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Abstract
Vibration control requires high dynamic stiffness in mechanical structures
for a reliable performance under extreme conditions. Dynamic stiffness
composes the parameters of stiffness (K) and damping (η) that are usually
in a trade-off relationship. This thesis study aims to break the trade-off
relationship.
After identifying the underlying mechanism of damping in composite
materials and joint interfaces, this thesis studies the deposition technique
and physical characteristics of nano-structured HDS (high dynamic stiffness)
composite thick-layer coatings. The HDS composite were created by
enlarging the internal grain boundary surface area through reduced grain
size in nano scale (≤ 40 nm). The deposition process utilizes a PECVD
(Plasma Enhanced Chemical Vapour Deposition) method combined with
the HiPIMS (High Power Impulse Magnetron Sputtering) technology. The
HDS composite exhibited significantly higher surface hardness and higher
elastic modulus compared to Poly(methyl methacrylate) (PMMA), yet
similar damping property. The HDS composites successfully realized
vibration control of cutting tools while applied in their clamping interfaces.
Compression preload at essential joint interfaces was found to play a
major role in stability of cutting processes and a method was provided for
characterizing joint interface properties directly on assembled structures.
The detailed analysis of a build-up structure showed that the vibrational
mode energy is shifted by varying the joint interface’s compression
preload. In a build-up structure, the location shift of vibration mode’s
strain energy affects the dynamic responses together with the stiffness
and damping properties of joint interfaces.
The thesis demonstrates that it is possible to achieve high stiffness and
high damping simultaneously in materials and structures. Analysis of the
vibrational strain energy distribution was found essential for the success of
vibration control.
Keywords:
Vibration control; High dynamic stiffness; Metal matrix composite; Nano
structures; Plasma enhanced chemical vapour deposition (PECVD); High
power impulse magnetron sputtering (HiPIMS); Adiabatic; Machining;
Regenerative tool chatter;
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1 Introduction
Vibration control in mechanical structures is essential for prolonged life
time and improved performance of the mechanical products (such as
turbines, cutting tools, roller bearings etc.) subjected to dynamic loads
under perturbing conditions (such as accelerating and decelerating of
turbo chargers). For products that operate under pre-determined
conditions, the operating parameters are usually adjusted to tune the
dynamic loads’ frequencies towards the frequency range where the
components have high dynamic stiffness. Turbines of molecular turbo
pumps, for example, usually operate at rotation speeds that avoid
resonances. For products that are operating under continuously varying
conditions, vibration damping solutions are specifically requested to
increase the dynamic stiffness near resonance frequencies.
Cutting tools are typical examples that operate under continuously varying
conditions. A cutting tool vibrates either in the form of forced vibration or
in the form of self-excited vibrations (chatter). The most common type of
chatter in machining systems is the so called regenerative chatter caused
by the relative displacement between the cutting tool and the workpiece
The regenerative tool chatter has a tendency to shift the vibration of a
machining system towards the frequency band where the tooling system
has lower dynamic stiffness. Vibration control of cutting tools in
regenerative tool chatter, demands high dynamic stiffness, i.e. high
damping combined with high stiffness, over a wide frequency band.
To obtain high dynamic stiffness in tooling structures, various approaches
have been developed (see in Figure 1), such as the tuned mass dampers
(Leland, 1936), active vibration damping with piezo actuators , (Harms et
al., 2004), and embedded HDI (high damping interfaces) in tooling
structures (Daghini et al., 2009). All of these techniques were successfully
demonstrated to realize vibration control and some are already available
as commercial products.
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Figure 1. Schematic view of tuned mass damper solution, piezo-actuator
counteracting force solution and high damping interface solution

Specifically in the HDI approach, high damping materials (such as
viscoelastic polymers) are applied in the essential joint interfaces of the
machine tool structures. The high damping materials usually have low
elastic moduli which substantially reduce the stiffness of mechanical
structures. For resisting the loss of stiffness when applying viscoelastic
polymers, lamellate composite structures, comprising viscoelastic polymer
layers and metal layers, were developed and applied in the joint interface
areas (Daghini, 2012), (see the area of high damping material in Figure 1).
Although the stiffness of the composite lamellate can be optimized by the
design, it still partly sacrificed the stiffness of the tooling structure for
damping. The mechanical structure design is lacking a material that has
simultaneously high damping and high stiffness to rule out the concern of
stiffness loss in damping treatments.
The thesis aims at creating such a material that has a high dynamic
stiffness provided by its nano structures. The material is a nano structured
metal matrix composite, available in the form of a thicker layer coating
that can be applied in the joint interface clamping regions of cutting tools.
The selected case study is the regenerative tool chatter problem in
machining systems which specifically needs high dynamic stiffness to
realize vibration control.
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2 Background
2.1 Remarkable research history of regenerative tool chatter
In as early as 1638, Galileo Galilei (Galilei, 1914) had already documented
vibrations in a cutting process (Translated from Italian and Latin into
English):
“……As I was scraping a brass plate with a sharp iron chisel in order to
remove some spots from it and was running the chisel rather rapidly over
it, I once or twice, during many strokes, heard the plate emit a rather
strong and clear whistling sound; on looking at the plate more carefully, I
noticed a long row of fine streaks parallel and equidistant from one
another……”
Self-excited vibration in machining was observed hundreds of years ago
and the notation of ‘chatter’ was used to denominate this particular
phenomenon. Taylor (Taylor, 1907) commented on the chatter
phenomenon in 1907:
“Of all the difficulties met with by a machinist in cutting metals, the causes
for the chatter of the tool are perhaps the most obscure and difficult to
ascertain, and in many cases the remedy is only to be found after trying
(almost at random) half a dozen expedients.”
Streaks caused by a vibrating cutting tool severely damage the machined
surface. Machining system’s performance is limited by tool chatter which
results in reduced tool life, un-qualified surface finish and even emergency
stops of the production line.
About 50 years later, Tobias and Fishwick (Tobias and Fishwick, 1958)
proposed the ‘Theory of Regenerative Machine Tool Chatter’ and
explained the tool chatter as an interaction between spindle speed and
the vibration mode of a mechanical structure. Ever since then, many
scholars had made efforts to study the chatter phenomenon around the
regenerative tool chatter theory as reviewed in (Quintana and Joaquim,
2011).
2.1.1 Significance of high dynamic stiffness on regenerative tool chatter
control
During machining, the interaction between the cutting tool and workpiece
results in dynamic forces that input energy to excite the machine and tool
structure in the form of vibration waves. The energy of the waves
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propagates in the tooling structure and transmits through and reflects
back at various boundaries. The propagating waves and reflected waves
will superpose by either cancelling each other out or constructing standing
waves. Part of the energy is transferred into the air and radiates in the
form of acoustic wave (whistling sound as that in (Galilei, 1914), and part
of the energy is transferred into enthalpy by the damping mechanisms of
bulk materials’ internal friction damping and joint interfaces’ contact
damping. A schematic view of the damping sources in a turning process is
shown in Figure 2.
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Acoustic radiation

Structural
Damping
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dFr
Workpiece
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Figure 2. Schematic view of the dynamic cutting forces components, the wave
propagation and reflection, and the sources of damping during an internal
turning process

In the regenerative machine tool chatter theory, the rotation speed of the
workpiece (e.g. turning) or the cutting tool (e.g. milling) together with the
vibration modes of the tooling structure, determines the phase lag of
consequent cutting laps, as seen in Figure 3. The amplitude of the dynamic
cutting force component peaks while the phase lag between the cutting
profiles is 180 degrees and diminishes while the phase lag between the
cutting profiles is 0 degrees. Regenerative tool chatter most likely occurs
when the phase lag is 180 degrees.
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Figure 3. Schematic illustration of regenerative tool chatter theory

A block diagram is shown in Figure 4 for a typical machining system (Fu et
al., 2015), and the terms are summarized in Table 1. In the feedback loop,
the cutting process interacts with the cutting tool structure. A cutting
process is stable when the cutting point displacement decreases with time
and is unstable when it increases with time.
−𝐤 − 𝐢𝐢𝐢

Disturbances
during
machining
𝐊𝐟

𝟏
𝐦

−

−
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𝐱̇ (𝟎)
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𝐕𝟐

∫

Cutting Point
Displacement

𝐱(𝟎)

Spindle Speed (n)
Delay
-1

𝐚𝐩

Figure 4, Block diagram regenerative chatter during metal cutting process (Fu et
al., 2015)
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A stability lobes diagram is usually constructed by the limit of cutting
stiffness 1 where the cutting point displacement is sustained without
magnifying over time at different spindle speeds (Gurney and Tobias,
1961). The stability lobes diagram is based on Eq. (2.1) and the terms are
summarized in Table 1. (Fu, 2013):
K lim = K f ∗ 𝑎𝑝 =

−1
G(iωc ) ∗ µ ∗ (1 − e−iωc T )

Eq. (2.1)

The transfer function of the tooling structure G(iωc ) is calculated by
equation (2.2) and the terms are summarized in Table 1.
1
G(iωc ) = 𝐱/𝐅 =
Eq. (2.2)
α
C
(m + 2i )(iωc )2 + Vi (iωc ) + k ∗ (1 + iη)
V
𝐅

Cutting point excitation force

n

Spindle speed

ẋ (0)

Initial velocity

G(iωc )

αi

Transfer function of the
tooling structure

Modal mass

V

Cutting speed

ωc

Chatter frequency

Kf
ap

Cutting point displacement

η

Modal loss factor

µ

Overlapping factor (Nigm,
1981)

x(0) Initial displacement

Acceleration dependent
cutting force coefficient
(Altintas et al., 2008)

m

𝐱

Ci
k

Specific cutting resistance
(Kosaraju et al., 2011)

i

Cutting speed dependent
cutting force coefficient
(Altintas et al., 2008)
Modal stiffness
Square root of −1

K lim Limit of cutting stiffness

Depth of cut

ωc T Phase lag
T

Time for one revolution (1/n)

Table 1. Summary of the terms involved in Figure 4, Eq.(2.1), and Eq. (2.2)

1

Cutting stiffness is the product of depth of cut and specific cutting resistance which is
dependent on the feed rate during machining
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An example of stability lobes diagram is shown in Figure 5. Increasing of
the cutting tool’s modal stiffness (k in Eq. (2.2)) or modal loss factor (η in
Eq (2.2)) leads to an extended stable region in the stability diagram.
Increasing modal stiffness and damping simultaneously has the added on
effect of extending the stable region of the stability lobes diagram as seen
in the cyan color line in Figure 5. Therefore high dynamic stiffness in
structures is preferred instead of only improved stiffness or damping.
k=3 E6 N/m loss factor=0.06
k=3 E6 N/m loss factor=0.12
k=6 E6 N/m loss factor=0.06
k=6 E6 N/m loss factor=0.12

Stability chart
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Figure 5. An example of a stability lobes diagram for a milling tool with slot
milling with modal mass 0.1 kg, specific cutting resistance 1200 MPa, and a
combination of different modal stiffness 𝐤 and modal loss factor, the term
𝛚𝐜 /𝛚𝐧 is the chatter frequency divided by the modal frequency

Real mechanical structures are complex with varying geometries and
impedance boundaries that affect the modal stiffness and modal loss
factor. Normally, the joint interfaces of cutting tools reduces the
fundamental mode’s modal stiffness while increases the modal damping
property, compared to the condition where the cutting tool assembly is a
single unit rigid body.

