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Abstract 
Clamping conditions of a boring bar with designed in damping were altered and the effect of 

the alterations on the dynamic properties of the boring bar was studied. Three types of 

mechanisms each one having a VDI-turret-interface (Verein Deutscher Ingenieure, the 

Association of German Engineers) were studied. Two of the mechanisms provided 

hydrostatic clamping of the bar (Hydro-grip and Hydrofix) and the third was a screw 

clamping mechanism.  

Testing was made through modal analysis and machining tests which suggested that a 

hydrostatic clamping of the damped boring bar was optimal over screw clamping. The 

optimal hydrostatic clamping mechanism was found to be the Hydro-grip. The clamping 

torque of the Hydro-grip could be adjusted from 6 Nm to 4 Nm to reduce vibrations when 

machining. 

Sammanfattning 

Ändringar gjordes i fastspänningen av en svarvbom och effekten ändringarna gav på 

svarvbommens dynamiska egenskaper studerades. Tre typer av fastspänningsmekanismer 

studerades, alla tre hade en VDI-(Verein Deutscher Ingenieure, the Association of German 

Engineers) infästning till svarvmaskinens revolver. Två av mekanismerna spände fast 

svarvbommen hydrostatiskt (Hydro-grip och Hydrofix) och den tredje hade 

skruvfastspänning för verktyget. 

Tester gjordes genom modal analysis och maskintester vilka gav att en hydrostatisk 

fastspänning var optimal för svarvbommen istället för skruvfastspänning. Den optimala 

hydrostatiska fastspänningstypen fanns var Hydro-grip. Om fastspänningsmomentet från 

hydrogripen sänktes från 6 Nm till 4 Nm så minskade vibrationerna under maskintesterna. 
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1. Introduction and background 
The vibrations that cause detrimental problems in machining processes such as in turning and 

milling are usually referred to as chatter [1]. Chatter can occur when the system is unstable 

and it is caused by a relative movement between tool and work piece. A chattering tool or 

work piece will deteriorate the surface finish and damage the cutting edge [2]. How severely 

a system, consisting of a tool in interaction with a work piece will vibrate depends on the 

dynamic behavior of tool and work piece and their interaction [3].  Figure 1 shows chatter 

marks on a machined surface. 

 

 
Figure 1, chatter marks on a machined surface [3] 

In order to avoid chatter vibrations in general, geometry of tool, geometry or material of work 

piece, cutting geometry and cutting parameters can be varied [4]. Manufacturers of cutting 

tools provide recommendations of several process alterations that can be made so that 

vibrations are avoided [3] [4]. The alterations are often limiting and may reduce flexibility or 

efficiency of the process. Examples of such alterations may be: 

 Reduce cutting speed 

 Reduce cutting depth 

 Reduce the nose radius of the insert 

 Shorten the overhang length of the tool or work piece 

 Increase the feed to reduce the uncut areas between previous and current cut 

[4] 
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A general rule of thumb to reduce the forces and avoid deviations in the radial directions is to 

choose a nose radius that is smaller than the cutting depth [5]. Meanwhile the surface quality 

can be positively affected by a large nose radius. The Ra-value (the idealized peak to valley 

surface roughness [6]) in equation 1 is a measurement of how fine the surface texture is [μm]. 

This is one commonly used indicator of surface quality and depends on feed f and the nose 

radius re. As seen in equation 1, if only the nose radius can be altered a larger nose radius 

may give a finer Ra-value: 

𝐑𝐚 =
𝒇𝟐

𝟖 ∙ 𝒓𝒆
 

           (eq1) 

Figure 2 show different directions in which a tool oscillates when subjected to process forces 

[2]. 2(a) show the tool oscillating in the direction of the feed, 2(b) in the radial direction, 2(c) 

in the direction of the cutting speed, (d) and (e) show combinations of oscillations in several 

directions. 

 

Figure 2, a turning tool in orthogonal, external cutting [2] 

Dynamic stiffness may be described as the ability of a body to resist dynamic forces 

(vibrations). The higher the dynamic stiffness of a structure, the less will be the vibrations of 

that structure [5] [7]. The dynamic stiffness of a structure is a function of the static stiffness 

(𝑘𝒔𝒕𝒂𝒕) and the loss factor (ŋ) that determines how much energy can be dissipated relative to 

the strain.  

𝑘𝑑𝑦𝑛 = 𝑘𝒔𝒕𝒂𝒕 + 𝑖 ∙ ŋ ∙ 𝑘𝒔𝒕𝒂𝒕 

          (eq.2) 
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Increasing the loss factor of a tool by adding damping is a common way to reduce tool 

vibrations [8]. Passive damping methods involve a loss mechanism through which some of 

the vibrational energy may be dissipated [3] [9]. Figure 3 visualizes an effect on the stability 

limits of a process when a damped tool was used instead of a non-damped tool. Machining 

processes with depths of cut ( ap) below the curves are theoretically stable and depths of cut 

above the curves are unstable to machine with. The critical depth of cut is the lowest depth of 

cut below which the machining process is theoretically stable for all spindle speeds [6]. 

 
Figure 3, increased levels of stability by added tool damping 

Figure 4 displays an internal turning process and is an example where the overhang length of 

the boring bar needs to be long and the diameter needs to be small in order for the tool to 

process the end of the work piece.  

 

Figure 4, the internal turning process [10] 

 A boring bar can be theoretically modeled as a cantilever fixed-free-beam. The deflection of 

the tool tip (x) in one direction can be calculated using Euler-Bernoulli beam theory [11]. 

𝑥 =
64 ∙ 𝐹𝑡 ∙ 𝐿3

3 ∙ 𝐸 ∙ 𝐴
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           (eq 3) 

A is the cross sectional area of the beam (figure 5). L is the tool overhang and E the Youngs 

modulus of the tool material. According to equation 3 the deflection of the tool tip will be 

greater if the overhang length increases or lowered if the Youngs modulus or/and the cross-

sectional area is increased [12].  

 

 
Figure 5, tool bending movement and the cross sectional area of a beam [11] 

 In the process of internal turning, turning tools are most often the problematic part that 

causes chatter [6]. The ratio of; [boring bar overhang length/ boring bar diameter] has been 

found critical to stability of boring bars [1] [13]. The general rule of thumb to avoid chatter 

vibrations in internal boring is to keep this ratio as low as possible and always below five [6], 

which means;  [
𝐿2

𝐷2
] < 5, see figure 6. 

 

Figure 6, schematic view of a boring bar [8] 

The boring bar investigated in this thesis is part of a series of tools with the name; Zero 

Vibration Tooling (ZVT). Tools from this series have a composite damping package (a 

passive damping mechanism) applied to the tool body. The tool body is made of normal 

hardened tool steel. The damping package has thin (< 0.5mm) composite layers placed 

orthogonally towards the tool body. The layers consist of viscoelastic material (VE) 

constrained to thin plates of Aluminum (Al) [14].  
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Figure 7, VE layers constrained to AL-layers (left), the buildup of the layers to form the damping package (right) [9] 

The clamping of a cantilever boring bar represents the node area at the first bending mode of 

the tool and is an area of strain energy concentration [1]. The viscoelastic materials of these 

tools are positioned at the clamping area in order to absorb the energy [3].  

 

Figure 8, node area and anti-node area of an oscillating tool [11] 

The VE-material has a high loss factor that facilitates the damping. As a rule of thumb the 

static stiffness is decreased in a material when the loss factor is increased. The number of 

layers, thickness of layers and the direction of the layers was optimized in the tool-

construction phase in order to optimize tool damping and avoid trade-off to the static stiffness 

[3]. The damping comes from energy transformation through the damping material. The 

transformation occurs when the tool tip is set in a movement by process forces that are 

resisted by the clamping. Flexural movements cause strain in the damping area of the tool 

and the supplied energy is converted to heat through molecular forces in the polymer 

material. Damping is further increased at some modes (depending on mode shape and 

orientation) through interface damping when energy is lost due to friction between the plates 

[3].  

