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Abstract:

Vibration problemsare still the major constraint in modern machining processes that seek higher
material removal rate, shorter process time, longer tool life and better product quality. Depending

on the process, the weaker structure element can be tool/tool holder, workpiece/fixture or both.

When the tool/tool holder is the main source of vibration, the stability limit is determined in most

cases by the ratio of lengito-diameter. Regenerative chatter is the most significant dynamic
phenomenongenerated through the interaction between machine tool and machining process. As a

NHzZ S 2F (Kdzyoz GKS NradA2 o0SG6SSy (GKS (22tQa 20
exceed 4 to maintain a stable machining process while using a conventionalhmgdool. While a

longer tool overhang is needed for specific machining operations, vibration damping solutions are
requiredto ensure a stable machining procesgbration damping solutions include both active and

passive damping solutions. In the pagsdamping solutions, damping medium such as viscoelastic
material is used to transform the vibration strain energyo heat and thereby reduce vibration

amplitude. For a typical cantilever tool, the highest oscillation displacement is near thacali

regions of a vibration mode and the highest oscillation strain energgncentratal at the node of a

vibration mode. Viscoelastic materialsugebeen successfully applied in these regions to exhibit their

damping property. The node region of thé' bendng mode is at the joint interfaces where the

cantilever tools are clamped. In this thesis, the general mettiad can be used to measure and
characterize the joint interface stiffness and damping properties is developed and improved, joint

Ay (i S NJFgortaSca & optinfizing the dynamic stiffness of the joint interface is studied, and a

novel advancing materidhat is designed to possess both hiyounf2d Y2 Rdzf dzA4 YR KA 3K
property is introduced. In the joint interfacgharacterizatiormodel, a nethod that can measure the

22Ay0 AYOSNFIFIOSQa auAFFySaa FyR REYLAYy3I 2@0SN
structure is presented. With the influencea 2 Ay G AYUSNFI O0SQa y2NXI f LINB
damping, an optimized joint inteace normal pressure is selected for delivering a stable machining
process against chatter with a boring bar setting at 6.5 times overhang length to diameter ratio in an
internal turning process. The novel advancing material utilizes the carbon nanolgsantiixed ira

metal matrix, and it can deliver both high damping property and high elastic stiffness to the
mechanical structure.
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Nomenclature

Q Transfer function of an elastic structure
wo Displacement oén elastic structure in time domain

F(t) Force in time domain

K Static stiffness of an elastic structure

M Mode mass

(@) Displacement

O Force

W Excitation frequency of the force

0 Natural frequency of the elastic structure
Q )

- Loss factor of an elastic structure

Qu Change in the cutting force

0 Cutting force coefficient to changes in depth of cut
0 Cutting force coefficient of friction due to the slope and curvature of surface waves
0 Cutting force coefficient to changes in rotation speed

0 Depth of cut
Q0 Instant insert tip position

Q0 Y Insert tip position of the previoustation

Y Time needed for one cycle rotation
m Rotation speed

wo Insert tip movement velocity

wo Insert tip movement acceleration
W Cutting speed
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Insert movement velocity dependent cutting force coefficient
Insert movement acceleration dependent cutting force coefficient
Width of cut
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Overlapping factor between the previous cut and the current cut
Vibration dsplacement amplitude

Systemdamping

Elastic structure damping

Machining process damping

Complex argument

Chatter frequency

Depth of cut limit

Specific cutting force



Chapter 1: Background and Introduction

1.1 The trend of reducing vibration sin the machining process

UTfle development within production engineering is accomparigdéhcreasing quality requirements

of the producedworkpieces. In addition to the producelated highquality features such as the

shape, dimensional tolerances and surfacpialities, the effectiveness and controllability of the
manufacturing process are relevant factors. As a result of inteleselopment work of the cutting

edge, the capabilityof the cutting tools has been increased cuesably. Seen as a whole, the

machine, cutting tool, and workpiecéorm a structural sstem having complicated dynamic
characteristicsUnder certain conditions vibrations of the structusgistem may occ@datedby Nils

Aksel RuudRoald Karlsen, Knftg So6& FyR / KNAAGSNI wAOKG Ay WaAiAyah
Y| OK Aig 2003H]Q

Vibratiors in the machining process can come from various sourcesnly divided ito three
categories:

9 Freevibration or forced vibrationinducedby the machining process itself
1 Shop floorenvironment surroundings
1 Regenerative chatter

Forced vibration is caused by the intermediate tool and workpiece contact and is determined by the
machining process it$fe Vibration can also come from the shop floor surroundings such as the rotary
motors and external machine structurdlegenerative chatter is caused by the relativgplacement
between the tool and wrkpiece, and determined byesonance modeof the mechanical structures.
Regenerative chatter is one of the most complicate problenteémmachining process.

A study carried out by Nils et §ll] compared conventional boring barsid damped boring bars in
an internal turning procesfor their performance against vibrationghe damping technigufer the
damped toolsthey used is the tuned oil dampers embedded in the tool sH2hkWhile specifically
designing the oil dampergor different tool overhanglength, the comparisonof machining
performanceresults are shown ifigurel.



Surface roughness for different $25 mm boring bars at varying length to diameter ratio
v, =260m/min(r2=18007/min), f, =0.1mm,a, =0.4mm, Insert: DCMT _11_T3 _04 -UF _4025
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Figurel, comparison ourface finish and productivity wittbonventional tools and special tuned oil damper embedded
tools at different overhandength.

