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Abstract The in-situ TiB2 particle reinforced aluminum

matrix composites are materials that are difficult to

machine, owing to hard ceramic particles in the matrix. In

the milling process, the polycrystalline diamond (PCD)

tools are used for machining these materials instead of

carbide cutting tools, which significantly increase the

machining cost. In this study, ultrasonic vibration method

was applied for milling in-situ TiB2/7050Al metal matrix

composites using a TiAlN coated carbide end milling tool.

To completely understand the tool wear mechanism in

ultrasonic-vibration assisted milling (UAM), the relative

motion of the cutting tool and interaction of workpiece-

tool-chip contact interface was analyzed in detail. Addi-

tionally, a comparative experimental study with and with-

out ultrasonic vibration was carried out to investigate the

influences of ultrasonic vibration and cutting parameters on

the cutting force, tool life and tool wear mechanism. The

results show that the motion of the cutting tool relative to

the chip changes periodically in the helical direction and

the separation of tool and chip occurs in the transverse

direction in one vibration period, in ultrasonic vibration

assisted cutting. Large instantaneous acceleration can be

obtained in axial ultrasonic vibration milling. The cutting

force in axial direction is significantly reduced by 42%–

57%, 40%–57% and 44%–54%, at different cutting speeds,

feed rates and cutting depths, respectively, compared with

that in conventional milling. Additionally, the tool life is

prolonged approximately 2–5 times when the ultrasonic

vibration method is applied. The tool wear pattern micro-

cracks are only found in UAM. These might be of great

importance for future research in order to understand the

cutting mechanisms in UAM of in-situ TiB2/7050Al metal

matrix composites.
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1 Introduction

Particle reinforced metal matrix composites (PRMMCs),

which are usually difficult to cut, are widely applied in

aeronautics and astronautics owing to their high strength

and good abrasion resistance [1–3]. However, the hard-

ceramic reinforcements in the matrix result in significant

tool wear, restricting the application of this material [4]. In

the recent years, ultrasonic-vibration assisted milling

(UAM) has been widely applied for machining the diffi-

cult-to-cut materials owing to the remarkable improve-

ments in reducing the cutting force, decreasing tool wear,

and extending tool life [5].

Lotfi et al. [6] developed a model to predict tool wear in

ultrasonic assisted rotary turning. The model was validated

by simulation and experiments, and the results showed that

tool wear was reduced significantly. It was found that the

heat transferred from chip to cutting tool was reduced due

to the separation of the tool-chip interface. Peng et al. [7]

analyzed the effect of elliptic ultrasonic vibration on

tool wear. It was noted that the duration the tool partici-

pated in cutting was less than half cycle with elliptic

ultrasonic vibration, reducing the tool wear considerably.
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Subsequently, through experimental analysis and theoreti-

cal calculation, Soleimanimehr et al. [8] found out that the

ratio of tool cutting time in one vibration period was

0.4555943. Nath et al. [9–11] proposed a tool-workpiece

contact ratio and speed ratio to analyze the influences of

the ultrasonic vibration parameters on the cutting force and

tool wear. They concluded that reducing the tool-work-

piece contact ratio and the speed ratio could significantly

reduce the cutting force and tool wear.

Dong et al. [12] conducted a series of comparative

experiments between ultrasonic vibration assisted turning

and conventional turning for SiCp/Al metal matrix com-

posites (MMCs) with polycrystalline diamond (PCD) tools.

The results showed that tool wear was significantly reduced

by applying ultrasonic vibration. Liu at el. [13] studied the

effects of cutting parameters on the cutting force in ultra-

sonic vibration turning of SiCp/Al MMCs. The results

indicated that the cutting force of ultrasonic vibration

turning was much less than that of conventional turning. It

was concluded that lower cutting velocity and larger cut-

ting depth contributed to the reduction of the cutting force

significantly. To gain a better understanding on the mate-

rial removal processes during ultrasonic vibration assisted

cutting of SiCp/Al MMCs, Zheng et al. [14] and Zha et al.