The investigated damped boring bar is displayed to the left in figure 9 and a non-damped 

reference (a conventional ISO bar) is displayed to the right. Both boring bars have a diameter 

of 16 mm and a ratio of [bar overhang length/ bar diameter] of 5.2.  
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Figure 9, a damped boring bar and a non-damped boring bar 

Nicolescu et al. (2013) investigated the effect of clamping the boring bars in figure 9 and two 

other boring bars from the ZVT-series in a VDI with screw clamping [8]. Testing was done 

through modal analysis with impact excitement. The tests revealed that the dynamic stiffness 

of all the damped boring bars where sufficiently lowered when the bars were clamped. The 

dynamic stiffness level of the clamped, damped bars approached the dynamic stiffness level 

of the clamped, non-damped bar [8].  

Comparative machining tests were performed using the bars displayed in figure 9. The 

damped boring bar made it possible to machine stable with up to a 2.4 mm depths of cut 

instead of 0.6 mm (which was maximum for the reference tool) [15].  

1.1 Problem description 
While the investigated damped boring bar was stable at depths of cut up to 2.4 mm, at cutting 

depths of 0.2 mm and below the tool was chattering [15]. There were also other depths of cut 

in between 0.2 and 2.4 mm (such as 1.2, 1.8 and 2 mm) at which the tool was chattering.  The 

problem can be described as unexpected areas of instability in a stability lobes diagram. 

There was a lack of systematic study on the clamping properties effect on the stability of the 

damped bar which was further investigated in this thesis. 

1.2 Thesis objectives and aim 
The ultimate aim of research and tests conducted in this thesis was to find out if changing the 

clamping properties changed the dynamic properties of the investigated damped boring bar. If 

the clamping properties of the damped tool could be altered in order to increase stability of 

the machining process and in that case find a better clamping mechanism/better clamping 

conditions for the investigated tool.  

1.3 Limits 
Damping capacity has been observed to possess a nonlinear behavior where very low forces 

can result in negligible measured contributions of the damping [6]. The impact forces when 

using an impact hammer (for modal analysis with impact excitement) are very low compared 

to cutting forces and may not provide the exact right information for the modal analysis tests 

[6], which is limiting to the results.  

Chatter vibrations in machining processes are mostly visible on the surface and significantly 

affect the sound of the process [6]. In some of the comparative machining tests noise level 

and surface quality were used as indicators of whether the setup was good or bad for process 

stability. This was judged manually by visual inspection and noise evaluation according to 

how the previous tests had been done [15]. The limits in these cases concerns comparisons at 
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the smaller vibration levels not detected by the eye or ear, as differences between tool 

behaviors at these levels could not be registered. 

The same machine could not be used for all the comparative impact tests (due to the size of 

the interface for turret clamping) which is limiting to the comparisons because the machine 

may have an impact on the frequency response functions of the tool. 

1.4 Literature study  
The phenomenon of a damped boring bar which is unstable at low depths of cut and more 

stable at higher depth of cut has been observed earlier. Fu et al. (2013) analyzed a boring bar 

with nano composite damping applied to it and found that due to the material damping 

increasing with increasing strain, low depths of cut became more problematic than higher. It 

was believed that the forces acting on the tool were too low to initiate the strain at these 

depths of cut and the damping effect was therefore lost [6]. 

Clamping of boring bars 

The effects of some alternating clamping conditions on the dynamic properties of clamped 

boring bars have been investigated earlier. The effects have been investigated both through 

modal analysis and directly in the internal turning process.  

 

Åkesson et al. (2009) tested the effect of properties of one type of clamping housing on the 

dynamic properties of a (non-damped) conventional boring bar. The clamping housing had 

screws clamping directly on to the boring bar. It was found that the order in which the screws 

where screwed, the torque of the screws, the number of screws used to clamp the bar and the 

size of screws had a significant impact on the frequency response functions of the boring bar. 

It was found that an increase of the torque led to a decrease in damping and that when the 

torque increased; the mode shapes shifted direction clockwise between cutting speed and 

cutting depth direction. (x-y-plane in the machine) It was also concluded that the screws 

acting on the tool body strengthened the nonlinear behavior of the structure. The nonlinear 

behavior was further strengthened by an increasing torque and meant that the dynamic 

properties of the boring bar changed as excitation levels changed [14]. 

 

Fu et al. (2013) investigated the direct effect of pre load on a boring bar to the dynamic 

stability of a boring process. Results from their machining tests revealed some direct effects 

of the joint interface normal pressure on machining stability. It was visible during machining 

tests that the higher the torque, the lower the dynamic stiffness of the boring bar, as the 

torque was increased more instability was introduced to the process in the form of vibrations 

[4]. It was concluded in that case that during chatter conditions the pre load at the clamping 

area had a significant impact on process stability. The lowest clamping torque (3Nm) was 

found to be the most beneficial to achieve stability of process in the areas where the process 

was exposed to chatter. This was explained to be because of the low normal pressure 

allowing for movement and accompanying friction damping in the interface which helped 

suppress tool chatter.  
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Nicolescu et al. (2012) investigated the effect of screw torques on to the frequency response 

function of a conventional boring bar, it was found that screwing the screws in different 

combinations could yield a decrease in tool motion amplitude of 50% and that a low torque 

on the first screw gave a maximum increase in damping [16].  

Damping and stiffness in structural joints 

The dynamic performance of a machine tool was investigated by Mi et al. (2012) and it was 

found that the preload in machine joints had a significant effect on the damping and stiffness 

of the joint.  

Padmanabhan et al. (1991) analyzed damping in structural joints and found that energy loss at 

the interface was significantly affected by the normal and tangential forces at the interface, 

their conclusion was that for maximum energy loss without incurring slip in the joint the 

normal preload should be adjusted to the smallest value that would still prevent the slip to 

occur. 

Hydrostatic interface and the composite damping package 

Daghini et al. (2009) compared the setups 1-4, in the list below, in order to evaluate the 

different effects of a hydrostatic clamping compared to the effects of a conventional screw 

clamping on a boring bar from the ZVT-series.  This experiment was conducted on one of the 

larger variants of the damped boring bars (diameters=40 mm of damping package, 20 mm of 

tool-body) and its non-damped equivalent [17]:  

1. Damped boring bar clamped in a hydrostatic interface  

2. Damped boring bar clamped with screws  

3. Conventional, non-damped  boring bar clamped in a hydrostatic interface 

4. Conventional, non-damped boring bar clamped with screws  

Both conventional and the damped boring bars showed an increase in static stiffness when 

the hydrostatic interface was used. The damped boring bar showed a 10 times increase in 

damping ratio when hydrostatic clamping was used, whilst the conventional tool showed no 

increase in damping ratio. The conclusion drawn in that case was that the common 

improvement of both damped and non-damped was due to a decrease in effective overhang 

length (see figure 10) and a uniform distribution of the clamping load which increased the 

static stiffness of the structure. 
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Figure 10, (a) shows the point load provided on to the tool by the screws, (b) shows the load distribution of the clamping 

forces from a hydrostatic clamping [18] 

The improvement of the damping for the damped boring bars was explained to be due to a 

homogenous strain applied over the whole damping package. Instead of a strain supplied at 

discrete points of the damping package. The conclusion drawn was that this allowed for 

energy propagation through the whole damping package as all layers where subjected to the 

strain [9] [18]. 

