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ABSTRACT

SUPPRESSION OF TOOL TIP FRF IN MACHINE TOOL ASSEMBLIES
BY COMPONENT MODE TUNING METHOD

Karatas, Gamze
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. H. Nevzat Ozgiiven
Co-Supervisor: Prof. Dr. Erhan Budak

September 2020, 89 pages

Chatter is a major problem in machining processes resulting in high amplitude
vibrations and niose, poor surface finish, decreased life of the tool and mechanical
components, thus limited productivity. Chatter stability of a machining process can
be altered by modifying the tool tip frequency response function (FRF) of the
machine tool assembly. Tool tip FRF of the machine tool assembly can be suppressed
by creating tuned mass damper (TMD) effect among assembly components. In some
milling applications, a holder extension can be added between the holder and the tool
to increase the overall effective length for reaching far sections of a workpiece. In
this thesis, an analytical design optimization procedure is presented to damp the most
flexible mode of the spindle assembly by tuning the dimensions of the holder
extension and the tool. As the first approach, the length of the holder extension is
optimized to create modal interaction which suppresses the peak tool tip FRF. Then,
both holder extension length and tool overhang length are optimized simultenaously
to further increase the dynamic rigidity as a result of TMD effect. Additionally, the
profile of the holder extension and the overhang length of the tool are tuned
simulteneously to maximize the reduction in the peak tool tip FRF. Substantial

improvements in tool tip FRF and chatter-free material removal rate (MRR) are



demonstrated through simulations. The results show that, there is a great potential
for increased machining productivity caused by suppressed dominant mode of the
assembly by tuning the dimensions of the holder extension length and the overhang

tool length simultaneously creating maximized TMD effect.

Keywords: Chatter stability, Machine Tool Dynamics, FRF Modification, Tuned
Mass Damper Effect, Design Optimization
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0z

TAKIM TEZGAHLARINDA TAKIM UCU FTF’SIiNiN BILESEN MODU
ESLEMESI YONTEMI iLE AZALTILMASI

Karatas, Gamze
Yiiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: H. Nevzat Ozgiiven
Ortak Tez Yoneticisi: Prof. Dr. Erhan Budak

Eyliil 2020, 89 sayfa

Tirlama talash imalat islemlerinde yiiksek genlikli titresimlere ve sese, yilizey
kalitesinin diismesine, takimin ve mekanik bilesenlerin dmriiniin azalmasma ve
dolayisiyla verimliligin azalmasina sebep olan biiyiik bir problemdir. Bir talash
imalat isleminin tirlama kararliligi, takim ucu frekans tepki fonksiyonunun (FTF)
modifikasyonu ile degistirilebilir. Bir takim tezgahinin takim ucu FTF’si bilesenler
arasinda ayarli kiitle soniimleyici (AKS) etkisi yaratilarak azaltilabilir. Bazi
frezeleme islemlerinde, takim tutucu ucundan uzaga ulasilabilmesi icin toplam
efektif uzunlugu arttirmak amaciyla takim tutucu ile takim arasina takim tutucu
uzatmasi eklenebilir. Bu tez calismasinda, takim tutucu uzatmasi ve takimin
boyutlarini ayarlayarak takim tezgahinin en esnek modunu soniimlemek i¢in analitik
bir tasarim optimizasyonu yéntemi sunulmustur. Ilk yaklasim olarak, takim tutucu
uzatmasinin boyu is mili sisteminde tepe takim ucu FTF’sini baskilamak i¢in modal
etkilesim yaratilarak optimize edilmistir. Ardindan, hem takimin tutucu uzatmasinin
boyu hem de takimin boyu ayarli kiitle soniimleyici etkinin sonucu olarak dinamik

......

tutucu uzatmasinin profili ve takimin boyu tepe takim ucu FTF’sindeki azalmalari

vii



maksimize etmek i¢in es-zamanli olarak ayarlanmistir. Takim ucu FTF’sindeki ve
tirlamasiz malzeme kaldirma hizindaki 6nemli iyilesmeler simiilasyon sonuglari ile
gosterilmistir. Sonuglar, takim tutucu uzatmasinin boyutlarinin ve takimin boyunun
es-zamanli olarak optimize edilmesi ile maksimize edilmis TMD etkisi yaratilacagini
ve dolayisiyla sistemin baskin modunu baskilanmasi sebebiyle isleme verimliliginin

arttirtlmasi igin bilyiik bir potansiyel oldugunu gostermektedir.

Anahtar Kelimeler: Tirlama Kararliligi, Tezgah Dinamigi, FRF Modifikasyonu,

Ayarl Kiitle Soniimleyici Etki, Tasarim Optimizasyonu
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

Chatter vibrations is one of the main problems in the machining industry. It results
in unstable cutting, reduced material removal rate (MRR), poor surface finish and
decreased life of tools and mechanical components. Therefore, it is one of the major
obstacles which limit productivity and accuracy in machining processes. However,
the recent advances in the machining industry, especially in aerospace, automotive
and die/mold industries, demand more productive, precise, and stable machining
processes. As a result, prediction and suppression of chatter have been, and will

remain as, an essential interest of manufacturing research [1].

Chatter behavior of a machining process can be predicted by stability diagrams [2-
5]. Stability diagrams provide stable (chatter-free) depth of cut and spindle speed
pairs. A typical stability lobe diagram is shown in Figure 1.1.

The limiting chatter-free depth of cut in orthogonal cutting is given as [6]

. 4 (1.1
i _2«Kf-m«Re[G(a))]

where Ky is the cutting force coefficient in chip thickness direction, m is the average
number of teeth in cut, and Re[G (w)] refers to the real part of the resulting FRF (in
terms of receptance) at the cutting point. Absolute stability limit, by, qps is the

maximum common stable depth of cut for all spindle speeds.
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Figure 1.1 Stability diagram of a cutting process

As it can be seen from equation (1.1), the tool tip FRF of the machining assembly
has great importance in the construction of stability lobe diagrams. In case of
machining centers, the tool tip FRF is affected by the dynamics of all assembly
components which are in general spindle, tool holder and tool. Clamping methods
and interface dynamics between the assembly components have also predominant

effect on the tool tip FRF.

Tool tip FRF is usually determined by experimental modal analysis which utilizes
impact testing. In impact testing, a low mass accelerometer is placed to the tool tip
and the assembly is excited by an instrumented impact hammer at the same point.
However, measurements are unique to the assembly which is tested. Therefore, the
measurements should be repeated for every spindle-holder-tool (THS) combination.
Consequently, this approach is time consuming and impractical. These obstacles lead

researchers to develop different techniques to obtain the tool tip FRF.

Schmitz et al. [7-10] developed a semi-analytical approach by using receptance
coupling method to calculate the tool tip FRF. They determined the end point

receptances of the tool analytically by using Euler-Bernoulli beam formulation. The



dynamic information of the tool is then elastically coupled with the experimentally
obtained holder tip dynamics of the spindle-holder subassembly considering holder-
tool interface dynamics. The proposed method is a fast and accurate one to calculate
the tool tip FRF especially for the cases where only the cutting tool is changed in the

assembly provided that the holder-tool interface dynamics is accurately obtained.

In addition to the semi-analytical methods, Ertiirk et al. [11-12] modeled the whole
THS assembly analytically by using structural modification and receptance coupling
methods. They modeled the assembly components with the Timoshenko beam
theory, and their results are verified experimentally. They also showed that the
Timoshenko beam formulation of machine tool components yield more accurate
predictions compared to Euler-Bernoulli beam formulation in representing the
dynamic behavior of the structure. Later, Ozsahin et al. [13] predicted the tool tip
FRF under operational conditions analytically by modeling the system components

using rotating Timoshenko beam theory including gyroscopic effects.

Accurate identification of the contact parameters at the interfaces plays an important
role in the accurate calculation of the tool tip FRF. In Schmitz’s semi-analytical FRF
prediction approach [7-10], the interfaces were modeled as translational and
rotational springs and dampers located between the free end of the components.
Later, Schmitz et al. [14] extended the model to have multiple coupling points in
order to include the effect of contact interface of the tool within the holder.
Additionally, they introduced the off-diagonal elements to the complex joint stiffness
matrix. Ahmadi and Ahmadian [15] proposed to model the holder-tool interface as a
distributed elastic layer to consider the variations in the stiffness due to changes in
the tool overhang length. In [7-10] and [14-15], the experimentally obtained tool tip
FRFs were fitted to the analytically determined tool tip FRFs by using non-linear
least squares error minimization method in order to identify the contact parameters
at the interfaces. Ertiirk et al. [16] conducted an effect analysis on the THS assembly
and showed that the first and second elastic mode of the assembly are controlled by
the spindle-holder and the holder-tool interfaces, respectively. Based on this,

Ozsahin et al. [17] extracted the contact stiffness and damping values for the joint of



interest. They performed an impact hammer test at the tool and the holder tip.
Furthermore, they modeled the tool analytically by using Timoshenko beam
formulation. Then, the contact parameters at the holder-tool interface were identified
by using inverse receptance coupling approach with the corresponding
experimentally obtained and analytically calculated FRFs. Similarly, the contact
parameters at the spindle-holder interface were determined. Later, Ozsahin et al. [18]
implemented the artificial neural network theory to identify the contact dynamics at

the interfaces and showed that the accuracy of the method was increased.

In order to avoid chatter and increase the stable zones in stability diagrams, one
approach is to modify the dynamic behavior of the machine tool assembly. Chatter
frequency is close to one of the most flexible mode(s), namely the critical mode(s)
of the components involved in the machining system. Vibration control devices such
as tuned mass dampers (TMDs) can be used to damp the critical mode of the
assembly [1] yielding higher stability. TMD is a device attached to the main system
in order to suppress the vibrations of the main system. Watts and Frahm [19-20] first
applied the tuned mass dampers to reduce the rolling motion of ships. Ormondroyd
and Den Hartog [21] developed the first theoretical bases of TMDs. Later, Den
Hartog [22] found a closed form optimal solution for the stiffness and damping
values of a TMD to have equal peaks in the response of the main system. Later,
Randall et al. [23] obtained design curves for optimum TMD parameters based on
minimax optimization criteria. They showed that minimization of the maximum
amplitude of the displacement of the main system did not always bring equal
resonance peaks, contrary to Den Hartog’s [22] analytical work. TMDs bring an
additional DOF to the system, and if their parameters are optimized, the critical mode
of the assembly splits into two modes with smaller amplitudes increasing the stability
limit of the cutting process. Tarng et al. [24] used a TMD to reduce the negative real
part of the frequency response function of a cutting tool to improve the cutting
stability in a turning operation. In [25], a boring bar is modeled as cantilevered
uniform Euler-Bernoulli beam, and the optimum parameters of the TMD which

improves the absolute stability limit are identified. Altintas et al. [26] improved the



negative real part of the tool tip FRF by applying multiple TMDs to turning
operations. In [26], it is shown that multiple TMDs need more accurate tuning of
stiffness and natural frequency but more insensitive to the uncertainties in damping
and input dynamic parameters of the system compered to single TMDs. The
implementation of tuned mass dampers in milling processes has also been studied
[27-28]. However, traditional approaches are not applicable to milling operations
due to the high-speed rotation of the cutting tool. In [27], viscoelastic TMDs were
applied to the workpiece to control the vibrations during a milling operation.
Additionally, Yang et al. [28] designed a two-degree of freedom TMD having
translation and rotation motion, and implemented it to the workpiece holding fixture
to mitigate vibrations in a milling process. Similar to the results of [26], multiple
degree of freedom TMDs are more robust in suppressing the critical mode of the
assembly. Wang et al. [29-30] proposed the application of nonlinear TMDs with dry
friction to enhance the chatter free behavior of machining operations. The
performance of the nonlinear TMD is remarkable against the linear tuned mass

dampers in avoiding chatter [29-30].

