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Abstract High-speed micromilling (spindle speeds 100 000

r/min) can create complex three-dimensional microfeatures

in difficult-to-machine materials. The micromachined sur-

face must be of high quality, to meet functional require-

ments. However, chatter-induced dynamic instability

deteriorates the surface quality and can be detrimental to

tool life. Chatter-free machining can be accomplished by

identifying stable process parameters via stability lobe dia-

gram. To generate accurate stability lobe diagram, it is

essential to determine the microend mill dynamics. Fre-

quency response function is required to determine the tool-

tip dynamics obtained by experimental impact analysis.

Note that application of impact load at the microend mill tip

(typically 100 – 500 lm) is not feasible as it would invari-

ably end with tool failure. Consequently, alternative meth-

ods need to be developed to identify the microend mill

dynamics. In the present work, the frequency response

function for the microend mill is obtained by finite element

method modal analysis. The frequency response function

obtained from modal analysis has been verified from the

experimentally obtained frequency response function. The

experimental frequency response function was obtained by

impacting the microend mill near the taper portion with an

impact hammer and measuring the vibration of the tool-tip

with a laser displacement sensor. The fundamental fre-

quency obtained from finite element method modal analysis

shows a difference of 6.6% from the experimental funda-

mental frequency. Microend mill dynamics obtained from

the finite element method is used for chatter prediction in

high-speed micromilling operations. The stability lobe dia-

gram predicts the stability boundary accurately at 60 000

r � min–1 and 80 000 r/min; however, a slight deviation is

observed at 100 000 r/min.

Keywords Chatter � Micromilling � Microend mill

dynamics � Frequency response function � Finite element

modal analysis

1 Introduction

The demand for microcomponents is increasing owing to

the continuous push for miniaturization. These micro-

components or features with complex geometry can be

manufactured by a micromilling process in a wide range of

engineering materials, such as metals, polymers, and

ceramics [1]. These microcomponents find application in

consumer electronics, automobiles, defense, space-flight

instruments, and bio-medical devices, etc. [1–3]. One of

the challenges of micromilling is the limited stiffness of the

microend mill, which makes it highly susceptible to failure,

especially during micromachining of high strength low

diffusivity materials like Ti and Ni-alloys. One way of

overcoming this limitation is to reduce the chip load by

using very high spindle speeds.

The chip loads (feed/flute) in high-speed micromilling

can be close to the tool edge radius and critical chip

thickness (minimum chip thickness for chip formation),

which affects the cutting mechanics. It can lead to inter-

mittent chip formation and ploughing/rubbing takes place

instead of shearing [4]. In addition, the run-out and

misalignment effects lead to fluctuation in the cutting

forces. This effect is accentuated and often observed at

relatively small force magnitudes owing to low chip loads
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that cause dynamic instability. If not controlled, this

dynamic instability can lead to surface deterioration and

catastrophic tool failure. Chatter is a self-excited vibration

that occurs because of the interaction between the tool and

the workpiece. The chatter phenomenon occurs because of

the regenerative effect on the machined surface between

two consecutive tooth passes [5].

Chatter can be avoided by machining at stable process

parameters given by stability lobe diagrams. It may be

noted that the stability lobe diagram (SLD) is a function of

the dynamics and kinematics of the chip formation process.

Hence, the accuracy of the SLD depends on accurate

determination of cutting coefficients and tool tip dynamics.