[15] carried out scratch tests with and without ultrasonic

vibration. It was noted that the scratch force and friction

coefficient in ultrasonic vibration was less than those in the

traditional method. Zhou et al. [16] studied the effects of

ultrasonic vibration on the cutting force and tool wear in

rotary ultrasonic machining of SiCp/Al MMCs. The

experimental results indicated that the cutting force in

rotary ultrasonic machining was reduced by an average of

13.86% compared with conventional machining.

From the above analysis, it can be inferred that the

ultrasonic vibration method has been applied for machining

ex-situ difficult-to-cut materials such as SiCp/Al MMCs.

The cutting force and tool wear can be significantly

reduced by applying ultrasonic vibration.

The in-situ TiB2 particle reinforced 7050 aluminum

matrix composites (TiB2/7050Al MMCs) are new variant

of difficult-to-cut materials, which are different from ex-

situ SiCp/Al MMCs and conventional metallic materials in

preparation and material properties.

At the beginning of the study on machinability of this

material, Xiong et al. [17] conducted an experimental

investigation on tool wear during milling of in-situ TiB2/

7050Al MMCs with uncoated carbide tools. It was found

that the tools were worn out at the initial wear stage and

hence, uncoated carbide tools were not suitable for

machining in-situ TiB2/7050Al MMCs. Subsequently, in

the study of machinability of in-situ TiB2/7050Al MMCs

[18], TiAlN coated tools were used for machining. It was

found that TiAlN coating material was easily worn out,

resulting in severe tool wear. Lin et al. [19] found that the

tool wear had a significant effect on increasing the cutting

force and on residual stress distribution. Hence, cutting

tools have restricted the application of the in-situ TiB2/

7050Al MMCs. In order to study tool wear in depth, Jiang

et al. [20] investigated the tool wear of different cutting

tools (PCD, PCBN, and coated carbide tool), and it was

concluded that PCD tool was the most suitable for cutting

the in-situ TiB2/7050Al MMCs owing to its superior

hardness and wear resistance.

However, it is well known that the cost of PCD tool is

very high, which is undesirable for industrial use. Hence, it

is important to explore an advanced manufacturing tech-

nology to solve the problem of machinability of in-situ

TiB2/7050Al MMCs.

The current study is inspired by ultrasonic vibration

assisted cutting, which has been found to have a significant

influence on reducing tool wear and extending tool life. In

this study, ultrasonic-vibration assisted milling (UAM) is

applied for cutting TiB2/7050Al MMCs. The motion of the

cutting tool and separation between cutting tool and chip

are analyzed. Comparative experiments have been carried

out with and without ultrasonic vibration. To understand

the influence of ultrasonic vibration, the effects of cutting

parameters on cutting forces, tool wear, and tool life are

analyzed.

2 Experimental procedure

2.1 Tool and workpiece

In this study, the TiAlN coated carbide end milling tool and

6% (mass fraction) in-situ TiB2/7050Al MMCs were used

as shown in Fig. 1. The specifications of the tool and

chemical content of the in-situ TiB2/7050Al MMCs are

listed in Tables 1 and 2, respectively.

2.2 Experimental design and measurement

A series of milling tests were conducted on a VMC-850

CNC machine with and without ultrasonic vibration under

the same cutting conditions, i.e., down milling and dry

cutting, which are presented in Fig. 2. The ultrasonic

generator used was the SY2000, manufactured by Shaanxi

Chao Ke Neng Electromechanical Technology Develop-

ment Co. Ltd, whose vibration frequency was 22 kHz and

was not adjustable. The vibration amplitude on the tip of

the cutting tool was measured using a laser displacement

meter LK-G5000 made by Keyence Co. Ltd (China).

Measurement was performed before each experiment in

order to ensure the optimum vibration state. In this study,

the vibration amplitude was 4 lm. A set of orthogonal
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cutting tests and single-factor tests were performed to

investigate the influences of cutting parameters on the tool

wear mechanism. The details of the cutting parameters are

listed in Table 3.