The critical mode of the assembly can be suppressed by changing the dynamics of
the tool. Tool overhang tuning has been studied by many researchers. Tlusty et al.
[31] adjusted the length of the tool to match its fundamental natural frequency with
the integer multiple of the tooth passing frequency at the top speed of the spindle.
The tool is modeled as cantilevered Euler-Bernoulli beam. They also showed that
the MRR could be increased by increasing the length of the tool contrary to the
intuition. Davies et al. [32] verified experimentally the numerical concept developed
by Tlusty et al. [31]. Smith et al. [33] created a finite element model for spindle
systems with different tools. They iteratively tuned the tool dimensions from a
permissible range of tool lengths by using the method proposed by Tlusty et al. [31].
Later, Schmitz et al. [34] observed that the modal interaction among spindle
assembly components could decrease the tool tip FRF resulting in improved stability
limit. They matched the fundamental natural frequency of the cantilevered tool with

one of the modes of the spindle-holder subassembly. As a result, the tool mode which



is the critical one was split into two smaller modes similar to the dynamic absorber
effect observed in tuned mass dampers. Similarly, Ertiirk et al. [35] showed that it is
possible to create dynamic absorber effect in the THS assembly by changing the
dimensions of the components. The procedures in [34] and [35] are based on trial
and error. Mohammedi et al. [36], on the other hand, developed a systematic and
generalized procedure to tune the tool length to create modal interaction. The tool is
modeled analytically as a free-free Timoshenko beam and they coupled the tool FRF
with the experimentally obtained holder tip FRF by using the holder-tool interface
dynamics. Then, the length of the tool is optimized to have equal peak in tool tip
FRF similar to TMD optimization approach suggested by Den Hartog [22]. They
also included the tool holder and spindle tail dimension tuning to the analysis as an

alternative to the tool dimension tuning.

1.2 Objective

The aim of this thesis is a propose an analytical optimization procedure in machine
tool structures to damp the most flexible mode of the assembly. This is achieved by
increasing the dynamic rigidity of the structure by creating dynamic absorber effect
within the subassemblies of the structure. In previous studies, tool overhang length
or spindle tail dimension tuning and proper selection of tool holder to create modal
interaction are proposed for that purpose. Nevertheless, in some applications it is not
possible to shorten the length of the tool to create modal interaction or find a readily
available holder that is suitable for tuning purposes. Moreover, spindle dimensions
should be optimized in the design stage by the manufacturers. Therefore, a more
practical solution is needed. In milling applications where a long tool is needed to
reach far sections of a workpiece, an extension piece can be utilized between the
holder and the tool to increase the overall effective length without increasing the cost
since custom made tools are often needed for the same purpose. In this thesis, the
dimensions of the holder extension are tuned to create dynamic interaction.

Moreover, the dimensions of the tool and the holder extension are optimized



simultaneously to maximize the dynamic rigidity of the spindle system. The
improvements in the dynamic rigidity of the structure and chatter-free MRR are

demonstrated by simulation results.

1.3 Layout of the Thesis

The outline of the thesis is as follows:

In Chapter 2, the basis of the tool tip FRF tuning methodology by proper design of
component dimensions is presented. First, the dynamic modeling of the machine tool
structure by receptance coupling and structural modification techniques with
Timoshenko beam formulation is presented. Then, the basic theory of TMD is
presented. A brief explanation of the optimization of tuned mass damper parameters
is given. Finally, an analytical case study is conducted in which the tool length and
spindle tail dimension are optimized in a THS assembly. Furthermore, a holder
extension is employed between the same holder and the tool. Holder extension
dimensions are optimized simultaneously with tool dimensions. The results of

different tuning approaches are compared.

In Chapter 3, a sensitivity analysis in spindle-holder-holder extension-tool (TEHS)
assembly is carried out. The effects of holder extension and tool dimensions on the
tool tip FRF are investigated. Furthermore, the effect of holder-holder extension and
holder extension-tool interface dynamics on the tool tip FRF are evaluated. The
results of the analysis offer an insight into the dynamic behavior modification

imposed by the changes in the design parameters of the holder extension and the tool.

In Chapter 4, the performances of different holder extension designs on tool tip FRF

tuning are compared. Analytical case studies for these designs are conducted.

Finally, Chapter 5 provides the summary and conclusion of the thesis. Some

suggestions are made for future work.






CHAPTER 2

REDUCTION OF TOOL TIP FRF BY COMPONENT MODE TUNING METHOD

2.1 Timoshenko Beam Theory

Dynamic characteristics of beam elements can be explained by basic beam theories
in literature: Euler- Bernoulli beam, Rayleigh beam and Timoshenko beam theory.
Euler-Bernoulli beam theory neglects the shear deformation and rotary inertia. This
beam theory is accurate for beams with high slenderness ratio [37]. However,
neglecting shear deformation and rotary inertia result in inaccurate estimation of, or
overestimation of, natural frequencies for non-slender beams at higher frequencies.
To overcome the problems of Euler-Bernoulli beam theory, Stephen Timoshenko
[38-39] presented Timoshenko beam theory which accounts for the shear
deformations as well as the rotary inertia. Timoshenko beam theory gives accurate
results for any slenderness ratio. In this thesis, the Timoshenko beam theory is used

to model the dynamic behavior of machine tool assembly.

Figure 2.1 shows a deformed Timoshenko beam element.

X
‘ av(x,t)
Vix,t) + I ax

ax

Figure 2.1 Deformed Timoshenko beam element



Here, M (x, t) and V (x, t) are the bending moment and shear force, respectively. The
displacement in the transverse (y) direction is denoted by y(x, t). ¥ (x, t) and B (x, t)

are the angle of rotation due to bending and shear distortion, respectively.

The governing uncoupled differential equation of motion when there is no external

forcing can be written as follows [40]:

Oyt (p. p Oy pA Py p Sy o (20)
—a |\ FtT Saaa T ) 7t ) =0
ox E k-G) ox'or E-1 ot k-E-G ot

dwt)y (p . p \wt) pd Pyt  p Dy o (22)
4 = 242 + 2 = 4 =0
ox E k-G) oxot E-1 ot k-E-G ot

where p is density, E is young modules, G is shear modulus, k' is shear coefficient,

A 1s cross section area and [ is area moment of inertia of the cross section.

For a free-free Timoshenko beam element, the shear force and the bending moment

are zero at the boundaries. Hence the boundary conditions of the uniform beam

become
M. =E-1.2YE0 g (2.3)
ox |
M(L,t):E-I-M -0 2.4)
ox |
25
V(O,z):k’A-G-(—ay("’”—g/(x,z)) ~0 (3)
ox -
2.6
V(O,t)=k’~A-G-(@—y/(x,z)j =0 (26)
X =L

The eigenvalue problem of the uniform free-free Timoshenko beam is defined by

equations (2.1) -(2.6). Assuming harmonic response in the time domain

y(x.t) =Y(x)-e™ 2.7)
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w(x,0)=P(x)- ™ (2.8)

The partial differential equations in (2.1) and (2.2) are converted into ordinary

differential equations,

- - ' 2N (2.9)
i Ygx)+a)2-(£+li)'a Y(zx)—a)2~ P A—a)z L Y (x)=0

ox E k-G) o E-I  k-E-G

— — . >N (2.10)
alpfx)+w2-(£+—vp j-—a lIng)—coz- pA_p P H(x)=0

The characteristic equation of free-free Timoshenko beam can be written as [40]

D, D, (2.11)
b, D, =D, -D,,—-D, -D,=0
where
Dy, =(a—1)-(cosa —cosh ) (2.12)
D12=(/l—a)-sina+%-(ﬂ—5)-sinhﬂ 2.13)
D21:—/1'a~sina+a:l-sinhﬂ .14
D,, =A-a-(cosh f—cosa) (2.15)
Here, @ and £ are the non-dimensional frequency numbers defined as
a=Q+¢ (2.16)

B=dCrc (2.17)

b (s’ +R?) (2.18)

2

Q= ,g=b-\/i-b2-(s2+R2)2—(b2-s2-R2—1)
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bzzp.A.wz.L“ 2 _ E-I 2 _ I (2.19)
E-I k-A4-G-I*’ A-I?

By solving the characteristic equation given by (2.11), the natural frequency of the
r-th elastic mode w,, and the corresponding non-dimensional frequency numbers a,
and S, can be determined. The eigenfunction expressions for transverse

displacement and bending rotation can be written as

v 2.20
Y,A(X)ZA,,'{Cl'sin(&-xj+cz-cos(&~x) (2.20)
L L
+C, -sinh(ﬂ-x)+ C, ~c05h(ﬂ.xﬂ
L L
v (2.21)
lPr(x)=A" A, - Cl-cos(&m)—cz.sin(&.xj
L L L
+0, | C; ~c0sh(&-xj+c4 -sinh(&-xj
L L
where
2.5 2.5 (2.22)
ﬂ,} =ar_b—s,5r =ﬂr b™-s
: B
c-1c=-Puic-%h o Ao Do (223)
12 5r _ﬂr ﬁr.é‘r D12
(r=123,..)

Here, A, is the constant obtained by mass normalization of the eigenfunctions such

that the following orthogonality condition is satisfied:

L i Tpd 0] = Ls= (2.24)

[ {7, kel

where

peol-[1)
Y. (x)
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Since free-free beam is considered, there are two rigid body modes. y,(x) and

o (x) represent the translational and rotational rigid body modes, respectively:

(2.26)

x =
Yo (x) AL

B 12 .( _é} (2.27)
wo(x)= p-A-L3 X >

By using the eigenfunction expansion theorem, the transverse displacement y(x, t)

and bending rotation 1 (x, t) can be expressed as

< 2.28
V(0= 4.(x)-1,(t) (2.28)

o 2.29
w(x,0 =Y 0,(x)n,0) (2.29)

where ¢,.(x) and ¢,(x) are the mass normalized transverse displacement and
bending rotation eigenfunctions, respectively. 1,.(t) is the time domain modal

coordinate of the r-th mode.