2.1.2 Significance of damping in regenerative tool chatter control from
an energy perspective
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The mechanical energy of a vibrating cutting tool (see the cutting tool in
Figure 2 with diameter of 25 mm and overhang length of 165 mm) is less
than 0.1 J when it is vibrating at the border of chatter onset (Fu et al.,
2013). In contrast, during the time frame of one cycle vibration movement,
the machining process consumes about 2 J energy. The mechanical energy
of the vibrating cutting tool is thus significantly small as compared to the
total energy consumption during a cutting process. The damping
mechanism of the cutting tool in (Fu et al., 2013) takes approximately 0.05
seconds (about 25 cycles) to consume 90% of the energy.
It is this fairly small amount of energy that limits the performance of a
machining process with vibration problems. Thanks to this small amount
of vibration energy, damping mechanisms in materials and mechanical
structures is sufficient to ensure a stable machining process under certain
circumstances. In the time frame of one vibration cycle for the cutting tool
in (Fu et al., 2013), damping transforms about 1-10 mJ of mechanical
energy to heat/enthalpy.
Although the amount of vibrational mechanical energy is rather small, it is
not trivial and actually fairly difficult to remove from a metal cutting
process as disturbances during machining are naturally occurring because
of inhomogeneity in workpiece materials and instabilities in machining.
This thesis specifically focuses on passive damping (η) in materials and in
mechanical structures, with the aim to remove the amount of vibrational
mechanical energy thereby improving machining systems with high
dynamic stiffness.
2.1.3 Cantilever structure of a cutting tool
Cutting tools are typical cantilever structures (see in Figure 1), and the
mode that usually creates self-excited vibration is the 1st mode in which
the node is at the clamping zone (Daghini, 2012). As a typical cantilever
structure, the tool tip is in an anti-node region for most of the modes
because of its free boundary condition. The node region (where
vibrational strain energy concentrates) locations depend on the mode
shapes (Beranek and Vér, 1992).
Overhang length of a cutting tool is usually limited by the tool vibration
problem (Ruud et al., 2003) and was suggested to be less than five times
the diameter to avoid vibration problems. Long tool overhang length will
substantially decrease the stiffness of a cutting tool. According to the
conventional Euler–Bernoulli beam theory, stiffness of a cantilever tool
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structure with circular cross section can be expressed as (Gere and
Timoshenko, 1997):
3EI 3πE
L −3
k= 3 =
∗D∗� �
L
32
D

Eq. (2.3)

where k is the stiffness, E is the elastic modulus of the material, I is the
second area of moment, D is the diameter of the tool and L is the length
between the tool tip to the clamping end, see in Figure 1.
It can be seen in Eq. (5.2) that increasing overhang length to diameter
ratio (L/D) of the tooling structure leads to a reduction of the structure’s
stiffness in a cubic form. The L/D ratio is even more critical for small
diameter tools due to their small diameter D, see the Eq. (2.3). The
regenerative tool chatter is less of a problem in low overhang length to
diameter ratio tools. Machining system performance, however, is limited
by the short overhang length of cutting tools when, for example, a high
aspect ratio deep hole needs to be machined.
2.1.4 Actions to suppress regenerative machine tool chatter
Attempts have been made to suppress the regenerative tool chatter using
either passive or active methods. Active methods utilises feedback
monitoring of the cutting process and adjusts the cutting parameters or
machining systems accordingly, whereas passive methods typically use
passive control with adjusted machining parameters or improved
mechanical structure properties prior to the cutting operations.
Patents were filed in 1936 by (Leland, 1936) on the concept of tuned mass
dampers in cutting tools (see the concept in Figure 1) using friction in
contact surfaces as the spring-dashpot element. It was then modified by
various inventors while trying to improve the solution from different
perspectives. In tuned mass damper application, it is critical to tune the
mass damper’s resonant frequency to match the tool body’s vibrating
frequency. Elastomers or rubbers were often used as the stiffness
elements which can be easily compressed and severely deformed as in
patent US3242791 A (Smith, 1966). In order to improve the reliability of
the tuned mass damper and to provide damping over a higher frequency
band, viscous oil were applied to the cavities between the mass damper
and the tool body as in patent US3601229 A (Shurtliff, 1971).
The concept was later applied to a workpiece by Rashid and Nicolescu
(Rashid and Nicolescu, 2007). A recent study in (Yang et al., 2014)
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documented the two degrees of freedom of tuned mass dampers and
increased the critical depth of cut by at least a factor of two.
Harms et al. (Harms et al., 2004) integrated a piezo-electric actuator in the
tool holding structure to exert a counteracting force against tooling
vibration. Such a counteracting force was demonstrated to suppress tool
chatter while attracting more practical implementation with the low cost
trend of electronic devices.
The research work by Altintas et al. (Altintas et al., 2008) highlighted
process damping’s effect and made efforts to identify process damping’s
cutting force coefficients. They proposed that reduced cutting speed could
incorporate more process damping to stabilize the cutting process. A time
model of predicting process damping caused by various cross edge
radiuses and flank profiles was later proposed in (Ko, 2014).
High damping materials can be applied in critical joint interfaces (node
regions where vibrational strain energy concentrates) to improve the
damping property of the structure as documented in (Beranek and Vér,
1992). Increased damping could lead to increased dynamic stiffness
although at the price of decreased stiffness.
Adding high damping materials to essential joint interfaces in machine
structures has been suggested by several scholars (Daghini, 2012; Rashid,
2005b) to improve a structure’s dynamic properties. VEM (Viscoelastic
Material) is widely used in engineering cases to perform damping. VEM
has fairly low elastic modulus and dramatically reduces a mechanical
structure’s stiffness (Daghini, 2012). It was later found by Frangoudis et al
(Frangoudis et al., 2013) that changing the compression preload applied
on VEM layers will affect the mechanical structure’s dynamic behavior.
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3 Problem statement
In order to design-in high dynamic stiffness in mechanical products, there
is a knowledge gap to be bridged between the four major research areas
(see in Figure 6) concerning the comprehension of underlying damping
mechanism in composite materials and joint interfaces.

Vibration
Theory
Material
Science

Knowledge
gap

Mechanical
9ngineering

Chemistry

Figure 6. The knowledge gap to be bridged in the thesis study

Although various means were successfully demonstrated to realize
vibration control, these solutions usually sacrifices rigidity or stiffness of
the mechanical structures to gain vibration damping performance. The
high dynamic stiffness property in mechanical structures became a tradeoff practice between stiffness and damping. Through bridging the
knowledge gap between the four major research areas, the thesis study
envisages to break the trade-off relationship between stiffness and
damping by their simultaneous improvements.
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4 Research objectives and applied methodology
The following research objectives are targeted in the thesis:
• Study the underlying damping mechanism in composite materials
The understanding of the underlying damping mechanism in composite
materials is necessary for the subsequent creation of HDS (high dynamic
stiffness) composite. The study includes the explanation of physical
underlying process of damping by transforming vibrational mechanical
energy to heat, the analysis of materials’ intrinsic damping from
chemical bonding point of view and the identification of critical
thresholds for design-in damping in composites. This objective is
addressed in detail in section 5.1 and section 5.2 of this thesis work.
• Analyse joint interfaces’ roles on a cutting tool’s machining
performance
As the developed HDS composite is mostly applied in the joint interface
regions, the understanding of the joint interface’s role on tooling
structure’s dynamic stiffness is essential for the success of the ultimate
goal of this thesis. The impact of joint interface’s normal preload on the
tooling structure’s dynamic stiffness is studied in Paper 1, without any
damping treatment in the joint interface.
• Develop methods to characterize joint interface properties with FRFs
(Frequency Response Functions) measured on assembled structures
In-situ characterization of joint interfaces in the assembled form is
critical to provide access to analyse the underlying mechanism of joint
interfaces under varying normal preload. The method of characterizing
joint interface’s stiffness and damping properties in assembled form is
developed in Paper 3.
• Analyse the mechanism of the joint interface’s compression preload
on changing the structure’s dynamic properties
Although the compression preload was reported previously to affect the
tooling structure’s dynamic properties (such as that in Paper 1), the
underlying mechanism of how the compression preload changed the
tooling structure’s dynamic properties is not studied thoroughly. The
joint interface’s normal preload’s effect on the mechanical structure’s
dynamic responses is studied in detail in Paper 5. The effect of
12

compression preload on joint interface is analysed through quantifying
the joint interface’s stiffness and damping properties under varying
preload, with the method developed in Paper 3.
• Create nano structured HDS composites using the HiPIMS (High
Power Impulse Magnetron Sputtering) technology
With the understanding of the underlying damping mechanism in
composite materials, three steps were taken in the process of creating
the nano structured HDS composite:
Step 1 in Paper 2, pilot study by providing a composite coating on an
internal turning tool with a certain thickness, without flaking or
delamination and tested by machining process to study its damping
performance.
Step 2 in Paper 4, introduce the multi-layer concept into the HDS
composite coating’s internal structure and measure the HDS composite
coating’s damping property by free layer damping method. The HDS
composite coating’s damping performance is studied on a milling tool by
identifying the milling processes’ critical stability limit.
Step 3 in Paper 6, study the deposition process parameter’s impact on
the HDS composite coating’s mechanical properties, identify the source
of intrinsic damping with grain size measurements, and selectively study
the HDS composite with the highest loss modulus on a milling tool.
Accomplishment of these objectives helps to answers the following
research questions:
• What is the underlying physical mechanism of damping in grain
boundaries of materials and in joint interfaces of structures?
• How to characterize joint interface properties with only FRFs
measured on assembled structures?
• What are the essential characteristics of composites to be achieved for
creating HDS composites?
• How does the preload on joint interfaces affect a machine tooling
structure’s dynamic stiffness?
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5 Thick-layer HDS composite coating development
Stiffness is determined by the mechanical properties of materials used for
construction and the geometry design of the mechanical structure. High
stiffness can be obtained through optimized geometric design in
construction. Vibration damping is realized either through transmitting the
vibrational kinetic energy away from the vibrating object (tuned mass
damper) or transforming the vibrational kinetic energy into other forms,
such as heat (material’s internal damping and interface damping). This
thesis focuses on the internal damping of materials and interface damping
of mechanical structures for obtaining HDS. Specifically, a thick layer HDS
composite coating is developed in this thesis study and applied on cutting
tools in the clamping region as shown in Figure 7.

L

Machine structure

D

Cutting
edge

HDS composite

Interface
damping

Cutting tool
HDS composite

Machine structure
Figure 7. Schematic view of the cantilever structure of cutting tools with the
damping sources from HDS composite material and joint interface

Starting from the comprehension of ‘internal friction’ damping in materials,
this chapter addresses the challenges associated with the creation of high
dynamic stiffness material, explains the approach and techniques adopted
to deposit the HDS composite coating, and describes the method used for
testing the HDS composite coating’s performance on cutting tools.

5.1 Internal damping in materials
Internal damping in materials measures the material’s capability of
transforming energy in the form of mechanical vibration into other forms
and exists in all type of engineering materials. Materials can be classified
into four major groups that exhibit varying mechanical properties, i.e.
polymers, metals, ceramics and composites, as shown in Figure 8.
14

•

•

•
•

Polymers usually have low melting temperatures and their
damping is usually high due to the ‘internal friction’ between the
long molecular chains (Jones, 2001). Polymers’ damping property
also varies with frequency and temperature (viscosity).
Metals have a moderate melting temperature and relatively low
damping, except for some of the memory alloys that exhibit an
increased high damping property but reduced elastic modulus
under the phase transformation temperatures. The high damping
property under phase transformation is due to the large internal
surface area (interface 2) between the small grains of co-existing
multiple phases and thermally activated grain boundary damping.
Ceramics usually possess high melting temperatures, high hardness,
high elastic moduli and low damping due to their strong intraatomic ionic bonding.
Composites have very diverse properties depending on their
internal structures. Composites allow the co-existence of disparate
and separate phases under room temperatures. Damping in
composites is usually due to the ‘internal friction’ effect at the
interfaces or grain boundaries 3 between the grains with disparate
or separate phases.