In this study, the benchmark of failure was set such that

when the flank wear approached 0.3 mm the cutting tool

was worn out. The flank wear was observed using an

automatic tool scanner (Alicona IFM-G4), after the

Fig. 1 Cutting tool and workpiece material

Fig. 2 Milling test

Table 1 Specifications of coated carbide milling tool

Diameter/mm Rank angle/(�) Nose radius/mm Flank angle/(�) Helix angle/(�) Tooth

8 8 0.15 23 40 4

Table 2 Chemical content of the aluminum matrix (mass fraction, %)

Elements Zn Zr Mg Cu Al

Content 6.30 0.11 2.30 2.20 Balanced
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operation of the cutting tool for a certain time duration. The

cutting force was measured using a Kistler 3D force-

measuring platform during milling. The measurement of

cutting force of each flute was repeated twice, and the

average of three flutes was reported. For each cutting test,

the measurement of flank wear was repeated thrice and the

average values were obtained. Additionally, the cutting

time of each tool corresponding to the flank wear

approaching 0.3 mm was reported. After experiments, the

tools were examined using a scanning electron microscope

(VEGA 3 LMU SEM-EDS).

3 Results and discussions

3.1 Analysis of UAM

To effectively understand the process of tool wear in UAM,

the relative motion between the cutting tool and workpiece

was analyzed. In UAM, ultrasonic sinusoidal wave signals

were imparted to the cutting tool in the axial direction

during conventional milling (CM) process, as shown in

Fig. 3.

Due to ultrasonic vibration, the trajectory of the cutting

tool in UAM process can be described as follows

x ¼ vst;
z ¼ A sin 2pftð Þ;

�
ð1Þ

where vs is the cutting speed, t cutting time, A and f the

vibration amplitude and frequency, respectively. According

to Eq. (1), the motion of the cutting tool can be expressed

as

vx ¼ vs;
vz ¼ 2pAf cos 2pftð Þ:

�
ð2Þ

It can be observed that the total velocity consists of two

components, the cutting speed and vibration velocity. In

order to understand the effect of ultrasonic vibration on the

cutting process, a set of rectangular axes are constructed.

The cutting speed vx and vibration velocity vz are both

resolved into rectangular components, as shown in Fig. 3.

The rectangular components can be expressed as

vh-U ¼ vs sinb� 2pAf cos b cos 2pftð Þ;
vt-U ¼ vs cos bþ 2pAf sin b cos 2pftð Þ;

�
ð3Þ

where b is the helix angle. vh-U is the velocity in helix

direction, and it causes abrasion between the cutting tool

and workpiece. vt-U is the velocity in transverse direction,

and it creates intermittent cutting. From Eq. (3), the motion

of the cutting tool is determined by the vibration frequency,

vibration amplitude, and cutting speed. Furthermore, the

acceleration of the cutting tool can be obtained by differ-

entiating the components of the cutting velocity as

ah-U ¼ 4p2f 2Asin 2pftð Þcosb;
at-U ¼ �4p2f 2Asin 2pftð Þsinb:

�
ð4Þ

In order to analyze the kinematics of the cutting tool and

the mechanism of intermittent cutting, a set of experi-

mental parameters (f = 20 kHz, A = 5 lm, vs = 25.12 m/

min) are selected to plot the speed and acceleration curves

as shown in Fig. 4. In Fig. 4, vh-C and vt-C are the velocities

in helix and transverse directions, respectively, in the CM

process.

It may be noted that the velocity of the cutting tool

varies from time to time in a vibration period, and sub-zero

velocity is achieved during the UAM process. However,

the velocity of the cutting tool does not change and is more

than zero during the CM process, which can be observed in

Fig. 4a. The acceleration of the cutting tool is generated

due to the assistance of ultrasonic vibration, which is

shown in Fig. 4b. It also changes over time in the vibration

period and its maximum value is significantly greater than

gravitational acceleration.

For analyzing the kinematics of the cutting tool, the

cutting velocity curve is divided into five parts in a

vibration period, as shown in Fig. 5.