The receptance matrix of free-free Timoshenko beam can be formulated as [11]

H' I (2.30)
[Bu} =| VB ph
NU R]
where H, L, N and P are the receptance functions defined in the following
relationships:
F M, F M,

where y; and 1); are the transverse and rotational displacements at coordinate i,
respectively. F; and M; are the applied force and bending moment at coordinate j,

respectively.

The receptance functions of uniform free-free Timoshenko beam can be calculated

as follows

13



Hy i lfl();) Zr(x_)a) (2.32)
e
S

where y is the loss factor.

2.2 Mathematical Modeling of the Spindle System

In Section 2.1 receptance functions of uniform free-free Timoshenko beam are
defined. However, the components of the spindle system consist of uniform
segments with different diameters or sections with non-uniform profiles. Hence, the
components of the spindle system cannot be modeled as a uniform single-segment
beam. In this thesis, end point receptance matrices of the components are calculated
by using rigid receptance coupling method. The bearing dynamics are added to the
spindle by using the structural modification method suggested by Ozgiiven [41].
After end point receptance matrices of components are calculated, the dynamic
information of the whole assembly is obtained by elastic receptance coupling of

components considering the interface dynamics.

2.2.1 Receptance Coupling of the Component Segments

Multi-segment beams can be constructed by coupling of beams of different diameters
and lengths with free end conditions. Consider Figure 2.2 in which two single
segment beams with free end conditions A and B form two-segment beam C. First,

consider the receptance matrix of beam A and B:

14



[A]__[Au] [A ]_ (2.36)

__[B“] [B12]_ (2.37)
12\ [8,] [8.]
where
[HA A (2.38)

ij B B
' Nt/ /2
B2e B oB1 A2e A oAl
\ Y J
C2¢ $Cl

Figure 2.2 Rigid coupling of two beams

Then, the receptance matrix of multi-segment beam C can be obtained by using rigid

receptance coupling through compatibility and continuity relations as [11]

_[eu] [clz]} (2.40)
L] {[cu] [C.]

where

[Cu] = [All]_[Alz]'I:[Azz]"'[Bu]:Iil [Am] (2-41)
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[C.)= [1‘112]'[[/122]+[B1 I]T :[B,] (2.42)

(2.43)

[C21]= [le]'|:[‘422]"'[Bn]:|_1 [Az1]

[sz] = [Bzz]—[B2l].[[A22]+[BMH—1 .[Bu] (2.44)

The end point receptances of an n-segment beam can be calculated by coupling of
the segments with free end conditions using the chain coupling algorithm suggested
by Ertiirk et al. [11]. The same chain coupling algorithm can be utilized to calculate

the end point receptance functions of beams with non-uniform profiles.

Consider the beam depicted in Figure 2.3. The end point receptance functions of the
beam with a non-uniform profile can be obtained by discretizing the beam into n-

segment beam.

Figure 2.3 Beam with non-uniform profile

2.2.2 Addition of Bearing Dynamics with Matrix Inversion Method

As bearings support the spindle, the effect of bearing dynamics should be added
where the bearing is located. The bearing dynamics can be added to the left end of a
subcomponent of the spindle by using matrix inversion method [41]. Then, the
remaining part of the spindle can be coupled to the modified system to construct the
whole spindle by the receptance coupling method given in Section 2.2.1. The

procedure is depicted in Figure 2.4.

16



(a) Addition of bearing dynamics to the left end of a spindle subcomponent

Ce% %ke

C'24 *C'1

(b) Modified system

Cg% %kg

D2 DI + (€29 +C'1

ky% icy

(c) Receptance coupling of modified system and the rest of the spindle
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(d) Construction of the spindle with a bearing

D2 *C'1

Figure 2.4 The procedure to obtain dynamic information of the spindle with a

bearing

The receptance matrix of the original system and the dynamic modification matrix
of the bearings are needed to apply matrix inversion method. The receptance matrix

of the unmodified system C can be formulated as explained in Section 2.2.1

[Hﬁ Lﬁ} [H LE} 245)
Ny BT LN RS

[Hz‘i Lil} {Hz‘; L}

Ny By [Ny B
The receptance matrix given in equation (2.45) should be rearranged to apply matrix

inversion method as follows

0] [ 24

e o] [e?]

where

e )=

Hl(l H1(2 (2.47)
Hy, H,
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[aézil _ |:L1C1 Llcz} (2'48)
L5 ng

C c
I: 21]_ N11 le (2'49)
TN Ne
21 2
c C
27 _ Bl P12 (2'50)
I:CZC ]_ PC PC
21 2

The dynamic modification matrix of the bearings can be written as

[D]=|:|:D11:| [O]:| (2.51)
[o] [o]

where

I:Dll]: ky +i-&)-cy O (252)
0 k,+i-o-c,

The receptance matrix of the modified system C'in terms of partitioned matrices can

be written [41] as
[ ]=[[+[a'][0"]] [al] (2.53)
(] =[e]=[a M{I1-{2"]{at] @34
[aZ]=[aZ]-[a2 ][ D" ] [ad] 2.55)

Here [I] is the identity matrix.

Note that the receptance matrix [C'] should be rearranged to the form given in

equation (2.45) to continue with the receptance coupling method.
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223 Construction of Spindle-Holder-Tool (THS) Assembly by Elastic
Receptance Coupling

A typical spindle-holder-tool (THS) assembly is depicted in Figure 2.5.

g
t | AKsn) Uﬂ)--[Kht]---ZCl:;
sjs 2 1 U
2 ! L Tool(T)

!
Spindle (S) supported by bearings Holder (H)

Figure 2.5 Spindle-holder-tool (THS) assembly

Once the end point receptance functions of each component are calculated, they can
be coupled by considering the interface dynamics in order to construct the whole

assembly.

In order to form spindle-holder (HS) subassembly by elastic receptance coupling, the
end point receptance matrices of the spindle supported by bearing (S) and holder (H)

should be calculated. The receptance matrix of the holder tip can be determined as
[11]

[HS“] - [Hll ] h [HIZ ] ’ |:[H22] + [Ksh ]_l + [Sll ﬂ_l '[Hzl] (2.56)

Here [Ky,] is the complex stiffness matrix representing the interface dynamics

between the spindle and the holder [11]:

K,]- k" +i-o-c)” 0 (2.57)
sh 0 kHSh +l.’a)’CHSh

Having obtained the end point receptance matrix of spindle-holder subassembly at
the holder tip, tool (T) should be coupled with the rest of the assembly to calculate
the tool tip FRF matrix [11]:
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- -l 2.58
(1S, )= (7]~ [+ (K ) 188 23
where [Kj:] is the complex stiffness matrix representing the interface dynamics

between the holder and the tool [11]:

k' +i-w-c 0 (2.59)
[Kht] = » ) ht . ht
0 k)  +i-w-c,

Notice that the tool tip FRF matrix is in the following form

THS THS 2.60
[THSM] = |:H1T1HS Llrlys} ( :
Nll P]l

Also, note that, the tool tip FRF required to construct stability diagram is the

receptance function related to the transverse displacement due to applied force, i.e.

THS
Hll .

2.24 Construction of Spindle-Holder-Holder Extension-Tool (TEHS)
Assembly by Elastic Receptance Coupling

A typical spindle-holder-holder extension-tool (TEHS) assembly is shown in Figure

2.6. An extension piece is employed between the holder and the tool.

l vl HKe -
2 1 2 1

1

e S
Spindle-Holder(HS) Holder Extension(E)  Tool(T)

Figure 2.6 Spindle-holder-holder extension-tool (TEHS) assembly
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Similarly, the dynamic response of the TEHS assembly can be predicted by
receptance coupling and structural modification methods. The receptance matrix of
the holder tip, [HS;;], is already determined in Section 2.2.3. The receptance matrix

of the holder extension tip can be calculated as follows:

- -l 2.61
(505, = [E |- [Ea ) [Eu ]+ (KT 4[5, 1] (5] 2ol
Here [Ey1], [E12] and [E,,] are the direct and cross FRFs of the holder extension,

respectively. [Kj.] is the interface dynamics between holder and holder extension:

51|

kyhe +l.'a)‘Cyhe 0 :| (262)

he . he
0 k) +i-w-c,
Next, the tool tip FRF matrix can be calculated as

[TEHS“] = [Tll]_[le] ‘ [[Tzz] + [Ke, ]_l + [EHS“]:|_1 . [T21] (2.63)

Similarly, [K,.] is the interface dynamics between the holder extension and the tool:

“ Liimc (2.64)
[KL,,]: k}, +ti-o-c, ) 0 )
0 k" +i-w-c,”

Again, the tool tip FRF required to construct stability diagram is the receptance

function related to the transverse displacement due to the applied force, i.e. HTEHS,

23 Theory of Tuned Mass Damper

Tuned mass damper (TMD) or tuned vibration absorber (TVA) is a device that is
attached to a structure to suppress its vibrations. The vibration energy of the structure
is transferred to the TMD when its natural frequency is tuned to a specific natural
frequency of the structure. The theory of TMDs is first introduced by Frahm in 1909
and later, Den Hartog [22] established the theoretical bases of optimum tuning of
TMDs for undamped main system in his book. The undamped TMD can be
represented by a SDOF model as shown in Figure 2.7.
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Figure 2.7 The undamped tuned mass damper

The main structure consists of a mass (M) and spring (K) with the harmonic force
P(t) = Pye'®t acting on it. The mass and stiffness of the TMD are denoted by k and

m, respectively. The equation of the motion of the 2-DOF system can be written as

M % +(K+k)-x,—k-x,=B,-& (2.65)
m-3%,+k-(x,—x)=0 (2.66)

The response of the system is of the form

x () =X, e (2.67)
x,{)=X,-e"" (2.68)

Solving for X; and X, yields:

Y- B -(k—m-o?) (2.69)
' (K +k-M-0®)-(k—m-0®)—k*
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P,k (2.70)
X2= 2 2 2
K+k-M-0)-(k—-m-a)—k

As it can be seen from equation (2.69), the amplitude X; of the main structure
becomes zero when the numerator (k — mw?) is equal to zero. When this equality

is satisfied, the amplitude of X, becomes

P 2.71)

Therefore, the force on the absorber is —P,e®t, which is actually equal and opposite
to the excitation force. This phenomenon is described by Den Hartog [22] in his book

as follows

* The natural frequency \/k/_m of the attached absorber is chosen to be equal to the
frequency w of the disturbing force. It will be shown that the main mass M does not
vibrate at all, and that small system k, m vibrates in such a way that its spring force
is at all instants equal and opposite to Pye'®t. Thus, there is no net force acting on

'3

M and that mass does not vibrate.