Tool tip dynamics (natural frequencies, stiffness and

damping coefficients) are derived from the frequency

response function (FRF) at the tip of a microend mill. The

FRF for a macro end mill can be obtained by experimental

modal analysis relatively easily, but experimental modal

analysis for determining the tool-tip dynamics of a

microend mill is not feasible. Note that impacting the tip of

the microend mill with an impact hammer will invariably

damage the tool. In addition, accelerometers, because of

their weight, cannot be used for measuring the response at

the tip. Consequently, an alternative method like recep-

tance coupling, finite element (FE)-based modal analysis,

and shaker and piezo actuator-based experimental modal

analysis must be used. Many researchers have used the

receptance coupling method [6–11] to determine the tool-

tip dynamics for a microend mill. A microend mill with

spindle collet is divided into two substructures: the first

substructure contains the collet and a part of the shank of

the end mill, and the second substructure contains the

remaining part of the shank with a taper portion of the tool

and the cutting edge [6]. The FRF of the first substructure is

determined experimentally, whereas finite element analysis

is required for the second substructure with a free-free

beam boundary condition wherein the higher modes are

needed to compute the FRF of the tool [12]. The receptance

coupling method also assumes rigid and spring-damper

connections between the substructures, which can affect

the accuracy of tool-tip dynamics. In addition, the difficulty

in determining higher modes and the experimental error

induced because of noise can adversely affect the com-

posite FRF determined via receptance coupling. However,

FRF can also be determined by impacting the microend

mill at different positions other than the tip and measuring

the displacement at the tool-tip via a non-contact sensor

like a displacement sensor [13, 14]. Jin and Altintas [2]

determined the tool tip dynamics for a microend mill by

exciting the shank of the tool with a piezoelectric actuator.

The excited force was measured by a tri-axial load cell

glued to a fixture clamped on the x-y stages, and the tool

displacement was measured with a laser Doppler

vibrometer. However, these experiments need to be repe-

ated for each overhang length of the tool.

Experimental modal analysis requires repetition for

different cutting tool geometry, which is time consuming

and costly, specifically for the manufacturing industry [15],

and the receptance coupling method also suffers from

many drawbacks. To overcome these difficulties in

obtaining the tool tip dynamics for a microend mill, an

alternative approach based on finite element modal analysis

has been adopted in the present work.

The FRF obtained here has been validated experimen-

tally. The validated FRF obtained from the FE modal

analysis is used in stability analysis of a two degree of

freedom model, which represents the micromilling process.

Cutting coefficients for the shearing zone have been iden-

tified by carrying out the experiment at different uncut chip

thicknesses. The theoretical SLD has been validated with

micromilling experiments on Ti6Al4V at different

machining parameters.

2 Micromilling process model

The micromilling process is modeled as a two degree of

freedom mass, spring and damper system as shown in

Fig. 1. The tangential ðFtjÞ and radial forces ðFrjÞ at the

tool tip for tooth j are given as

Ftj ¼ Ktcah /j

� �
;

Frj ¼ KrFtj;

�
ð1Þ

where Ktc and Kr are the tangential cutting force coefficient

and cutting constant, respectively. Instantaneous chip

Fig. 1 Micromilling process model
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thickness h /j

� �
is the dynamic chip thickness due to the

regeneration effect, and a is the axial depth of cut.

Chatter modeling is carried out in the frequency domain.

The characteristic equation of the closed loop dynamic

milling system is given as [16, 17]

det I � 1

2
Ktca 1� e�ixcT

� �
A0U ixcð Þ

����

���� ¼ 0; ð2Þ

where xc is the chatter frequency and xcT is the phase

difference of the cutting wave at successive tooth periods

T. A0 is the time invariant but immersion dependent

directional cutting coefficient matrix, which can be

expressed as [16, 17]

A0 ¼
N

2p
axx axy
ayx ayy

� �
; ð3Þ

where the matrix elements are given as

axx ¼
1

2
cos 2; � 2Kr; þ Kr sin 2;ð Þ;ex;st ; ð4Þ

axy ¼
1

2
� sin 2; � 2; þ Kr cos 2;ð Þ;ex;st ; ð5Þ

ayx ¼
1

2
� sin 2; þ 2; þ Kr cos 2;ð Þ;ex;st ; ð6Þ

ayy ¼
1

2
� cos 2; � 2Kr; � Kr sin 2;ð Þ;ex;st ; ð7Þ

where ; is the immersion angle of the tooth measured

clockwise from the y-axis, and ;st and ;ex are the entry and

exit angles of the tooth relative to the workpiece. N is the

total number of flutes of the microend mill. Uðixc) is the

FRF at the tool tip assuming a rigid workpiece, which is

given by

U ixcð Þ ¼ Uxx ixð Þ Uxy ixð Þ
Uyx ixð Þ Uyy ixð Þ

� �
; ð8Þ

where Uxx ixð Þ and Uyy ixð Þ are the direct transfer functions
in the x- and y- directions, respectively, and Uxy ixð Þ; and
Uyx ixð Þ are the cross transfer functions at the tool tip.

