the mathematical prediction model and 3D FEM were verified 
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with the experiment in this section. 

4.1. Scheme of the experiment and design process 

The drilling experiment of the SiCp/AL6063 was carried out at Haas VF-3 Vertical Machining 

Center. The scheme of drilling experiment is shown in Table 6. A diamond-coated carbide tool is 

used and the tool parameters are shown in Table 7. On the one hand, the work-piece is installed on 

the dynamometer fixed by the fixture, and the thrust force data signal is collected by the Kistler 

9256c2 dynamometer. On the other hand, the signal of the dynamometer will be transmitted to the 

computer through the 1696A5 eight-channel data transmission line, the Kistler5697A signal 

acquisition equipment and the Kistler5070 monitoring equipment. In addition, chips of the 

experiment were collected in groups and observed by scanning electron microscope HITACHI S-

3400N. The basic process of experiment is shown in Figure 7. 

Table 6. Drilling processing scheme. 

Item Contents 

Tool CVD Diamond coated drill, two teeth 

Work-piece material The 40% volume fraction of SiCp/Al6063 composites 

Feed per tooth (mm/rpm) 0.05 

Rotation speed (rpm/min) 1516, 2274, 2653, 3032 

Fate rate (mm/min) 75.8, 113.7, 132.6, 151.6 

Drilling type CD, UVAD 

Ultrasonic vibration frequency (KHZ) 0, 20 

Tool CVD Diamond coated drill, two teeth 

Table 7. Tool parameters.  

Cutter 

Type: single-angle twist drill 

Material: diamond-coated bit Dimensions 

Diameter 2R = 4.2 mm 

Drilling depth h = 8 mm 

Web thickness 2w = 0.4 mm 

Point angle 2𝑝 = 118° 

Helix angle 𝑞 = 33° 

Chisel edge angle, 𝜑 = 130° 
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Hass vertical machining 

center

DynoWare 2017

HITACHI S-3400N

Kistler 9192AA

Thrust force signal of UVAD

Work-piece and Chips

Thrust force signal of CD

The chip of UVAD

The chip of CD

 

Figure 7. Experimental setup. 

4.2. Analysis of the thrust force 

 

Figure 8. Results of thrust force of the experiment, the 3D FEM and the mathematical 

thrust force prediction model. 
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Figure 8 shows the results of the thrust force of the experiment, the 3D FEM and the 

Mathematical thrust force prediction model. It can be seen that the maximum error between the 

UVAD mathematical thrust force prediction model and experiment is 12.1%, and the maximum 

error between the 3D FEM and experiment is controlled in 17.4−26.4%. In the process of UVAD, 

the modified UVAD mathematical thrust force prediction model and 3D FEM could predict thrust 

force accurately. 

4.3. Analysis of the chip morphology 

The chip morphology output of experiment and simulation are shown in Figure 9. The chip 

shape and size of the simulation were compared with experiment, and the error of the 3D FEM 

was analyzed.  

 

Figure 9. The diagram of the chip morphology. (a) The chip morphology of UVAD in 3D FEM; 

(b) The chip morphology of UVAD experiment; (c) The chip morphology of CD in 3D FEM; (d) 

The chip morphology of CD experiment. 

In the actual processing, CD produced a wider chip, and the chip bending degree is large. The 

chip characteristics of UVAD are narrow, and the chip bending degree is small. Compared with CD, 

UVAD is machined intermittently, which enables the chip morphology change from fan-shaped to 

aciculiform. The chip width is reduced by 1/3 and evacuated smoothly. The reason for the 

intermittency is based on the motion relationship of ultrasonic vibration, which has been introduced in 

detail in Section 2. The intermittent machining mechanism is conducive to damage and remove the 

chips. The chip morphology obtained in the 3D FEM is similar to the experiment. In the drilling 

process of the experiment and 3D FEM, the maximum error of chip width is 11.4%. The reason for 

202um

(b)(a)

(c) (d)

687um
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the error may be that the chip micro distance in the 3D FEM is measured by the relative displacement 

of element nodes, while the chip is deformed, but the actual chip distance is measured by the scanning 

electron microscope directly. 

5. Conclusions 

In this study, mathematical thrust force prediction model and 3D FE model of drilling 

SiCp/Al6063 were established to predict the thrust force and chip morphology compared with CD, and 

drilling experiments for CD and UVAD of SiCp/AL6063 were implemented to validate the validity of 

the model. The following conclusions are drawn: 

1). The experiment results showed that UVAD reduced the thrust force effectively compared with 

CD. As the feed rate increased, the drilling force decreased more dramatically. When the feed rate 

reached 151.6 mm/min, compared to CD, UVAD thrust force was reduced by 29.6%, the chip damage 

efficiency increased by 68.0%. Therefore, UVAD can effectively reduce the thrust force and improve 

the chip removal efficiency when SiCp/Al6063 material is processed. 

2). Compared with the thrust force between mathematical thrust force prediction model and 

experiment, the maximum error of the thrust force is 12.1%. The results of experiment showed that 

the thrust force prediction accuracy of the UVAD is relatively high. 

3). The 3D FEM of UVAD and CD for SiCp/Al6063 materials were carried out to calculate the 

thrust force and chip morphology. Compared to the experiment, the deviations of the thrust force 

and chip width of UVAD are less than 26.4 and 3.5%, and the deviations of the thrust force and chip 

width of CD are less than 15.4 and 11.4%, respectively. The 3D FEM could simulate the drilling 

process well. 

4). Compared with CD, UVAD is machined intermittently, which enables the chip morphology 

change from fan-shaped to aciculiform. The chip width is reduced by 1/3 and evacuated smoothly. 
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