Nicolescu et al. (2013) investigated clamping of a damped tool from the ZVT-series directly 

in the turret with a Hydrofix interface. What was found was that turret clamping of the tool 

eliminated the effect of the damping. Because of this it was believed that the damping 

package should be kept outside the turret clamping in order avoid too much stiffening of the 

damping package. 

2. Theory of vibrations and machine tool regenerative chatter 

Figure 11 presents a common way to illustrate the interaction between the machine tool 

elastic structure and the cutting process [3]. As can be seen in figure 11, deviations in the 

cutting process cause deviations that affect the elastic structure and vice versa as these are 

joined in a closed loop.  
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Figure 11, the interaction between the machine tool elastic structure and the machining process [3] 

2.1 Tool regenerative chatter theory 
Regenerative chatter in the machining process of internal turning is a consequence of the 

relative displacement between the previous and current cut [19]. The cut surface at tool tip 

position when t=t and t=T as the tool oscillates in the radial direction may be visualized by 

figure 12. T is the period time for one lap and φ = 180° means that the motion of the tool tip 

at the second cut lags 180° behind the previous cut [19]. The lag can vary from 0 to 180 and 

will determine chip formation, a phase lag of zero means that the two waves are in face and 

that chip thickness variations will be negligible [1].  

 

Figure 12, phase lags between laps [19] 

Regenerative chatter theory describes the cutting force variation in the direction normal to the 

cut surface as a function of the varying chip thickness 𝑑𝑠.  The relation was described by 

Tobias (1961) like in the equation 4 below: 

𝑑𝐹 = 𝑘1𝑑𝑠 = 𝑘1[𝑥(𝑡) − μ𝑥(𝑡 − 𝑇)] 

          (eq 4) 

Where 𝑘1 is the cut force coefficient, T is the time period for one lap and 𝑑𝑠 is the change of 

the chip thickness. μ gives the overlapping ratio between the laps [20].  

Vibration contribution of a tool is a summation of contribution from all the modes in all 

directions in a structure [13] [21].  During internal turning the dominating acceleration 

signals have been found to be in the x and y direction of a turning machine [21]. Figure 13 
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illustrate these directions on a boring bar clamped in a machine turret. Projecting tool 

movement to the y-axis or x-axis only makes the tool movement path in these directions one- 

dimensional ones [22]. Contributions from the modes in these directions can be measured as 

displacements and modal analysis can provide information about how the tool will respond to 

the exciting forces from the process [23]. 

 

Figure 13, stiffness and damping in the x and y directions[24] 

2.2 Experimental modal analysis with impact testing 
Experimental modal analysis (EMA) is a method for obtaining vibrational properties of a 

structure in order to predict the structures vibrational behavior. Measuring the structural 

response due to measured exciting force give information about the structural properties that 

alter the response [24].   

        �̂� =H∙ 𝐟 

          (eq.5) 

The response is gathered in the �̂�-vector and 𝐟 is the force vector. H is the receptence matrix 

and each value in the m x n matrix H is a complex function of angular frequency of the force 

exciting the point [25].  The m: th element in the nth column of the receptence matrix when 

all other points are unloaded is [25]: 

ℎ𝑚𝑛(𝜔) =
�̂�𝑚(𝜔)

�̂�
𝑛

(𝜔)
 

     (eq.6) 

The Frequency Response Function (FRF) can be presented as either receptence or dynamic 

stiffness and is practically obtained through dividing the Fourier transform of the measured 

impact signal by the Fourier transform of the responding measured displacement (for 

receptence) over the frequency domain. The modes are excited by the applied impact which 

is noticeable as peaks in the receptence function plotted over the frequency domain [25]. 

Figure 14 presents an example of a measured FRF in the frequency domain of a structure due 

to measured excitement F carrying frequencies within the frequency range of interest. 
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Figure 14, a Frequency Response Function (FRF) 

For linear structures the FRF are not dependent on excitement, this makes it possible to use 

the FRF to obtain general structure properties [25]. (Linear behavior of a structure can 

usually be assumed when vibration amplitudes are small [25].) The synthesizing of the 

measured FRF adapt the FRF to a model which best fit the structure and through that model 

the modal data may be extracted [25]. 

2.3 Stability lobes 

Stability lobes diagrams demonstrate limits of the depth of cut of a machining process as a 

function of the spindle speed. The limits depend on; the tool stability, cutting parameters and 

work piece material. The stability curves express the cut depth below which a machining 

process is theoretically stable. This mapping makes it possible to choose combinations of 

cutting parameters where the cutting depth and cutting speed are maximized whilst a chatter 

free process is obtained [26]. The stability limit in depth of cut is a function of the real part of 

the transfer function 𝐻(𝜔) of work piece or the tool, the specific cut force 𝑘1 which depend 

on work piece material, feed rate, rake angle, nose radius and cutting speed and the 

overlapping factor 𝜇 which is the overlapping ratio between previous and current cut. [4][20]: 

The equation of motion when the force F ≠ 0 [26]: 

𝑚�̈� + 𝑐�̇� + 𝑘𝑥 = 𝐹 

          (eq.7) 

The equation of motion in the radial direction can be combined with equation 4 and the 

equation for the frequency response function (not presented here) in order to create relations 

between the real part of the transfer function and the cutting depth [26]. Solving of the 

equations give the function of the stability limit in depths of cut for the stability lobes 

diagram [6] [26]: 
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𝑎𝑝 = −
1

2 ∙ 𝑘1 ∙ 𝑅𝑒𝐻(𝜔) ∙ 𝜇
 

           (eq.8) 

The minimum chip thickness below which the process is unconditionally stable occurs at the 

maximum negative real value of the transfer function which is the true minimum of the 

transfer function: 

𝑎𝑝𝑚𝑖𝑛 = −
1

2 ∙ 𝑘1 ∙ 𝑅𝑒𝐻(𝜔)𝑚𝑖𝑛 ∙ 𝜇
 

           (eq.9) 

The cut depth below this limit is theoretically stable for the whole spindle speed range [1]. 

2.4 Tool clamping 
The tool clamping also needs to be considered in order to study the behavior of the combined 

tool-tool-clamping structure. The clamping of the tool creates a new boundary condition on 

the tool structure which affects the movement of the tool tip [4] [12] [16] [20]. The ideal way 

of clamping tools in a turret depends on process, work piece and tool type.  

Figure 15 shows three types of tool clamping mechanisms which can be used for internal 

turning. The left picture in figure 15 shows a VDI interface to the turret with screw clamping 

for the tool, a hydrostatic clamper (Hydrofix) in the middle and another hydrostatic clamper 

(Hydro-grip) to the right. 

 
Figure 15, screw clamping (left), hydrofix clamping (middle) and Hydro-grip clamping (right). 

A Hydrofix unit clamps the boring bar hydrostatically. This unit may be placed in another 

interface (such as a VDI) or in the turret. As the screw at the top is tightened the whole inner 

and outer walls of the Hydrofix expands, clamping the tool whilst holding on to the interface 

it is placed in [27]. The Hydro-grip is a hybrid solution of a Hydrofix and a VDI; it has a 

VDI-interface to the turret and clamps the boring bar hydrostatically.  

3. Experimental setup 
The impact of clamping conditions on the frequency response function of the tool 

investigated in this report was studied through modal analysis and the direct effect of 
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clamping conditions on the process was studied through machining tests. The two types of 

clamping mechanisms examined in this thesis were a Hydro-grip clamping (displayed in 

figure 15 ) and a VDI combined with a Hydrofix clamping (figure 16). 

      

 

Figure 16, Hydrofix clamper in the VDI interface to the turret (tool screws in the VDI were unscrewed) 

When the effect of the Hydrofix was studied the Hydrofix was always placed in a VDI 

interface to the turret with the tool clamping screws unscrewed (in order to receive a 

hydrostatic clamping of the bar). Two different sizes of a VDI with Hydrofix clamping 

(presented as VDI1 and VDI2, in table 4) were investigated in order to see some effects of a 

mass change between two clamping devices with similar geometry.  

