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Abstract

Hybrid materials combining steel or cast iron with fibre or particle composites have a good potential for lightweight machine tool
structural design with high damping ratio. These materials are analyzed in the paper with a focus on damping improvement of
structural components and machine tool assemblies. Fibre composites and particle composites were selected as the lightweight
elements for the hybrid machine tool structure. The fibre composites were designed as low-density, high stiffness-oriented
reinforcements, which were bonded to build metal structural parts conventionally. The particle composites were applied as filler
materials into the hollows of the metal structural parts. Both composite structures presented a possibility to reduce the mass of the
component due to the reduction of wall thickness (fibre composite) or removal of heavy ribbing (particle composites) and to
influence the parts’ static and dynamic stiffness. Hybrid structures, combining the light-weight elements with cast iron or welded
steel, were designed and tested in case studies using experimental modal analysis methods. Experimental modal analysis was
used as the main approach for identification of the damping ratio on a basic coupon level, followed by testing of structural parts in
a stand-alone configuration and ending with a structural part assemblies testing. Both particle composites and fibre composites
were successful in improving the damping ratio of single structural parts. However, the damping ratio of the hybrid component
mounted into an assembly configuration shows only less significant improvement. The presented results demonstrate importance
of the damping caused in the connecting interfaces.

Keywords Machine tool - Damping - Composites - Hybrid materials - Experimental modal analysis

1 Introduction

The frame structure of a machine tool plays an essential role.
The frame structure consists of non-movable bodies, movable
bodies, movable and non-movable structural joints, feed
drives, the feed drive control and a spindle. The entire struc-
ture is responsible for machine accuracy and machining pro-
ductivity under static loading caused by its own weight, dy-
namic loading caused by the movement of the structure,
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cutting process loading, and thermal loading from various
internal and external sources. The key technical characteristics
of the frame structure responding to these types of loading are
static stiffness and dynamic stiffness. The dynamic stiffness
depends on the static stiffness, the structural mass of the ma-
chine frame, and the damping ratio.

Since machining limits depend on the dynamic stiffness to
a significant degree [1-3], improving the dynamic stiffness of
a machine tool—cutting tool—workpiece assembly chain is
the essential requirement for improving machining productiv-
ity. A traditional dynamic stiffness improvement scenario is
based on increasing static stiffness with the aim of maintaining
or reducing the mass of structural components (“lightweight
design”). This can be achieved, for example, by using ad-
vanced structural optimization [4] or creating “dematerialized
machine tool assembly” [5]. The key material parameters for
this approach are a sufficiently high Young’s modulus and
shear modulus of the structural material; a low density is ben-
eficial for the motion axis component. The optimization ap-
proach might reach several limits when traditional structural
materials with excellent stiffness like steel, ductile, or cast iron
are used, due to their high density. An additional improvement
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Fig. 1 Typical setup of measurement apparatus

might be possible when materials with a high Young’s mod-
ulus and low density, such as engineering ceramics or fibre
composites, are used [6].

Besides stiffness and density, damping is the third key fac-
tor influencing the dynamic stiffness of the frame structure.
The damping capability rises due to energy losses on the mi-
croscopic interfaces inside the material structure or on the
macroscopic interfaces of the structural parts. Generally, the
damping of a machine tool frame is influenced mostly by the
damping of connection interfaces, which are joined to the
frame’s structural components; the effect of the components’
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Fig. 2 Example of calibration chart for modal hammer. There is a
detailed view on an accelerometer mounted on an unit mass
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damping on the frame damping is usually much smaller in
comparison with the connection interface damping.
Damping of an existing frame can be increased by passive,
semi-active, or active dampers [7], which can be attached to
the frame, or by specific setting of feed drive parameters [8, 9].