Damping

Hardness

Polymers

Ceramics
Elastic modulus

Figure 8. Materials classification by their damping 4, hardness and elastic moduli
2

Interface inside materials refers to the internal surface formed by separate phases
Grain boundary inside materials refers to the internal surface formed by disparate
phases
4
The damping refers to vibration damping of mechanical structures with mode frequency
<10 KHz.
3
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Stiffness |E| (GPa)

Materials are mapped with either the ‘Stiffness-Loss Map’ (Brodt and
Lakes, 1995; Lakes, 1998) (see in Figure 9) or the ‘Specific Damping Index
vs. Tensile Strength Map’ (Sugimoto, 1974) (see in Figure 10) to facilitate
the engineers’ selection of appropriate materials for individual
applications. The best performance is usually obtained if the stiffness and
damping of materials is the highest. Strength of materials provides
another dimension of measure when the yield and/or fracture are under
consideration.
However, due to the lack of standard in measurement methods, the
measured material’s damping properties exhibit large discrepancies
between different measurement methods. Even with equivalent samples,
measurement result of damping are in lack of agreement between
different laboratories (Blanter et al., 2007). The data provided in Figure 9
and Figure 10 only serves for indication purpose. Nevertheless, the
criterion of high dynamic stiffness material is commonly agreed upon at a
loss modulus of 0.6 GPa.

Damping, tan δ
Figure 9. Stiffness-Loss Map (Brodt and Lakes, 1995; Lakes, 1998)
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Specific damping index (%)

Tensile strength (kg/mm2 )

Figure 10. Specific Damping Index vs. Tensile Strength Map (Sugimoto, 1974)

It is a research objective to create HDS composites that have high elastic
modulus and high loss factor under ambient conditions, for the best
performance in the stiffness-loss map in Figure 9. For obtaining high
damping and high stiffness simultaneously in materials, metal matrix
composites (MMCs) were claimed to be the best choice by Schaller
(Schaller, 2003).
5.1.1 Damping due to interface and grain boundary relaxation
Passive damping in materials is mostly defined as ‘internal friction’ as it
has the same mechanism to the tribology ‘friction’ by transforming
mechanical energy to heat. Åberg et al (Åberg et al., 2004) actually
observed the temperature rise of materials due to intrinsic damping and
used the temperature rise as a measure of a material’s damping property.
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Damping is also denoted as ‘grain boundary relaxation’ in (Blanter et al.,
2007)
Mechanisms that contribute to a materials damping property were
summarized by Blanter et al (Blanter et al., 2007):
• Point defect relaxation, e.g. foreign interstitial atoms (C, N, O, H etc.)
• Dislocation relaxation, e.g. crystallographic defects, edge dislocation,
screw dislocations
• Interface relaxation, e.g. grain boundaries, twin boundary,
monocrystalline metals
• Phase transformation, e.g. austenite-martensite transformation
• Thermoelastic relaxation, e.g. thermal flow due to temperature
gradient caused by compression and tension
• Magneto-mechanical damping, e.g. stress induced changes of
magnetization, magneto elastic hysteresis damping, eddy current,
magnetic transformation
Of all these mechanisms, relaxation at interfaces and grain boundaries, is
of particular interest since it is the main damping mechanism of high
dynamic stiffness MMCs. T. S. Ke (Kê and Mehl, 1999) made efforts to
explain the grain boundary relaxation phenomenon and proposed two
models (see in Figure 11):
• Viscous slip along planar grain boundary
• Disordered atom group or diffused holes at grain boundary (Ke, 1949)
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Figure 11. (a), Schematic process illustration of viscous slip along planar grain
boundary and (b), diffused hole/atom at grain boundary where the black
dotted line represents the grain boundary

Particularly in the disordered atom group model, grain boundaries were
assumed to consist of ordered regions and disordered regions. The atoms
in disordered regions can pass over one another by squeezing the atoms
around them.
5.1.2 Early observations in material damping
Cast iron is a widely used material for constructing machine bases due to
its high intrinsic damping property. Studies performed by S. A. Golovin et
al (Golovin et al., 1980; Golovin et al., 1979) investigated cast iron’s
damping property and found that grey cast iron possesses the highest
damping property due to the widely distributed graphite flake inclusions
(see in Figure 12) that have higher interface areas. A comparison between
compact graphite iron (CGI) and grey cast iron indicated that nodularity of
graphite flakes immediately reduces its damping property (Dawson and
Schroeder, 2000). Moreover, graphite particles in CGI have rounded edges
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and irregular rough surfaces which result in strong adhesion between the
graphite and the iron matrix. The damping capacity of cast iron is mostly
affected by the degree of graphite flake patch occurrence (degree of flake
isolation) (Dawson, 1999). These observations suggest that the separation
of inclusions is essential for achieving a high damping property, which
agrees with the damping mechanism of ‘non-affined local strain field
effect’ (Chen and Lakes, 1993a, b).

Graphite flakes

Figure 12. SEM picture of grey cast iron showing the matrix of ferrous and the
graphite flake inclusions

Flexible graphite, made of exfoliated graphite flakes (grain size of ~180 nm)
without binder, exhibits a loss factor of about 0.15-0.18 and a storage
modulus of about 1-1.4 GPa when tested by the three point bending
method (Luo and Chung, 2000). When pyrolysed pitch is added to graphite
coke particles, the synthetic graphite has higher elastic modulus (~10 GPa)
and lower loss factor (~0.014) as documented in (Pardini et al., 2006).
Moreover, extruded synthetic graphite with coarse grains seems to have a
higher loss factor (0.014±0.003) and a higher elastic modulus (11.63GPa)
than that made by isotropic compression with fine grains (loss factor
0.007±0.001 , E=9.71 GPa) (Pardini et al., 2006).
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In the study of aluminum composites performed by Zhang et al (Zhang et
al., 1994), they analyzed the damping contribution from the material’s
intrinsic damping, thermoelastic damping, grain boundary damping,
thermo mismatch dislocation damping and interface damping. The high
damping property of composites was attributed to the intrinsic damping of
matrix and inclusions, matrix-inclusion interfaces and grain boundaries of
the matrix material. Although all these mechanisms contribute to the
composites’ damping property, it was shown that the interface between
matrix and inclusions might be the most appropriate explanation of the
high damping property of a composite material compared to that of a pure
matrix material, especially at elevated temperatures above 200 ⁰C.
The extreme damping of composites with negative stiffness inclusion
reported by Lakes et al (Lakes et al., 2001) was attributed to the high
damping as a result of high local strain at inclusions that is higher than the
composite as a whole. High local strain of inclusions leads to slip
phenomenon at the interface between inclusions (ferroelastic vanadium
dioxide) and matrix material (pure tin). Negative stiffness inclusions were
explained as ‘unstable’ and can be stabilized within a positive stiffness
matrix (Lakes et al., 2001). Nelson and Hancock (Nelson and Hancock, 1978)
actually commented that the slip of grain boundary reduces the load
carrying capacity of composites with a superimposed vibration. On the
contrary, it was found by B. M. Girish et al (Girish et al., 2010) that grain
boundaries have adverse effects on a material’s damping properties.
5.1.3 Energy state analysis of interface and grain boundary relaxation
Grain boundary relaxation and interface relaxation were observed to be
dependent on temperature and frequency by many scholars (Blanter et al.,
2007; Kê and Mehl, 1999). Grain boundaries in disordered regions are in a
higher energy state compared to fine crystallized ordered regions domains
and can be generated by external work on fine crystallized domains. The
bonding at grain boundary is most likely due to the weak intermolecular
forces (such as van der Waals forces and the like). The intermolecular
attraction force equation was predicted by De Boer and Hamaker, and
presented by Kendall in (Kendall, 1994):
P
A
=−
area
24πz 3
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Eq. (5.1)

where P is the attracting force (minus sign for attraction), A is the Hamaker
constant, and z is the separation distance.
The van der Waals forces act over small distances and 99% of the work
needed to break the bonding is done once the surfaces are separated
more than 1 nm apart (Kendall, 1994). The relative bonding strength of
different types is compared in Table 2 in terms of dissociation energy:
Bond type

Dissociation energy (kcal/mol)

Dissociation
energy in eV

Ionic Lattice

250-4000 (Reger et al., 2009)

10.84-173.46

Covalent Bond

30-260 (Wulfsberg, 2000)

1.3-11.27

Hydrogen Bonds

1-12 (about 5 in water) (Ege, 2004)

0.043-0.52

Dipole–Dipole

0.5–4

0.022-0.087

London
Dispersion
Forces

<1 to 15 (estimated from the
enthalpies of vaporization of
hydrocarbon) (Majer et al., 1985)

<0.043-0.65

Table 2. Relative bonding strength comparison of different bonding types

It is observed that the high damping in polymer materials is mostly
correlated with weak intermolecular bonding (low dissociation energy).
The number of such weak bonding sites inside a material plays a vital role
in damping. Weak bonding enhances damping due to the low bonding
energy that can easily be exceeded by vibrational strains.
5.1.4 Nano size effect on material damping
Nano-structured material is an emerging area of research with its ultrafine grains (<10 nm) that possess a large grain boundary surface in relation
to their volume and low impedance to dislocation mobility due to grain
boundary sliding (Blanter et al., 2007). Grain boundary sliding can either
be accommodated by diffusion flow when grains slide over each other or
dislocation flow (dominates over low temperature due to lower stress
requirement as fewer atoms are involved).
Nano sized grains have their own special effect on a material’s properties
which does not totally follow classical macroscopic mechanics. Decreasing
nano grain sizes increases surface energy, and melting point of the
material decreases as shown by Jiang (Jiang et al., 2007). Moreover,
thermal conductivity of materials is substantially reduced with grain
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dimension less than 10nm, as shown by Chen (Chen, 1997). Nanostructured metallic materials contain a higher fraction of grain boundary
volume. For a grain size of 10 nm, 14-27% of all atoms reside in a region
within 0.5-1 nm of a grain boundary (Siegel, 1993). Further reduction of
the grain size to 5 nm will increase the percentage of atoms in the grain
boundary regions to 27-49% (Siegel, 1991).
Controversy exists in damping improvement of polymeric materials with
nano sized inclusions. Several scholars have reported their work on
impregnating (multiwall) carbon nano tubes (Ajayan et al., 2006; Koratkar
et al., 2002; Koratkar et al., 2005; Suhr et al., 2005; Suhr and Koratkar,
2008), carbon nano composites (Khan et al., 2011; Koratkar et al., 2002;
Suhr et al., 2005), carbon nano graphite platelets (Bansal et al., 2012),
carbon filaments (Hudnut and Chung, 1995), carbon nano tube coating
(Tehrani et al., 2013) and ZnO nano-rod coating (Skandani et al., 2012) into
epoxy or CFRP (carbon fiber reinforced polymers). Most of these
investigations observed an improvement of materials’ damping property
by adding nano sized impregnates (Hudnut and Chung, 1995; Khan et al.,
2011; Koratkar et al., 2002; Skandani et al., 2012; Suhr et al., 2005; Tehrani
et al., 2013), while an adverse effect of nano sized impregnates on a
material’s damping property was also observed (Bansal et al., 2012). Some
observed improvements of elastic modulus and damping simultaneously
due to treatments (Khan et al., 2011; Skandani et al., 2012; Suhr et al.,
2005) while others observed improved damping with decreased elastic
modulus (Segiet and Chung, 2000; Tehrani et al., 2013).
The methods that have been used to generate high surface area of nano
sized grain boundaries inside materials are mainly divided into two
categories, i.e. top down approaches and bottom up approaches.
Top-down

Severe plastic deformation (SPD) (Valiev et al., 1993)
Extrusion (Zhang et al., 1994)
Ball milling to make nano-grains for powder metallurgy

Bottom up

Mechanical alloying
Denitrification of amorphous precursors
Plasma enhanced chemical vapor deposition (PECVD)

Table 3. Approaches used tor generate nano structured materials
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The PECVD method is of particular interest and adopted in this thesis work
to create nano grain size damping materials together with HiPIMS
technology. The deposited nano grain size damping composite is in the
form of a thick layer coating.