In real life, damping always exists. The classical TMD system is formulated by Den
Hartog [22]. The TMD with a damping element (c) attached to the main system is
shown in Figure 2.8.

x2(t)

Figure 2.8 The classical damped tuned mass damper system
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The equation of motion of the 2-DOF system becomes

M-%+K-x, +k-(x,—x,)+c- (X, —x,)=F,-¢"” (2.72)

m-X,+k-(x,—x)+c (x,—x%)=0 (2.73)

For a classical TMD system, the amplitude of vibrations of the main system X;

becomes

P -(k—m-o" +i-0-c) | (2.74)
(K+k-M-& +i-w-c)-(k—m-o +i-a)-c)—(k+i-a)-c)2|

1 =

The objective of TMDs is to minimize the vibration amplitude of the main system
given in equation (2.74). Den Hartog [22] suggested that the main system should
have two equal resonance peaks for the most favorable response curve of the main

system. The closed form analytical solution of the optimum parameters is

3u o 1 (2.75)
8-(1+u) » 1+ u

éopt -

where

(2.76)

éopt =2 \/7

( \/* 2.77)

(2.78)

The FRF of a main system with TMD is illustrated in Figure 2.9. The optimized
TMD splits the main system response into two smaller modes with equal peaks

around the main system’s resonance frequency.
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Figure 2.9 The amplitude of vibrations of the main system with and without TMD

2.4 Overview of the FRF Tuning Methodology

As discussed in the first chapter, the absolute depth of cut, by, qps of the machine
tool assembly is inversely proportional to the negative real part of the oriented tool
tip FRF [9]. Thus, by qps can be increased by decreasing the amplitude of the tool
tip FRF. Consider the THS assembly modeled as two substructures as shown in the
Figure 2.10. In order to modify the dynamic behavior of the assembly, the effective
modes in the holder tip FRF should be identified. These are the modes that are
capable of being matched with the dominant mode of the assembly to create modal
interactions among the substructures [36]. By optimizing the dimensions of the tool,
the tool mode can be tuned to one of effective modes of the spindle-holder
substructure. Similarly, by modifying the parameters of the spindle-holder
substructure, one of the effective modes of the spindle-holder substructure can be
shifted to the dominant mode of the cantilevered tool. As a result, the tool tip FRF
splits into two smaller modes around the cantilevered tool mode similar to the

absorber effect created by TMDs.

26



~N
0 O

===

[Knet]
% HS AW T

J

' Holder-tool

Spindle-holder interface Tool
subassembly dynamics

Figure 2.10 THS assembly modeled as two substructures

As discussed in Chapter 1, there are numerous optimization strategies for tuned mass
dampers implemented to the machine tool assemblies. In this thesis, the objective is
to find a suitable set of design parameters from permissible ranges which minimizes
the maximum amplitude of tool tip FRF in the selected frequency range. The

objective function ¢ (x) used in the optimization can be expressed as follows:

P(x) = max(|HlTlHS|) (2.79)

X . <x<Xx

min max

Here, x represents the design parameters to be optimized. The optimization problem
can be either one or a multi-variable case. It should be noted that, the objective
function, @(x), can also be the maximum amplitude of the tool tip FRF of the TEHS

assembly.

This is a discrete optimization problem since all the variables belong to a discrete set
[42]. This is due to the fact that the design parameters such as holder extension length
and tool overhang length can be changed at certain intervals. Moreover, the objective

function is linear. Therefore, search based optimization formed in the permissible
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ranges would be sufficient to find the optimum design parameters which suppresses

the peak tool tip FRF by creating TMD effect.

2.5 Modification of Tool Tip FRF by Component Mode Tuning: A Case
Study

In this section, tool tip FRF of a typical THS assembly is predicted by the
mathematical model given in Section 2.2. Then, the tool tip FRF is optimized by
using the tuning methodology explained in Section 2.4. In the case studies, first, the
tool overhang length is tuned to create modal interaction. Then, spindle tail
dimensions are optimized instead of tool overhang length tuning. Secondly, an
extension piece is added between the holder and tool in the same assembly. The tool
tip FRF of the TEHS assembly is predicted by the same mathematical model.
Furthermore, the length of the holder extension is optimized to create a dynamically
stiffer system. Finally, the lengths of the tool and the holder extension are used as
optimization parameters in the tuning methodology. The reductions in the tool tip

FRF and improvements in the absolute stability limit, by, qps, are also compared.

2.5.1 Case Study 1: Tool Overhang Length Tuning in THS Assembly

The dimensions of the components of the unmodified THS assembly used in the Case
Study 1 are given in Table 2.1. The dynamic properties of the bearings and their
locations are given in Table 2.2. The interface dynamics between the components

are also given in Table 2.3.
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Table 2.1 Dimensions of the assembly components for Case Study 1

(a) Spindle dimensions

Segment Number 1 2 3 4 5 6 7 8 9 10
Length[mm] 26 26 26 38 100 66 75 30 40 40
Outer Diameter[mm] 66 66 66 66 76 70 62 58 58 58
Inner Diameter[mm] 16 16 16 32 32 32 32 32 32 32

(b) Tool Holder dimensions

Segment Number 1 2 3
Length[mm] 22 19 24
Outer Diameter[mm)] 72 60 70

Inner Diameter[mm)] 0 16 16

(¢) Tool dimensions

Segment Number 1 2

Length[mm] 24 26
Outer Diameter[mm] 6.5 8

Inner Diameter[mm] 0 0

Table 2.2 Dynamic properties and locations of the bearings for Case Study 1

(a) Dynamic properties of the bearings

Translational Stiffness [N/m] Translational Damping [N.s/m]

Front Bearings 7.5 x 10° 100
Rear Bearings 2.5 x10° 100
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(b) Location of the bearings

Bearing Number 1 2 3 4
Distance[mm)] 26 78 387 427

Table 2.3 Interface dynamics between the components for Case Study 1

Spindle-holder ~ Holder-tool

Interface Interface
Translational Stiffness [N/m] 8 x 107 0.75 x 107
Translational Damping [N.s/m] 150 10
Rotational Stiffness [N.m/rad] 1.5 x 10° 1.5 x 10°
Rotational Damping [N.s.m/rad] 170 10

The material of all the components is steel with mass density of p = 7800 kg/m3,
Young modules E = 200 GPa, Poisons ratio v = 0.3 with the material loss factor of
y = 0.003. The calculated tool tip FRF of the THS assembly with arbitrary tool
overhang length (50 mm) is depicted in Figure 2.11. Blue dashed line shows
cantilevered tool elastically coupled to the wall with interface dynamics [Ky].
Therefore, it can be concluded that the dominant mode of the assembly is controlled

by the tool.

First of all, to tune the length of the tool, the effective modes in the holder tip FRF
should be investigated. As it can be seen from Figure 2.12, there are effective modes
at around 1010 Hz, 1930 Hz and 3625 Hz. The dominant mode of the assembly
which is the tool mode is around 2250 Hz. The closest effective mode at 1930 Hz is

chosen for suppression of the peak tool tip FRF.
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Figure 2.11 Tool tip FRF of the THS assembly with arbitrary tool overhang length
(50 mm)
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Figure 2.12 Effective modes in the holder tip FRF

The optimization problem is formulated as follows:



#(L,) = max (| /")) (2.80)
50mm < L, < 60mm
where L is the tool overhang length. The variations in the maximum amplitude of
the tool tip FRF with respect to tool overhang length is shown in Figure 2.13.
Obviously increasing the tool overhang length increases the maximum amplitude of
the tool tip FRF. However, there is a local minimum in the peak tool tip FRF when

the overhang length of the tool is 55.5 mm.

25 %107
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Figure 2.13 The effect of tool overhang length on the peak tool tip FRF

Figure 2.14 shows the modified tool tip FRF when the tool overhang length is
55.5 mm. As it can be seen, the fundamental frequency of the cantilevered tool is
shifted to the chosen effective mode resulting in modal interaction between the
substructures. Consequently, the dominant mode of the THS assembly splits into two
smaller modes around the cantilevered tool mode. The peak tool tip FRF is decreased
from 1 X 10~*m/N to 0.75 X 10~* m/N by tuning the tool overhang length as
shown in Figure 2.15. Notice that, the peak tool tip FRF is decreased by increasing
the overhang length of the tool, which is contrary to the common knowledge. The
results show that, increasing the overhang length of the tool does not always decrease

the dynamic rigidity of the assembly due to the absorber effect.

32



%107

25 T T T
T coupled ﬁ
2F to the wall ] ’
I
z It
< 15F h ]
E X
— [
Ir 1k Iy -1
= I THS assembly with tuned tool
: \ overhang length
0.5F P / ]
/4 N
- o ~ -~
e - ———T e e e
1500 1750 2000 2250 2500

Frequency [Hz]

Figure 2.14 Tool tip FRF of the THS assembly with optimized tool overhang
length (55.5 mm)
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Figure 2.15 Comparison of tool tip FRFs of THS assembly with a tool having
arbitrary overhang length (50 mm) and tuned overhang length (55.5 mm)
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2.5.2 Case Study 2: Spindle Tail Dimension Tuning in THS Assembly

Mohammedi et al. [36] suggested that the tool tip FRF can be modulated by attaching
an additional mass to the spindle tail. Consider the same THS assembly described in
Case Study 1. As discussed in Section 2.5.1, there is an effective mode around
1930 Hz. Similar to the tool overhang length tuning, the dimension of the spindle
can be optimized to shift the effective mode at 1930 Hz to the tool mode around
2250 Hz. Nevertheless, it is not possible to shift the effective mode at 1930 Hz to
2250 Hz by adjusting the spindle tail dimensions. Furthermore, it is not feasible to
shift effective mode at 3625 Hz to the tool mode since the modes are too apart.
Therefore, spindle tail dimension tuning is not applicable to the assembly described
in Case Study 1. Instead, consider the THS assembly where another tool is clamped
to the same spindle-holder subassembly in Case Study 1. Note that, interface
dynamics between the tool and the holder changes when another tool is clamped.

The tool dimensions and interface dynamics are given in Table 2.4.

Table 2.4 Dimensions of the tool and the interface dynamics for Case Study 2

(a) Tool Dimensions

Segment Number 1 2

Length[mm] 25 40
Outer Diameter[mm] 14 16

Inner Diameter[mm] 0 0
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(b) Interface Dynamics

Holder-tool

Interface
Translational Stiffness [N/m] 1.5 x 107
Translational Damping [N.s/m] 10
Rotational Stiffness [N.m/rad] 1.5 x 10°
Rotational Damping [N.s.m/rad] 10

Figure 2.16 illustrates the tool tip FRF of the THS assembly with the tool given in
Table 2.4. The dominant mode of the assembly is shifted to the 1780 Hz. The
effective modes are the same as the ones in the Case Study 1 since only the tool has

changed.
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Figure 2.16 Tool tip FRF of the THS assembly without spindle tail

The optimization problem is formulated as follows:

35



$(L) = rnax(|H1TlHS|) (2.81)

10mm < L, <30mm

where L, is the length of the spindle tail. The diameter of the spindle tail is assumed
to be 58 mm. The length of the spindle tail which created dynamic absorber effect
is found to be 16 mm. The tool tip FRF with tuned spindle tail is depicted in Figure
2.17. As seen from the Figure 2.17, the dominant mode of the assembly is diminished

due to mode matching.