Application of composite structures is usually driven by a
focus on lightweight design, i.e. reducing the mass of parts,
while maintaining static stiffness. A high damping ratio is a
secondary reason, as stated by Kroll [10]. Several scientific
papers have presented applications of composite materials in
production machine design with a lightweight design focus. A
comprehensive overview was presented by Mdhring in [6,
11], which analyzed the benefits of high stiffness, low density,
high damping material applications in relation to the needs of
the machine tool industry, high-capacity production and ma-
terial costs, with the two latest points limiting composite ma-
terial potential. Fibre composites can also result in other ben-
efits in addition to lightweight design options with suitable
stiffness behaviour. Kono presented examples of increased
accuracy under thermal loading for hybrid fibre composite-
metal spindles in [12].

The high price of fibre composite structures, especially in
large machine tool design, may be a reason to use hybrid
structures. The main idea is to combine a traditional isotropic
material with a lightweight material added to specific areas of
the structure. Several studies have analyzed metal-composite
hybrid structures which were created through a combination
of metal and fibre composite sheets. Suh [13] described a steel
spindle stock with a composite coating that had 3—5 times
higher damping compared to an all-steel design. Lee [14] de-
signed a cast iron column with a glued glass fibre composite
coating. The hybrid design increased damping by about 35%
compared to a cast iron structure due to the shear effect in the
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Table 1  Comparison of properties of metals with a fibre composite
layer. Notation: £ denotes the Young’s modulus in direction 1; £, is
perpendicular to the 1 axis, which corresponds to the fibre direction for
the uni-directional fibre composite; HS UD is the uni-directional layer

from the high-strength carbon fibre composite; HS [45/-45]; is a
symmetrical lay-up consisting of the angles +45°, —45° from the high-
strength carbon fibre composite; UHM denotes the ultra-high modulus
fibre composite.

pkgm™) Ey (GPa) E, (GPa) Gi2 (GPa)

Iron-based materials Steel 7850 210 210 80

Ductile cast iron 7050 169 169 66
Carbon fibres for composite structures HS UD 1550 139 5.5 3.8

HS [45/-45], 1550 13.8 13.8 354

UHM UD 1750 430 4 5

UHM [45/-45]; 1750 19 19 109
Filling materials for hybrid structures Particle composite REC 500+700 0.030+0.1 0.030+0.1

Particle composite GREC 1200+1700 2.0-4.0 2.0+4.0

Aluminium foam 180+300 1.0+1.2 1.0+1.2

glued joint. Chang [15] presented a similar application with a
hybrid spindle stock. The steel structure was glued to a coating
made of a unidirectional glass fibre composite with a low-
strength adhesive. The damping of the part increased about
twofold. All of these applications present compromise in
terms of mass reduction, stiffness and material costs in designs
that achieved a higher damping ratio for single parts.
Sandwich-like structures, which combine a stiff material
for the skins and a low-density material for the core, are an-
other type of hybrid structure that has been tested for machine
tools. Lee [17] described a horizontal milling machine hybrid
structure composed of sandwich panels, which were made by
combining fibre composites and welded steel for the skins and
a honeycomb core material for the sandwich core. Compared
to the original, the final design had reduced mass and higher
structure damping, as the damping factor increased 1.5-5.7
times compared to the conventional structures.
Sandwich-like structures composed of metal skins and al-
uminium foam cores have also been tested. Neugebauer [18]
presented an application of sandwich panels with an alumin-
ium foam core and thin steel sheets for building various ma-
chine tool types with increased structural damping. Aggogeri

Fig. 3 Basic beams from particle composites (REC on the left, GREC on
the right)

[21] presented a comparison of an aluminium foam structure—
metal sandwich, fibre composite structure and traditional ma-
terials on a model structural part, in which the damping ca-
pacity of the aluminium foam sandwich part was 20-30 times
higher than that of the conventional structure and the damping
of the composite part was approximately 3 times higher than
the conventional structure. Smolik [19, 20] applied thick alu-
minium foam plates to the welded structures of two columnar
types of large horizontal boring machines and noted that the
columnar machine with the hybrid design had a higher
damping ratio. Aluminium foam sandwich structures have
great potential for mass reduction due to the removal of metal
ribs in structural parts, suppression of skin vibrations and high
damping. On the other hand, producing these types of parts
can be quite complicated. If the foam blocks are bonded into
the structural part hollows, issues may arise, depending on the
setting of the dimensions of the foam block and adhesive
joints in the metal parts hollows, which are not machined.