From Fig. 5a, it can be observed that the transverse

velocity vt-U and the helix velocity vh-U are both greater
Fig. 3 Schematics of ultrasonic vibration cutting principle (A is the

vibration amplitude (lm))

Table 3 Experiments parameters and levels

No. Factor Notation Level

1 2 3

1 Cutting speed/(m�min-1) vs 25.12 50.24 75.36

2 Feed rate/(mm�z-1) fz 0.10 0.25 0.40

3 Cutting depth/mm ap 0.20 0.40 0.60
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than zero but show opposite behavior in stage a (see

Fig. 4a). The former increases, but the latter decreases to

zero. In stage b (see Fig. 4a), the transverse velocity vt-U
increases further and attains the maximum value. The

direction of the helix velocity vh-U changes and the mag-

nitude increases to the maximum value. From stage a to b

(see Fig. 4a), the cutting tool maintains contact with the

chip, but the relative motion between them changes.

From Figs. 4a and 5c, d, it can be observed that the

transverse velocity vt-U decreases from the maximum to

zero and that the helix velocity vh-U decreases from the

maximum to zero and then increases. In this process, the

direction of the helix velocity vh-U changes again.

In the stage e, from Figs. 4a and 5e, it can be observed

that the helix velocity vh-U increases to the maximum and

then decreases. The transverse velocity vt-U is less than

zero, indicating that its direction changes. Its magnitude

increases first and then decreases, indicating that, at first,

the cutting tool moves away from the chip and then moves

towards it.

Based on the above analysis, the helix velocity vh-U
changes from negative values in the stages a–b to positive

values in stages c–d, indicating that the relative motion

direction changes twice in one vibration period. The

transverse velocity vt-U attains a positive value in stage a–d,

which indicates that the cutting tool maintains contact with

Fig. 4 Analyze the kinematics of cutting tool a cutting velocity curve b acceleration curve

Fig. 5 Schematics of the physical states of stages a-e in Fig. 4

256 X.-F. Liu et al.
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the chip. However, the transverse velocity vt-U is less than

zero in stage e, which indicates that separation occurs

between the cutting tool and the chip.

However, the helix velocity vh-C and transverse velocity

vt-C are constant during the CM process. Clearly, in the

UAM process, tool-chip contact changes periodically

owing to the application of ultrasonic vibration.

It may be noted that the separation of the tool-chip does

not always occur and that it has to adhere to a certain

condition. Kim and Choi [21] inferred that tool-chip sep-

aration occurred when the cutting velocity was below the

critical cutting velocity (vc\ 2pfA) in feed ultrasonic

vibration cutting. However, because the axial ultrasonic

vibration is significantly different from feed ultrasonic

vibration, the critical cutting velocity criterion is not suit-

able for axial ultrasonic vibration cutting. According to the

analysis of motion of tool-chip, the condition of separation

is that vt-U is less than zero, which signifies that if the

cutting speed vs\ 2pfAtanb, the tool-chip separation

occurs. Hence, the critical cutting speed vc that satisfies the

condition of separation is vc = 2pfAtanb.
According to Verma, the contact time (Tc) is expressed

as [22]

Tc ¼
1

f
� 1

pf
arccos

vscotb
2pfA

� �
: ð5Þ

The separation time (Ts) in one vibration period, which

is calculated according to Eq. (5), is determined as

Ts ¼
1

pf
arccos

vscotb
2pfA

� �
: ð6Þ

It can be observed that the contact time of tool-chip is

determined by the cutting speed with ultrasonic vibration

of a certain amplitude and frequency. Under this set of

cutting parameters (f = 20 kHz, A = 5 lm, vs = 25.12 m/

min), the separation time is 10.39 ls, as shown in Fig. 4.

From this analysis, it can be observed that the cutting

tool performs a different machining process in UAM

compared to CM. The different characteristics significantly

impact the cutting force, tool wear mechanism, and tool

life.

3.2 Cutting force

In the cutting process, cutting force is an important factor

related to tool wear [23]. In this study, the instant cutting

force is presented in Fig. 6. Fx, Fy and Fz refer to the

horizontal, vertical, and axial forces in UAM and CM,

respectively.

It can be observed that the peak value of instant cutting

force in UAM is much less than that in CM. The maximum

cutting force of each tooth is relative stable in UAM but

shows an obvious fluctuation in the CM process.