Notice that, the critical mode of the assembly remains unchanged when the spindle

tail is tuned while it shifts to the chosen effective mode when the tool overhang

length is tuned.
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Figure 2.17 Comparison of tool tip FRFs of the THS assembly without spindle tail

and with tuned spindle tail

253 Case Study 3: Holder Extension Length Tuning in TEHS Assembly

In this case study, the same spindle-holder combination described in Case Study 1 is
used. The dimensions of the holder extension and the tool are given in Table 2.5. In

the same table, the interface dynamics [K},, ] and [K,,] are also given.
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Table 2.5 Dimensions of the holder extension and interface dynamics for Case

Study 3

(a) Holder extension dimensions

Segment Number 1

Length[mm] 40

Outer Diameter[mm)] 16

Inner Diameter[mm] 0

(b) Tool dimensions

Segment Number 1 2

Length[mm] 24 26

Outer Diameter[mm] 6.5 8

Inner Diameter[mm] 0 0

(c) Interface dynamics

Holder-holder Holder
extension extension-tool
Interface Interface
Translational Stiffness [N/m] 2 x 107 0.75 x 107
Translational Damping [N.s/m] 150 10
Rotational Stiffness [N.m/rad] 1.5 x 10° 1.5 x 10°
Rotational Damping [N.s.m/rad] 170 10

Figure 2.18 shows the tool tip FRF of the unmodified TEHS assembly. Now, the
dominant mode of the TEHS assembly is governed by the holder extension-tool

subassembly. This is an expected result since the holder extension-tool subassembly
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is the most flexible part of the whole system. The effective modes are the same as

before since the parameters of the spindle-holder subassembly have not been

changed.
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Figure 2.18 Tool tip FRF of the TEHS assembly with arbitrary holder extension
length (40 mm) and arbitrary tool overhang length (50 mm)

The optimization problem is formulated as follows:

#(L,) = max (|H1TIEHS |) (2.82)

20mm < L, <50mm

where L, is the length of the holder extension. The optimum holder extension length
is searched between 20 mm and 50 mm. The maximum amplitude of tool tip FRF
is minimized when the length of the holder extension is 24 mm. The tuned tool tip
FRF of the TEHS assembly is given in Figure 2.19. By optimizing the length of the
holder extension, the fundamental natural frequency of the cantilevered holder
extension-tool subassembly is tuned to the effective mode at 1930 Hz.
Consequently, the modal interaction between spindle-holder and holder extension-

tool substructures results in dynamically stiffer system.
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Figure 2.19 Tool tip FRF of the TEHS assembly with optimized holder extension
length (24 mm) and arbitrary tool overhang length (50 mm)

254 Case Study 4: Holder Extension and Tool Overhang Length Tuning
in TEHS Assembly

The same TEHS assembly in Section 2.5.3 is considered herein. The optimization
problem is formulated as a multi-variable one in which both the holder extension

length and tool overhang length are design parameters to be optimized.

The optimization problem becomes:

#(L;, L,) =max(|H/™|) (2.83)
20mm < L, <50mm

35mm< L, <55mm

The maximum amplitude of tool tip FRF is plotted for different holder extension
length and tool overhang length combinations in Figure 2.20. Dynamic absorber
effect is created when the length of the holder extension and overhang length of the

tool are 47 mm and 39 mm, respectively.
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Figure 2.20 The effect of tool overhang length and holder extension length on the
peak tool tip FRF

Figure 2.21 shows the tuned tool tip FRF with simultaneous optimization of holder
extension length and tool overhang length. Again, the fundamental natural frequency
of the cantilevered holder extension-tool subassembly is matched with the effective
mode at 1930 Hz. Therefore, it can be concluded that, it is possible to tune the critical

mode of the assembly with different combinations of the design parameters.
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Figure 2.21 Tool tip FRF of the TEHS assembly with simultaneously optimized

holder extension length (47 mm) and tool overhang length (39 mm)
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Calculated tool tip FRFs of the TEHS assembly for Case Study 3 and Case Study 4
are compared in Figure 2.22. Notice that the overall effective length for the
machining process is 74 mm in Case Study 3. On the other hand, it is 86 mm for
Case Study 4. Obviously, decreasing the overall effective length from 90 mm to
74 mm increases the dynamic rigidity of the assembly. Nonetheless, with the multi-
component dimension tuning which is obtained by simultaneous optimization of tool
overhang length and holder extension length for Case Study 4 suppressed the
dominant mode of the TEHS assembly from 0.9 X 10™*m/ N to 0.21 X 10™*m/ N

while the effective length remains almost the same.

The yellow line shows the tool tip FRF of the TEHS assembly with separately
optimized holder extension length (24 mm) and tool overhang length (55.5 mm) in
Figure 2.22. The peak tool tip FRF of the TEHS assembly is increased to
1.6 X 10~*m/ N this time. This is an interesting result since the effective length is
89.5 mm while it is 90 mm for the unmodified TEHS assembly. This is due to the
fact that increase in the tool overhang length increases the flexibility of the holder
extension-tool subassembly resulting in decreased dynamic rigidity. Furthermore, as
stated before, the peak tool tip FRF of the modified TEHS assembly in which the
tool overhang length and holder extension length are optimized simultaneously is
0.21 X 10™*m/ N. It can be concluded that, the optimization of the holder extension
and the tool dimensions separately gives misleading results. The result shows that,
the critical mode of the assembly is affected by the holder extension-tool
subassembly as a whole. Therefore, the holder extension and the tool dimensions
should be optimized simultaneously to create dynamic interaction between the

spindle-holder subassembly and the holder extension-tool subassembly.
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Figure 2.22 Comparison of tool tip FRFs of TEHS assemblies with optimized

component dimensions

2.5.5 Comparison of Reductions in the Tool Tip FRF and Chatter

Simulations

As stated before, tool overhang length tuning in THS assemblies has been studied by
many researchers. However, to the best of author's knowledge, the topology
optimization of the holder extension piece by taking advantage of the dynamic
absorber effect has not been studied before. In this section, the effectiveness of the
holder extension dimension tuning in contrast to tool overhang length tuning is

compared.

In Figure 2.23, the green line shows the tool tip FRF of the THS assembly with
arbitrary tool overhang length (50 mm). The red line illustrates that, the tool tip FRF
of the spindle system can be reduced more than two times when a tuned holder
extension is utilized between the holder and the tool in the same assembly.
Additionally, more than five times reduction in the tool tip FRF is obtained with the

multi-component dimension tuning of the holder extension length and the tool
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overhang length simultaneously. It is also worth to note that, the overall effective
length is increased from 50 mm to 86 mm while there is a remarkable reduction in
the peak tool tip FRF. On the other hand, the peak tool tip FRF of the modified TEHS
assembly in which holder extension and tool overhang lengths are optimized
separately is higher than the peak tool tip FRF of the THS assembly with arbitrary
tool overhang length. This observation shows the importance of the simultaneous

optimization of the holder extension and the tool dimensions.

It has been observed that there are several effective modes in the holder tip FRF that
can be chosen for suppression of the peak tool tip FRF. The effective mode at
3625 Hz could also be used for damping purposes. In this case, the tuned overhang
length of the THS assembly would be found to be 34 mm. The peak tool tip FRF of
the modified THS assembly will be 1.39 x 107> m/N if the overhang length is
chosen to be 34 mm, as shown in Figure 2.23. In general, shortening the overhang
length of the tool without addition of a holder extension would give better results in
the suppression of the peak tool tip FRF for the spindle-holder combination analyzed.
However, then the overall effective length is to be decreased considerably which

should be avoided in some machining operations.
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Figure 2.23 Tool tip FRFs with optimized component dimensions
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The corresponding stability lobe diagrams predicted using the tool tip FRFs with
optimized component dimensions are given in Figure 2.24. The corresponding
absolute stability limits are also given in Table 2.6. As it can be seen, there is a
noticeable improvement in the stable area in the existence of the tuned extension
piece while the overall effective length is increased. Chatter-free depth of cut and in
turn MRR of a cutting process can be further improved by tuning the dimensions of
the tool and the holder extension simultaneously. Therefore, an optimized holder
extension-tool subassembly can enhance the productivity in high-speed applications,

especially in aerospace, where usage of long and slender cutting tools is inevitable.
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Figure 2.24 Stability lobe diagrams predicted using the tool tip FRFs with

optimized component dimensions
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Table 2.6 Comparison of absolute stability limits

Percent increase
blim,abs [mm]

in byim,aps
THS, Ly = 50 mm 0.0167 -
THS, L, = 55.5 mm 0.0220 31.7%
THS, Ly = 34 mm 0.1447 766.47%
TEHS, Ly = 50 mm, L; = 24 mm 0.0362 116.8 %
TEHS, Ly = 39 mm, Ly = 47 mm 0.0788 371.9%
TEHS, Ly = 55.5 mm, Ly = 24 mm 0.0109 34.7%
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CHAPTER 3

EFFECT ANALYSIS IN SPINDLE-HOLDER-HOLDER EXTENSION-TOOL
(TEHS) ASSEMBLIES

In this chapter, the effects of design parameters of the holder extension-tool

subassembly on tool tip FRF are investigated in order to understand dimension

tuning capacity in TEHS assemblies. As discussed in Chapter 2, by tuning the most

flexible mode of the assembly to the effective mode, the peak tool tip FRF can be

suppressed due to dynamic interaction similar to the TMD systems. Therefore, the

design parameters of the most flexible part play an important role in FRF tuning

methodology.

3.1 Investigation of the Contribution of the Components to the Dominant

Mode of the Assembly

Consider the TEHS assembly given in Section 2.5.3. The tool tip FRF of the

assembly is shown in Figure 3.1. To investigate the most flexible part of the

assembly, the FRFs of the holder extension-tool subassembly and only the tool are

also plotted when they are coupled to the wall with the corresponding interface

dynamics. The natural frequencies of the assembly obtained using the given

analytical method are given in Table 3.1.
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Figure 3.1 Tool tip FRF of the TEHS assembly

Table 3.1 Natural frequencies of the assembly

Mode Number 1 2 3 4 5 6 7 8
[Hz] 70 189 977 1703 1920 3034 3654 5785

The first two modes of the TEHS assembly are the rigid body modes as shown by
Ertiirk et al. [35]. As it can be seen from the Figure 3.1, the dominant mode of the
assembly is the second elastic mode around 1700 Hz. The cantilevered holder
extension-tool subassembly has modes around 1700 Hz, 3000 Hz and 5800 Hz
which contribute to the second, fourth and sixth elastic modes of the whole assembly.
Therefore, the most flexible mode results from the holder extension-tool
substructure. Also note that, the cantilevered tool has a mode at 5800 Hz. As aresult,
it can be concluded that, the sixth elastic mode of the assembly is sensitive to the

changes in tool parameters.
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3.2 Sensitivity Analysis

3.2.1 Effect of Holder-Holder Extension Interface Dynamics

The sensitivity of tool tip FRF in changes in the interface dynamics at the holder-
holder extension connection is studied here. As shown by Ertiirk et al. [35], the
rotational stiffness has negligable effect on the resulting tool tip FRF. Furthermore,
damping in the interfaces does not affect the natural frequencies of the assembly. As
a result, only the translational stiffness at the interfaces is taken into account in the

effect analysis.