Hybrid structures are also designed using materials other
than metal and fibre composite skins. A composite hybrid
design with a polymer concrete core and a carbon fibre com-
posite coating was used for a lightweight milling machine
design, presented by Sung-Kyum Cho [16], which resulted
in 36% mass reduction and loss factor improvement.
Research has also focused on the damping improvement of
polymer concrete materials, which are used mostly for ma-
chine tool beds. Kepczak presented a study of additives’ in-
fluence on damping of polymer concrete with broad options
for damping ratio change [22].

As can be seen, several papers recommend hybrid designs
of machine tool structural parts with various material combi-
nations to improve damping ratio. However, the authors typ-
ically evaluate a particular damping ratio improvement or
mass reduction. Usually, the effect of the material change is
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Table 2 Damping ratio of 2D composite and hybrid coupons

Coupon Lay-up Material Thickness Thickness Width a (mm) Average Damping ratio
twc (mm) tws (mm) damping standard
ratio (%) deviation (%)
#1 [0,45,-45,90]sym HMC 22 70 0.23 0.15
#2 [0.45, HMC 4.6 70 0.17 0.13
—45,90]56ym
#3 [0,45, —45,90]sym HSC 3.6 70 0.17 0.05
#4 [0,45, —45,90]ym G 1.6 70 0.58 0.18
#5 [0]s HMC 22 70 041 0.24
#6 [90]5 HMC 22 70 0.66 0.23
#7 S 5 70 0.04 0.02
#8 [0] HSC 20 30 0.55 0.37
#9 [0] UHMC 20 30 0.47 0.20
#10 [0] UHMC 20 30 0.49 0.21
#1HA [0,45, —45,90], HMC+S 22 5 70 0.25 0.13
#1HB [0,45, —45,90], HMC+S 22 8 70 0.26 0.16
#1HC [0,45, —45,90], HMC+S 22 3 70 0.31 0.19
#2H [0,45, —45,90]5 HMC+S 4.6 5 70 0.24 0.09
#3H [0.,45, —45,90], HSC+S 3.6 5 70 0.20 0.12
#4H [0.,45, —45,90], G+S 1.6 5 70 0.38 0.27
#5H [0]s HMC+S 22 5 70 0.20 0.11
#6H [90]5 HMC+S 22 5 70 0.33 0.28
#OH [0] UHMC 20 2 30 042 0.30

Abbreviations used: HMC high-modulus carbon fibres (Young’s modulus of fibre 390 GPa), HSC high-strength carbon fibres (Y oung’s modulus of fibre
230 GPa), UHMC ultra-high-modulus carbon fibres (Young’s modulus of fibre 780 GPa), G glass fibres (Young’s modulus of fibre 74 GPa), S steel

structure

described on a single component, on which the damping im-
provement is demonstrated. The influence of material
damping and especially connection interface damping, along
with lightweight design benefits in structural parts assembly,
is not dealt with separately nor described. Therefore, it is not
easy to compare the presented data and deduce general rules
for selection of an appropriate hybrid design solution and

fiber composite layer  steel sheet

evaluate the efficiency of application of new material
structures.

Recently, there has been a large research focus on using
finite element—based methods on a prediction of machine tool
dynamic behaviour with focus on the damping effect of ma-
chine tool and its components. Publications by Zaeh and
Semm [36-40] and Brecher [41] are focused on modelling

o
3
-

steel plate fiber composite layer

Fig.4 Cross sections of 2D coupons: (i) fibre composite coupon; (ii) hybrid coupon #1H-#6H; (iii) hybrid coupon #9H. Nomenclature: twc: carbon fibre

composite sheet thickness; tws: steel sheet wall thickness
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Fig. 5 Experimental modal analysis of 2D composite coupons (coupons #1—#7 on the left, #8—#10 on the right)

of machine tool behaviour using linear damping and non-
linear friction effects, using the local damping effects of ma-
chine tool structural parts, connection interfaces, and motion
mechanism like ball-screw drives. The methods usually use
experimental approaches to identify damping ratios of the
interfaces and develop certain approaches how to implement
the values into the global damping matrix of the machine
tools. Successful application of those methods would help in
evaluation of the composite or hybrid application efficiency
on the machine tool dynamic behaviour improvement as long
as the experimental data for the composite-hybrid structures
are available.