Additionally, the cutting force is represented by a single

continuous curve in CM, while it is formed by a dense

pulse beam in UAM.

In order to analyze the influences of cutting parameters

on the cutting force, the average cutting force is shown in

Fig. 7. It is clear that the cutting force in UAM is less than

that in CM. There is a significant reduction of Fz in UAM

by 42%–57%, 40%–57% and 44%–54% at different cutting

speeds, feed rates and cutting depths, respectively, com-

pared with that in CM process. This may be attributed to

the periodic variation of the tool-chip contact behavior due

to the imposed ultrasonic vibration. From the motion of the

cutting tool, high impact energy is produced because of the

large instantaneous acceleration that decreases the plastic

deformation in the shear zone. The cutting tool separates

from the chip twice in one vibration period, decreasing the

friction coefficient on the tool-chip interface. Additionally,

it has been found earlier that periodic separation of tool-

chip reduces the cutting force [24]. Furthermore, Jin and

Murakawa [25] and Mitrofanov et al. [26] inferred that the

reason for cutting force reduction was the reduction in

friction between the cutting tool and workpiece in UAM. It

can be observed that the trend of the effects of cutting

parameters on the cutting force are different in the two

methods. From Fig. 7a, with the increase of cutting speed,

the cutting force components Fx and Fz decrease in the CM

process while there is minimal change observed in UAM.

This may be because the volume of material removed per

unit time decreases, reducing the extrusion between the

cutting tool and workpiece in CM. The material removal

depends on the impact energy, which is determined by the

vibration frequency and amplitude in UAM. It can be

inferred from Figs. 7a–c that there is insignificant variation

in the cutting force Fz at different cutting speeds, feed rates

and cutting depths in the UAM process because of the same

ultrasonic vibration imposed in the axial direction. The

cutting force Fx increases with the increase of feed rate and

cutting depth because the removed material volume

increases in the UAM process.

3.3 Tool life

Cutting speed, feed rate and cutting depth have an impor-

tant influence on the tool life in UAM and CM, as shown in

Fig. 8. In this study, the tool life is defined as the time

taken for the flank wear of the coated carbide milling tool

to approach 0.3 mm in the two cutting methods.

It can be observed that the tool life of UAM is greater

than that of CM. This may be because of the reduction in

both the cutting force and tool-chip contact time with the

application of ultrasonic vibration, thereby mitigating tool

wear. Cutting speed plays an important role in tool life

improvement. It is interesting to note that the tool life is

Tool wear mechanisms in axial ultrasonic vibration assisted milling in-situ TiB2/7050Al metal matrix composites 257

123



significantly longer in UAM when the cutting speed is less

than 50 m/min. Additionally, it is close to the tool life in

CM when the cutting speed is more than 50 m/min. The

possible reason is when the cutting speed is below the

critical value, the cutting tool can separate from the chip,

based on the analysis in Sect. 3.1. In a related study, it was

observed that the separation of tool-chip could improve the

aerodynamic lubrication, decreasing the friction between

Fig. 6 Instant cutting forces

Fig. 7 Average cutting forces (fz is feed rate and ap is cutting depth)
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the tool and workpiece [24]. Hence, the tool life is exten-

ded due to the reduction in the contact time and friction

because of ultrasonic vibration.

In order to completely understand the effect of cutting

parameters on tool life, a regression model has been

developed as follows

TUAM ¼ 10 601v�1:650 24
s f�0:234 52

z a�0:171 9
p ; ð7Þ

TCM ¼ 5 664v�1:698 85
s f�0:368 83

z a�0:217 84
p ; ð8Þ

where TUAM and TCM are the tool life in UAM and CM,

respectively.

Tables 4 and 5 show the analysis of variance (ANOVA)

results of Eqs. (7) and (8). It can be observed that the

regression model can be employed to analyze the rela-

tionship between the tool life and cutting parameters. It is

found from the equations that cutting speed has the most

significant effect on the tool life, followed by feed rate and

cutting depth, in both UAM and CM, which is consistent

with the analysis of Sect. 3.1 and the results of Sect. 3.3.