In Figurel, it is clearly shownhat while long overhang tools aneeeded for machining, special
damping treatment must be utilizd to reduce vibration, and eaclboring bar has its own
performance range&etermined bythe length to diameter ratig1].

1.2 Joints definition and t he importance of joint s for robust design
Joints are defined by two classificaticascording to P.D. William ar@@l Whiting 3]:

A A place or part where two or more things are connected (structural classification)
A A way in which two or more things are connected (functional classification)

In mechanical structures, jointdo not only make conections between parts, but also satisfy the
kinematic and mechanic requirements.

Designingmechanical structures usually requires the maximum static stiffness to minimize the
defledion of the structure. Thisssure that the dimensions andyeometries of the manufactured
components are within the specifications.When the dynamic vibration problem occurs, high

damping property of the mechanical structure is needéthile joint components are introduced in

the asserbly ofthe Y OK A ¥ S udti@eZdinfiriterface iNihtroduced at the same time. The joint

interface usually decrease static stiffness and increasdampingof the mechanical structurg4].
Jointscantrad®@ FF 0S06SSy YSOKFYyAOFf aidNUHzOGdZNBEQA Reyl YA

While a mechanical structure wscillating the antinode regions hee the highest displacement
amplitude, and the node regions have the highest strain eng¢®yy For example the oscillation
strain energyof an oscillating cantilever toah bending modes concentratecat the clamping end of
the tool. It is shown inFigure2 that while a tool is oscillating at thelbending mode the strain
energy densityamaximum at the todB clamping endnode regionsvhere the joint interface s
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Figure2, vibrationstrain energy distribution and displacemsield of a typical boring bar clamped in a fixture osciligtat
natural frequency

The research work done b@. Andrewet al. in 1967 [6] specifically studied the joint interfaca
stiffness and damping while changing the jointed surface qualityJgae, under dry condition and

oil filled condition. The results they obtained show that the joint interfacdynamic stiffness is
frequency ind@endent and the energy dissipation is not measurable. The stiffness is primarily a
function of preload and surface finish. While oil is introduced in the joint interface, a quadrature
stiffness component arises and is accompanied by an increase Khipleasdxstiffness component.

The magnitudes of the oil film stiffness components decrease sharply with an increase in the
effective oil film thickness, which is governed primarily by the surface roughness. They increase with
oil viscosity, the apparent joinarea and the frequency of vibration, and represent a potentially
valuable source of vibration dampingrimrechanicaktructures.

A joint interface® stiffness and damping are both dependenttba2 2 Ay i Ay G SNF I O0SQa
and frequency4]. Xueliang Zhangt al. [7] and Kartal M.Eet al. [8] clearly illustrated the joint
stiffness and damping dependency on normal pressure of the joint interface. Increasing the dynamic
tangential load orthe joints will lead to a gradual decrease in the joint stiffness and an increase in

y 2

0KS 22AYy0 RFEYLAY3Id ¢KS NBfFGA2yaKAL 60Si6SSy GKS

properties can be summarized Higure3:


http://pcp.sagepub.com/search?author1=C.+Andrew&sortspec=date&submit=Submit

- = Staticstiffness = =—=-— Dynamic stiffness ———  Damping factor

Dynamic stiffness
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1.3 Methods to reduce vibrations in the machining processes

In order to overcome the shortage of tooling system performance agaiisation in turning
operations process parameters are usually sytitimized and common actions include:

A

P AP P P

Change the spindle speed towards a stable regjéh

Adjustthe cutting speed to incorporate more process dampiff]

Shorten the tool overhang lengthl1]

Reduce the nose radius of the insefts2]

Increase the rake face angle of the cutting edds]

Reduce the depth of cut tperform the machining process under the stability linfit4]
Increase the feed rate toeducethe tool path overlap[15]

In machining processes other than turning, these commoioastmight not solve the problem at all.

In extreme conditions, these common actions push the machining process parameters towards the
limit that the machining process should not exced@esearchers ardrying to enhance the
structure@ performance againsvibration through increasing themachining proce<$3 @amping
capacity and incredsg the minimumreal negative part of the cross transfer functioriBvo main
categoriesof damping methodsare named active damping method6] and passive damping



method[17]. Both of thesetwo methods improve the machining processtability through improing
the frequency response function of the structures.

The active damping method utilizes the piezlectric materials and applies a compensating force at
the exactvibration frequency and suppresses the vibratidd8]. The passive damping method uses
the vibration dampingroperty mainly from three different sources:

A High damping materials
A Joint nterface damping
A Machining pocess damping

Damping treatmentitilizes the high damping material in two main different ways:

1. Constrained layer damping applicatigi 7]
2. Tuned dampers applicatiofl9]

One widely used damping material is the viscoelastic matemdiich possessea high damping
property and is easy to adapt to structurf20]. The constrained layer dampirtigeatment applies
the high damping marial in the regions where oscillati@irain energyis concentratel [5, 17]. The
tuned dampers transfer the vibration energy to extra features on the stmecaind thusreducethe
vibration energy of the component under concerithere are also somether methods that are
applied to suppress tool vibration in machining, such as usiagneto rheological fluid21] while
controlling input current tdhe fluid toincrease the stiffness and damping.