The goal of this paper is to study and compare the damping
ratio values of various types of basic hybrid structures at three
levels: material coupon, structural part and structural assem-
bly. The study aims to present the damping potential of vari-
ous additional materials to increase total structural damping
and decrease dynamic compliance. As the main tool for this
research, experimental modal analysis methods were used.

2 Modal parameters measurement
and damping evaluation

Main modal parameters are damped natural frequency f,
damping ratio ¢ and modal vector (or mode shape) V. Modal
parameters have key importance in description of machine
tool vibration and are widely used throughout technical com-
munity in this area of research and development [28-35].
There are two approaches how to obtain modal parameters.
First is analytical way and second is experimental one.
Analytical approach has one important deficiency. It is not
possible to get damping ratio using predictive simulation anal-
ysis. This is the main reason why Experimental Modal
Analysis (EMA) was used in this study as a main approach.
EMA was used for experimental evaluation of the damping
ratio of the material coupons and the machine structures, re-
spectively. For all the experiments, a B&K PULSE analyzer
was used for data collection. A modal hammer was used for
excitation of the measured structures. A one-axial or a three-

Table 3 Comparison of modal

propetties for profile coupons Mode Steel only Composite only Hybrid structure (bonded steel+composite)
with fibre composites
S (Hz) (%)  fMHz) (%) f(Hz) C (%)

1 384 0.04 158 0.38 424 0.25

2 601 0.03 180 0.34 435 0.24

3 610 0.03 278 0.36 710 0.19

4 653 0.03 311 0.28 729 0.29

5 706 0.03 342 0.28 738 0.19

Average damping ratio 0.04 0.33 0.16

Damping of 1st bending mode 0.06 0.51 0.12
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Fig. 6 Cross-section of hybrid fibre composite-steel profile

axial accelerometer was used for vibration response measure-
ment. The weight of the modal hammer and accelerometer
was selected according to the size and weight of the measured
coupon or structure. The modal parameters were estimated
from the measured data after the experiments had been per-
formed. The modal parameters are as follows: natural frequen-
cy, damping ratio and mode shape. For the cases where the
frequency response functions of dynamic compliance were
measured, the maximum absolute compliance value was also
evaluated.

Measurement setup is as follows. First, both acceleration
(from an accelerometer) and force (from modal hammer) sig-
nals are obtained. Then, the frequency response function
(FRF) in form of accelerance ((m/s*)/N) is calculated. The
final step is double integration of the FRF into form of dy-
namic compliance (m/N). The reason of double integration is
that dynamic compliance has close relationship with most
engineering applications concerning machine tool. The best
example is theory of chatter. An example of typical setup of
measurement apparatus is shown in Fig. 1.

Fig. 7 Hybrid fibre composite-
steel profile coupon. The white E
point shows the excitation and

response measurement place. The

detail on the right presents

direction the excitation and

response measurement

@ Springer

Calibration setup of measurement apparatus was as fol-
lows. First, the accelerometers were calibrated with B&K
4294 calibration exciter. The second step was to calibrate
modal hammer by measuring FRF on unit mass. The calibra-
tion curve is shown in Fig. 2. This procedure was performed
before each measurement.