5.2 The associated challenges on the development of thicklayer HDS composite coating
After the study of the underlying mechanism of internal damping in
materials, the design concept of HDS metal matrix composite in the form
of a thick layer coating and its fabrication technology is presented in this
section. From all of the studies reported, we can conclude that, in order to
achieve high damping in composites, the following challenges need to be
addressed:
• Maximize grain boundary surface
• Minimize grain size (<10 nm for breaking Hall-Petch 5 effect)
• Maintain heterogeneous inner structure (non-affined local strain)
• Avoid agglomeration of impregnates
Follow the paradigm of HDS material research, the concept of MMC is
adopted in this thesis as the objective HDS material. The MMC takes
advantage of metal matrix to sustain the stiffness while using nano sized
fillers/impregnates to enhance the damping property by the enlarged
internal grain boundary surface area to volume ratio. The challenge lies in
the facts that:
 the process shall have low temperature to avoid agglomeration of
nano particles and to avoid thermal mismatch and residual stress
 the generated material should have a certain volume (thickness) to
function while embedded in mechanical structures
 The internal stress in the disordered regions shall be low to avoid
delamination and/or flaking
5

Hall Petch effect describes the observation that the grain boundaries impede dislocation
movement and the number of dislocations within a grain determines how easily
dislocations can traverse grain boundaries and travel from grain to grain. With the
reduction of grain sizes (from 100 µm to 1 µm), the possible amount of dislocations piled
up at grain boundary decreases and higher applied stress is necessary to move a
dislocation across the grain boundary. Further reduction of grain size to <10 nm, only one
or two dislocation can fit inside a grain, and the grain boundaries starts to slide and
diffuse, instead of impeding dislocation movement.
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The low process temperature requirement contradicts the fabrication
process of MMCs by conventional methods (such as powder metallurgy) as
metals usually have high melting temperatures. It is only possible to
overcome the temperature restriction by adiabatic processes which can
heat up or speed up the metal elements in short pulses and allow the
metal elements to cool down between the pulses. Physical/chemical metal
vapour in the form of plasma can be accelerated to high energetic level
corresponding to high temperature by the means of electric field and
collisions between particles. To generate physical/chemical metal vapours,
the pulsed magnetron sputtering technology is applied to obtain a large
sum of highly ionized vapours. During the pulses, within a fraction of mille
seconds, the process is adiabatic by transforming the discharge energy
into the kinetic energy of the vapours which corresponds to a high
temperature level. At the substrate surface, the interaction time frame of
the ad atoms is within hundreds of nano seconds due to the low
temperature of substrate which blocks the diffusion of the ad atoms to
overcome the kinetic barriers. Between the pulses, the process allows the
atmosphere to cool down to keep the average temperature on substrate
below a certain limit. Thereby, the mixing of metal elements with other
impregnates is realized by the condensation of their vapours on the
substrate surface.
As physical vapours were most studied in plasma coating processes, the
applications usually need relatively thin thickness layers in the range of a
few micron meters (such as the TiAlN CVD coatings for cutting inserts). As
the focus of this thesis is to realize vibration control, the thickness of nano
structured MMC coating should have a certain value to reveal the HDS
composite’s functionality. As highlighted in the case study shown in Figure
7, the MMC coating complements the joint interface damping and
functions as an important stiffness chain in the structure. For other
applications where the MMC coating is functioning as free layer damping,
the thickness of the coating is then directly related to the performance of
the final product. The nominal obstacle for producing thick coating layers
with plasma assisted processes is the residual stress that accumulates with
the growing thickness.
There are two sources of internal stress in the coating layers, i.e. thermal
mismatch residual stress and lattice distortion residual stress. The low
process temperature facilitates to reduce the thermal mismatch residual
stress while the final products mostly operate in room temperature. The
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lattice distortion residual stress is, however, related to the preferred
orders of atoms and chemical reactivity of species inside the material.
Preferably, the chemical reactivity of the species of metal matrix and nano
sized impregnates should be low. The selected material for the HDS
composite in the thesis study is copper mainly due to its low reactivity,
and impregnates are made of radicals containing carbon, nitrogen,
hydrogen and oxygen.

5.3 Development of the PECVD technology using HiPIMS
HiPIMS technology was invented by Dr. Vladimir Kouznetsov et al.
(Kouznetsov et al., 1999) and demonstrated by its high peak power density
(2800 Wcm-2), high peak ion current density at the substrate (3.4 A cm-2),
higher target material utilization and capability of coating high-aspectratio trenches. The HiPIMS process utilizes short pulses with high power
and low duty cycle to maintain the average process power at a low level in
order to avoid thermal related issues.
Due to the high ionized flux fraction (up to 70%) of the sputtered vapours
(Kouznetsov et al., 1999), HiPIMS can be used for PECVD processes as the
ionized sputtered species are active in chemical reactions. Ionized particles
can be accelerated up to an energy level of 100 eV, corresponding to a
temperature of 1×106 Kelvin. These particles experiences a cooling rate at
1013 K/s (Lundin and Kostas, 2012) while condensing on the substrate
surface and generates nano size grains with an excess amount of Gibbs
free surface energy.
The deposition rate of the HiPIMS process is affected by various
parameters such as the sputtering yield of target materials, ionization flux
fraction, process pressure, ion density, back tracked ionized flux, the
competing mechanism of surface etching and adsorption of incoming
species and many others (Konstantinidis et al., 2006). In HiPIMS mode, the
deposition rate is very often lower than that of DC magnetron sputtering
mode.
Adhesion of the coating layers to the substrate was observed to be
superior in HiPIMS coatings as compared to DC magnetron sputtering
(Ehiasarian et al., 2007) due to the highly ionized fluxes which actively
interacts with the substrate surface. The adhesion of coating layers,
however, is controlled by several factors such as cleanness of the
substrate surface, the lattice mismatch, interface diffusion, surface
chemical reaction, and penetration depth of incoming species. At the
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present scope of study, a copper pre layer is selected as the adhesion layer
as it has a relatively high sputtering yield and can reach a high ionization
rate (Kouznetsov et al., 1999).
A schematic illustration of the PECVD deposition process with HiPIMS
technology is shown in Figure 13. Different compositions of gases (Ar, N2,
O2, C2H2) are leaked into a vacuum vessel with background pressure lower
than 1×10-3 Pa. Process pressure is usually around 1 Pa or lower. A
unipolar pulsed power supply based on HiPIMS technology is plugged onto
a cathode target (dimension 620 mm×122 mm) supported by stacks of
permanent magnets in the unbalanced magnetic field configuration. The
negative voltage pulses normally have a peak voltage of approximately
−1000V, which generate a saw tooth shape current increase reaching a
maximum of about 300 A in less than 150 µs. Discharge frequency can be
changed between 50 Hz and 300 Hz depending on the power limit of the
power supply. Substrate biasing is applied up to a few hundred Volts in the
form of DC biasing or AC biasing with a frequency at the level of 100 KHz.
The substrate AC biasing induces plasma etching during pulse-off and
accelerates ions to bombard the surface during pulse-on. One example of
discharge voltage, discharge current and substrate AC biasing is shown in
Figure 14.
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Figure 13. Schematic illustration of the PECVD process with HiPIMS technology

At the beginning of the process, biasing voltage was set at ±700 Volts for
plasma etching for improving adhesion strength of coatings. During the
coating process, the ionized flux fraction is typically 50% at the substrate
location (in the center and approximately 10 cm away from the target
surface) without the reactant gases (C2H2, N2 and O2) and drops
immediately to <15% with the reactant gases.
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Figure 14. Typical discharge voltage, current and biasing voltage recorded by
oscilloscope

Due to the nature of a vacuum based process, the method can quickly
alternate its deposition condition for layers with different compositions
within a few seconds. The energy of incoming particles (atoms, ions,
radicals etc.) can be controlled by discharge power in plasma and other
process parameters. High flux of ions at the substrate facilitates repeated
nucleation process and transforms coarse columnar polycrystalline
structure to globular nano-crystalline featureless microstructure (Alami et
al., 2009; Lundin and Kostas, 2012).

5.4 The deposited HDS composite coating
The deposited HDS composite with loss modulus of 2.6 GPa (E = 34 GPa,
and η = 0.077 at 0 Hz) is shown in Figure 15 with SEM (Scanning Electron
Microscopy) and TEM (Transmission Electron Microscopy) studies. The
HDS composite has a multi-layer structure with profiles in micro meter
scale and also in nano-meter scale. The TEM-EDS (Energy Dispersive X-ray
Spectroscopy) analysis shows that the HDS composite has metal matrix
with copper rich regions highlighted with bright colour in the EDS scanning
in Figure 15 (d). Particularly in the nano scale of Figure 15 (e), the HDS
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composite has copper rich and carbon/nitrogen rich interlaying structure
with the thickness of approximately 40-50 nm. The interlaying structure
was formed during the deposition process by the rotation of the substrate
holder. While the substrate is facing the cathode target source, it catches a
larger amount of target element as compared to the condition where the
substrate is shielded from the metal vapour source. The elemental
scanning along a line on the TEM cross-section image of Figure 15 (e) is
shown in Figure 16.
(a)

(b)

(c)

(d)

(e)

Cu

C

N

Figure 15. SEM of the HDS composite coating’s cross section in different
magnifications (a), (b) and (c), TEM-EDS with different scales in (d) and (e)
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Figure 16. Element scanning of the TEM cross-section of HDS composite

X-ray diffraction was then performed to identify the grain size of the HDS
composite coating and the results are shown in Figure 17. The average
grain size of copper inclusions was calculated by peak broadening (by
integral breadth method) of X-ray diffraction patterns. The calculated
average grain size of the HDS composite is approximately 13 nm and is
substantially smaller than the inter layer thickness. The small grain size is
probably the underlying controller of the HDS composite’s damping
property.
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Figure 17. X-ray diffraction pattern of the HDS composite with Cu Kα radiation
source

A high resolution TEM measurement of the HDS composite is shown in
Figure 18. Ordered regions with inter atomic plane spacing of 2.4 Å and 2.1
Å are observed.
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Figure 18. High resolution TEM of the cross section.
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A comparison is made between the HDS composite with other materials at
approximately 0 Hz frequency and 20 ⁰C, in Table 4.
Materials

Loss
factor

Loss
modulus

Hardness

Viscoelastic polymer <100 MPa
(3M 112) (3M, 2012)

0.02-0.3

<100 MPa

NA

Grey cast iron 6

0.017

~1.48 GPa

2.14 GPa

Interlocked
carbon 6 GPa
nano tubes in (Liu et
al., 2015a)

~ 0.12

~ 0.66 GPa NA

PMMA6 (Berthoud et 4 GPa
al., 1999)

~ 0.072

0.29 GPa

0.4 GPa

HDS composite6

0.077

2.6 GPa

2.3 GPa

Young's
modulus

~87 GPa

34 GPa

Table 4. Comparison of HDS composite with other materials measured at
approximately 0 Hz and 20 ⁰C

5.5 Cutting test with HDS composite coating
As the HDS composite is only available in the form of a surface coating
layer, an appropriate characterization method to quantify the elastic
modulus and loss factor of HDS composite, especially at frequencies above
200 Hz, is lacking. The damping effect of nano structured HDS composite is
studied through cutting processes’ performance using cutting tools coated
with the HDS composite layer compared to those without the HDS
composite layer, see in Figure 19.