¢KS RIEYLAY3I OFLIOAGE 2F | YSOKLF yAOLI € & 0 NHzO (1 dzNXB
RFEYLAY3 LINBLISNI& | yR &0 NHzOG dzNB Q Sucteagoaltgdscrewsii S NF | O S
machine structuresend to partiallylosethe static stiffness in comparison to the condition of making

the two parts as one single unt]. The benefitfor dynamic stiffnes®f applying such interfaces in

machine structures is the damping effect in the comtacea The contact preload on the mating

surfaces affects both the static stiffness of theerface and damping of the interfacft, 22].

Process dampiny' { Sa dzaS 2F GKS adz2NFI OS ¢4 9SaQ atz2LIS |y
the vibrating structure in the form of frictiofiL0]. The ploughing forcearise due to the indentation

oftkS (22t AyiG2 (G§KS ¢2NJ LA S OHfRCoMdmb Bidtidnfoic@causeddaNF | O S
0KS L 2dzZ3KAy3 F2NDOS AYyiINRRdzOS&a (GKS RFYLAY3I F2NDOS
face and ware portiofi23].

1.4 Scope of study

The scope of study in this thesisficusedto the effects of joint interface on machining system
vibration.

The modular design concept leads the design of machine structures towards a stage itvisere
expected thatthe mechan®l £ &  NHzO (i dzMIBeDpiedioted K Ith@ Mdésiyd phase. Joint
stiffness is importanfor modular design, because of the complicate behavior in the joint interfaces
that makes the prediction task more difficult.

In order to characterize the jointifness and damping, the common approach is to userttehod
of substructuring[24]. In the substructure approach, the basic steps include:

5



1. Measure the substructure§~RFd(equency response functiors

Measure the assembled structureRFs

3. Using the difference between these twaets of FRFs and calculate the joint interface
stiffness and damping

n

Under some circumstances, the measurement of FRFs at specific p@&at the joint interfaces is

not possible for pretical reasons then a Finite Element Model is used to provide thesing FRFs

based on estimation and assist the characterization pro¢2Ss The question therarisesif the

Finite Element Model provides the accurate FRFsafmlysis.In reality, 0 KS & dzo a BRR&1zO ( dzNJ5
might not be easy to acquire, and only the assembled structure is available for characteradtien

joint interface It is then critical to obtain the joint interface properties only with FRFs measurad fro

the assembled structures.

2 KAfTS OKINY¥OGSNATAY3I GKS 22AayiiaqQ adA¥fFfySaa IyR R
to identify the joint stiffness and damping as one single value to achieve good accordance between

the measured data and suated data[24, 26]. In the content of this paper, it is a questionark

whetheror notthe joints should be modeled as single value stiffness and damping.

Thereare usually two approaches adaping the jointSQdynamic properties to machine structure
behaviors:

A | R2adza i G KBadiBgnbryfidl pre3sul@INI
A introduce advancing materialsith high dampingin the interface

In the F' case, high prdéoadingcan deliver higher static stiffness with the contact,tiag risks of

plastic deformation from the clamped object and low damping propevtyRahmari27] studied the

clamping effect while turning a cylindrical workpiedehis study has indicated that the clamping

pressure is important for obtaining correct vikpiece geometry and suppressing chatter during the
machining process. H. Akesg@s] also observed that the clamping interfa@@ormal pressure on a
OdzitAy3a (G22f | ¥FFSOGla GKS dzZ GAYIGS cwca 2F GKS i
normal pressureontd Y| OKAYyAy 3 LINPOS&aa aidloAtAaile KlFLayQid &S

In the 2 case, advancing materialiat possessa high damping propertyand can transform the
vibration strain energyinto other forms (ex. heatpf energy are used for suppressing chatter.
Materials which possessigh capability of transforming the vibration strain energyo heat,
include:

High damping alloy 8 KI LIS YSY2NE Fff 284X [29SNNRBYI IySGAO |
High damping metal$30]

Viscoelastic polymer§20]

Carbon nano tubes/composites mixed in matnwaterial [31] etc.

=A =4 =4 =2

Viscoelastic materialare the most widely used materiglin the automotive industryto reduce
vibrations[32]. L. Daghini et aJ17] applied the viscoelastic materials on the shaft of a turning tool in
the clamping end, and improved the tool performance against vibration during the machining
process. Due tdaheir temperature dependency anthe frequency dependency dfheir storage
modulus and loss modulus, the viscoelastic materials are utilized in limited applicdtions
manufacturing processd83].



Carbon nano tubes/composites are mixed in resin and other types of matayialshane both the
storage modulus and loss modul[#4-36]. This is due to the ultra high elastic modu|33, 38] of
the carbon nanotubes and the interfacial slippage (also called-sligkeffect) phenomenon that
enhancethe damping property35, 39].

Manufactuing methods that are usedo producee the carbon mno composites mixed in various
types of matrix includes:

1 Solgel method[40]

1 Powder metallurgy{41]
1 Electro deposition42]
1 Thermal sprayindg43]

High temperature and thermal residual stress are the main obstadgsroducing carbon nano

composites mixed in metal matrik.y 2 NRSNJ 2 Sy KIyOS | YIFIGSNALFT Q&

surface between different domains inside the matethals to be optimized both for its area and its
friction property.

A methodthat allows wide production operation parameter rangesb&ing investigatedio make

such a material that both its damping aWNdunf2 & Y 2 Rdzf dza | NB 2 LIWGAYAT SR | i
1.5 Research question s and hypothes es
1.5.1 Research questions
Theresearchquestion addressed in thibesisis as follows:
1. What are the sufficient data seti K G Ol'y OKI N} OGSNAT S | 224y

damping?