The damping ratio was evaluated using the following
methods: Least Squares Exponential (LSCE), Rational
Fraction Polynomial Method (RFP) and Complex Mode
Indicator Function (CMIF). For detailed description, see
[23-25]. In an ideal case, the methods should lead to similar
results, but for variable conditions (low damping, rigid body
modes, etc.) each method may yield different results. In this
study, a combination of three methods was used to eliminate
possible damping estimation errors on the coupons. The re-
sults presented in this paper were chosen from the evaluation
and the methods were selectively used to ensure that the opti-
mal method was used for the specific conditions of the
experiments.

The LSCE method was the best option for very low
damping coupons because it works in the time domain. For
higher damping values or closed modes, it was better to use
the RFP method as it works in the frequency domain and in
frequency cut-out. The CMIF method was chosen when mode
shapes had to be estimated because this method works well for
multiple reference sensors.

The experiment boundary conditions have a crucial in-
fluence on the modal parameters and a particularly large
influence on the damping ratio [26, 27]. To minimize the
influence of boundary condition effects, the structural
parts or large material coupons were supported at the
nodal points of the first bending modes using compliant
metal springs or other compliant supports. The smaller
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Fig. 8 Dynamic compliance—frequency transfer function—comparison of steel and hybrid fibre-compositesteel profile behaviour

level 2D and 3D material structure coupons were fixed on
a long compliant suspension during the measurements
(see Fig. 5, for example). For no fixation points, the cou-
pons were placed on the coil springs. The excitation and
response measurement were on the free end of the cou-
pon. The final damping ratio was computed as the average
value of the damping ratio identified for the specified
number of compliant body Eigenfrequencies. This ap-
proach neglected damping variations due to the local in-
fluence of the coupon seating (i.e. rigid body modes).

Due to the wide variety of coupons and parts tested in
the study, it was impossible to maintain the same bound-
ary conditions during all the experiments. However, in
each of the tested groups, which were directly compara-
ble, the boundary conditions were set equally and the
results are directly comparable. Therefore, it was possi-
ble to directly evaluate the improvement, i.e. the change
in the damping ratio between the hybrid structures and
the traditional metal designs.

Fig. 9 Model hybrid spindle ram-reference cast iron ram (left), hybrid
ram with reduced metal wall thickness and reinforcing composite tube
(right)

3 Introduction on materials used
for increasing the structural damping

Materials with high damping potential for machine tool struc-
tural part design were selected for the analysis of potential
damping improvement. Two groups were used for damping
improvement evaluation:

* Hybrid structures based on structural layers of fibre com-
posites and metals

» Hybrid structures based on structural metals with particle
composite reinforcement

3.1 Fibre composites for hybrid structures

The first material group for hybrid structures was a combina-
tion of fibre composites and metals; both materials significant-
ly influence hybrid structure stiffness and mass. The hybrid
structures benefit from the great directional stiffness, damping
and low density of the fibre composites, along with the good
stiffness of the isotropic metals. Compared to designs which
use only fibre composites, the metals introduce further bene-
fits, e.g. the option of making connection interfaces on the
metal part and using standard machine tool structural part
designs and manufacturing methods. The entire hybrid struc-
ture can be conceived as a lightweight design, where the mass
of the hybrid structure is reduced in comparison with the ref-
erence all-metal design due to the reduced amount of metal
material replaced by the composite. Or it can be designed as a
reinforced design, where the composite is added to improve
static or dynamic stiffness at the cost of a small mass increase.

Fibre composite materials comprise a large group, as they
differ by fibre or matrix type or fibre orientation. For machine
tool applications, only fibre composites which have a Young’s
modulus stiffness similar to steel, cast iron or in the worst
case, aluminium, should be used as a material replacement.
To use materials with lower stiffness parameters, the
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Table 4  Properties of model hybrid spindle rams with fibre composites (see Fig. 13 for vertical/horizontal orientation)

Mass (kg) Number of Stiffness— Stiffness— Stiffness— Stiffness—
rubber layers (-) horizontal (N/um) horizontal (%) vertical (N/um) vertical (%)
Cast iron ram 142.5 N/A 16.4 100% 20.4 100%
Hybrid ram #1 104.0 0 17.4 106% 23.0 113%
Hybrid ram #2 104.0 3 15.2 93% 20.1 99%
Hybrid ram #3 103.5 4 14.5 88% 18.6 91%

components would have to be designed with a larger volume
of the structural material and the weight reduction would be
neglected. For machine tool structural components, this is
valid mainly due to their loading, which consists of bending
and torque.