The same TEHS assembly in Section 3.1 is considered herein. The translational
stiffness between the holder and the holder extension is first halved then doubled as
shown in Figure 3.2. It is observed that, the variations in the translational stiffness
strongly controls the fourth elastic mode of the assembly which is dominated by the
second mode of the cantilevered holder extension-tool subassembly. Nevertheless,
the dominant mode of the assembly is the second elastic mode, i.e. the first mode of
the cantilevered holder extension-tool subassembly. As it can be seen from the

Figure 3.2, the second elastic mode of the TEHS assembly is not affected that much.

At first, one could propose that, identification of the translational stiffness at the
holder-holder extension interface is not crucial in analytical design optimization of
the holder extension-tool subassembly by creating dynamic absorber effect. This
proposal is investigated on the modified assembly described in Section 2.5.4. In
Section 2.5.4, the simultaneously optimized holder extension and tool overhang
length are found to be 47 mm and 39 mm, respectively, when the translational
stiffness at the holder-holder extension connection is 2 X 10~7 N/m. Figure 3.3
shows the effect of translational stiffness at the holder extension-tool interface on the
tool tip FRF of the modified assembly with 47 mm long holder extension and
39 mm tool overhang. The variations in the translational stiffness between the holder

and the holder extension completely change the dynamic behavior of the second and
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the fourth elastic mode of the modified TEHS assembly. This is due to the fact that,
this time, the first and the second modes of the cantilevered holder extension-tool
subassembly are sensitive to the changes in translational stiffness at the holder-
holder extension interface. Therefore, the interface dynamics between the holder and
the holder extension should be identified properly. Additionally, when the
translational stiffness between the holder and the holder extensionis 1 X 10~7 N/m,
the dominant mode of the TEHS assembly shifts to the forth elastic mode. As aresult,
in some applications, the second mode of the cantilevered holder extension-tool

subassembly has to be tuned with the effective mode to suppress the vibrations of

the tool tip.
10 . : ;
—k'y‘e:2*107 N/m|
— 4@%&
_ 107 | 2(k';e)
Z
€
@ 10
T
W —
[
1077
1078

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency [Hz]

Figure 3.2 The effect of translational stiffness at the holder-holder extension

interface on the tool tip FRF of the unmodified assembly
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Figure 3.3 The effect of translational stiffness at the holder-holder extension

interface on the tool tip FRF of the modified assembly

3.2.2 Effect of Holder Extension-Tool Interface Dynamics

Figure 3.4 shows the effect of translational stiffness between the holder extension
and the tool in the same system. It is observed that, the translational stiffness at the
holder extension-tool interface strongly controls the sixth elastic mode of the
assembly analyzed which is controlled by the third mode of the cantilevered holder
extension-tool subassembly. This stems from the fact that, cantilevered tool with the
holder extension-tool interface dynamics dominates the third mode of the
cantilevered holder extension-tool subassembly as described in Section 3.1. On the
other hand, translational stiffness at the holder extension-tool interface has negligible
effect on the dominant mode of the TEHS assembly analyzed, i.e. second elastic
mode. Similarly, the variations in the tool tip FRFs of the modified assembly due to
changes in the translational stiffness at the holder extension-tool interface is given in
Figure 3.5. Similar to the results of Section 3.2.1, the interface dynamics between

the holder extension and the tool should be identified properly in order to modify the
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dominant mode of the TEHS assemblies by creating dynamic interaction among the

assembly components.
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Figure 3.4 The effect of translational stiffness at the holder extension-tool interface

on the tool tip FRF of the unmodified assembly
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Figure 3.5 The effect of translational stiffness at the holder extension-tool interface

on the tool tip FRF of the modified assembly
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3.23 Effect of Holder Extension Geometry

3.2.3.1  Effect of Length of the Holder Extension

The length (40 mm) of the holder extension of the assembly described in Section
3.1 s first decreased to 20 mm and then increased to 60 mm in order to see the effect
of the holder extension length on the resulting tool tip FRF. As it can be seen from
Figure 3.6, the second, the fourth and the sixth elastic modes of the assembly shift
due to changes in the length of the holder extension. As shown in Section 3.2.1, the
most flexible mode of the TEHS assembly can be either governed by the first or the
second mode of the cantilevered holder extension-tool subassembly. As a result,
since the most flexible mode of the TEHS assembly can be modified due to the
changes in the length of the holder extension, it is useful to tune the length of the

holder extension to create dynamic absorber effect.

1 1 1 1
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Figure 3.6 The effect of the holder extension length on tool tip FRF
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3.2.3.2 Effect of Diameter of the Holder Extension

The variations in the tool tip FRF due to change in the diameter of the holder
extension is shown in Figure 3.7. As it can be seen from Figure 3.7, as the diameter
of the holder extension is increased from 16 mm to 27 mm, the frequency of the
dominant mode of the TEHS assembly increases. This is due the fact that dynamic
rigidity of the holder extension-tool subassembly increases as the slenderness ratio
(L/D) of the holder extension decreases from 50:27 to 50:40. Conversely, the
dominant mode of the assembly slightly shifts to lower values as the diameter of the
holder extension is increased from 27 mm to 40 mm. This arises from the fact that
as the holder extension becomes a non-slender structure, holder extension acts as a

mass. Thefore, the most flexible part of the TEHS assembly becomes the tool.

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency [Hz]

Figure 3.7 The effect of diameter of the holder extension on tool tip FRF

3.2.3.3 Effect of Profile of the Holder Extension

It is possible to design holder extensions with different profiles. In this section, the

effect of the taper ratio of the holder extension on the resulting tool tip FRF is
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investigated. The taper ratio of the holder extension is defined as the diameter ratio

(D,/D,) as shown in Figure 3.8.

Figure 3.8 Tapered beam

The taper ratio of the holder extension described in Section 3.1. is first increased
from 1 to 1.25 then to 1.5 while the diameter D, of the holder extension is maintained
as 16 mm. The resulting tool tip FRFs are depicted in Figure 3.9. It is observed that
the taper ratio of the holder extension particularly controls the fourth elastic mode of
the TEHS assembly analyzed. Therefore, it can be concluded that for the assembly
analyzed, the dynamic behavior of the second mode of the cantilevered holder
extension-tool subassembly can be modified by changing the profile of the holder
extension. On the other hand, the increase in the taper ratio slightly shifts the
dominant mode of the assembly, i.e. the second elastic mode of the TEHS assembly

analyzed, to lower values due the mass addition effect.

The sensitivity of the tool tip FRF of the modified assembly to the changes in the
taper ratio of the holder extension is shown in Figure 3.10. Again, the second elastic
mode of the assembly is controlled by the profile of the holder extension. Therefore,
it can be concluded that, depending on the dimensions of the holder extension-tool
subassembly components, the dominant mode of the assembly can be altered by

tuning the profile of the holder extension.
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Figure 3.9 The effect of taper ratio of the holder extension on tool tip FRF of the

unmodified assembly
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Figure 3.10 The effect of taper ratio of the holder extension on tool tip FRF of the

modified assembly

56



3.24 Effect of Tool Geometry

Investigation of the effects of the diameter and the overhang length of the tool on the
resulting tool tip FRF of the same TEHS assembly described in Section 3.1 is
conducted herein. The diameter of the tool is first increased from 8 mm to 10 mm
then to 12 mm while keeping the overhang length of the tool 50 mm. As it can be
seen from the Figure 3.11, the dominant mode of the assembly can be altered by
changing the diameter of the tool. Similarly, the overhang length of the tool is
decreased by 10 mm while the diameter is 8 mm assuming interface dynamics
remain constant as depicted in Figure 3.12. It can be concluded that the dominant
mode of the assembly can be easily modified by adjusting the overhang length of the
tool in TEHS assemblies.
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Figure 3.11 The effect of the diameter of the tool on the tool tip FRF
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Figure 3.12 The effect of the overhang length of the tool on the tool tip FRF

58



CHAPTER 4

COMPARISON OF HOLDER EXTENSION DESIGNS IN FRF TUNING

4.1 Overview

As discussed in Chapter 3, an extension piece can be added between the holder and
the tool instead of using long, slender and expensive tools in applications, e.g. in
aerospace where it is often required to reach deep pockets. There are several holder
extension designs readily used in the machining industry. Generally, the holder
extension is a straight bar. However, these designs are mainly distinguished from
each other with the clamping mechanism between the holder extension and the tool.
The most common clamping mechanisms used are the collet and the shrink fit, as
shown in Figure 4.1. The collet is usually a tapered element which is used to hold
the tool by exerting a high clamping force when it is tightened. On the other hand, in
the shrink fit, the interference fit between the holder extension inner diameter and

the tool diameter is used to create a joint.

(a) Tool clamped to the holder extension with collet
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(b) Tool clamped to the holder extension with shrink fit
Figure 4.1 Holder extension designs with different clamping mechanisms

There are also integrated holder extension designs, as shown in Figure 4.2. In these
designs, there is a master holder into which a holder extension of any shape can be
mounted with the help of a draw bolt. The tool is clamped to the extension piece with

shrink fit.

Draw bolt

2
Master holder
aster N / /

wy

Figure 4.2 Integrated holder extension design

In this Chapter, analytical case studies where different holder extension designs are
optimized by creating dynamic interaction among the assembly components are

conducted.
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4.2 Case Study 1: Spindle System with Collet Holder and Tool Clamped to
Holder Extension with Collet

In this case study, the dimensions and the material of the spindle, holder, holder
extension and tool are the same as the ones in Section 2.5.3. However, the interface
dynamics are assumed to be different from the ones in Section 2.5.3. The interface

dynamics between the components used in Case Study 1 are given in Table. 4.1.