2. How should the joint intdlJF I O S @riic pr6eidies beharacterized? Should it be modeled
as a single value stiffness and damping or should it be a frequency dependent stiffness and
damping?

3. Howd®es22 A y (i A y doSdinFaFeOtS&rhiningIptdtess stability?

4. What is thecontribution of novel carbon nano composite materidts suppressing vibration
problems during machining?

1.5.2 Hypotheses

Hypothesesalong with the research questiare as follows:

1. FRF seat measured from assembled structuresre sufficient for characterizing joint
AYGSNFIFOSQa ReylFYAO LINRBLISNIASE®

2. ¢KS 22Ayi AYGSNFIO8Qs aGATFySaa yR RFEYLAYS3

normal pressure dependent.

3. ¢KS 22Ay il -lafingphyFalviaSden madhding process stability.

4. Novel carbon nano compositmaterials designed with higiounq2d Y 2 Rdzf dza | Yy R
property can be used in the joint interface to improve machining process stability.



Chapter 2: Chatter theory

2.1 Calculating the stability lobes diagram

Regenerative ltatter inthe machining preaessis caused by theelative movement between the tool
and the workpiecd44]. The cross transfer functi@nofthe tool and wakpiece determineat which
frequencythe chatter is most likely to occuffhe chatter stability diagram theory developed by
Tobiaset al. [45] illustrated the regenerative chatteasoriginating fromthe overlappingpart of the
cutting zonebetween the previousool pass and the current tool pass

0 _ N

€q = ;
F@) 1+ () +i%p
W,
F(t) y(t)
Elastic structure ——>
Machining process A

—dP =—(K,ds + K,dr+ K;dv)

Figure4, systematic description of the interaction beter® machining process and mechanical structure
The structur® a 0 SKI @A 2 NJ dzaR&eNIp@ssddtisi O f 2 RAy 3

G Qp Q4 3 (2.1)
The cutting force can be expressed as:

QF voQv V> UV Q (22
Where Qvrepresents the changén depth of cut,»represents theslope and curvature of the
surface wavesQ represents the changes irotation speed,andv , 0 ,0 are the coefficients

accordingly.
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Figure5, the regeneration proceq46]

The instant chip thickness can be expressed as:
h(t)=y(ET)y()+h (2.3)

T is the time needed for one full rotath of the workpiece in the case shown Bgyureb, i.e.
vy ¢ rT](rr]is therotation speed.

Y. Altintaset al. [10] developedthe expressio¥ 2 NJ a dzZNF | OS ¢ ¢SaQ &t 2LJS | yR
uod uod

A C _— — 24
+AO# — 1o (24)

where V is the cutting speed, is the velocity dependent cutting force coefficient, and is the
acceleration dependent cutting force coefficient.

The instant cutting force exerted by the chip thickness can be expressed as:

S Yo wo
06 U zMH2QO 6 — | — UL Q (25)
® I8

OAad GKS 62N] LIASOS YI G Shigthetw@thofGutzi G Ay 3 O2SFTFAOASY

Theprevious tool passscillationandthe current tool pas®scillationdecide the instant cutting force
and oscillationandis called thelt&eneratd SQQ LIKSYy 2 YSy 2y @

M.M. Nigmet al.[47] and Y. Altinta®t al.[48] described the overlapping factor with p and the full
equationis expressed in equation (2.3), while rotation speed change equals toQero ().

Equatian (2.1) can be written as:


http://www.sciencedirect.com/science/article/pii/S0007850608000395

6O 2 p R2H b dr e Y a0 b—— | — (2§

where ®is the cutting width(in turning operationsis the depth of cut.)

The overlapping factor ranges from 0 (suchiras threading operation) to 1 (such as a plunge
cutting operation).

foo ®A | then:

. . S 9 , .
0 G oA Qp Q-0A Qu(b—wA 0 (b—mA

(2.7)
0 & OA “OA Q m
SinceA AT OO0 E OEQthen:
0 GO AT OO0 EOED Qp Q6O AT OO0 EOED
O o~ A o o oA o
Q- Al ©O EOED 0 |.—(I)AI V0 EOEOD
© T A 2 )
VO OWAI OO x4 EOEDO x4 ‘Al OO EOED
Q m
Imaginary part of equation (2.11) can be extracted
VA oo -
x | 90EXO BOOE4 O BOsAl ©O XEQAIOO x é—QOEXO 29)
+ A9 OEN OAT ©4 (9A1 OOOE%X 4 (90EAO m
Removed andseparated EX OandA 1 ©0in the imaginary part, we can have:
« i B x = +AAIO4 +A OBNO
i # S (210
Es X5 +AOEA4 Al OO 1
In order to make equatior2(10) true, thefollowing conditions must be met:
0&a Q0 |E Odp Al 4 (2.113)
. 0 A
Q- 0 UVLWOEA4 1 (2.11)
W
Equations (2L13) and (2.11bxan be transformed to equations (2.15) as follows:
0 | VAN ~ . . QA (2.1)
— D - Al @ —
0 P w a P Q P ® m
n , 6 0 &‘OE% CA (2.12b)
N, - Y60 m

For a fixed spindlspeedm, the unknowns chatter frequency § and cutting stiffnessi( @ ) can be
calculated while solving equations (2a)) and (2.2b).
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In equation (2.1B), the term—is the so called elastic structure dampin® Y and the term

0 — ——OE¥% — isthe so called process dampif@ J. The summation of these two terms is
the system damping of the machining process.