6

Measured by indentation creeping method
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(c)

(d)

(a)

(b)

Figure 19. (a) A milling tool applied with HDS composite layer in a milling
machine, (b) The milling tool under cutting test with slotting operation, (c) A
typical machined workpiece surface with stable cutting conditions, and (d) A
typical workpiece surface with unstable cutting conditions.

According to the regenerative machine tool chatter theory developed by
Tobias and Fishwick (Tobias and Fishwick, 1958), the dynamic stiffness of a
tooling structure is directly related to the critical stability limit of stability
lobes diagram (Fu, 2013; Gurney and Tobias, 1961). Increased dynamic
stiffness of the tooling structure extends the critical stability limit, the
minimum of stability lobes diagram (see Figure 5). Cutting tests were then
performed to identify the critical stability limit of the cutting tools with
and without the HDS composite coating, at different spindle speeds.
During machining, the effect of process damping was avoided either by
using new cutting edge for each cutting test, or by using the same insert
under alternating conditions randomly.
Detection methods and identification of chatter were discussed in (Grossi
et al., 2014) by Grossi et al. A microphone is easy to apply for measuring
the sound emitted from machining processes, but is affected by sound
from the surroundings. Such conditions have less of an effect on force
dynamometers and accelerometers. Force dynamometers and
accelerometers; however, require wiring which might not be feasible for
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rotating parts and it is a risk to place the sensors close to the cutting area.
Surface roughness measurement and a picture of the machined surface
provide another source to identify chatter conditions.
In the cutting experiments, accelerometers were used for measuring
vibration of fixed tools (turning tools) and fixed workpiece (milling
workpiece). A microphone was fixed at a certain location (a few meters
from the cutting zone to avoid distance effect) to measure the sound
emitted from the cutting process. Pictures were taken from the machined
surface and the surface roughness was measured when necessary.
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6 Joint interface damping and the characterization
method development
Joints are embedded elements in mechanical structures and create joint
interfaces where two or more components are connected. They are
essential elements for machine construction which promotes the
modularity of products and reduces the amount of necessary safety stock
on a shop floor. Although it is commonly expected that the joint interfaces
in mechanical joint contacts introduce vibration damping to the
mechanical structure, it is still not clear of how the joint interfaces
contributes to the damping of the mechanical structure. The damping
effect of joint interface is widely studied, but the underlying mechanism of
compression preload on joint damping is rarely discussed or thoroughly
understood.
Starting from reviewing the study histories of joint interface damping, this
chapter specifically focuses on the method development for making joint
interface characterization.

6.1 Observations of friction damping in joint interfaces
Mechanical structures that consists of several components joined together
usually exhibit higher damping properties than the constitutive materials’
intrinsic damping as documented by Cremer and Heckl (Cremer and Heckl,
1988). For example, in a cantilever beam setup, one end is clamped and
the clamping introduces ‘build-in’ damping to the component of the order
of 10-2 (Cremer and Heckl, 1988). This phenomenon actually makes it
difficult to measure accurately a material’s low damping property due to
the interference of structure damping property (Kê and Mehl, 1999).
Friction damping of joints was widely investigated in the last century
referring to the damping properties of bolted or riveted connections in
beam and plate like structures, specifically in connection with aerospace
structures. This research work has been reviewed by Ungar (Ungar, 1973),
Plunkett (Plunkett, 1980) and Beards (Beards, 1992). For a micro-slip
vibrating system, the energy loss ΔE per cycle from lap joints and from
friction interfaces in layered beams is seen to increase with the cube of
the amplitude of displacement, implying that the damping ratio is linearly
dependent on displacement amplitude. A higher excitation force will
therefore lead to a higher damping property of the joints as shown by
Andrew et al (Andrew et al., 1967) and Padmanabhan and Murty
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(Padmanabhan and Murty, 1991). Higher normal compression preload
force will then lead to smaller relative displacement, reducing damping in
joint interfaces (Andrew et al., 1967; Padmanabhan and Murty, 1991).
D. Mead and D. Ae tried to measure the rivet joints’ damping property by
comparing the necessary amount of input energy to sustain the vibration
of a mechanical structure using assemblies with and without the joints
(Mead and Ae, 1959). The method measures damping by dividing the
amount of input energy by the mechanical energy of the structure (Mead
and Ae, 1959).
A damping ratio peak dependent on joint interface’s normal pre-load was
observed by R. R. McWithey and R. J. Hayduk in 1965 (McWithey and
Hayduk, 1965). Moreover, it was found that damping of joint interface at a
specific normal preload is slightly affected by friction coefficient µ of two
contacting surfaces. At low vibration amplitude under this specific normal
preload, the testing sample exhibits higher damping in a vacuum (cold
welding) environment than that in an ambient condition (McWithey and
Hayduk, 1965). Such a privilege of high damping due to friction coefficient
disappears at higher vibration amplitudes because of the air-induced
damping effect (McWithey and Hayduk, 1965).
S. Vitelleschi and L. C. Schmidt (Vitelleschi and Schmidt, 1977) tried to
quantify the damping factors of high strength friction grip bolted joints
with four types of surfaces, i.e., galvanized, inorganic zinc silicate,
urethane chromate primer and mill scale, and said that the damping
factors ranged from 5% to 12% at working loads.
Meshulam Groper (Groper, 1985) analyzed the micro-slip and macro-slip in
bolted joints, and derived a mathematical equation for the friction force
and slip in both stages of loading, i.e. when partial slip and full slip was
established. He suggested a design where the magnitude of slip is at the
border of partial slip and full slip in order to dissipate large amounts of
vibrational energy (Groper, 1985).
Padmanabhan and Murty (Padmanabhan and Murty, 1991) clearly
demonstrated that the energy loss per cycle of a joint under oscillation is
dependent on preload and excitation load. Energy loss per cycle has very
small dependency on materials in the joint interface although oxide layers
have a strong influence at the initial stage of friction damping
measurement (Padmanabhan and Murty, 1991). Mild steel, however, is
observed to exhibit higher energy loss per cycle than cast iron when used
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as joint interface material. Moreover, it was also pointed out that the
energy loss per cycle has its own trend of gradual decrease until contacting
surfaces worn in with increasing number of cycles (Padmanabhan and
Murty, 1991).
6.1.1 Micro-slip and macro-slip phenomenon as damping mechanism
Micro-slip and macro-slip phenomenon in joint interface damping has
been described by W. Chen and X. Deng (Chen and Deng, 2005) as:
‘……This situation is called micro-slip, in which slip in interface is localized
in the slip region while the rest of the interface is in the stick region. When
the vertical or axial load reaches beyond the threshold range, slip along the
entire interface will take place. The situation is called macro-slip……’
For macro-slip, energy that is lost as heat generation is proposed to be
some three orders of magnitude higher, than that stored in the deformed
surface track in the form of strain energy and dislocations produced by
sliding passages (Andarelli et al., 1973). This is supported by N. Gane and J.
Skinner (Gane and Skinner, 1973) with the experiment of micro-friction
measurement on 0.1 µm thick silver. Their experiment showed that the
amount of friction energy is 500 times higher than that of the totally
stored energy. Stored energy due to plastic deformation/strain
concentration, in the slide sample surface, amounts to less than 1% of
total friction energy (Gane and Skinner, 1973). Friction is actually mostly
caused by the surface molecule/atomic interaction mechanism (Bowden
and Tabor, 2001).
Joint interface damping in the form of micro-slip has similar mechanism to
macro-slip by transforming mechanical energy into heat energy through
the interaction of molecules/atoms. As it is seen in the macro-slip that
interaction between molecules are sufficient to transform over 90% of the
kinetic energy, the damping due to micro-slip is not trivial as compared to
macro-slip as the underlying mechanism is the same, i.e. the interaction of
molecules/atoms. Such molecules/atoms interaction in joint interfaces is
usually suppressed by high compression preload to ensure the reliability of
the structure assembly accuracy during operation.
6.1.2 Joint interface damping in tooling structures
In tooling structures, the micro-stick-slip phenomenon mostly exists in the
joint interfaces. In vibrating structures, waves are mostly damped by the
joints where there is a concentration of strain energy such as in the joint
39

areas for a cantilever beam (Beranek and Vér, 1992). The joint interface
damping has add-on effect from two separate reasons:
•
•

The vibration strain energy concentrates in the node regions of a
vibrating structure, i.e. the joint interface area (Finnveden, 2009)
The joint interface area has a high damping property due to microslip which effectively transforms mechanical energy into
heat/enthalpy production

Joint friction damping was often used to improve structure’s dynamic
response. C. F. Beards adjusted the clamping force of a joint while
prohibiting translation slip and allowing rotational slip. This resulted in an
increase in inherent damping in a structure (Beards and Williams, 1977). It
was also shown later on that an optimum joint clamping force exists for
maximum energy dissipation, as slip and resonance frequency is affected
by the joints’ clamping condition (Beards, 1983). In a later work, C. F.
Beards and A. Woowat found that reducing the joint clamping force
leaded to a minimum frequency response and a reduction of 21dB in
frequency response along with some changes of resonance frequency
(Beards and Woowat, 1985).

6.2 Characterizing joint interfaces with inverse receptance
coupling methods
Methods for characterizing joint interface properties are usually indirect:
i.e. measure the difference caused by joint interface/element (Mead and
Ae, 1959; Tsai and Chou, 1988). The indirect methods are cumbersome
and have limitations for analyzing the joints’ properties under varying
conditions.
Inverse receptance coupling (IRC) methods for characterizing joint
properties were developed based on the receptance coupling (RC)
methods which predicts a structure’s receptance using joint properties
(Park et al., 2003; Park and Chae, 2008).Tsai and Chou (Tsai and Chou,
1988) pioneered using inverse the receptance coupling method to
characterize joint properties. By measuring the FRFs (frequency response
functions) of substructure and assembled structure, the method can
indirectly calculate the joint properties based on the difference of FRFs (in
un-assembled form and assembled form) caused by the joint interface.
Noise in FRF measurements is inevitable caused by electronic units used in
measurements and etc. In order to overcome measurement noise’s
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adverse effect on characterization accuracy, a normalizing method was
proposed by J. H. Wang and C. M. Liou (Wang and Liou, 1989). Their work
also pointed out that the applicability of the IRC method is dependent on
the effect on FRFs caused by the joint elements and substructures should
have relative displacement at the joint in question. Coupled modes in a
structure, therefore, are an obstacle to the characterization algorithm as
well as heavily damped modes (Yang and Park, 1993). The method was
generalized to extend its applicability on multiple rigid and flexible joints
by Y. Ren and C. F. Beards (Ren and Beards, 1995). A proper criterion on
‘’best’’ solution was introduced to reduce the effects of measurement
errors (Ren and Beards, 1995). The importance of relative displacement
and normalization of coefficient matrices on characterization accuracy was
highlighted by Wang and Yang (Wang and Yang, 1999).
W. Liu (Liu, 2001) analyzed the importance of including rotational degrees
of freedom FRF for improving the IRC method’s accuracy. It is further
studied in (Čelič and Boltežar, 2008) and it is concluded that exclusion of
rotational degrees of freedom in the identification process leads to
erroneous results (Čelič and Boltežar, 2008). This approach was carried on
by M. Wang et al (Wang et al., 2012) by showing that an increased number
of FRFs leads to significant improvement in joint parameter estimation
accuracy. They also suggested utilizing a calibrated finite element analysis
model to obtain the unmeasured FRFs (Wang et al., 2012).
The work in (Rashid, 2005b) suggested a modification on IRC algorithm by
calculating and plotting the joint parameter values for each frequency, and
then excluding the obvious erroneous identification results. The impact of
noise contamination in FRFs, relative displacement of connected parts and
the ratio of joint stiffness over other structure elements’ stiffness, on the
identification method’s accuracy was analyzed in (Rashid, 2005b).