3.1 Experimental modal analysis with impact testing 
Impact tests explored the effect of clamping conditions on the frequency response functions 

of the boring bar. LMS test lab 11.0 software was used to record and analyze the data. 

Structural modal data were approximated by the software from the frequency response 

functions from measurements and a synthesized frequency response function was created. 

The measured frequency response functions where manually verified against the synthesized 

to ensure their correlation before the data was extracted. The modes of interest within the 

frequency range were manually selected based on the motion amplitude in the synthesized 

function. The essential mode parameters; damping ratio, mode frequencies and amplitude 

where extracted by the software for each mode of interest. 

Signal conditioning was performed in the beginning in order to reduce noise, remove leakage 

errors and disturbance to either response signals or impact signal. The impact hammer was 

used to excite the structure by a manual stroke. Impacts carrying too much energy, double 

impacts and other faulty strikes were rejected. Averages (number of approved impacts for 

one measurement) were set to ten in order to reduce the influence of noise. The steel tip 

allowed for exciting frequencies from 0 up to 4096 Hz which was considered to be the 

frequency range of interest [6] [28]. A sensor in the hammer measured the impact force. An 

exponential window was used for the input force, the energy of the impact was well 

distributed over the frequency range of interest. The response (accelerence) was measured by 

three accelerometers.  
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The measurements gave the frequency response functions as 
accelerance

Impact force
  [

𝑚𝑠−2

𝑁
] and was 

integrated twice over the frequency domain with the Simpson method to give the receptence 

functions as: 
displacement

Impact force
  [

𝑚

𝑁
]  . 

The coherence held its value at 1 (except for at anti-resonance frequencies where it naturally 

drops [28]) at all approved impacts.  The coherence was observed in order to ensure linear 

relations between point of excitement and point of measurement [28] and non-contaminated 

signals. When performing impact testing the only force that could be measured was the 

impact force, other forces (such as reaction forces from supports etc.) that affect the 

frequency response functions of the structure could not be measured.  Impact testing of the 

“free hanging” structure (the structure hanging in an elastic string) was made in order to 

observe the properties of the structure with as little forces as possible affecting the 

measurements. This was done in accordance to a method used in previous, resembling tests 

[8] [25] by gluing a screw on to the bottom of the structure, attaching the screw to an elastic 

string with a steel wire and hanging the structure in the elastic string, see figure 20 (left). For 

the rest of the impact tests the structure was clamped in the machine turret of either the SMT 

300 lathe or the Haas ST 30 lathe.  

Table 1 and table 2 below show data of the equipment used to measure in the EMA-tests.  

Table 1, impact hammer data 

  

Figure 17, impact hammer and tool tip  
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Table 2, accelerometer data 

  
 
The accelerometers change the mode properties of the tool because mass is added to the 

structure [25]. In this case as the accelerometers where light enough so that their impact on 

the measurements could be considered negligible [28]. The torque of the clamping 

mechanisms was measured by a torque wrench. 

Tooling 

Components used for the tests are described by; Table 3 (tools) and 4 (clamping). 

Table 3, boring bar data 

Type Damped  𝑫𝟏 [mm]  𝑫𝟐[mm] 𝑳𝟐[mm] 𝐦𝐚𝐬𝐬 

[kg] 

Boring 

bar 

25ZVT-S16X-

SWLCR06-84  

 Yes 16 25 84 0.350 1 

S16R- 

SWLCR06  

 No 16 16 84 0.280 2 

 

 

Figure 18, schematic view of boring bar dimensions 

Table 4, clamping equipment used for the setups 

Type outer 

interface 

diameter 

(𝑫𝟏) [mm] 

Inner 

interface 

diameter 

(𝑫𝟐) [mm] 

Mass [kg] Description 

Hydrofix 

1 

40 32 0.4 ETP 

Hydrofix 

2 

32 25 0.35 ETP 

Collet 1 32 25 0.14 NIKKEN 
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KM 

Collet 2  32 16 0.15 NIKKEN 

KM 

VDI 1 50 (turret 

interface) 

32 3.8 E2-50-32 

VDI 2 40 (turret 

interface) 

32 3 E2-50-32 

Hydro-

grip 

40 (turret 

interface) 

32 2 VDI40/32 

 

Figure 19, schematic view inner and outer interface diameters of VDI, Hydrofix and collet 

Table 5 describes the combinations of tooling used for each test. VDI1 was always combined 

(with un screwed screws) with Hydrofix 1 and VDI2 with Hydrofix 2. The setups are 

visualized by figures 20-22.  

 
Table 5, tooling combinations for each test 

Test 

no. 

Boring 

bar  

Hydrofix  VDI  Hydro-

grip 

Collet  Torque 

[Nm] 

Measureme

-nt 

direction  

condition 

1. 1      y Free hanging 

2. 1 1 1  1 4 y Free hanging 

3. 1 2 2   4 y Free hanging 

4. 1 2 2   8 y Free hanging 

5. 1   x 1 4 y Free hanging 

6. 1   x 1 6 y Free hanging 

7. 2   x 2 4 y Free hanging 

8. 2   x 2 6 y Free hanging 

9. 1 1 1  1 4 x SMT machine 

10. 1 1 1  1 4 y SMT machine 

11. 1 1 1  1 8 x SMT machine 

12. 1 1 1  1 8 y SMT machine 

13. 1 2 2   4 y HAAS machine 

14. 1 2 2   8 y HAAS machine 

15. 1 2 2   4 x HAAS machine 

16. 1 2 2   8 x HAAS machine 

17. 1   x 1 4 y HAAS machine 

18. 1   x 1 6 y HAAS machine 
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Figure 20, setup 1-8 

 
Figure 21, setup 9-12 in the turret of the SMT lathe 

 

Figure 22, setup 13-20 

Coordinates of the measurement points 

Accelerometer placement followed the same principle for each test as clamping mechanisms 

where exchanged. Accelerometers 1, 2 and 3 were used to measure on points 2-7, impact was 

made at point 1 which was straight on the opposite side from point 3. The pictures in figure 
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24 show the placement of the points, the picture to the right show the placement of point 5, 6 

and 7 which were altered when switching between the Hydro-grip and the VDI with Hydrofix 

 

Figure 23, placement of the measurement points 

The coordinates of point 1,2,3,4 were located at the free end of the tool and therefore were 

the same for all setups; table 6 gives the exact point coordinates. 

Table 6, coordinates of measurement points 

Point 1,2,3,4 [mm] Point 5,6,7 on Hydro-

grip[mm] 

Point 5,6,7 on VDI with 

Hydrofix[mm] 

Point 2=0 Point 5=82  Point 5=75 

Point 3= 35 =Point 1 Point 6=106  Point 6= 125 

Point 4=68 Point 7=140 Point 7= 160 

3.2 Machining tests  
The two types of machining tests were; 1: Machining tests evaluated manually by the ear and 

the eye. 2: Machining tests with an accelerometer attached to the tool body which measured 

the acceleration signal in the process.  

Work pieces were the same for all machining tests; cylinders of material SS2230 (280 HB) 

displayed in figure 24. Work pieces with short over hang lengths and thick walls were used in 

order to ensure stability of the work piece.   
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Figure 24, the work piece 

The machine used for all machining tests was the same in all cases; The Haas ST30 lathe.  

The insert was the same for all and of type: Mircona- WCMT06T304/08-PM1 ALC245.   

Before the machining tests the tip of the insert was measured to be in the center positions of 

the clamping mechanisms. This was done by using a fixture provided by Mircona, see figure 

25. The height of the insert tip was measured to the center position of the fixture. After the 

machining tests the tool was again measured in the fixture to make sure the tip of the insert 

had retained the center position; in order to detect any twist of the tool that could have 

occurred during machining. 