TY MTm [T (2.13
In order to have a stable machining process, the system dampymgustsatisfy -y

After the mathematical calculation, a stability lobes diagram is usually obtained to characterize the
cutting stiffness limit as shown Figure6:

Y/

|
1
N Unstable (Ds>0) \

v

. 1 |
Stability limit i "I
(N/m) A :
“s \ . I
, £ 71 |
Increasing i I HH |'
structure | o Tmm=Seoool_ A R A Y ——
damping . v I I-

structure
damping
1 ey

Stable (D5<0) | Critical stability limit f

Rotation Speed
Q(rpm)

4
|
|
; Decreasing
|
|
L

=
>

Figure6, an examplef the stability lobes diagram

The shaded areaepresents the cutting stiffnesthat results in urstable machining condition, and
the rotation speed of the spirid that affects the stability limif14]. Increasing thestructuredamping
factor — will lift the stability lobes diagram towards higher stability limit and vice versa.

2.2 Calculating the cutting stiffness and cutting depth limit

Equation () is a time invariant Delay Differential equation (DDE). In Laplace demain”Y can

be expressed ami z'Q . The equation(2.6) can be expressed as 12) after the Laplace
transform(i "Q):

6, . \
a '(b—i =i @ p 0ol 0 zér el rR ol Q0 (214
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While defining the transfer function of thrraachining systeras:

o~ p
R (213)
® ® P
Equation (214) can be transformed as:
il P 216
Qi p L zZEzOI z * 'z°Q (2.16)
WhereQ i Of z0 202 Q.
The poles for the right side of equation18) are thestability limit of depth of cut.
The poles can be calculated as:
Oz P 217)
Oi z* tz7Q

While the machining process is oscillating harmonically with chatter frequéngy QU can be
substituted into equation and we have:

P
ONQ Z 720

O 02 (2.18)

The criticalcutting stiffnessis the minimum stabilityimit determined by the minimum regbart of
the transfer functiofO™@ ). The critical cutting stiffness can be expressed as:

p

D —————— 219
V'h O TTEN Qi@ D (219
While overlapping factor satisfyrm  *  p.
i ET Qo 608 0 Gra— £ (220)
a —0 -0 @ p Q-
W
o N 0 o4 -0
I ETl Qdoi@ & Q¢ | W z (2.22)
N a4 —0 -0 -7
w w

Chatter occurs at frequencies where the real part of the transfer functioregmtive. The chatter
frequency can be either higher or lower than the natural frequency of the structure, depending on
whether or not the negative real part of transfer function lies above or below the natural frequency.
The higher the minimum real parf the transfer function the higher the critical cutting stiffness.

Chatter theory addressethe importance of thecrosstransfer function[49] of the tool andthe
workpiece, especially the real negative part of tresstransfer functiors. The relationship between
the spindle speed and chatter frequency decides the number of cycles that excite the vibration.

12



Through adjusting the spindle sp@, the machining process caemainstable while perfornngthe
operation at the spindle speedbat are optimizedasregarding the stability limif14]. Figure6 is an
example that shows the relation between the spindle rotation speed and the stability limit,
discowered by J. Gurney and Tob{dd)].

The equation for calculating the stability limit expresseddas (depth of cut linit) is shown as
equation @.22 [50]:

p
CZEzYQO@ 2 (2.22)

whereE (Pa)[51] is the specific cutting force, and Re[G(w)] is the negative real part otribes
transfer function either from the workpiece or fromthe tool. The specific cutiy forcekE is
dependent on the feed rate, rake face angle, nose radius, cutting speed ands2.on

13



Chapter 3: Model and methodology

3.1 Joint interface stiffness and damping computation model

Different types of gint interfaces have their own propertie®lating to the structure€static and
dynamic properties. Common joints include bolt screws, ball bearings, machine guide ways,
clampershydraulic bearings, etc. Joint interfaé®sirts are designed to standardize the connections.
The standardization of joint interfaces is a key factor for maddéesign

The mostly commonly used joints are the bolted screfiee bolted joint® & (i A& MgcBaaical
structure, depends on several parameters, such as the width to diameter ratio (W/D), edge distance
to diameter ratio (E/D), prdoad contact pressure, distribution of the contact pressure, and joint
material[4, 53].

A common question while analyzing mechanical structures is to measure the joint interfaces
mechanical properties. The factors that needo®identified are usually the joint stiffness and joint
damping properties. Joint stiffness and damping do not only depend on the -straiss relationship,

but also on the strain rate and other factors. The stick slip phenomenon for joint interfaces is mostly
characterized by the notinear property of the joints.

While the nonlinear property of the joint interfaces is neglected, linear joints mainly depend on the
strain rate (frequency). Most of the researchers defthe joint interfacél roperties as one single
value for stiffness and damping, and they reachery high accordance between the experiment
results and simulated model resuli®5, 26, 54]. However, the joint interfacé&3roperties should be
identified as frequency dependent variableand to reach a wide range of acceptable accordance
between the experiment results and simulation results, the frequency dependemmpeny of the
joints is the main factor to consider.