These transfer functions at the tool tip are obtained by FE-

based modal analysis in the present work. These transfer

functions at the tool tip are expressed as

Uxx ixð Þ ¼
Xa

m¼1

x2
n;y;m

Kx;m x2
n;x;m þ 2fx;mxn;mxc � x2

c

� 	 ; ð9Þ

Uyy ixð Þ ¼
Xa

m¼1

x2
n;y;m

Ky;m x2
n;y;m þ 2fx;mxn;y;mxc � x2

c

� 	 ; ð10Þ

where xn;y;m, Kx;m and fx;m are the natural frequency,

stiffness and damping factor, respectively, of the microend

mill for mode 1 to mode a.

Equation (2) can also be solved by finding its eigenvalue

using MATLAB. This eigenvalue is obtained by the ‘‘eig’’

function through formulating Eq. (2) as

det U0 ixcð Þ � KIj j ¼ 0; ð11Þ

where K ¼ 4p
NaKtc 1� e�ixcTð Þ ; ð12Þ

and U0 ixcð Þ ¼ 2p
N

A0U ixcð Þ: ð13Þ

After calculating the eigenvalue K from Eq. (11), it can

be put into Eq. (12), and then by equating the real and

imaginary parts, a limited depth of cut is obtained as [20]

alim ¼ 2pKRe

NKtc K2
Re þ K2

Im

� � 1þ k2
� �

; ð14Þ

where k ¼ KIm

KRe
¼ sinxcT

1�cosxcT
¼ tanw, and w is the phase shift

of the eigenvalues. Tooth period T is given by T ¼ eþ2Kp
xc

and e ¼ p� 2w, K ¼ 0; 1; 2; 3� � �. The spindle speed is

given as

xs ¼
60

NT
: ð15Þ

Hence, it can be seen that the stability lobe diagram yields

the maximum chatter free depth of cut at a given spindle

speed and depends on the cutting coefficient and the tool

tip dynamics.

3 Tool tip dynamics

Tool tip dynamics are required to obtain the chatter free

depth of cut. Tool tip dynamics can be determined from the

FRF at the tip of microend mill. The procedure for mod-

eling and determining the FRF of the microend mill is

shown in Fig. 2. This FRF is obtained by modal analysis

wherein the microend mill is excited by a known force and

the vibration of the tool tip is measured. The applied force

and measured tool tip displacement are converted into

frequency domain and the FRF is obtained by dividing the

transformed displacement signature by the corresponding

applied force. The microend mill and collet are modeled in

ABAQUS� as a three-dimensional 8-node linear brick,

reduced integration, hourglass control solid element (ele-

ment type C3D8R) of non-uniform cross section, and

4-node doubly curved thin shell, reduced integration,

hourglass control, finite membrane strains (element type

S4R), respectively, as shown in Fig. 3. The dimensions of

the cutting tool and collet chuck are shown in Fig. 4. The

collet end is kept fixed by constraining all of its degrees of

freedom. The overhang length of the tool is 20 mm and the

remaining 18 mm of the shank is inserted into the collet.

The tool tip is assumed as an equivalent cylinder with a
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diameter that is 68% of the nominal diameter of the

microend mill, to account for the cutting flutes [11]. To

arrive at the optimal equivalent diameter, the authors have

used different equivalent diameters and simulated the fre-

quency response function. The closest match for the natural

frequency with the experimental data has been obtained at

68% of the nominal diameter, also observed by Mascardelli

et al. [11]. The properties of the tungsten carbide tool are as

follows: density = 14 300 kg/m2, Young’s modulus = 580

GPa, Poisson’s ratio = 0.28, and a damping ratio of 1.2%

[7].

The collet is modeled such that it considers the com-

pliance of the machine tool system. General contact

includes all the nodes and edges in contact [18]. Surface

interaction between the collet and cutting tool can enforce

overclosure. Hence, surface interaction between the collet

and cutting tool has been modeled as a general contact to

avoid this initial overclosure. General contact also con-

verges quickly compared to other interaction models [18].