6.3 Development of joint interface characterization method
The application of HDS composite is expected to have higher impact while
applied in the joint interfaces of mechanical structures. Therefore, it is
important to develop computational models for characterization of joint
interfaces.
The characterization of joint interface properties is based upon the IRC
method with sub-structuring approach, as shown in Figure 20. The
assembled structure is divided into substructures connected with joint
elements.
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Figure 20. A typical mechanical structure comprising two substructures
connected through joints modelled as linear spring-damper elements (Rashid,
2005b)

Using the frequency dependent relation between the displacement and
force, i.e. h(w)=X(w)/F(w), the displacement and force vector for
substructure 1 (SS1) and substructure 2 (SS2) can be expressed as:
{𝐗 𝐚 } = [[𝐡𝐚𝐚 ]

[𝐡𝐚𝐚 ]] �

{𝐗 𝐛 } = [[𝐡𝐛𝐛 ]

{𝐅𝐝 }
{𝐅𝐚 } + �𝐅𝐣 � �

[𝐡𝐛𝐛 ]] �

𝟏

{𝐅𝐛 } + �𝐅𝐣 �
{𝐅𝐞 }

𝟐�

Eq.
(6.1)
Eq.
(6.2)

where {𝐗 𝐚 } and {𝐗 𝐛 } represent the displacement vectors on the joint
interfaces of SS1 and SS2 in Figure 20 respectively. {𝐅𝐝 } and {𝐅𝐚 } represent
the external force vectors acting on SS1 whereas {𝐅𝐛 } and {𝐅𝐞 } represent
the external force vectors acting on SS2. The joint forces at the interfaces
are given by the vectors �Fj � and �Fj � for SS1 and SS2 respectively. In Eq.
1
2
(6.1) and Eq. (6.2), [𝐡𝐦𝐦 ] denotes the transfer function of exciting the
substructure on point 𝐧 and measuring on point 𝐦. The joint forces obey
the relationship:
�𝐅𝐣 � = −�𝐅𝐣 �
𝟏

42

𝟐

Eq.
(6.3)

The relationship between the displacement and force at the joint
interfaces can be expressed as:
{𝐗 𝐛 } − {𝐗 𝐚 } = �𝐇𝐣 ��𝐅𝐣 �

𝟏

where �𝐇𝐣 � is transfer function of joints and is defined as:
�𝐇𝐣 � == �

k1 + iη1 k1
⋮
0

⋯
⋱
⋯

0
−1
⋮
�
= �𝐙𝐣 �
n×n
k n + iηn k n n×n

Eq.
(6.4)

Eq.
(6.5)

Here k1 , k 2 … k n and η1 , η2 … ηn are the stiffness and loss factor of the
joint parameter matrix �𝐙𝐣 � respectively as shown in Figure 20, and i is
square root of -1. Cross terms in matrix �𝐇𝐣 � is 0 because joint elements
are independent of each other.
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 (note that capital H denotes the transfer
function measured on assembled structure whereas lower case h denotes
the transfer function measured on substructures):
�

{𝐗 𝐚 }
[𝐇 ]
� = � 𝐚𝐚
{𝐗 𝐛 }
[𝐇𝐛𝐛 ]

[𝐇𝐚𝐚 ]
[𝐇𝐛𝐛 ]

{𝐅𝐝 }
[𝐇𝐚𝐚 ] [𝐇𝐚𝐚 ] {𝐅𝐚 }
��
�
[𝐇𝐛𝐛 ] [𝐇𝐛𝐛 ] {𝐅𝐛 }
{𝐅𝐞 }

Eq. (6.6)

Using the method of substructure synthesis (Rashid, 2005a; Wang and Liou,
1989), the FRFs of the whole structure in Eq. (6.6) can be expressed in
terms of those of the substructures and the transfer function of joints �𝐇𝐣 �.
For example,
[𝐇𝐚𝐚 ] = [𝐡𝐚𝐚 ] − [𝐡𝐚𝐚 ][𝐇]−1 [𝐡𝐚𝐚 ]

Eq. (6.7a)

[𝐇𝐛𝐛 ] = [𝐡𝐛𝐛 ][𝐇]−1 [𝐡𝐚𝐚 ]

Eq. (6.7b)

[𝐇] = [𝐡𝐚𝐚 ] + [𝐡𝐛𝐛 ] + [𝐇𝐣 ]

Eq. (6.8)

[𝐇𝐛𝐛 ] = [𝐡𝐛𝐛 ] − [𝐡𝐛𝐛 ][𝐇]−1 [𝐡𝐛𝐛 ]

where [𝐇] is given by:
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Eq. (6.7c)

Through synthesis of equations Eq. 6.7a, Eq. 6.7b, Eq. 6.7c, the three
unknowns haa , hbb and Hj can be expressed with the three known
parameters that can be measured as follows:
Eq.
[𝐡𝐚𝐚 ]−1 [𝐇𝐚𝐚 ] − [𝐇𝐛𝐛 ]−1 [𝐇𝐛𝐛 ][𝐡𝐚𝐚 ]−1 [𝐇𝐛𝐛] = 𝐈 − [𝐇𝐛𝐛 ]−1 [𝐇𝐛𝐛 ]
(6.9)
Eq.
[𝐇𝐛𝐛 ][𝐡𝐛𝐛 ]−1 − [𝐇𝐛𝐛 ][𝐡𝐛𝐛 ]−1 [𝐇𝐛𝐛 ][𝐇𝐚𝐚 ]−1 = 𝐈 − [𝐇𝐛𝐛 ][𝐇𝐚𝐚 ]−1
(6.10)
Eq.
�𝐇𝐣 � = [𝐡𝐚𝐚 ][𝐇𝐛𝐛 ]−1 [𝐡𝐛𝐛 ] − [𝐡𝐚𝐚 ] − [𝐡𝐛𝐛 ]
(6.11)
After expanding the matrices, there are equal amounts of unknowns and
linear equations and can be solved.
As the case study in this paper focuses on only shear motion, the joint
interface is modelled with only one single degree of freedom joint. The
equations Eq. (6.9), Eq. (6.10) and Eq. (6.11) can be re-arranged as Eq.
(6.12), Eq. (6.13) and Eq. (6.14) respectively:
H2ba -Hbb Haa
Hba -Hbb

Eq.
(6.12)

H2ba -Hbb Haa
hbb =
Hba -Haa

Eq.
(6.13)

haa =

H2ba -Hbb Haa
H2ba -Hbb Haa H2ba -Hbb Haa H2ba -Hbb Haa Eq.
-1
]
�𝐙𝐣 � = H =
·[Hba ·
j
Hba -Hbb
Hba -Haa
Hba -Hbb
Hba -Haa (6.14)
−1

where the terms Haa , Hba , Hbb are known parameters provided by FRF
measurements on assembled structures.
As shown in Eq. (6.14), the joint parameter vector can be calculated by
measured frequency responses on assembled structures. The joint
parameter vector can then be expressed as:
{𝐙𝐣 }n×1 = �

k1 + iη1 k1
⋮
�
k n + iηn k n n×1

Eq.
(6.15)

where n represents the number of measured frequencies, k n represents
stiffness at nth frequency and ηn represents loss factor at nth frequency.
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7 Summary of publications
7.1 Paper 1
Paper 1 demonstrated that an internal turning tool‘s vibration condition is
strongly affected by the compression preload on the essential joint
interface. With a length to diameter ratio of 6, the results indicated that
the machining process can be either stable or unstable depending on the
normal pressure on critical joint interface in the tooling structure.
Although the static stiffness of a cutting tool is reduced at lower normal
preload of joint interfaces, dynamic stiffness of the critical mode is
increased whereby suppressed the tooling structure’s vibrations.
The experiment was done with a VDI (Verein Deutscher Ingenieure, the
Association of German Engineers) tool holder, hydraulic clamper and an
internal turning tool as shown in Figure 21:
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Figure 21. CAD model of the tool holder device used in the publication (Fu et al.,
2013), 1-pressure adjusting screw, 2-hydraulic clamper, 3-hydraulic grease, 4inner surface of the hydraulic clamper, 5-outer surface of the hydraulic clamper,
6, internal turning tool, 7, VDI tool holder 8-spring collet

Through adjustment of the torque on screw 1, the pressure in hydraulic
grease 3 will be changed to control the expansion of inner surface 4 and
outer surface 5. The expansion will apply normal pressure on interface
between the hydraulic clamper 2 and VDI tool holder 7, and on interface
between the collet 8 and hydraulic clamper 2. At the same time, the
normal pressure on the interface between the internal turning tool 6 and
the collet 8 will also be adjusted.

7.2 Paper 2
Paper 2 studied the effect of a HDS composite coating on an internal
turning tool’s performance against regenerative chatter at an overhang
length of 125 mm with diameter of 25 mm (L/D=5). The tooling structure’s
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components are shown in Figure 22. The tool was grinded down by 0.4
mm in radius (24.2mm in diameter) and then coated with the HDS
composite to become 25 mm in diameter.
Cross section
of coated tool
24.2mm

(b)
Cross section of
conventional tool

(c)

(a)

Figure 22. (a) Tooling structure’s components, (b) Cross section of coated tool
and (c) Cross section of conventional tool

The analyses showed that the coated tool had negligible lower static
stiffness, slightly lower damping ratio and slightly lower modal mass, as
compared to that of the conventional tool. However, the machining
process demonstrated that the coated tool started to have a chatter
problem at a depth of cut of around 1 mm whereas the conventional tool
couldn’t even perform machining at 0.25 mm depth of cut.
Although the coated tool had larger contact surface than the conventional
tool as seen in Figure 22, the measured stiffness of the tooling structure of
the coated tool is not higher than that of the conventional tool. Stiffness of
joint interface was found to be a function of preload and surface finish by
C. Andrew et al. (Andrew et al., 1967). Apparent joint area is only
important for ultra-fine surface finish (Andrew et al., 1967) and is not
relevant to the study in paper 2. During machining, the higher contact
surface area of coated the tool did not have any influence on the
structure’s dynamic properties. Thereby, the improvement of the turning
tool’s performance under machining was due to the HDS composite
applied on the surface of the cutting tool.

7.3 Paper 3
46

Paper 3 developed the mathematic model of characterizing joint interface
stiffness and damping based on frequency response functions (FRFs)
measured on assembled structures. The method obviates the necessity of
disassembling the structure to measure the substructure’s properties by
conventional means.
Noise-free data from finite element model (shown in Figure 23) were used
to study the validity of the method. The results demonstrated fairly good
accordance between the characterized joint interface (stiffness and
damping) properties (represented as the joint material’s properties) and
the input data of joint interface properties (represented as the joint
material’s properties).

Figure 23. Finite element model for generating noise-free FRFs, force was
applied on Point 1 (SS1) or Point 3 (SS2) of assembled structure and responses
were measured accordingly

In FEM analysis, the defined mechanic relation is the strain-stress
relationship between different points expressed in Eq. (7.1):
−ρω2 𝐮 − ∇𝛔 = 𝐅𝐯 eiΦ

Eq. (7.1)

where ρ is the density, ω is the rotating frequency, 𝐮 is the displacement
gradient, 𝛔 is the stress, and 𝐅𝐯 eiΦ is the force term determined by user
input (COMSOL, 2012). The structure vibrations’ modal parameters and
FRFs of each point are outcomes composing effects of the pre-defined
strain-stress relationship and geometric parameters. Therefore, it is
appropriate to use the FRFs from the FEM study to verify the validity of the
developed mathematic model.
Characterization results using practically measured FRFs on assembled
structures did not result in a strong accordance between the characterized
joint interface material’s property and material’s property data provided
by the manufacturer (3M, 2012). However, the general trend is still
followed for Young’s modulus. Applying the measured joint interface
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properties into a FEM model with a workpiece fixed on top of the
structure, the predicted FRFs of the workpiece from FEM study have the
same amplitude scale as those measured practically on the workpiece.