Table 4.1 Interface dynamics between the components for Case Study 1

Spindle- Holder-holder Holder

holder extension extension-tool
Interface Interface Interface
Translational Stiffness [N/m] 5 x 107 2 x 107 0.75 x 107
Translational Damping [N.s/m] 50 10 10
Rotational Stiffness [N.m/rad] 1.5 x 10° 1.5 x 10° 1.5 x 10°
Rotational Damping [N.s.m/rad] 170 10 10

Figure 4.3 shows the tool tip FRF of the TEHS assembly where the tool is clamped
to the holder extension with the collet. The critical mode of the assembly is around
1700 Hz. The effective modes in the holder tip FRF are depicted in Figure 4.4. As it
can be seen, the modes around 900 Hz, 1750 Hz, 3500 Hz and 5500 Hz at the
holder tip can be used for FRF tuning.
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Figure 4.3 Tool tip FRF of the TEHS assembly with arbitrary holder extension
length (40 mm) and arbitrary tool overhang length (50 mm) when the tool is

clamped with collet
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Figure 4.4 Effective modes in the holder tip FRF
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4.2.1 Modification of Tool Tip FRF by Simultaneous Optimization of
Holder Extension and Tool Overhang Length

The optimization problem is formulated as follows:

(L, L,)= max(|HTEHS|) (4.1

30mm < L, <60mm
30mm < L, < 60mm

Figure 4.5 shows the effect holder extension length and tool overhang length on the
maximum amplitude of tool tip FRF. The optimum holder extension length and tool
overhang length, which create dynamic absorber effect are found to be 56 mm and

32 mm, respectively.
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Figure 4.5 The effect of tool overhang length and holder extension length on the
peak tool tip FRF when the tool is clamped with collet

The tuned tool tip FRF with simultaneous optimization of holder extension length
(56 mm) and tool overhang length (32 mm) is depicted in Figure 4.6. This time,
the first two natural frequencies of the cantilevered holder extension-tool
subassembly are matched with the effective modes at 1750 Hz and 3500 Hz. This is

an interesting result since the multi-mode FRF tuning is created similar to the
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multiple TMD systems where TMDs are tuned to different natural frequencies of the

main system to control vibrations.
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Figure 4.6 Tool tip FRF of the TEHS assembly with simultaneously optimized
holder extension length (56 mm) and tool overhang length (32 mm) when the tool

is clamped with collet

4.3 Case Study 2: Spindle System with Collet Holder and Tool Clamped to
Holder Extension with Shrink Fit

The same TEHS assembly used in Case Study 1 is considered herein. However, this
time, the tool is clamped to the holder extension with shrink fit while keeping all
other parameters the same. Obviously, changing the clamping mechanism between
the holder extension and the tool changes the interface dynamics of the holder
extension-tool connection. Typical translational stiffness values for shrink fit
connection in the literature are in the order of 108 N/m [14]. Figure 4.7 illustrates
the tool tip FRF of the unmodified TEHS assembly when the translational stiffness
at the holder extension- tool connection is taken as 108 N/m. The green dashed line

shows the tool tip FRF of the same assembly when the interface at the holder
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extension-tool is assumed to be rigid, i.e., tool tip FRF of the assembly is calculated
by rigid receptance coupling of the holder extension and the tool. Notice that, the
tool tip FRF is almost the same when the holder extension-tool connection is rigid.

Therefore, it can be concluded that shrink fit connection can be assumed to be a rigid

connection.
g x10°
== Rigid receptance coupling of holder extension and tool
- Elastic receptance coupling of holder extension and tool with kj'=108 N/m
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Figure 4.7 Tool tip FRF of the TEHS assembly with arbitrary holder extension
length (40 mm) and tool overhang length (50 mm) when the tool is clamped with
shrink fit

The calculated tool tip FRFs of the TEHS assemblies described in Case Study 1 and
Case Study 2 are compared in Figure 4.8. As the holder extension-tool interface
becomes rigid, the FRF at the critical mode of the assembly is reduced from
9.67 x 1075 m/N to 6.27 x 107> m/N while the frequency is shifted from
1700 Hz to 1850 Hz.
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Figure 4.8 Comparison of tool tip FRFs of TEHS assemblies when the tool is
clamped with collet and shrink fit

4.3.1 Modification of Tool Tip FRF by Simultaneous Optimization of
Holder Extension and Tool Overhang Length

The optimization problem is formulated as follows:

#(L, L,) =max (|H/ ™)) (4.2)
30mm < L, <60mm

30mm < L, < 60mm

The maximum amplitude of tool tip FRF for different holder extension length and
tool overhang length combinations in the given ranges is depicted in Figure 4.9. The
holder extension length and the tool overhang length combination, which created
modal interaction, is found to be 49 mm and 41 mm, respectively. Figure 4.10
shows the tuned tool tip FRF of the optimized TEHS assembly. Interestingly, the
second natural frequency of the cantilevered holder extension-tool subassembly is

matched with the effective mode at 3500 Hz. This is due to the fact that, the second
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mode of the holder extension-tool subassembly dominates the critical mode of the

TEHS assembly as discussed in Section 3.2.1.
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Figure 4.9 The effect of tool overhang length and holder extension length on the
peak tool tip FRF when the tool is clamped with shrink fit
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Figure 4.10 Tool tip FRF of the TEHS assembly with simultaneously optimized

holder extension length (49 mm) and tool overhang length (41 mm)

Calculated tool tip FRFs of the optimized TEHS assembly for Case Study 1 and Case
Study 2 are compared in Figure 4.11. The maximum amplitude of tool tip FRF of the
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tuned TEHS assembly is 1.8 X 107> m/N for Case Study 1 while it is
2.9 x 107> m/N for Case Study 2. Moreover, the effective lengths are 88 mm and
90 mm, respectively. Contrary to the intuition, the tuned tool tip FRF of the spindle
system in which tool is clamped to holder extension with collet results in a
dynamically stiffer system while the effective length remains almost the same.
Therefore, it can be concluded that, the elastic connection at the holder extension-
tool interface can be advantageous to suppress the peak tool tip FRF due to dynamic

interaction in some applications.
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3l == Simultaneously optimized holder extension length(49mm) and tool overhang length(41mm)
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Figure 4.11 Comparison of tuned tool tip FRFs of TEHS assemblies when the tool

is clamped with collet and shrink fit

Figure 4.12 shows the tool tip FRF of the assembly where the tool of 50 mm
overhang length is clamped to the same spindle-holder subassembly described in
Case Study 1. The interface dynamics between the holder and the tool is assumed to
be the same as the one between the holder extension and the tool. The critical mode
of the THS assembly is at 2250 Hz. The tool tip FRF is tuned to the effective mode
at 3500 Hz when the tool overhang length is 35 mm.
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Figure 4.12 Tool tip FRF of the THS assembly with arbitrary tool overhang length
(50 mm)

The tool tip FRFs of the THS assembly with tuned tool overhang length and TEHS
assembly with simultaneously tuned holder extension length and tool overhang
length in Case Study 1 are compared in Figure 4.13. The peak tool tip FRF of the
THS assembly is decreased from 9.5 X 10> m/Nto 1.3 x 10™> m/N with the tool
overhang length tuning. On the other hand, the peak tool tip FRF is 1.8 X 107> m/N
for the tuned TEHS assembly where the tool is clamped with collet. Notice that,
overall effective length is 88 mm for the tuned TEHS assembly while it is reduced
to 35 mm for the tuned THS assembly. On the contrary, there is no remarkable
difference in the peak tool tip FRF between the two tuned assemblies. Therefore,
multi-component dimension tuning of the holder extension and the tool can be

favorable in applications where it is not possible to shorten the tool overhang length.

Consider the optimization problem for the TEHS assembly given in Case Study 1 in
which only the holder extension length is the variable while the overhang length of
the tool is kept 50 mm. In this case, the dominant mode of the assembly is shifted
to the effective mode at 1750 Hz when the holder extension length is 34 mm. The
blue line in Figure 4.13 shows the tool tip FRF of the TEHS assembly with optimized
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holder extension length (34 mm) and an arbitrary tool overhang length (50 mm).
The results show that the multi-component dimension optimization in TEHS
assemblies is crucial in maximizing the TMD effect resulting in increased dynamic
rigidity.

The tool tip FRF of the TEHS assembly with separately optimized holder extension
length (34 mm) and tool overhang length (35 mm) is also depicted in Figure 4.13.
In this case, the peak tool tip FRF is increased from 1.8 x 107> m/N to
2.07 x 10~° m/N compared to that of the simultaneous optimization of the holder
extension length and the tool overhang length. Conversely, the overall effective
length is decreased from 89 mm to 69 mm. It can be concluded that, the dimensions
of the holder extension and the tool should be optimized simultaneously to create

dynamic interaction between the subassemblies and in turn to increase dynamic

rigidity.
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Figure 4.13 Comparison of tuned tool tip FRFs of THS and TEHS assemblies
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4.4 Case Study 3: Spindle System with Integrated Holder Extension and
Tool Clamped to Holder Extension with Shrink Fit

A typical spindle system with integrated holder extension is depicted in Figure 4.14.
The master holder can be selected from readily available standard holder. On the
contrary, it is possible to have custom made integrated holder extension designs.
Therefore, the profile of the integrated holder extension can be optimized to create
modal interaction among the assembly components. Additionally, as shown before,

the overhang length of the tool can be adjusted as desired.

In this case study, the same spindle described in Case Study 1 and Case Study 2 is
considered. Furthermore, it is assumed that the dimensions of the master holder are
the same as the ones of the holder given in the previous case studies. For
convenience, the interface dynamics at the spindle-holder connection and the holder-
holder extension connection are assumed to be the same as the ones in Case Study 1
and Case Study 2. The end point receptances of the holder extension with a non-
uniform profile is estimated by discretizing the holder extension into the n-segment
beam as discussed in Section 2.2.1. The interface dynamics at the holder extension-
tool connection is assumed to be rigid. Again, an 8 mm tool is clamped to the holder

extension.

I —

N - k\(H—H/—/

Spindle(S) Master Integrated Tool(T)
Holder(H) Holder
Extension(E)

Figure 4.14 TEHS assembly with integrated holder extension
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4.4.1 Modification of Tool Tip FRF by Simultaneous Optimization of
Holder Extension and Tool Overhang Length while Holder

Extension has a Parabolic Profile

In this case study, a parabolic profile is fitted to the holder extension. Figure 4.15
shows the profile of the integrated holder extension outside the holder. The diameter
D, of the holder extension base is set to be 40 mm. The function of the profile of the

holder extension is

f(x)z%Jra-x2 (4.3)
where
a= D, _?1 (4.4)
2L,

Therefore, the coefficient a is defined by the diameter D; of the holder extension tip

and length L of the holder extension.

y = fx)

D, = 40mm

Figure 4.15 Profile of the holder extension outside the holder
The optimization problem is formulated as follows:

P(Ly, L) = max(|H1T1EHS ‘) (4.5
30mm < L, < 60mm

30mm < L, < 60mm
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Figure 4.16, 4.17, and 4.18 show the effect of holder extension length and tool

overhang length on the peak tool tip FRF when the diameter of the holder extension
tip is 14 mm, 18 mm, and 24 mm, respectively
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Figure 4.16 The eftfect of tool overhang length and holder extension length on the
peak tool tip FRF when the diameter of the holder extension tip is 14 mm
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Figure 4.17 The effect of tool overhang length and holder extension length on the
peak tool tip FRF when the diameter of the holder extension tip is 18 mm
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Figure 4.18 The effect of tool overhang length and holder extension length on the
peak tool tip FRF when the diameter of the holder extension tip is 24 mm

The tuned holder extension and tool overhang lengths and corresponding peak tool
tip FRFs for different tip diameter values of integrated holder extension with a
parabolic profile are given in Table 4.2. The maximum amplitude of tool tip FRF is
minimized when holder extension length and tool overhang length are 58 mm and

31 mm, respectively, while the diameter of the integrated holder extension tip with

the parabolic profile is 18 mm.