Subsequent pressure overclosure during modal analysis

was avoided through hard contact in normal behavior of

interaction. Overclosure (h) depends on contact pressure

(p) during the finite element analysis as per Eqs. (16) and

(17) for hard contact [18]

p ¼ 0 for h\0; ð16Þ
h ¼ 0 for p[ 0: ð17Þ

In addition to this, general contact assumes that there is

no penetration of the tool into the collet and only finite

sliding takes place. However, frictionless motion has been

assumed for the tangential interaction as the tool is excited

normal to its axis. Damping has been used between the

contact surfaces to allow the transmission of viscous

pressure and shear stress to reduce the difficulties in con-

vergence owing to sudden violation of the contact con-

straints [18].

A frictionless contact with a damping factor of 1.2% is

defined between the collet and the tool. The run-out of

2 lm is given as clearance between the collet and the

shank. An optimal mesh size has been obtained by using

mesh sensitivity analysis. The mode shape frequency

converges at about 29 170 elements, as shown in Fig. 5.

Any further increase in the number of elements will not

improve the results. Hence, the number of elements and

nodes in the model are 29 170 and 20 919, respectively.

The first three mode shapes and the corresponding natural

frequencies are shown in Fig. 6.

After identifying the dominant modes, a harmonic load

of 4 N has been applied at the tip of the tool in the modal

Fig. 2 Schematic diagram for modal analysis

Fig. 3 Solid model of microend mill with collet

Fig. 4 Dimensions schematic diagram of a collet chuck, b cutting tool
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analysis step and a corresponding displacement is obtained

at the tip in the frequency domain. Note that the harmonic

sinusoidal load depends on the extracted mode shape and

the eigenfrequency of the structure. The equation of motion

for the eigenmode a is given as [19]

€qa þ ca _qa þ x2
aqa ¼ 1

ma
f1a þ if2að Þ exp iXtð Þ ð18Þ

where qa, ca, and xa are the amplitude, damping and

undamped natural frequency, respectively, for eigenmode

a, and ma is the generalized mass of mode. The term

f1a þ if2að Þexp iXtð Þ is the harmonic excitation given to the

system. It can also be given in the form

F0 cosXt þ iF0 sinXtð Þ, where F0 is the amplitude of the

force [19]. The FRF at the tip of the tool is obtained by

U ¼ X xð Þ
F xð Þ ; ð19Þ

where F xð Þ and X xð Þ are the applied periodic load and

corresponding displacement at the tool tip in the frequency

domain, respectively. The real and imaginary part of the

FRF at the tool tip is shown in Fig. 7.

The modal parameters, like natural frequency, stiffness

and damping factor of the microend mill from FRF, were

obtained by the peak picking method [20]. The dominant

modes have been observed at 4 851 Hz (xn;1Þ, 5 081 Hz

(xn;2Þ, and 7 170 Hz (xn;3Þ, which correspond to the three

lowest points having negative values in the imaginary part

of the FRF (see Fig. 7a). The damping ratios of the dif-

ferent modes of the tool tip are given by [20]

f1 ¼
x5 � x4

2xn;1
;

f2 ¼
x7 � x6

2xn;2
;

f3 ¼
x9 � x8

2xn;3
;

8
>>>>><

>>>>>:

ð20Þ

where x4, x5, x6, x7, x8 andx9 are the excited frequen-

cies corresponding to three identified modes xn;1, xn;2 and

xn;3, respectively. Corresponding modal stiffnesses of the

tool are given by

K1 ¼ � 1

2Af1
;

K2 ¼ � 1

2Bf2
;

K3 ¼ � 1

2Cf3
;

8
>>>>><

>>>>>:

ð21Þ

where A, B and C are the negative peak values of the

identified natural frequencies of all the three modes of the

tool system. The modes of the microend mill with machine

tool system compliance are shown in Table 1.