To compare the tool life in UAM and CM, the ratio of

tool life (R) is defined as

R ¼ tUAM

tCM
; ð9Þ

where tUAM and tCM are the tool lives in UAM and CM,

respectively. Figure 9 presents the comparison results of

the experiments. It is observed that the tool life in UAM is

extended significantly.

It is found that the tool life in UAM is approximately

2–5 times longer than that in CM. Clearly, ultrasonic

vibration contributes to extending the tool life during

machining TiB2/Al MMCs.

Fig. 8 Tool life in UAM and CM

Fig. 9 Comparison results of tool life between UAM and CM

Table 4 ANOVA results of Eq. (7) for UAM

DF Sum of squares Mean square F Prob[F

Model 3 5.261 74 1.753 91 16.430 79 0.005 07

Error 5 0.533 73 0.106 75

Total 8 5.795 46

Table 5 ANOVA results of Eq. (8) for CM

DF Sum of squares Mean square F Prob[F

Model 3 5.838 03 1.946 01 9.970 98 0.014 98

Error 5 0.975 84 0.195 17

Total 8 6.813 87
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3.4 Tool wear progression

For understanding the effect of ultrasonic vibration on

improving the tool life, tool wear progression is analyzed

in UAM and CM, which is shown in Fig. 10.

It can be clearly observed that the tool flank wear pro-

gression in UAM is considerably different from that in CM.

However, in this study, both these are different from nor-

mal tool wear progression. Generally, in the cutting pro-

cess, typical tool wear progression comprises an initial

wear stage, normal wear stage, and rapid wear stage. For a

better understanding of the tool wear progression, linear

fitting is adopted to approximate the characteristics of tool

wear, which are marked as A, B and C in Fig. 11. A, B and

C represent linear wear progress, normal wear progress and

rapid wear progress, respectively.

It can be observed that tool wear progress in CM shows

a quick linear increase, indicating that tool wear is quite

severe and rapid. This also demonstrates that the TiAlN

coated carbide tool is unsuitable for CM of in-situ TiB2/Al

MMCs. As a result, the wear stage progresses linearly.

However, the progression of wear in UAM is considerably

different from that in CM, which comprises two wear

stages. This indicates that the tool wear in UAM is much

lesser and the tool is worn out relatively slowly, compared

to the tool wear in CM. The cutting time and cutting force

decrease significantly, which is the responsible for the slow

wearing of the cutting tool. Zhu and Zhang [27] proposed a

tool wear model, which indicated that as the cutting time

reduced, the tool wear decreased. It can also be observed

that the tool wear experiences a normal wear stage and then

a rapid wear stage in UAM. Additionally, the tool wear

progresses to the rapid stage at approximate 88 min as

shown in Fig. 11a. This could be because the effective

cutting time and the friction of the tool-chip is reduced

with ultrasonic vibration, as analyzed in Sect. 3.1. Another

case is when the tool wear experiences a rapid wear stage

first and then the normal wear stage, as shown in Figs. 11b,

c. The wear rate in the two figures is similar. These results

indicate that large feed rate and cutting depth result in rapid

tool wear. This is because more material is removed at

large feed rate and cutting depth, resulting in the increase

in cutting force. Based on the kinematic analysis of the

cutting tool, when the cutting speed exceeds the critical

value, the ultrasonic vibration cutting process becomes the

same as conventional cutting. The cutting speed is

Fig. 10 Tool wear progression
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50.24 m/min, which is greater than the critical cutting

speed as presented in Fig. 11d. However, it can be

observed that tool wear in UAM is not the same as that in

CM. This may be because the regular ultrasonic vibration

results in changing the irregular vibration of the machine

tool system. As a result, applying UAM is superior for

mitigating tool wear while machining in-situ TiB2/Al

MMCs.

3.5 Tool wear mechanisms

Figures 12 and 13 show the SEM topographies of tools

worn out in CM and UAM, respectively.