 

Figure 25, ensuring center position of the tool tip 

Machining tests with manual evaluation 

During the manually evaluated machining tests the surface and sound of each cut was 

evaluated. The selection of cutting data for each cut was chosen to be the ones that had been 

found problematic in the past according to information provided by Mircona. 

The data in table 7 show the selected combinations of cutting data which were used for the 

tests. The previous results on surface and sound are presented in the columns 5-6. When these 

tests were performed earlier boring bar 1 was clamped in a VDI with a three screw clamping 

screwed with an 8 Nm torque on each screw [15]. These tests were then evaluated manually 

and ranked on a scale from 1-3 depending on surface and sound quality.  

Fixture Measurement device 
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Table 7, combinations of cutting data which was previously used and the previous results on surface and sound 

Feed 

[mm/rev] 

Cutting 

depth 

[mm] 

Cutting 

velocity 

[mm/min] 

Nose 

radius of 

insert 

Surface 

quality 

Sound 

0.2 0.8 180 0.4 4 4 

0.2 1.3 180 0.4 1.3 1 

0.2 1.4 180 0.4 1.5 2 

0.2 1.2 180 0.4 1.2 1 

0.2 1.2 200 0.4 1 1 

0.2 1.5 200 0.4 2 1.5 

0.2 1.2 160 0.8 2 2 

0.2 1.8 220 0.8 3 2 

0.2 1.8 240 0.8 1.5 1.5 

0.2 1.8 260 0.8 1.5 1.5 

0.2 2 250 0.8 1.2 1.1 

0.2 2 245 0.8 1.2 1.1 

0.2 2 255 0.8 2 2 

0.2 2 265 0.8 2 2 

0.2 2 280 0.8 2 2 

0.2 2 300 0.8 3 2 

0.2 1.8 280 0.8 2 2 

0.1 0.2 120 0.4 1 1 

0.1 0.1 120 0.4 2 1.5 

0.1 0.05 120 0.4 4 4 

0.07 0.05 120 0.4 4 4 

0.1 0.2 150 0.4 3 3 

0.1 0.1 150 0.4 4 4 

0.1 0.05 150 0.4 4 4 

0.07 0.05 150 0.4 4 4 

0.1 0.2 180 0.4 3 3 

0.1 0.1 180 0.4 4 4 

0.1 0.05 180 0.4 4 4 

0.07 0.05 180 0.4 4 4 

0.1 0.2 200 0.4 3 3 

0.1 0.1 200 0.4 4 4 

0.1 0.05 200 0.4 4 4 

0.07 0.05 200 0.4 4 4 

The manually evaluated test for this thesis were repeated on all the above cutting 

combinations with boring bar 1 clamped in the Hydrofix + VDI2 unit and then for boring bar 

1 clamped in the Hydro-grip unit. An explanation to the grading system is given in table 8 

and some references to surface appearance for 𝑅𝑎-values are given in figure 26. 

Table 8, grading system for machining tests 

Grade Surface Sound 

1 𝑅𝑎 < 1.6 No other noise than machining noise 

2 𝑅𝑎 < 3.2 Noise which could be perceived by the ear 

3 𝑅𝑎 > 3.2 Noise which was uncomfortable for the ear 
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4  Testing could not go further because of 

extremely severe noise  

 

 

Figure 26, surface appearance at different levels of surface roughness 𝑹𝒂[6] 

Machining tests with accelerometer 

The three component accelerometer presented in table 9 was used to measure the accelerence 

signal in x, y and z- directions during the machining tests presented in table 10.  

Table 9, accelerometer data 

 

A flat surface was grinded on the boring bar to create an adhesive surface and the 

accelerometer was glued on to the surface. Figure 27 displays the placement of the 

accelerometer on to boring bar 1 during the tests. The software used for the recording was the 

same as for the impact testing. 
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Figure 27, setup for measurement of machining tests, boring bar1  with accelerometer 

The machining accelerence measurements were made on the configuration of boring bar 1 

and Hydro-grip. These measurements were made as the bar was clamped by the clamping 

torque of 4 Nm because this was suggested optimal by the previously made modal analysis 

(results of that modal analysis is presented in the results chapter). One measurement was also 

made when machining with a 6Nm clamping torque to verify the difference between the 

torques for the dynamic case. Table 10 displays the cutting data used during accelerometer 

measurements. 

 
Table 10, cutting data used for machining tests measured by the accelerometer 

Cut no. Feed 

[mm/rev] 

Cutting 

depth 

[mm] 

Cutting 

velocity 

[mm/min] 

Nose radius of 

insert 

Torque [Nm] 

1 0.1 0.2 120 0.4 4 

2 0.1 0.2 130 0.4 4 

3 0.1 0.2 110 0.4 4 

4 0.1 0.2 150 0.4 4 

5 0.1 0.1 120 0.4 4 

6 0.1 0.1 65 0.4 4 

7 0.1 0.1 250 0.4 4 

8 0.1 0.15 120 0.4 4 

9 0.1 0.1 125 0.4 4 

10 0.1 0.1 120 0.4 6 

4. Results 

4.1 Results of the impact testing 
Only one mode was found for the hanging structure in tests 1-8, the properties are displayed 

in table 11 for these tests 

Accelerometer 

Wire for transferring the signal 

to the software 



  27 

Table 11, impact tests1-8, free hanging structures 

Configuration Amplitude [m/N] Mode 

frequency 

[Hz] 

Damping 

ratio[%] 

Clamping 

torque 

1. Boringbar 1 198 ∙ e−9  2775 1.01 No 

clamping 

2.Boringbar1 

+Hydrofix1+ VDI1 

1.88 e−6  1283 2.39 4Nm 

3.Boringbar1+Hydrofix2+ 

VDI 2 

1.62 ∙ e−6  

 

1279 2.93 4Nm 

4.Boringbar1+Hydrofix2+ 

VDI 2 

1.55 ∙ e−6  

 

1326 2.77 8Nm 

5.Boringbar1+Hydrogrip 1.03 ∙ e−6  

 

1408 3.07 4Nm 

6.Boringbar1+Hydrogrip 1.17 ∙ e−6  

 

1420 2.85 6Nm 

7.Boringbar2 , Hydrogrip 3.68 ∙ e−6  

 

1578 0.5 4Nm 

8.Boringbar2 , Hydrogrip 7.16 ∙ e−6  

 

1590 0.42 6Nm 

The results of Tests 9-18 (see table 5 in chapter 3) are presented in table 12-16. These were 

all measured on boring bar 1 when clamped in the machine by clamping mechanisms and 

directions described above each table. 