7.4 Paper 4
Based on the work in Paper 2, a nano-structured multilayer damping
coating was developed in Paper 4. It was found that the rotation of the
substrate created a multi-layer structure (see Figure 24) by alternating
deposition conditions between directly facing the target plate (copper rich)
and shielded from the target plate (carbon & nitrogen & oxygen rich).

(b)

500 nm

Figure 24. SEM pictures of a 280 µm thick coating material showing the (a) top
surface and (b, c) cross-section of samples. The superstructure nano layers in (b)
were due to periodic noise superposing on the primary pulses. In (b), bright
colour represents copper layers and black/grey colour represents carbon &
nitrogen & oxygen rich layers.

The HDS composite has higher elastic modulus at about 36 GPa, higher
hardness (~2.5 GPa) and lower density (~3.2 g/cm3) than the reported
material in Paper 2 (E=9 GPa, hardness 0.5 GPa and density 4.48 g/cm3).
The loss modulus of the material (2.1 GPa) is higher than the critical limit
of high damping materials set by Wang et al (Wang et al., 2004).
Application of the HDS composite coating on a milling tool improved its
machining performance. The critical stability limit in axial depth of cut was
increased by 50% to 100% depending on slot milling direction. During
machining, the clamping torque on the nosepiece of the milling tool
structure was maintained at the same level which was enough to resist
macro-slip of the milling tool subjected to machining forces.

7.5 Paper 5
Following the mathematic model developed in Paper 3, Paper 5 used a
mini shaker (see in Figure 25) instead of impact hammer to excite the
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structure, and obtained less noisy FRFs measurements. These measured
FRFs were used as input to the characterization method and resulted in
better accordance of both the joint interface material’s elastic modulus
and loss factor as compared to that provided by the manufacturer(3M,
2012).

(a)

(b)

Mini shaker

Figure 25. (a) HJIM using bolt screws to apply compression preload on a joint
interface made of VEM and (b) its schematic view in IRC characterization model

The main contribution of Paper 5 was to find out the mechanical behavior
of VEMs (viscoelastic materials) under compression preload and the bolt
screw’s compression preload’s effect on the joint interface’s properties. It
was found that VEMs properties were not strongly affected by
compression preload. A hybrid joint interface module (HJIM) composing
VEM layers and bolt screw joints can vary its stiffness depending on the
compression preload exerted by the joint interface modules. Moreover,
damping property of HJIM was not affected by the compression preload.
VEM has isotropic high damping property (Lee et al., 2008) due to its long
chain molecules that are entangled inside the material (Garibaldi and
Onah, 1996; Jones, 2001). Pre-strain or pre-shear tend to rearrange the
long chain molecules and change its entangling condition. That affects the
material’s elastic modulus and damping property. Compression preload,
however, does not tend to rearrange the long chain molecules.
The research work in (Martinez-Agirre et al., 2014) showed that VEM’s
shear modulus increases and damping decreases with increased shear prestrain. VEM is theoretically ‘incompressible’ due to its Poisson’s ratio that
is close to 0.5 (Mott et al., 2008). Its bulk modulus is substantially higher
than its elastic modulus or shear modulus. It is beneficial to utilize its high
bulk modulus to construct high stiffness joints.
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Paper 5 also found that, in addition to applying VEM in the regions where
it is significantly strained to obtain the damping effect, the vibrational
strain energy in the VEM layers should also be constrained to obtain a
higher dynamic stiffness of the critical vibration modes. The increased
stiffness of the HJIM resulted in increased dynamic stiffness for certain
modes but decreased dynamic stiffness for other modes due to the shifted
vibrational strain energy.

7.6 Paper 6
The process parameters of the PECVD process were analyzed with their
influence on the HDS composite’s mechanical properties in Paper 6. It was
found that doping copper in the composite and increasing discharge
power increased the coating material’s damping property. Increased
discharge power facilitates competing growth mechanism of condensing
particles thereby formulating globular nano sized grains. Moreover,
increasing discharge power can effectively increase elastic modulus of
coatings and the hardness of the coatings.
The increased discharge peak power during HiPIMS process can sufficiently
increase the ion density near the substrate during pulse-on and bring more
charged particles to the substrate with high kinetic energy.
The results obtained on a milling tool coated with the selected HDS
composite demonstrated at least 300% higher dynamic stiffness in the
tooling structure as compared to that of a conventional tool (see the
increased critical stability limit in Figure 27). The technology demonstrated
its capability of realizing high dynamic stiffness in mechanical structures
with HDS composites.
The machining tests of both the conventional tool and the coated tool, in
Figure 27, started with an axial depth of cut of 0.2 mm, which is smaller
than the nose radius of the cutting insert. For the conventional tool, the
machining process was found unstable and the axial depth of cut was
reduced to find the critical stability limit. The reduced axial depth of cut
resulted in reduced process damping due to the reduced contact area
between the tool and workpiece, and that makes it inappropriate to claim
that the conventional tool had a critical depth of cut limit at 0.05 mm.
Nevertheless, some of the machining tests performed at 0.05 mm axial
depth of cut with the conventional tool were found stable. The
comparison of cutting performance of both tools is sound at the same
axial depth of cut of 0.2 mm.
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Sample A
E= 20 Gpa
H= 110 Hv 0.5
η = 0.010 ± 0.002
35% elastic deformation
Sample B
E= 18 Gpa
H= 100 Hv 0.5
η = 0.026 ± 0.005
33% elastic deformation
Sample A
E= 36 Gpa
H= 161 Hv 0.5
η = 0.010 ± 0.002
27% elastic deformation
Sample A
E= 20 Gpa
H= 110 Hv 0.5
η = 0.010 ± 0.002
39% elastic deformation

Figure 26. Samples deposited by PECVD method and their mechanical
properties measured by micro indentation method
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Figure 27. Experimentally determined stability lobes diagram of (a) a
conventional milling tool compared with (b) the milling tool coated with HDS
composite
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8 Discussions
After the thesis study on the underlying mechanism of damping in
materials and joint interfaces, a pervasive summary can be made that
damping in material and in joint interface has similar mechanisms in two
steps:
1. Vibration stress/strain breaks the weak bonding between
atoms/molecules and produces atoms with higher surface energy,
thereby transforming mechanical energy into Gibbs free surface
energy;
2. Atoms with higher surface energy recombine with surroundings,
producing enthalpy to heat up the environment, thereby
transforming Gibbs free surface energy into thermal
energy/enthalpy.
Vibration control aims at not only promoting damping, but also
maintaining certain stiffness in the structure. Substantially reduced
stiffness in the structure can lead to severe consequences and damping
will not be able to maintain the reliability of mechanical structures. In
Paper 1, the compression preload on the joint interface is reduced at
marginal reduction of its stiffness and optimized dynamic stiffness is
obtained for improving the cutting system’s performance. Since the
compression preload on the mechanical contact joint interfaces does not
significantly change the actual contact surface areas (Andrew et al., 1967),
reducing compression preload reduces the elastic link of atoms under
contact thereby facilitating local strain to break the bonding for damping
purpose at the price of reduced contact stiffness. Since damping is nonlinear and affected by the strain amplitude, it is hard to claim whether the
damping in the joint interface is affected by the varied compression
preload.
The study performed in Paper 1 shows the difficulty in controlling the
damping character in machine structures, as the mechanical structure’s
dynamic performance deviates completely with even a slight change of the
normal preload on a joint interface. Other parameters such as the surface
roughness of joints, temperature of surroundings, and frequency, exert
further complexity and uncertainty in a structure’s vibration control due to
the varying conditions. The purpose of the nano-structured composites
applied on the clamping area of tool holders is to deliberately create
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mechanical interfaces that enhance the damping with highly repeatable
dynamic behavior, without compromising the kinematic precision or
accuracy of the machined components.
Damping of materials under dynamic loading is mostly measured by either
the phase lag between force and displacement or the ratio of dissipated
energy over the stored energy in hysteresis curve. These two methods
have their major limitations as the modal frequency of the testing
instrument’s mechanical structure set the limit for the valid frequency
range. Over the frequency band near the modal frequencies, such direct
methods are not applicable at all due to the fast varying phase lag angle
between the displacement and force. Testing equipment has varying
modal frequencies depending on the tested samples. Damping
measurement results without controlled modal frequency in the
mechanical structure of testing equipment shall not be considered as valid
at all. The measured loss factor of higher than 1 in the work of (Dong and
Lakes, 2012) is not valid as the substantially reduced contact stiffness
during face contact to line contact transition has a large effect on mode
frequency which is not considered. If the excitation frequency matches the
modal frequency and the displacement is 90 degrees behind the applied
force, a loss factor measurement result can be infinity if measured by
tan(𝜃) (value of tan[90°]). However, it is evident that the non-linear
contact stiffness or the introduced negative stiffness can significantly
improve damping property at the price of substantially reduced static
stiffness.
The introduced method in Paper 3 which can measure the joint stiffness
properties on only assembled structures is also affected by the modal
frequencies due to the difficulties in measurement accuracy at low
amplitude vibrations. However, the successful application of the method
at frequencies higher than the fundamental modal frequency has shown
the method’s significant impact on damping measurement. With improved
measurement techniques, it is possible to overcome the mentioned
difficulties and improve the method’s applicability.
The damping phenomenon described as ‘negative stiffness’ (Lakes et al.,
2001) can be interpreted as the displacement increases while force
decreases or displacement decreases while force increases, so as to keep
𝑑𝑑
the stiffness 𝑘 = 𝑑𝑑 < 0 as shown in Figure 28. The ‘negative stiffness’ in
the hysteresis curve refers to the condition when the applied force is at its
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maximum and non-linear stick-slip phenomenon is most likely to occur
which results in enlarged displacement and reduced stiffness. Similarly to
the creep phenomenon in indentation test, the indent depth increases
with time whereas indent force is kept constant meaning that the stiffness
is decreased. In the work of (Lakes et al., 2001), negative stiffness
inclusions (ferroelastic vanadium) were artificially introduced and
deformed more than the composite (matrix: Tin, inclusions: ferroelastic
vanadium) structure to induce the creep phenomenon at the boundaries
for damping. Formulate weakly bonded elastic links inside material
stimulates damping mechanism at small strain amplitude such as that of
VEM.
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Figure 28. Hysteresis curve with indicated negative stiffness portion