From Fig. 12a and 13a, abrasive wear is produced on the

tools, machining in-situ TiB2/Al MMCs, with and without

ultrasonic vibration. It can be observed that TiAlN coating

is removed for the coated carbide tools, and small grooves

can be observed on the flank of tools, as several particles in

the in-situ TiB2/Al MMCs are extremely hard and abrasive;

hence, the flank faces of the tools are easily destroyed.

Additionally, the grooves created on the surface of the

cutting tool in UAM are smaller, as the interaction of chip-

tool-workpiece has been altered because of the ultrasonic

vibration. It is known that the relative motion of the cutting

tool to the chip varies periodically in UAM, resulting in

changing the friction of the interface of tool-chip. Using

the ultrasonic vibration, rubbing and ploughing between

the flank face of the cutting tool and the workpiece is

reduced.

From Figs. 12b, c and 13b, c, it can be observed that the

cutting tool suffers from peeling, tipping, chipping wear

during milling in-situ TiB2/Al MMCs, with and without

ultrasonic vibration. However, the surface topography of

the tool wear is quite different in CM and UAM. The

material of the cutting tool is peeled with the configuration

of a flake, and the surface appearance is flat in the CM

process. While the material falls off as powder, the surface

appearance shows granular regions in UAM. This may be

because of different interactions occurring between the

cutting tool and the workpiece. The cutting tool suffers

from extrusion and alternate stress when the material is

removed during CM process. However, due to imposing

ultrasonic vibration on the cutting tool, its motion is

Fig. 11 Fitting tool wear progression under different combinations of cutting parameters
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changed periodically. The cutting tool mainly bears the

alternate stress, resulting in microchipping in UAM.

Furthermore, micro-cracks are found on the surface of

the worn-out tools for UAM, which is shown in Fig. 13d.

With the application of ultrasonic vibration, the velocity

and acceleration of the cutting tool is changed periodically,

as analyzed in Sect. 3.1. Consequently, the cutting tool is

subjected to impulsive and alternate loads, which result in

Fig. 13 SEM topographies of tools worn out for UAM

Fig. 12 SEM topographies of tools worn out for conventional milling
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alternate stress. This leads to the generation of microcracks

on the cutting edge. Shen and Xu [23] have explained that

pulse-like cutting forces caused by the imposed ultrasonic

vibration induce a strong instantaneous kinetic energy

leading to macro or micro-cracks. Hence, the microcrack

formation on the cutting edge results primarily from the

alternate stress in UAM.

4 Conclusions

In the present study, the effects of ultrasonic vibration on

the tool life and wear mechanisms have been investigated

by theoretical analysis and experimentation during the

milling of in-situ TiB2/7050Al MMCs, with and without

ultrasonic vibration. From the analysis and results, the

conclusions obtained are as follows. (i) Due to ultrasonic

vibration, the relative motion of the cutting tool is changed,

and periodic variation of cutting velocity and high instan-

taneous acceleration is generated in the UAM process,

resulting in material removal mechanisms, which are dif-

ferent from those in the CM process. (ii) The experimental

results reveal that the cutting force of UAM is much less

than that of CM. Particularly, there is a significant reduc-

tion of the axial cutting force Fz by 42%–57% at different

cutting speeds. (iii) It is found that UAM can dramatically

extend tool life even when coated carbide tools are used,

which are not suitable for cutting in-situ TiB2/7050Al

MMCs in CM. Compared to CM, in UAM, the tool life is

approximately improved 2–5 times. (iv) The tool wear

progression in UAM and CM is quite different from the

normal tool wear progression. The cutting tool in CM only

suffers from linear wear progression, indicating that the

cutting tool is worn out rapidly. However, the cutting tool

in UAM is first subjected to the normal wear stage and then

the rapid wear stage or vice versa, indicating that tool

service life is significantly increased. (v) From the analysis

of tool worn topographies, it can be observed that the main

tool wear mechanisms consist of abrasive wear, peeling

wear, and tipping. Microcracks occur only in UAM due to

the alternate stress. However, further research is required to

obtain a better understanding of the machinability of in-situ

TiB2/7050Al MMCs with axial UAM. The material

removal mechanisms, surface integrity, cutting force, and

temperature models will be studied in the future.
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