Table 4.2 Optimum holder extension length and tool overhang length for different

tip diameter values of integrated holder extension with a parabolic profile

Ly [mm] Lo [mm]  max(|H{F"S[) [m/N]
D; = 14 mm 42 31 8.47 x 107°
D; = 18 mm 58 31 5.84 x 107°
D; = 24 mm 60 33 7.40 x 107°

The tool tip FRF with tuned holder extension profile and tool overhang length is
depicted in Figure 4.19. This time, the second mode of the cantilevered holder
extension-tool subassembly is matched with the effective mode at 5500 Hz. The

maximum amplitude of tool tip FRF is decreased to 5.84 x 107 m/N due to
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dynamic interaction among the spindle-holder subassembly and the integrated holder

extension-tool subassembly.
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Figure 4.19 Tool tip FRF of the TEHS assembly with simultaneously optimized

parabolic holder extension profile and tool overhang length

Calculated tool tip FRFs of the TEHS assembly for Case Study 1 and Case Study 3
are compared in Figure 4.20. The yellow line shows the tool tip FRF of the THS
assembly with tuned tool overhang length (35 mm). As it can be seen from the
Figure 4.20, the integrated holder extension design with a parabolic profile
suppresses the critical mode of the assembly further compared to traditional holder
extension design where the tool is clamped with collet while the effective length is
almost the same for both cases. Furthermore, the damping capacity of the integrated
holder extension-tool subassembly tuning is robust compared to tool overhang length
tuning in a THS assembly. As a result, there is a great potential to suppress the
dominant mode of the spindle systems with a custom design integrated holder

extension-tool subassembly by creating dynamic absorber effect.
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Figure 4.20 Comparison of tool tip FRFs with optimized component dimensions

The predicted stability lobe diagrams using tool tip FRFs with the optimized
component dimensions are shown in Figure 4.21. The corresponding absolute
stability limits are given in Table 4.3. Green line shows the stability limit of the THS
assembly with an arbitrary tool overhang length. For the spindle-holder combination
analyzed, by only tuning the overhang length of the tool, the stable MRR of a cutting
process is increased more than seven times. Conversely, by addition of an optimized
traditional holder extension between the holder and the tool and optimizing the
overhang length of the tool, the stable MRR is increased more than five times
compared to unmodified THS assembly. Therefore, it can be concluded that,
depending on the dynamics of the structure, for a spindle-holder combination, tuning
the dimensions of the traditional holder extension-tool subassembly may not always
improve the absolute stability limit, and in turn the stable MRR of a cutting process,
more than the case where just the overhang length of the tool is tuned. On the other
hand, it can be seen that the stable MRR of a cutting process can be increased more
than eighteen times by optimizing the parabolic profile of the integrated holder
extension and the tool overhang length for a spindle-holder combination. As a result,

the productivity of a cutting process can be enhanced further with a custom-made
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integrated holder extension design by using a parabolic profile and by adjusting the

tool overhang length.
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Figure 4.21 Stability lobe diagrams predicted using the tool tip FRFs with

optimized component dimensions

Table 4.3 Comparison of absolute stability limits

Percent increase
blim,abs [mm]

in byim,aps
THS, Ly = 50 mm 0.0240 -
THS, Ly, = 35 mm 0.1771 637.9 %
TEHS, Ly = 32 mm, Ly = 56 mm 0.1290 437.5 %
TEHS, Ly = 31 mm, Ly = 58 mm 0.4471 1762.9%
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summary of the Thesis

Chatter behavior of a cutting process strongly depends on the resulting FRF at the
cutting point of a machine tool. In this thesis, an analytical optimization procedure
of component dimensions is presented to suppress the dominant modal response at
the tool tip. This is achieved by tuning the dimensions of the components to create
TMD effect within the assembly resulting in increased dynamic rigidity. The FRF
tuning methodology is based on matching the modes of the subassemblies of the
structure. Consequently, the vibration energy of the most flexible part of the
assembly is transferred to the rest of the structure. As a result, the peak final tool tip
FRF is suppressed down to two smaller peaks which is a characteristic of TMD
systems. Therefore, the stability limit and the stable area of a cutting process are

increased.

The experimentally verified analytical model developed by Ertiirk et al. [11] to
calculate the tool tip FRF is used in calculating the tool tip FRF. In TEHS assemblies,
the critical mode of the assembly is controlled by the holder extension-tool
subassembly. Therefore, the analytical model developed Ertiirk et al. [11] is used to
investigate the effect of holder extension and tool design parameters on the resulting
tool tip FRF. By using the analytical model, the optimum design parameters which
minimize the peak tool tip FRF by imposing dynamic interaction are searched in the
permissible ranges. Case studies are conducted to demonstrate reductions in the
resulting peak tool tip FRFs and improvements in absolute stability limits. First, the
tool overhang length is tuned to match the effective mode in the holder tip FRF in a
THS assembly. An extension piece between the holder and the tool is added to the

same spindle-holder combination. The length of the holder extension is optimized
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while keeping the overhang length of the tool the same. Later, both the lengths of the
holder extension and the tool overhang are optimized simultaneously to match the

dominant mode of the assembly to the chosen effective mode.

There are different holder extension designs involving various clamping mechanisms
and shapes. In this thesis, their FRF tuning performances are compared by analytical
case studies. The holder extension and the tool overhang lengths are optimized
simultaneously while assuming the contact parameters representing the interface
dynamics do not change. First, the lengths of the traditional holder extension where
the tool is clamped using a collet and the tool overhang are tuned to create dynamic
interaction. Secondly, the tuning capacity of the traditional holder extension where
the tool is clamped with shrink fit is investigated. Finally, together with the overhang
length of the tool, the profile of an integrated holder extension design is optimized
to create TMD effect. It is shown that, the optimization of the dimensions of the
integrated holder extension-tool subassembly provides the best result in FRF tuning

method.

5.2 Conclusions

In this study, the peak FRF of the machine tool assembly is suppressed by design
optimization of the holder extension-tool subassembly. Several case studies are

conducted and some important observations are made. These are summarized below.

e Multi-component dimensional tuning achieved by optimizing the holder
extension and the tool overhang lengths simultaneously suppresses the
dominant modal contribution to the tool tip FRF remarkably with increased
effective length. Therefore, design optimization of the holder extension-tool
subassembly by creating TMD effect has a great potential in high speed
machining applications, especially in aerospace, where it is needed to reach

deep pockets during machining.
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In TEHS assemblies, the dominant mode of the assembly is controlled by the
holder extension-tool subassembly. Therefore, resulting tool tip FRF can be
modified as desired by changing the parameters of the holder extension and
the tool.

It is shown that, the dominant mode of the assembly can easily be modified
by adjusting the length of the holder extension. On the other hand, holder
extension starts to act as a mass as the diameter increases while keeping the
length of the holder extension constant. It is also observed that, the profile of
the holder extension can alter the critical mode of the assembly. Additionally,
the desired tool tip FRF can be achieved by the proper selection of the
diameter and the length of the tool.

It is observed that the optimization of the holder extension and the tool
dimensions separately gives misleading results. The results of the case
studies show that the critical mode of the assembly is affected by the holder
extension-tool subassembly as a whole. Therefore, the holder extension and
the tool dimensions should be optimized simultaneously to create dynamic
interaction between the spindle-holder subassembly and the holder
extension-tool subassembly.

It is not always possible to alter the contact parameters at the interfaces as
desired in order to create/increase modal interaction. However, accurate
identification of the contact parameters at these interfaces is crucial in semi-
analytical design optimization of the holder extension-tool subassembly to
tune the tool tip FRF.

The results of the effect analysis suggest that, it is not possible to develop a
generalized procedure to tune the critical mode of the assembly. The selected
design parameters should be varied in simulations within the permissible
ranges and the resulting tool tip FRF should be analyzed. Consequently, the
optimum design parameters creating the maximum modal interaction to

suppress the critical mode of the assembly are found.
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e The shrink fit tool clamping is assumed to be a rigid connection. This
assumption brings a convenience as the identification of the contact
parameters at the holder extension-tool interface is not needed. Nonetheless,
the elastic connection in the holder extension-tool interface can be beneficial
in suppressing the resulting tool tip FRF by imposing modal interaction.

e In Section 4.3.1, the reductions in the resulting tool tip FRF in modified
TEHS assembly is compared with the modified THS assembly where the
overhang length of the tool is optimized. It can be concluded that, the tool
overhang length tuning without addition of a holder extension can be robust
in FRF reduction in some cases. This is due to the fact that, shortening the
overhang length of the tool results in a dynamically stiffer system.

e [tis shown that, the profile of the holder extension can alter the critical mode
of the assembly. Therefore, the overhang length of the tool and the profile of
an integrated holder extension design are optimized simultaneously to create
TMD effect in Section 4.4.1. It is shown that, the profile optimization of the

holder extension could maximize the dynamic rigidity.

5.3 Suggestions for Future Work

In this thesis, the implementation of a tuned holder extension-tool subassembly to a
spindle-holder combination is studied for milling applications. Nonetheless, this
procedure can be applied to boring and turning operations to increase the dynamic
rigidity.

It can be recommended to study different shapes other than the parabolic profile in
tuning the holder extension. Furthermore, different materials could also be used to
manufacture optimum holder extension design. Besides, it is possible to manufacture
bi-material holder extensions by using friction welding. Moreover, the shape of the
holder extension and the spindle can also be optimized with the given FRF tuning

methodology.
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From the effect analysis, it has been shown that the contact parameters at the holder-
holder extension and holder extension-tool interface can alter the dominant mode of
the assembly. Therefore, in applications of the FRF tuning method, the contact
parameters at the interfaces should be identified and used in the analytical model for
predicting the resulting tool tip FRF and optimizing the component dimensions
accordingly. Therefore, an experimental verification of the tuning method is needed.
Furthermore, it is assumed that the contact parameters at these interfaces do not
change while the design parameters of the holder extension-tool subassembly are
varied in permissible ranges. This assumption is valid if the resulting optimum
design is not drastic. On the other hand, as it is shown by Matthias et al. [43], the
contact parameters at the holder-tool interface are sensitive to the changes in tool
overhang length, tool diameter and clamping torque etc. In order to overcome these
difficulties, the profile of the holder extension can be optimized by using structural
modification methods if the holder extension and the tool overhang length are

decided.
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