A system consists of two components and multiple jgiatsdcan usually be expressed Rigure? :

SS1 SS2

Figure7, a typical mechanical structure comprising two substructures connected through joints modeled as linear spring
damper elements

14



In Figure7, d ard e represent the nofointed domains with shaded color, a and b regeat the
jointed areas. The subumberof a, b, and c represents the number of the joint. K represents the
stiffness of the joint and ¢ represents the viscous damping of the jdim. pints are modeled by
KelvinVoigt model.

The conventional way of obtaining the joifisoperties includes the following steps:

1. Measure the substructures FRFs
2. Measure the assembled structures FRFs
3. Calculate the joint properties with the differences

Following these steps, the structure has to be availabléboth assembled and disassembled
condition, and measured in botktates When the machine structure is installed on a shop floor, this
procedure willrequireextra efforts to disassemble and-esemble the machine.

A method that can be appliedo measuring the assembled structuite order to obtain information
about the joint interfaces has been developed and present@&tie case studies shothat the
method is valid and applicable even at the fueqcy ranges covering the resonance modes.

3.1.1 Mathematic development

The mechanical system lFigure? can be illustrated aBigure8:

K, +iAK,

b,
K, +iAK,

|
Ka HAK, K, +iAK,

K, +iAK,
bl e

S3 S2

Figure8, a system of two parts connected with joints

In Figure8, the mechanical system consists of two substructures connected with multiple joints.
Each of the substructures has its own dynamic propeleyermined by the joints between the
substructureand the groundinstead of using Kelvidoigt model, he damping property of the joints

is defined as proportioriao the stiffness of the joints

Using the frequency dependent relation between the displacement and force, (=X(w)/F(w),
the displacenent and force vector for substructure 1 and substructure 2 can be expressed as:

15



® 0 Q O O (3.1)
(A 0 Q O O
@ Q2 Q "0 3.2)

Where{Xa} and{Xb} represent the displacement vectors on the joint interfaces of SS1 (Sub

Structure 1) and SS2 (Sub Structure 2) respecti{/é()g} and{Xe} represent the displacement
vectors on the regions other than the jointirS NF I O0S & A ®Sd (G KS NEgord82y daRéE
{Fa} and { Fd} represent the external force vectors acting on SSlarwas{ Fb} and{Fe} represent

the external force vectors acting on SS2. The joint forces at the interfaces are given by the vectors
{F}, and{F} ,for SS1 and SS2 respeety. The joint forces obey the relationship

{F}.={h . (3.3)

The relationship between the displacement and force at the joint interfaces can be expressed as:
{X.}-{X} FHH A, (3.4)

where [H ] is transferfunction of joints and is defined as

mh

>
1

v U (3.5)

C = I 2.
3 o O Dy <
D
c

mp
IO: M D% Dx A
e

0

mh

Hereky, kX ,&ndcy, X , &e the spring and damping coefficients respectively as showigimre
8.

While the substructures are in the assembled form, the relationship between the displacement
vectors and the external force vectors of the whole structure can be written as:

R

o}
o}

X w [Ho [HJ [H]L
X
Xy}
X}

gH

L GH.l [HJ [H] [HL

gH,] [H,) [HJ [H]
Hol [HJ [H] [HL

<l ql—) -y
A S R
T ST ST
S o

—_) =) —s—) —)

{
{
{x

(3.6)

As shown irf24], by using the method of substructure synthesis, the FRFs of the whole structure in
equation 2.6 can be expressed in termsH&F®f the substructures and the joint matr[>Hj] . For

example,

[Hal =[hsd Ehd[ H T hl (38.7a)
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[H.]=[h] Eh)l HT hl, (3.7b)

[Hya =[hyd[ H t hl, (3.7¢)
O Q Q 0 1N (3.7d)

Where[H] is given by:
[H]=[h] Fh] [ H] (3.8)

Through the analysis of equatior&7b, 3.7c, 3.7d, the three unknown¥2 ,"Q and O can be
expressed with the three known parameters that can be measured as follows:

0 0 O 0 Q O O 0 0 (3.9)
0 0 O Q 0O O 0 0 O (3.10)
(O T o T © T o N o AN ¢! (3.11)

In equation(3.9), (3.10)and(3.11), all the matrices are with dimension of nxn.
While expanding equatio(8.9), each of the elements can lexpressed as:

O D j 6rp0rDr Or & kAsh
3.12)

Where A representsO , B represents'O ‘'O , C representsO , D representsO
O 'O , and E representsQ

As the case useih this thesis for preliminary studwill model the interface with only one single
joint, the equations 3.9), 3.10) and 8.11) can be written as:

. 0 00
‘0 O (3.13)

@ o 0O (3.14)

(¥ %‘Q*"‘OQ;) pado W&o Do BEvo Do BB
Qo T o Qe e Be Qo (3.15)
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The jointparametermatrix can be expressed as:
0 QU
@ E
0 Q0 (3.16)

wherem represents the number of measured frequencies.

CKS 22Ayi AYGSNFIOS &GATFySaa FyR t2484 TFIF OG2N
Youn2d Y2 RdzZ dzda F YR YFGSNAFE 2338 FIOG2NI F2t€t26Ay3

o ‘I'Q(mo&'"'”’zbz , .
— ‘¢ MO (317)
aci i Qweoti—

I Qi (3.18)
o is the stiffness value of the joint.

The validation of the mathematical model includes applying ¢coenputation model to a virtual
simulation model ana real experimenbbjectassistedy a virtual simulation.