The nano structures in the composite coatings were analyzed in Paper 6 by
X-ray diffraction patterns, SEM and TEM images. The measured grain size
with X-ray diffraction was on the copper inclusions instead of carbon rich
inclusions as carbon is mixed with other elements. The XRD pattern
provides an estimation of the average particle size and a detailed diagram
of the particle size distribution is demanded for further analysis.
Although the multi-layer nano structure, shown in Figure 26, promotes the
grain boundary surface area to volume ratio in the composite coating, the
contribution of the multi-layer structure to the damping performance of
the composite coating is small. The thickness of the multi-layer nano
structure is approximately 40 – 50 nm and it is significantly higher than the
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average grain size which is approximately 13 nm. Another set of
experiments were conducted while fixing the substrate at a certain
location without rotation movement during deposition to remove the
multi-layer structure. The difference between the composite coatings’
damping property, produced with and without the multi-layer structure, is
negligible. However, it is not appropriate the claim that the multi-layer
structure does not affects the damping property as it depends on the
thickness of the multi-layer structure. Due to the limitation of the
experiment apparatus in this thesis study, the rotation speed’s effects on
the multi-layer structure’s thickness and the composite coating’s damping
property are not analyzed. It is foreseen that faster rotation speed will
further decrease the multi-layer thickness down to < 10 nm and
compliment the nano grain size effect on the composite coating’s damping
property.
The HiPIMS technology provides large sum of high energetic particles both
in the form of ions/radicals and neutrals. A single neutral atom is already
at higher energy potential compared to the same atom in an ordered
atomic structure. Both the ions and neutrals facilitate the growth of nano
sized grains with a higher contribution from the ions for grain size
reduction. The time frame for interaction of adsorbed particles with the
substrate surface is usually within hundreds of nano seconds. These
adsorbed particles have difficulties to diffuse or migrate due to the kinetic
barrier set by the substrate temperatures. Therefore, the large sum of
kinetic energy and free surface energy are transferred the surface energy
in grain boundaries at high energy state. The grain boundary surface area
has to expand in the same volume to accommodate the excess amount of
energy and generate nano sized grains and structures.
Although modal analysis can differentiate mode damping improvement
due to reduced clamping torque in Paper 1 and applied HDS composite in
Paper 4, the damping improvement of the internal turning tool in Paper 2
was not clear under impact testing method. The type of coating in Paper 2
is similar to Sample B in Paper 6 with a loss factor of about 0.026 at 0 Hz.
One reason is probably the low strain exerted by the impact hammer and
that the strain of a turning tool under cutting process exerts higher strain
on the composite coating. The low loss modulus and low loss factor of the
composite coating could also be the reasons why improvements were not
observed by impact testing. During machining, the strain is probably
higher and sufficient energy is transmitted to the composite coating to
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activate its damping mechanism which leads to the improved machining
system performance.
The machining study performed in Paper 4 indicated that the tooling
structure’s dynamic stiffness was increased by 50% and it is most likely
that the increase is due to improved modal damping of the tooling
structure. The embedded damping treatment is combined with the
contact damping at the clamping region. The selected clamping torque on
the nut of the nosepiece was 12 Nm in Paper 4 and was relatively low in
order to suppress the contact damping effect. At higher clamping torque
used in Paper 6, the difference of critical depth of cut between a coated
tool and an uncoated reference tool is significantly larger because of the
reduced contact damping at higher clamping pressure. It is also worth
noting that none of the modal testing results in Paper 2, Paper 4 or Paper
6 revealed a dynamic stiffness improvement that matched the
improvements obtained during machining. This observation further proves
that the developed composite material requests higher strain to activate
its damping property. Due to the limitation of the damping measurement
by creeping behavior of materials under indentation, the materials’
dynamic properties at higher frequency are not measured, but
nevertheless they might have high damping at higher frequency due to the
globular nano structures. A similar behavior was observed by Liu et al
while studying CNTs (Liu et al., 2015b). As a comparison, the dynamic
modulus of their material near 0 Hz is approximately 0.5 GPa, which is
significantly lower than that of the composite material (2.6 GPa)
developed in Paper 6 of the thesis study.
It is a possible solution to overcome the low elastic modulus of polymers in
HDI by adding metallic components (such as bolt screws) with a stiffening
effect to create a hybrid joint interface module (HJIM). One positive aspect
is that, under the circumstances considered in in Paper 5, the stiffening
effect does not suppress or reduce the damping effect in the joint
interface while increasing its stiffness. The stiffening effect of bolt screws
did not significantly change the damping property of the HJIM due to the
fact that the metallic contact interfaces’ damping is high, even under high
clamping pressure. The previously observed decreased modal damping of
the tooling structure at high joint interface normal pressure, such as that
in Paper 1, is probably due to the fact that the mode energy is shifted
towards the metallic contact with low stiffness, as compared to the rest of
the structure, instead of reducing the joint interface damping. The
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concentrated vibrational strain energy at the low stiffness interface will
enlarge the displacement of the specific mode which means decreased
dynamic stiffness. It is similar to the observation of the higher modes’ (3rd
and 4th in X direction, 2nd and 3rd in Y direction) response at increased
compression preload in Paper 5.
It is true that increased compression preload on contacting surfaces
increases the stiffness of the contact surface, but it is not necessarily true
that increased compression preload decreases the damping property of
the joint interface. The damping effect is excitation load dependent, and
higher compression preload actually enlarges the amount of energy that
can be transformed into heat in the joint interface as observed in
(Padmanabhan and Murty, 1991). The mode vibration energy distribution
should always be considered while studying the joint interface’s
compression preload effect.
On the other hand, if a solid and rigid connection without contact damping
is used instead of bolt screws as that in Paper 5, the joint interface
damping will be low due to the extremely low dynamic stiffness provided
by the polymers, as compared to that of a solid connection structure. The
embedded VEM joint interface’s stiffness is less than 1 ‰ of the stiffness
of the same joint interface made of steel (Young’s modulus of VEM < 0.04
GPa compared to that of 200 GPa of steel). Application of VEM in the joint
interfaces was usually not observed to significantly reduce the structure’s
stiffness due to the fact that the separation of the mechanical component
into separate parts at the joint interface had already reduced the
structure’s stiffness to a large extend. Therefore, it is highly desirable to
apply HDS composite in the joints as they have high stiffness and high
damping simultaneously.
An increased internal surface area to volume ratio was observed to
increase the damping properties of the developed nano structured
composites in Paper 6. The damping phenomenon seems to be a quantum
phenomenon instead of continuous, i.e. the strain needs to be high
enough to break the bonding to activate the damping phenomenon.
Materials with fine crystallized structure (such as silicon) usually exhibit
low damping property due to the strong bonding between atoms and the
high energy gap that the vibrational strain is required to overcome. At
higher vibrational strain energy, it is possible to overcome such strong
bonding and fulfill the energy gap, but at the price of permanent
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deformations and fracture. A certain amount of plasticity or resilience is
necessary for the material to recover and realize the second step of the
damping mechanism.
At this stage of the research, it is difficult to correlate the number of
weakly bonded atoms and damping efficiency on a vibrating cutting tool.
However, it seems that it is still possible to explain damping efficiency
from physics point of view based on the following assumptions:
1. Actual contact area takes up about 10 % of the joint interface surface
area
2. 50 % of the contact area has weak bonding which will be exceeded by
local strain and transforms 10 eV energy into heat (Wulfsberg, 2000)
A turning tool in (Fu et al., 2013) (25 mm diameter, 165 mm overhang
length and 50 mm clamping length), has about 2.5×1015 weak bonding.
These weak bonding can transform 2.5×1016 eV (0.004 J) mechanical
energy into heat in one vibration cycle, representing approximately 4% of
the total kinetic energy of an ‘about to chatter’ tool (Fu et al., 2013). When
the vibrational kinetic energy transmitted from machining process
transmits to the tool is smaller than this lump sum, the machining system
becomes stable.

59

9 Conclusions
This thesis presents the theoretical and experimental principles for the
design of high dynamic stiffness (HDS) composites built on nanostructured
materials. Associated technology for deposition of the nanostructured
materials and characterization of materials and joint interfaces is also
covered. The method for characterization of joint interfaces requires the
FRFs measurement on assembled structures only. In compliance with the
objectives of the thesis work, the following conclusions are made:
Although the internal damping in materials and joint interfaces has
different characters, it has the same underlying mechanism, i.e.
interaction at atomic levels that converts the mechanical vibration energy
into heat. The dependence of the damping property on frequency and
temperature is given by the local atomic arrangement and the atomic
reconfiguration. The fact that damping is dependent on vibrational strain
is due to the bonding strength variation at atomic levels.
The thesis points out the significance of nano sized grains and their effect
on materials’ internal damping performance. The long standing
controversy on material’s internal damping improvement with various
nano-techniques, such as powder metallurgy and sol-gel method, is
possible to resolve by quantifying the size of grains in the nano scale.
The experimental development, based on a PECVD process, and presented
in this thesis shows that it is possible to create a nano-structured
composite coating, with a loss modulus of 2.6 GPa at 0 Hz and 20 ⁰C. It has
similar damping performance as PMMA polymer, but with substantially
higher elastic modulus and surface hardness. The PECVD process
parameter’s influence on the composite coating’s mechanical properties
were evaluated and showed that an increase in discharge power of the
HiPIMS process resulted in reduced nano-grain size and an increased loss
factor. It was also observed that doping the composite with metal
elements increased both elastic modulus and loss factor simultaneously.
The major breakthrough for obtaining a massive number of nanosized
grains was the use of accelerated ionized particles to an energy
corresponding to a temperature in the range of one million Kelvin, and an
extreme cooling rate of ~ 1013 K/s. Thus the thesis paves the way for a
roadmap to develop HDS materials with similar technologies.
The joint interface characterization method developed in the thesis work
showed the importance of defining the joint stiffness and loss factor as
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frequency dependent parameters. Defining the joint stiffness and damping
as single value parameter helps to simplify the process of modal testing,
but also limits the access to understand the underlying mechanism of joint
interfaces under varying preloads. The thesis work clearly showed that it is
inappropriate to simply conclude that the joint properties change can be
looked at from the fundamental frequency mode only, of the measured
modal parameters. Rather, the distribution of vibrational mode energy on
the mechanical structure should be considered.
The developed joint interface characterization method has the potential to
evolve into a standardized fast testing method of measuring stiffness and
loss factor by defining the object as a joint interface. The pilot study on
measuring the viscoelastic polymer material’s elastic modulus and loss
factor, revealed the strength of the method, although it needs some
further improvement. Today, most of the materials damping testing
methods do not consider the influence of the testing instrument’s
mechanical structure on the measurement results. The few methods that
take it into account usually put a max limit on the measurement frequency
of 200 Hz. The method presented in this thesis has a demonstrated ability
to reach higher frequencies up to 2000 Hz with the same resolution and
the same frequency upper limit as the frequency response functions.
The study of the internal turning tool, with varied clamping preload
revealed the importance of joint interfaces’ preload on the dynamic
stiffness of tooling structures, and the need to control it. The thesis study
suggests controlling the essential joint interfaces’ normal preload during
machining tests while performing comparative studies.
Finally, it can be concluded that high dynamic stiffness of mechanical
structures can improve the overall performance of mechanical
components under varying loads conditions, by controlling the vibrations.
The embedded vibration damping solution then needs to consider both
the static stiffness of the structure and the distribution of vibration mode’s
strain energy.
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10 Future work
For the future work, adiabatic processes, such as high speed compaction,
are of interest to create HDS materials which prevents the atoms from
overcoming the kinetic barriers with diffusion for phase transformation
and agglomeration.
The temperature on the substrate with the HiPIMS technology shall be
studied on its effect on the grain size of nano particles. Although the
temperature on the substrate within this thesis study is below 300 °C, the
coating process time is fairly long above 50 hours, and has the potential to
facilitate the added atoms to overcome the kinetic barrier with diffusion.
The measured mechanical properties of the HDS composite coating did not
include the strength property, which is an important parameter for the
reliability of mechanical structures. Although the embedded pure metal
matrix layers have negligible impact on the damping property of the
composite coating, its effect on the strength of the composite needs to be
further studied. Preferably, the nano grains of the metal elements should
be interconnected for improving the strength of the composite coating.
Heat treatment after the coating process can be considered with
controlled temperature, atmosphere and cooling rate for promoting the
interconnection of metal matrix elements.
The developed computation model for joint interface characterization can
be further developed by seeking higher accuracy measurement techniques
that can specifically measure the dynamic responses near the modal
frequencies.
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