Table 12, Hydrofix1 and VDI1 x-direction 

Mode1,amplitude 

[m/N] 

Mode2,amplitude [m/N],  Mode3,amplitude 

[m/N],  

Clampin

g torque 

frequency [Hz] frequency [Hz] frequency [Hz] 

damping ratio [%] damping ratio [%] damping ratio [%] 

2.46 ∙ e−6m/N  177 ∙ e−9 m/N  41.6 ∙ e−9 m/N  4Nm 

1147 Hz  1644Hz 2831.6 Hz 

2.85% 3.43% 3.28% 
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2.36 ∙ e−6m/N  168e−9 m/N  44 ∙ e−9 m/N  8Nm 

1173 Hz  1685 Hz 2841 Hz 

3.03% 2.97% 3.6% 

 

Table 13, Hydrofix1 and VDI1 y-direction 

Mode1, amplitude [m/N] Mode2, amplitude [m/N],  Clamping torque 

frequency [Hz] frequency [Hz] 

damping ratio [%] damping ratio [%] 

3.14 ∙ e−6m/N  50 ∙ e−9 m/N  4Nm 

1122 Hz  2560 Hz 

2.55% 1.35% 

3.05 ∙ e−6m/N  46 ∙ e−9 m/N  8Nm 

1142 Hz  2566 Hz 

2.56% 1.32% 

 

 

Table 14, Hydrofix 2 and VDI2 x-direction 

Mode1,amplitude 

[m/N] 

Mode2, amplitude [m/N],  Clamping torque 

frequency [Hz] frequency [Hz] 

damping ratio [%] damping ratio [%] 

1.82 ∙ e−6m/N  146 ∙ e−9m/N 4Nm 

1085 Hz 1562  Hz 

3.78 % 2.84  % 

1.61 ∙ e−6m/N  160 ∙ e−9  m/N             8Nm 
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1118 Hz 1577 Hz 

4.46 % 2.15 % 

 

 
Table 15, Hydrofix 2 and VDI2 y-direction 

Mode1, amplitude 

[m/N] 

Mode2, amplitude 

[m/N],  

Mode3, amplitude [m/N],  Clamping 

torque 

frequency [Hz] frequency [Hz] frequency [Hz] 

damping ratio [%] damping ratio [%] damping ratio [%] 

1.72 ∙ e−6m/N  184 ∙ e−9 m/N                   4Nm 

1084 Hz  1582 Hz 

5.2 % 1.55 % 

1.53 ∙ e−6m/N             1.08 ∙ e−6m/N  190 ∙ e−9m/N         8Nm 

1118 Hz 1582 Hz 1884 Hz  

4.74% 3% 0.69% 

 

Table 16, Hydro-grip y-direction 

Mode1, amplitude 

[m/N] 

Mode2, amplitude 

[m/N],  

Mode3, amplitude [m/N],  Clamping 

torque 

frequency [Hz] frequency [Hz] frequency [Hz] 

damping ratio [%] damping ratio [%] damping ratio [%] 

1.64 ∙ e−6m/N  126 ∙ e−6m/N  174 ∙ e−9  m/N             4Nm 

1143 Hz 1206 Hz 1603 Hz 

3.69 % 2.17% 2.99 % 

1.96 ∙ e−6m/N            146 ∙ e−9  m/N             −   m/N           6Nm 

1196 Hz 1214 Hz 1622 Hz  

3.59 % 2.17% 1.64 % 
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Summation of results in two measurement directions 

The difference was little between testing in the x-direction towards testing in the y-direction 

during all the impact tests. Figure 28 shows a typical similarity of motion between the x and 

y- direction, resembling similarities between these directions were observed in all the tests. 

Figure 28 below show the FRF-compliance function of boring bar 1 when clamped in the 

Hydrofix2 in the machine turret and measured in the x-direction (red) and y-direction (green). 

The first mode frequency 1121 Hz is displayed in the middle and the static compliance in the 

x- direction is presented in the bottom left corner of the diagram. 

 

Figure 28, FRF measured in two directions 

Summation of observed results of changing the mass of the VDI 

The results show (just as observed in earlier research) that added mass of the clamping 

mechanism has a large impact on the mode properties of the tool. As the tool was clamped, 

its properties such as mode frequencies and damping ratio where significantly changed 

compared to the unclamped tool. There were some differences between the hanging boring 

bar 1 clamped in VDI2 with Hydrofix2 (VDI with lower mass) and the hanging boring bar 1 

clamped in VDI1 with Hydrofix1 (VDI with higher mass). The first structure showed a 

higher damping ratio and a lower 1st mode frequency relative to the second (which could also 

be due to other factors than the mass change). The change in properties between VDI1 and 

VDI2 could not be examined when these were clamped in the machine turret due to the fact 

that the machines were different.  
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Summation of observed results on boring bar 1 of a change in clamping torque  

The effects of changing the torques were different depending on which clamping type was 

used. The common factor for all clamping mechanisms and all setups was that as the torque 

increased the mode frequencies increased with it.  

For boring bar 1 clamped in the hanging Hydrofix 2 the damping ratio was somewhat 

lowered by the increase in torque, the amplitude of the FRF was also lowered.  

For boring bar 1 in the Hydrofix 1 clamped in the turret the amplitudes in both directions 

were lowered by the increase in torque for all the modes except one which was higher, the 

damping ratio was increased by an increase in torque for three of the modes and decreased at 

two of the modes. (three modes in the x-direction and two in y-direction) 

For boring bar 1 in Hydrofix 2 clamped in the turret the amplitude decreased for all the 

modes when the torque was increased, the damping decreased slightly for some modes and 

increased slightly for other modes. The difference in the FRF between 4 Nm 8 Nm is visual 

in figure 29. 

 

Figure 29, boring bar 1 in VDI2 with Hydrofix clamped in the machine turret 

For the hanging Hydro-grip with boring bar 1 the increasing torque led to; a decrease in 

damping and an increase in motion amplitude. For the Hydro-grip and boring bar 1clamped 

in the machine turret increasing of the torque resulted in a decrease in damping ratio for all 

modes and also a decrease in amplitudes. The torque increase was only half as large (2 Nm) 
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when using the Hydro-grip (6Nm was max). The impact of the torque increase was more 

visual on the mode properties of boring bar 1 when using the Hydro-grip than for the VDI2 

with Hydrofix. The damping ratio was always lower for the 6 Nm torque than the 4 Nm 

torque.  

Boring bar 2 and the torque increase 

The increase in torque was more visible on the motion amplitude of boring bar 2 (non-

damped) clamped in the Hydro-grip as this was more than doubled by the increased torque. 

It was also visible in the frequency response function of the non-damped bar clearer spikes at 

the mode due to the lack of damping.  

Summation of observed differences in the results on boring bar 1 between Hydrofix and 

Hydro-grip clamping 

The difference between boring bar 1 in the hanging Hydro-grip and hanging Hydrofix 2 was 

that; the damping was higher, the motion amplitude was lower and the mode frequencies was 

higher for the Hydro-grip combination. The mode frequencies were higher when clamping 

boring bar 1 in the Hydro-grip with a 6 Nm torque than Hydrofix 2 with the 8 Nm torque. 

The difference between boring bar 1 clamped in the hanging Hydro-grip towards hanging 

Hydrofix 1 was that the damping ratio was higher, the amplitudes decreased and the mode 

frequencies were shifted upwards when using the Hydro-grip. 

The difference between boring bar 1 clamped in the Hydro-grip in the machine turret towards 

Hydrofix 2 in the machine turret were ambiguous, for some of the modes the damping ratio 

and amplitude was increased and for some modes these were decreased when using the 

Hydro-grip. What was evident was that the first mode “split up” in to two modes when the 

Hydro-grip was used. (see figure 30) The common factor for all the modes was that when 

boring bar 1 was clamped in the Hydro-grip in the machine, all mode frequencies were 

shifted upwards. 
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Figure 30, the FRF of boring bar 1 when clamped in two different clamping mechanisms 

4.2 Machining results 

Results from the manually evaluated machining tests 

Table 17 presents the results of machining with boring bar 1 clamped with screws (columns 

A1 and A2) in comparison to boring bar 1 clamped in Hydrofix 2 and compared to boring bar 

1 clamped in the Hydro-grip. Clamping torque during these tests was 8 Nm for screws and 

Hydrofix and 6 Nm for the Hydro-grip. 