In the virtual simulation application, the interface material is made of viscoelastic material.
Viscoelastic material is chosen becauseYigeindd Y2 Rdzf dza | yR f2aa FIFO02N)
frequency [20, 33]. Manufacture data sheet (3M]20] will be used forYoun2& Y 2 Rdzf dza |y
lossfactor input. After the simulation, the receptance data of the assembled structure istosed

calculat the joint interface stiffness and dammnThe calculated joint interface properties are used

to OF f Odzf F 1S G KS XofngBaNIF Y Dr8dzt Yokah SINAR f Q&3 8F14), @id2 NJ T2 f
(3.15).Finallz | O2YLI NR&A2Y 0S06SSy (K@®lowhgtequatibns BEWR Y I (S|
and (3.18)and manufactuer data is usedo verify the validity of the computatiomodel.

In the real experiment, both the virtuéihite elementsimulation and rea¢xperimentmeasuremens

will be used. The real experimentlinineasure the response of an assembled struct@&wusingthe

measured data, interface properties and substructure behavior will be calculated through the
computationmodel following equations3(13), (3.14), and 8.15). The 1st comparison will be based

2y GKS AYGSNFIFOS YI (Y0NRQPE QX2 RINPAZE NI ¥ RA { R (O F tHzR & §
0SG6SSy GKS OF t Odz I(follsving ¥ualidhsNgB.17) &nd (3.18HkE LS dklae

provided bythe manufacture will be conducted. The calculated @énface properties will be used as

the input for avirtual finite elementmodel and a simulation will be conducted. The 2nd comparison

will be between the receptance measurement from the real experiment and the receptance from the

virtual finite elementsimulation.

3.1.2 Case study I: validation through avirtual finite element model

The first case studgppliesa virtual finite elementsimulation model, where two steel plat¢SS1 and
SS2pre connected by a viscoelastic material interféé&d. The interface between the bottom plate

18



(SS2) and ground is made of another viscoelastic material layeefers tov in Figure7). The
geometry and data acgsition strategy for the simulation is shownHkigure9.

Schematic View

Assembly
Top Plate ,l S A
ey 5 ss1
~N
ViscoelaticMaterial Zi N “““ . :
Interface \_[_* Point 2 Point 1
. gl Point1
3 3 — A\ —
\ .
Bottom Plate { ~ - Zj
r/ [ N -
L J N
\‘N*P'ta P't3+
ViscoelaticMaterial K2 , 1L IC oin SSZ on
Interface ¢ : = L
\__/ Point 4 % Point3 S~ K2

Figure9, set up of the simulation model

Following equations (3.13), (3.14) and1®), 'O can be replace by the FRF measured by exciting
Point 1 and measiumg Point 2,0 can be replaced by the FRF measured by exciting Point 3 and
measuing Point 4, andO can be represented by exirig Point 1 and measimg Point 4.

3.1.3 Case study II: validation through a real experiment study

In the second casstudy, a productthat has similar features as the geometry Figure9 is used
shown inFigurelO:

Schematic View

N SS1

& K1

:_[ Point2 Point1 *
=~

N —\\—

~ C Zj
N 1—

=~

N

\m pointa  S§S2 Point3+
~ L

N K2

FigurelO, thereal object used in the validation experiment in case Il

In Figurel0, the product is made of three major parts: the lower pld&S2) viscoelastic material
interface () and a topplate (SS1) The differerce between the set up irFigure9 and Figurel0 is

that, in FigurelO, the viscoelastic material interfad® ) under the bottom plate is replaced Hgur
bolted joints.Therefore, the joint stiffness value between the lower plate and mounting table cannot
0S (NI yaTSNNEaung@®2 YugadiasSiacTor-ahd® Ehould be taken as a thin elastic
layer while validating theomputationmodel through a simulation.
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Detailed information about the methodology developed is available in Paper | attached at the end of
the thesis.

3.2 Improving ma chining process stability through robust design of the

joints

When a tool is clamped in a joint interface, there is always a minimum static stiffness that has to be
satisfied toensure that the tool will not rotate or move during a machining process. A@ational

machining process will exert a few hundreds of Newton machining force, and will usually require the
tool clamping interfac@ @ormal pressure to be over the optimized normal pressure.

3.2.1 Set up of the machining experiments

An internal turningprocess is chosen to study the effect of tooling clamping condittmnmachining
process stability.

The machining experimentare based on the fixed cutting speed, which meahat the spindle
speed will depend on the internal diameter of the workpiethis is to eliminate the effect of cutting
speed on specific cutting resistance during the process. At the beginning of the experiments, the
initial spindle speeds chosen to fix the cutting speedt 140m/min as recommended by the supplier

of the inserts.The depth of cut is fixed at 1mm and the feed rate is fixed at 0.2mmDeving the
machining process, the spindle speisdncreasedin increments of5% up to a25% increase. By
doing this, sixdifferent spindle speeds were used sequentially to test thachining process stability

on a spindle speed rangéduring the experiment, the preparation of surface cleaning is not
performed for each of the operatiaalthough the machining process has its own tendency towards
followingthe previous surface wawets.

Hydrofix fixture, provided bySpirex Tools A5] is used as the joint component between the tool
and VDI Yerein Deutscher Ingenieurthe Association of German Engineers) tool holdee dontact
surface preload is changed through changing the clamping torque on the screw as shBigaran
11. A torque wrench is used to control and measure the preload. Three levels of clamping toeque
used as 3Nm, 6Nm, drOBNm. ie minimum clamping torque is based on the criterion that the tool
insert will keep its initial position during the machining operation without moving.