The obtained tool tip dynamics have been validated

from the experimental modal analysis. Here, direct FRF

determination at the tool-tip is not feasible owing to diffi-

culties in exciting the microend mill tip. Consequently,

Fig. 5 Mesh sensitivity plot

Fig. 6 Different modes of the microend mill
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excitation has been carried out near the tapered portion of

the tool (see Fig. 8). Experimental modal analysis has been

carried out by impacting the microend mill near the taper

portion with an impact hammer (PCB, model 086E80) with

a sensitivity of 22.5 mV/N, and by measuring the corre-

sponding displacement of the tip of the microend mill. The

displacement at the tip was measured by a laser displace-

ment sensor (micro epsilon, LD 1607) with a sensitivity of

250 lm per 10 V and a spot diameter of 0.1 mm. The FRF

of the tool-holder-spindle assembly is obtained by

Uxx xð Þ ¼ X xð Þ
F xð Þ ; ð22Þ

where X xð Þ is the measured response in the frequency

domain and F xð Þ is the impulse load applied in frequency

on the tool. Experiments were repeated ten times and then

the average of all the measured displacements and applied

impulse loads in the frequency domain were used to obtain

the FRF at the tool tip with minimum noise. The experi-

mentally obtained imaginary and real parts of the fre-

quency response function at the tool-tip with machine tool

compliance are shown in Fig. 9. The experimentally

obtained tool-tip dynamics are shown in Table 2.

An assumption of 68% equivalent diameter for the flute

portion of the microend mill has been verified by error

estimation between the first measured modal frequency and

the simulated frequency at equivalent diameters of 50%,

68% and 90% of the microend mill diameter (500 lm). A

minimum error of 6.59% for the 1st modal frequency was

estimated between the simulation and experimental fre-

quency response functions, which has been observed for an

equivalent diameter of 68%, as shown in Fig. 10.

4 Determination of cutting coefficients

The tangential and radial cutting coefficients are deter-

mined by a series of slot cutting at depth of cut and cutting

speed with varying feed per flute. x- and y-direction forces

are measured and as an average value of the forces is

approximately zero in magnitude, the root mean square

(RMS) value of the forces for each condition can be cal-

culated. Experimental set-up and details are presented in

the proceeding section.

4.1 Experimental set-up

An ultra-high-speed micromachining center was developed

in-house to carry out the microend milling operation. The

high-speed spindle has a ceramic bearing and can rotate up-

to a maximum speed of 140 000 r/min and an average

torque of 4.3 N�cm. The spindle is driven by an electric

motor with a variable frequency drive. This three-axis

micromachining center has stacked x-y stages, each having

a ball screw driven by a DC brushless servo motor. The x-y

stages have a positioning resolution of 0.5 lm and an

Fig. 7 Frequency response function at tool tip a imaginary part, b real part

Fig. 8 Experimental set-up for modal analysis

Table 1 Tool tip dynamics

Mode x/Hz K /(MN�m-1) f

1 4 851 0.404 0.011

2 5 081 0.366 0.048

3 7 170 4.160 0.061
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accuracy of ± 1 lm. The z-stage has a pneumatically

counter balanced linear motor stage with a positioning

resolution of 5 nm. The micromachine was placed on a

vibration isolation table. The set-up is shown in Fig. 11.

4.2 Experimental conditions

Slot milling was carried out on Ti6Al4V at a constant depth

of cut and speed with varying feed/flute. A two fluted

uncoated tungsten carbide tool, with a diameter of 500 lm,

was used. All the experiments were done under dry con-

ditions without any lubrication.

The edge radius of the cutting tool measured from the

SEM image, shown in Fig. 12, was found to be 2.75 lm.

The key geometric parameters of the tool are listed in

Table 3. x- and y-directional forces were measured using a

three-dimensional Kistler dynamometer (Minidyne

92561C1) connected to a data acquisition (NI DAQ)

system.

4.3 Cutting coefficient determination

The averages of measured x- and y-directional cutting

forces at each cutting condition can result in zero magni-

tude of the forces; hence, RMS values of the forces can be

determined. The resultant RMS of x- and y-directional

forces with corresponding feed/flute is shown in Fig. 13.

The transition between ploughing and shearing occurs at a

feed of 2.6 lm/flute, which is nearly equal to the edge

radius of the tool, 2.75 lm.