A1=previous surface results with screw clamping 

A2=previous sound results with screw clamping 

B1= VDI2 with Hydrofix-surface results 

B2=VDI2 with Hydrofix-sound results 

C3= Hydrogrip surface results 

C4=Hydrogrip sound results 
Table 17, results when machining with boring bar 1 in the different mechanisms 

Feed 

[mm/rev] 

Cutting 

depth 

[mm] 

Cutting 

speed 

[mm/min] 

Nose 

radius 

of 

insert 

A1 A2 B1 B2 C3 C4 

0.2 0.8 180 0.4 - - 1  1  1  1  

0.2 1.3 180 0.4 1.3 1 1  1  1  1  

0.2 1.4 180 0.4 1.5 2 1  1  1  1  

0.2 1.2 180 0.4 1.2 1 1  1  1  1  
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0.2 1.2 200 0.4 1 1 1  1  1  1  

0.2 1.5 200 0.4 2 1.5 1  1  1  1  

0.2 1.2 160 0.8 2 2 1  1  1  1  

0.2 1.8 220 0.8 3 2 1  1  1  1  

0.2 1.8 240 0.8 1.5 1.5 1  1 1  1  

0.2 1.8 260 0.8 1.5 1.5 1  1  1  1  

0.2 2 250 0.8 1.2 1.2 1  1  1  1  

0.2 2 245 0.8 1.2 1.1 1  1  1  1  

0.2 2 255 0.8 2 2 1  1.2  1  1  

0.2 2 265 0.8 2 2 1  1.2  1  1  

0.2 2 280 0.8 2 2 1  1  1  1  

0.2 2 300 0.8 3 2 1  1  1  1  

0.2 1.8 280 0.8 2 2 1  1  1  1  

0.1 0.2 120 0.4 1 1 1  1  1  1  

0.1 0.1 120 0.4 2 1.5 1  1  1  1  

0.1 0.05 120 0.4 4 4 3  3  1  1  

0.07 0.05 120 0.4 4 4 4 4 3 3 

0.1 0.2 150 0.4 3 3 3  3  1  1  

0.1 0.1 150 0.4 4 4 4 4 2 2  

0.1 0.05 150 0.4 4 4 4 4 4 4 

0.07 0.05 150 0.4 4 4 4 4 4 4 

0.1 0.2 180 0.4 3 3 3  3  3  3  

0.1 0.1 180 0.4 4 4 4 4 4 4 

0.1 0.05 180 0.4 4 4 4 4 4 4 

0.07 0.05 180 0.4 4 4 4 4 4 4 

0.1 0.2 200 0.4 3 3 3  3  3  3  

0.1 0.1 200 0.4 4 4 4 4 4 4 

0.1 0.05 200 0.4 4 4 4 4 4 4 

0.07 0.05 200 0.4 4 4 4 4 4 4 

Results from the machining tests measured by the accelerometer 

The maximum vibration levels were found in the x direction (radial) by the three component 

accelerometer. Therefore the results presented here are from this direction. It was found 

through tests 1-10 in table 9 that at cut depths below 0.2 the cutting speed should be 

120mm/min for this work piece diameter.  This speed matched the rotation speed of the work 

piece of 1125 rpm. When the speed was somewhat higher or lower (130 mm/min or 

110mm/min, resulting in a higher and lower rpm than 1125) the accelerence measurements 

showed increased vibration amplitudes. Figure 31 displays the surface of the work piece 

when machined at depths of cut of 0.1 with two different speeds. 
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Figure 31, difference in surface appearence when the speed was altered from 120mm/min to 150mm/min 

It was found that multiples of the optimal rpm could be used in order to increase or decrease 

the speed at the low depths of cut. 1125/2 and 1125*2 gave speeds at 65mm/min and 250 

mm/min and when altering to these speeds it was possible to change the speed to higher or 

lower whilst keeping the tool stable. Vibration levels at these speeds are visualized in figure 

32, 250mm/min is represented by the blue color; green is 120 mm/min and red is 65 mm/min. 

As can be seen, the levels are close to the optimal found at 120mm/min. 

 
Figure 32, vibration levels when using the optimal rpm and two multiples of that rpm 

The first waterfall diagram, figure 33 presents the signal plotted in both the time and 

frequency domain, which was obtained during cut no 1 (see table 9).  
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Figure 33, measured accelerence signal during the first cut 

As can be seen in this picture the energy seemed to be concentrated around 1180 to 1340 Hz, 

a maximum amplitude was approximated around 21 seconds in to the cut being around 

0.52mm/𝑠2. 

Figure 34 shows the signal as the cutting depth was lowered from 0.2 to 0.1 mm. 

 
Figure 34, measured acceleration signal during cut no 5. 

As can be seen in these pictures, vibration amplitudes were higher when the depth of cut was 

decreased but the energy concentration was also shifted upwards in the frequency domain. 

Figure 35 displays cut no 10 where the torque had been increased to 6 Nm. 
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Figure 35, measured signal when increasing the torque to 6Nm 

What was found was that the energy was again more concentrated at certain frequencies and 

the vibration amplitudes increased as the torque increased. An example of accelerence-level 

differences is displayed in figure 36. Figure 36 displays the accelerence signals plotted in the 

time domain of two cuts where two different torques were used.  

 
Figure 36, two signals when using the same cutting parameters but increasing the clamping torque 

Figure 37 show the accelerence signals from previous figure plotted in the frequency domain 

and how the energy of the vibration is more spread out over the frequency range as the torque 

is 4 Nm and more concentrated around one frequency when the torque is 6 Nm. 
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Figure 37, signals when using two different torques 

Vibrations frequencies were evaluated more closely for two of the cuts by zooming in to the 

vibration signal plotted in the time domain. These two analyzed signals were both measured 

at 0.2 mm depths of cut and the speed was 130mm/min for the first and 125mm/min for the 

second. The frequencies of the vibrations were found through the inverting of the estimated 

time period found in the plots. Figure 38 displays the first signal (130mm/min), the periodic 

signal (green) is zoomed in and plotted in the time domain. The frequency was found to be 

1342 Hz when the speed was 130mm/min and 1420 Hz when the speed was 125 mm/min. 

These frequencies are close to the first mode frequency of the hanging Hydro-grip and boring 

bar 1 that were found in the modal analysis. It is close to and in between both the second and 

third mode frequencies found in the modal analysis of boring bar 1 clamped with 4 Nm-

torque in the Hydro-grip clamped in the machine turret. 

 
Figure 38, two periods of an accelerence signal used to evaluate chatter frequency 



  39 

4.3 Discussion of the results  
The stability loss at the low depths of cut could be partly due to unfavorable cutting 

parameters such as the nose radius in comparison to the low cutting depth. It is a 

recommendation to keep the nose radius smaller than the cutting depth in order to reduce 

vibrations in the radial direction [5]. Since vibrations were most severe in the very same 

direction (according to the accelerence measurements in the machining process) reducing the 

nose radius might further improve the result. Moreover it has been found in some general 

studies of boring bars that the increase of nose radius significantly lowers the limits of 

stability of the boring bar [13].  It might not be possible at small depths of cut to keep the 

nose radius smaller than the depths of cut, but a nose radius of 0.2 might be better for 

stability in this case.  The effect on surface finish of the decrease of the nose radius could be 

adjusted by a decrease of the feed. (equation 1) 

 

The loss factor of the damping material depends on temperature and frequency which 

according to the dynamic measurements were around 1400 Hz which should be sufficient.  

The damping material is not dependent on the strain like in the case with nano-composite 

damping material investigated by Fu et al. (2013) but according to Daghini (2012) the layers 

need to be subjected to the strain via the bending movement so that the energy can be 

dissipated [3]. The fact that the damping probably did not work at some of the low depths of 

cut could according to that be partly due to the fact that the forces acting on the insert were 

too small to initiate enough strain and responding bending tool movement which would 

subject the layers to the strain. Moreover the friction damping between the plates cannot add 

to the damping effect if tool bending is not initiated enough. 