Adjusting

Figurell, hydrofix and the boring tool
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The machining process parameters are summarized beldwablel:

internal diameter| spindle speeg clamping torque
(mm) (rpm) (Nm)
Run 1 46 968-920 3
Run 2 48 926-930 6
Run 3 50 890-893 9
Run 4 52 856-859 3
Run 5 54 824-827 6
Run 6 56 795798 9
Run7? 58 768771 3
Run 8 60 741-745 6
Run 9 62 717-721 9

Tablel, summary of the machining process parameters

The workpiece is a steel (SS2541, ISO 4340) slot with outer diameter 120mm, inner diameter 40 mm,
and length 170mm. Thgeometry of the workpiecés maintained in a rangthat ensuresthat the
stiffness of the workpiece is higher than that of the internal turning tool, thus eliminate the
possibility of chatter vibration from the workpiece.

In Pagr I, attached with this hesis, detailed information of the machining experiment set up is
given

3.3 Applying advancing damping material in the joint interface
Following equation (22):

A P ,
¢zZE z'YQoQ =z (2.22
And the condition ofYy Q0@ s stated as:
N Qo4 Lo
Y Q0@ | W 7 m
M a —0 —0 -0
w w

Whilethe parameters in equation (222 except- & ¢ Dare already determined hie stability limit in
equation @.22 can be written as:

) @ 0 QT =0 -7
AR ZE 2z | ’ 0z
CZE a o V] Q (3.19
min(a, ) :i(gwc +hKk) (3.20
’ k.*mV
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From equation (0), it is clear thaincreasing the stiffnes€Q and loss facto(-) of the mechanical

structure,will increasethe stability limit(A ;).

In order to build up a mechanical structure that Hasth a high static stiffness and a high damping
property, materials possessing high elastic modulus and high damping progertyeeded. The
efficiency of applying such matersas decided by whethetie materias arein the regions where the
vibration strain energys concentratel. A summary of the current engineering materials with their

elastic modulus and loss modulus is showFRigurel2:

- . | : : _ - —
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Figurel2, a summary of the engineering materials with their damping property and elastic md&éis7].

The research work carried out by S.A.Golatiral. [58, 59] analyzed the damping behavior of cast
iron with different types of carbon inclusions. Tresults show that the internal frictiorffect of the
carbon inclusions exhibithe highestlevelsof energy dissipation while the inclusions are small and
widely distributed(grey cast iron The study of damping effect with single wall carbon nanotubes

mixed in resin by N.A.Korakéd al.[35, 36, 60] alsoA £ dza G NI (G SR

GKIF G

G§KS 0O02YLJR:

friction damping is highly related to the internal surface area (areas between different domains) to
volume ratio.J.Suhret al. [31] especially compared the damping behavior differenbetween the
inclusion made of single wall carbon nanotubes and multiwall carbon nanotubes. The comparison
reveals that the interface between the carbon nano tubes and matrix mateaatributes to the
energy dissipation while the composite material is under cyclic strain deformation. The higher
surface area induced by the multi wall carbon nanotubes does not enhance the damping
performancebecausehe internal interface is mostly bewen the carbon nanotubes themselves.

NanoY I G SNAFf NBaSHNDK 2LSYySR

I 6ARS
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properties can be improved through modifying the nano structures of the materialmat&rial,
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designedto possess both high &tic modulus an@ high damping propertyis under development.
The structure of the material possesses metal matrix, which defines the high elastic modulus, mixed
with carbon nano particlesvhich enhance the damping property of the material.

3.2.1 Creation of the carbon nano composite material

The designed carbon nano composite is created by a PECVD (Physical vapor deposition enhanced
chemical vapor deposition) process. The experiment apparats process controhre shown in

Figurel3.
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Figurel3, a systematic overview of the experiment apparatus and process control

In Figure13, a vacuum chamber and a set of pumps are used to create the vacuum condition. A
cathode whichis made of conductive material (such as graphite plate, copper, alumietay), is

used to ignite the plasma and provide miatmaterial.Different gases were injectadto the vacuum
chamber during the process to deliver the carlswurce The biasing voltage is used to control the
02Y0l NRAY3 LI NI AnbénSeacing]the Substrat© surfagEBeNsHriace heating or
cooling unit is used to control the process temperature. A power supply unit supplies the energy
needed for the processThe cooling pump keeythe temperature of the magnet under a certain
value to avoid overheating.

The discharge of plasma between thatttode and anode (the chamber) can fall into different
regimes depending on the voltage applied and current fornasdshown irFigurel4.
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Figurel4, a typical graph oflifferent plasma discharge regimggil, 62

The voltagecurrent curve inFigurel4 will change accordinglyepending on the plasma pressy
gas mixture cathode configuration, magnetic field strength and so ®he abnormal glow discharge
regime and glow to arc transition reginage of interest because of the high voltage that can be
appled and high plasma densitigat can be created. Ithis study, a power sourciat can provide
pulsed format discharge is used. It is the so called HiPIM&hpower impulse magnetron
sputtering), which can generate high power density plastnathe order ofkWicm™at a low duty
cycle[63].

As the strain energig concentratal in the clamping area, the cantilever tool has been coated with a
layer of carbon nano coposite material on the tool shank in the clamping area. The detailed coated
material information is given iRigurel5:
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