The obtained x- and y-directional forces are transformed

into tangential and radial forces. After calculating the RMS

value of the tangential and radial forces, the cutting coef-

ficient is obtained by linear fitment between the tangential

Fig. 9 Frequency response function of the tool with machine tool compliance a imaginary part, b real part

Fig. 10 Comparison of the first modal frequency for different

equivalent diameters

Fig. 11 Experiment set-up

Table 2 Tool-tip dynamics (experimental)

Mode x/Hz K/(MN�m-1) f

1 4 551 2.11 0.064

2 5 332 108 0.036

3 7 383 167 0.023
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and radial force per unit depth of cut and average chip

thickness, as given by

FT ¼ Ktca�h; ð23Þ

FR ¼ Krca�h; ð24Þ

where FT and FR are the RMS value of the tangential and

radial forces, respectively. �h is the average chip thickness

which is a function of the immersion angle and the cutting

conditions. For slot milling average chip thickness �h for

given feed per teeth ðftÞ is defined as

�h ¼ 2

p
ft: ð25Þ

The linear fitment is obtained by minimizing the square

error

e ¼
Xn

q¼1

Xm

p¼1

Fexpq;p � Ftheo

� �2
; ð26Þ

where n is the number of runs at each feed, and m is the

number of selected samples for the analysis. Fexp and Ftheo

are the RMS values of experimental and theoretical forces,

respectively.

Figures 14 and 15 show the linear fitment for tangential

and radial cutting forces per unit depth cut with the average

chip thickness, respectively. The obtained tangential and

radial cutting coefficients are given in Table 4.

5 Results and discussion

The fundamental frequency (frequency of the first mode)

determined from the finite element modal analysis shows a

deviation of 6.6% from the fundamental frequency

obtained by experimental modal analysis. Comparable

fundamental frequencies (within 20% deviation) have been

reported in the literature for the tool-tip dynamics of a

500 lm diameter tungsten carbide tool [6, 11]. This devi-

ation can be attributed to the differences in machine tool

compliance, tool holder geometry, and possibly tool

geometry. A stability lobe diagram has been created for the

obtained tool tip dynamics and cutting coefficient. This

stability lobe diagram is obtained by plotting the limiting

depths of cut (see Eq. (14)) at different spindle speeds (see

Eq. (15)). The spindle speed is obtained from the tooth

Fig. 12 Scanning electron micrograph of the 500 lm microtool

Fig. 13 Micromilling resultant forces at different feeds

Fig. 14 RMS value of tangential forces at different uncut chip

thickness for 80 000 r/min

Table 3 Tool geometry

Parameter Value

Tool shank diameter/mm 3

Tool diameter/lm 500

Tool edge radius/lm 2.75

Tool length/mm 38

Flute length/mm 1

Helix angle/(�) 30
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passing period, which depends on the chatter frequency.

The theoretical SLD plot is shown in Fig. 16.

The stability lobe diagram has been validated experi-

mentally by the micromilling of Ti6Al4V at different

process parameters. The cutting force signal obtained from

the dynamometer cannot be used for stability analysis

owing to its limited bandwidth [7, 11, 13, 21]. However, a

displacement sensor accurately captures the dynamics of

the high-speed micromilling operation [21]. Hence, vibra-

tion of a tool has been measured in the present work to

analyze the dynamic stability of the micromilling opera-

tion. Vibration of the tool has been measured by the laser

displacement sensor and the set-up is shown in Fig. 17.

Machining has been carried out at spindle speeds of

60 000 r/min, 80 000 r/min and 100 000 r/min, with

varying depth of cut.

Figure 18a shows the vibration signature in the fre-

quency and time domains for a spindle speed of 80 000 r/

min and a depth of cut of 20 lm. The vibration spectrum

gives only the spindle rotational frequency (1 333 Hz),

tooth passing frequency (2 666 Hz), and their harmonics;

no dominant peak is observed near the tool natural fre-

quency, and hence, stable cutting is achieved. The domi-

nant vibration amplitude at 5 000 Hz, near the tool natural

frequency (4 851 Hz), was observed for micromilling at 80

000 r/min spindle speed and 40 lm depth of cut (see

Fig. 18b); this can be construed as chatter.

Similarly, at 100 000 r/min spindle speed and 20 lm
depth of cut (see Fig. 19a), no chatter was observed owing

to the absence of a dominant peak near the tool natural

frequency. Only the spindle rotational frequency

(1 666 Hz), tooth passing frequency (3 333 Hz), and their

harmonics are dominant. However, chatter is observed at

100 000 r/min and 80 lm depth of cut owing to a higher

amplitude near the tool natural frequency (4 851 Hz) (see

Fig. 19 b).