 

The interface damping (at the clamping joint) is also to be considered at the low depths of cut 

were the force acting on the tool tip is small. Interface damping that occurs due to a slip in 

the joint material is dependent on the tangential strain [29] [30]. The strain supplied to the 

tool tip must be large enough to cause a micro slip in the interface. Interface damping will be 

more difficult to achieve when using a screw clamper because of the concentrated load 

resisting the slip is higher than that of an evenly distributed load which could explain the 

improved results when using a hydrostatic clamper, the distributed load was lower and 

facilitated the interface damping.  An increase of torque would for the same reason make it 

harder for the slip to occur and the interface damping would be less at the higher torque [20] 

which could explain why vibration levels were lower when using the 4 Nm torque. 

 

The machining tests results of boring bar 1 were improved when a hydrostatic clamping was 

used instead of screw clamping. These machining tests and the earlier research of clamping 

all advocate the use of hydrostatic clamping for damped tools like boring bar 1, instead of a 

screw clamping. The conclusions drawn in the research by Daghini et al. (2009) was that the 

hydrostatic clamping of the damping package increased the contact area and thereby the 

strain area, more layers were subjected to the strain.  

 

General improvements for both damped and non-damped bars found in the earlier research 

results [18] seem to imply that stability for all boring bars (both damped and non-damped) 
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may be enhanced by using a hydrostatic clamping instead of screws. General improvements 

were improvements such as; increased stiffness, a decrease in effective overhang length and a 

higher predictability of tool performance. The higher predictability comes from the 

implications from earlier research by Åkesson et al.  (2009)  and Nicolescu et al. (2013) [17]. 

That small difference (such as order of screwing, torque of each screw, area of the screw) 

seemed to have large effects on the tool behavior. According to that the screws also seemed 

to strengthen non-linear behavior in the tool structure which could be further strengthened by 

a screw-torque increase. This unpredictability may be undesirable at a manufacturing 

company when different operators control the machines and have to clamp and re-clamp the 

tools.  

 

Differences between the two hydrostatic clampers; Hydro-grip and Hydrofix were observed 

and the Hydro-grip was according to the machining tests the better way of clamping boring 

bar 1. The use of the Hydro-grip increased the stability areas at depths of cut of 0.2 and 

below. At depths of cut lower than 0.2 mm the speed needed to be altered in order for the tool 

to be stable but as long as an optimal rpm was used for the spindle, the cutting depth could be 

as low as 0.05 and surface and sound levels were still at level 1.  

 

The modal analysis observed differences between the two hydrostatic clampers but the 

differences were ambiguous. The change that was constant when switching between these 

clamping mechanisms was that when using the Hydro-grip all the mode frequencies shifted 

upwards even if the torque of the Hydro-grip was less than that of the Hydrofix. This could 

be due to an increased stiffening of the boring bar when this was clamped in the Hydro-grip 

[31]. The reason for the ambiguousness could be the non-linear effects of damping which 

have been observed before [6] where the small impact force only create negligible 

contributions of the damping. Other reasons could be errors in the measurements, disturbance 

and un-accounted force contributions. 

 

The modal analysis showed that the non-damped bar (boring bar 2) still possessed very low 

damping when put in the Hydro-grip. This could be because the Hydro-grip unit in itself was 

not damping the vibrations; instead it might be the Hydro-grip and the clamping conditions it 

provides which were enhancing the properties of the damping material of boring bar 1.  

 

The changed clamping conditions between the two hydrostatic clampers were: clamping area, 

mass of added clamping mechanism, shape and center of gravity for the clamping 

mechanism. The reason for the improvement when switching between Hydrofix and Hydro-

grip can only be speculated in for this thesis:  

 The change of mass was significant between the two VDI clampers and the much lighter 

Hydro-grip. (3.8/3kg as opposed to 2 kg) When a clamping mechanism was added to the 

boring bar, its properties were significantly changed. Since boring bar 1 was so small in 

comparison to the used VDI its properties might in some way be more changed or more 

dominated by the clamper if its mass is high. The node point of the combined structure may 

also be moved if the mass outside the turret is changed which may affect the dynamic 

behavior of the bar. 
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 The increase of size to the contact clamping area when using the Hydro-grip as opposed to 

that of the Hydrofix could have a positive impact. According to the previous research 

conclusions by Daghini et al. (2009) the increasing of the contact area might be beneficial for 

boring bar 1 because this increases the number of layers subjected to the strain.  

 The geometric changes might also have had an impact on how the forces are distributed over 

the tool during machining and the location of the energy concentration.  

 

Increasing the clamping torque increased the mode frequencies for all modes and all 

mechanisms so if greater tool stiffness is sought and damping is less important (during 

vibration-low cutting conditions) it might be preferable to use a high clamping torque. The 

differences between torques observed in the modal analysis were small when using a 

Hydrofix but implied that the 8 Nm torque was preferable to use over a 4 Nm torque. The 

effect of the torque alterations was more prominent for the Hydro-grip. Modal anaysis gave 

some indication of increased damping when a 4 Nm torque was used instead of 6 Nm when 

using the Hydro-grip. These indications led to some of the machining tests being conducted 

with a 4 Nm torque instead of 6 Nm for the Hydro-grip. The machining tests confirmed that 4 

Nm was preferable over 6Nm; for the tested cutting parameters the energy was more 

distributed over the frequency range and vibration amplitudes were smaller for the 4 Nm 

torque.  The increased damping of the process may also be due to the mentioned 

contributions of interface damping during the process facilitated by the lower clamping 

torque, this may be further increased if the torque is even lower at the small depths of cut. 6 

Nm torque for the Hydro-grip gave better results during the machining tests than the 8 Nm 

torque of the Hydrofix. 

 

The presented research by Åkesson et al. (2009), Mi et al. (2012) and Padnamanabhan et al 

(1991) suggested that the influence of clamping torque would be significant on the properties 

of the boring bar. The small effects of torque alterations on the results observed in this thesis 

could be due to the earlier mentioned non-linearity of the damping, further measurements 

during higher force interaction of machining could be useful to further evaluate the influence 

of torque on this type of damped boring bars. The observed small influence of torque in 

comparison to the observed differences in earlier research could also be due to the fact that 

the earlier research was conducted on other types of boring bars and joints. The modal 

analysis performed on the non-damped boring bar in this thesis did indicate that the impact of 

the torque alterations was larger on the frequency response functions of the non-damped bar 

than the damped bar. The functionality of the damping material might be less sensitive to 

torque alterations. 

5. Conclusion 
All tested alterations to the clamping conditions (alterations of: clamper mass, torque, 

mechanism, hydrostatic clamping instead of screw clamping) had an impact on the damped 

bar. As these were altered, the frequency response function of the bar changed and the results 

of the machining tests changed. A hydrostatic clamper was found to be better than a screw 
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clamper.  A Hydro-grip unit was found to be the optimal hydrostatic clamping unit. Use of 

the Hydro-grip improved the results when using a depth of cut below 0.2 mm and facilitated 

depths of cut as low as 0.05 which was not possible with either screw clamping or Hydrofix 

clamping of the damped boring bar. The tool vibrations at cutting depths between 0.2 mm 

and 2.4 mm depths of cut found when using a screw clamper were not observed when using 

either the Hydro-grip or Hydrofix.  

 

The vibration levels of the damped boring bar clamped in the Hydro-grip could be reduced at 

the low depths of cut if the clamping torque of the Hydro-grip was reduced to 4 Nm instead 

of 6 Nm. 

 

When machining at the low depths of cut it is recommended to keep the rotating frequency of 

the work piece at the optimal value in order to achieve the best results. Slight increase or 

decrease may have a large impact on the results when using the current setup. The use of a 

higher depth of cut is preferable especially for the interface damping. At the low depths of cut 

a further decrease of the clamping torque (to ex. 3 Nm) may promote the interface damping at 

the clamping area even more and therefore increase the tool stability. 
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