Experimental validations were carried out at a high

cutting velocity (157 mm/min for 100 000 r/min) and at

lower uncut chip thickness (3 lm/flute), hence formation

of the built-up edge is not conducive for these experimental

conditions. Built-up edge formation typically occurs at

lower cutting speeds. A fresh cutting tool was used to

perform the experiment at each axial depth of cut and the

tools were inspected periodically to ensure that wear and

built-up edge formation had not taken place. Note that if

tool wear and built up edge formation occurs, the tool-chip

interface conditions alter, which has not been explicitly

modeled in this work, and therefore the process dynamics

will be affected. Consequently, care was taken to ensure

that wear and built-edge formation did not occur in the

experiment. Images of the tool with and without chatter are

shown in Fig. 20, which show that the tool did not undergo

significant wear.

The experimentally validated stability lobe diagram is

shown in Fig. 21. There is a good agreement between the

analytical and experimentally obtained stable process

Fig. 15 RMS value of radial forces at different uncut chip thickness

for 80 000 r/min

Fig. 16 Analytical stability lobe diagram

Fig. 17 Displacement sensor mounting for vibration measurement

Table 4 Cutting coefficients for shearing zone

Coefficients Ktc/(N�mm-2) Krc/(N�mm-2)

Ti6Al4V 2 800 2 500
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parameters. However, the assumption of constant cutting

coefficient independent of cutting speed for ultra-high-

speed machining stability gives an inaccurate prediction for

stability lobe diagrams at 60 000 r/min and 100 000 r/min.

Velocity-chip load dependent cutting coefficient had been

developed to capture the high-speed micromilling process

mechanics by Singh et al. [22]. A developed chatter model

based on segmented cutting coefficient was shown to be

more accurate, especially at higher speeds [22]. Hence, in

the present work, stability prediction based on segmented

cutting coefficient was carried out, as shown in Fig. 22.

The Nyquist stability criterion was used to obtain this

stability lobe diagram (see Fig. 22). There is a decrease

in the predicted stable depth of cut at higher speeds

([ 74 000 r/min) which was also observed during experi-

ments. Hence, the segmented cutting coefficient captures

some of the uncertainties of the micromilling process and

predicts stability with reasonable accuracy.

6 Conclusions

In this paper, tool tip dynamics for a microend mill have

been obtained from modal analysis based on the finite

element method. The frequency response function at the tip

of the tool is obtained by applying a harmonic load at the

tip and measuring the corresponding displacement in the

frequency domain. The frequency response function thus

obtained appears to capture the tool-tip dynamics with

reasonable accuracy without the complexities of receptance

coupling. The theoretical SLD diagram is in good agree-

ment with the experimental results. The following specific

conclusions can be drawn from the present work.

Fig. 18 Vibration signal in frequency domain and time domain at a spindle speed 80 000 r/min and depth of cut 20 lm, stable b spindle speed

80 000 r/min and depth of cut 40 lm, chatter
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Fig. 19 Vibration signal in frequency domain and time domain at a spindle speed 100 000 r/min, depth of cut 20 lm, stable b spindle speed

100 000 r/min and depth of cut 80 lm, chatter

Fig. 20 Cutting tool image at spindle speed 80 000 r/min and depth of cut of a 20 lm (stable), b 60 lm (chatter)
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(i) Tool tip dynamics can be obtained from the finite

element method modal analysis technique with

reasonable accuracy.

(ii) The first mode natural frequency obtained from

the finite element analysis approach shows 6.6%

deviation from the natural frequency obtained

experimentally.

(iii) The cutting coefficient captures the variation of

RMS forces (force per unit depth of cut) with

undeformed chip thickness. The root mean square

errors for linear fitting of tangential and radial

coefficient are 1.912 N/mm and 2.618 N/mm,

respectively.

(iv) The analytical stability lobe diagram for the

second degree of freedom micromilling model is

in good agreement with experimental chatter

conditions. The stability boundary is predicted

accurately at 60 000 r/min and 80 000 r/min, and

a slight deviation is observed at 100 000 r/min.

This error is attributed to uncertainties in the

determination of cutting coefficients.
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Fig. 21 Experimentally validated stability lobe diagram

Fig. 22 Stability lobe diagram with segmented cutting coefficient
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