Therefore, high-strength or high-modulus carbon fibres
were selected as the most suitable fibre types for the present
study. Standard high-strength carbon fibres have a Young’s
modulus of approximately 230 GPa in the fibre direction and a
density of approximately 1800 kg m >, while commercially
available high-modulus fibres have a Young’s modulus up to
800-900 GPa in the fibre direction and a density of approxi-
mately 2100 kg m .

The mechanical properties of fibres are reduced in the final
product, which is a cured unidirectional composite consisting
of fibres and a matrix. The typical properties for high-strength
carbon fibre—epoxy layers (HS) and (ultra)-high modulus

Fig. 10 Boundary conditions for
model hybrid ram stand-alone
testing. Detail of the excitation
and response measurement on the
right

@ Springer

carbon fibre—epoxy layers (UHM) are shown in Table 1 for
two types of orientation which give the best stiffness: 0° fibre
orientation (UD) for tension-compression and bending, and
symmetrical £45° fibre orientation for torsion. The properties,
given in Table 1, were derived for the composite with fibre
volume fraction 60%.

3.2 Particle fillers for hybrid structures

The other material group was developed as a combination of
structural metals and filler materials. In the design, structural
stiffness is provided by a traditional metal (iron or cast iron)
and the filler material merely supports the part walls and dis-
tributes the loading between the walls. In general, lightweight
materials like porous foam structures, reduced density con-
crete and aluminium honeycomb cores can be used as fillers.
In this study, particle composites were used as filler materials.
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Fig. 11 Comparison of dynamic compliance of the stand-alone rams

This type of hybrid structure, if correctly applied, helps sup-
press structural part skin vibrations and enables the designer to
remove the ribs in the structural part design. This can either
reduce the part weight or if the removed material is used for
structural skin reinforcement, it can lead to a new design with
enhanced stiffness properties with a slightly higher weight due
to the filler material.

Particle composites were selected as the filler materials for
the study. The particle composites were based on particles
(stone, rubber), which were held together by an epoxy resin.
Two mixtures were prepared. The first one is denoted as REC
(rubber epoxy compound). The mixture mass consists of 13%
epoxy and 87% milled rubber. The other mixture was denoted
as GREC (grit rubber epoxy compound). The mixture mass
consists of 16% epoxy, 50% stones and 34% milled rubber.
The REC mixture was composed as a lightweight mixture
with high damping potential due to the presence of rubber
particles. The GREC mixture was composed as a stiffer filler
material, which combines stiffness and damping with the cost
of higher added weight. The particle composite structure is
shown in Fig. 3. The aim of these mixtures was to prepare a
lightweight filler material to fill the hollows of machine tool
structural parts with the benefits of static stiffness and in-
creased damping. The nominal material properties are given
in Table 1. Aluminium foam is included for comparison, as
this filler material had been successfully used in several pre-
vious research studies [19, 20]. The main advantage of the
particle composite mixtures is that they pour easily into the
internal space of the structure.

4 Hybrid structures based on fibre composites

In this section, the damping properties of the hybrid structures
based on fibre composites and iron-based materials are exper-
imentally analyzed. The effect of the added fibre composite
reinforcement was evaluated in several steps. Firstly, the ele-
mentary fibre composite material coupons were tested (see
Section 4.1). The influence on fibre type, orientation and other
lay-up parameters was observed and is discussed for both the
composite coupons and the hybrid coupons. Secondly, large-
scale hybrid composite coupons were tested (see Section 4.2).
The damping ratios of the steel structure, composite structure
and joint hybrid structure are compared. The last step focused
on the structural part. Examples of a spindle ram with a thick-
walled outer body made of ductile cast iron and inner com-
posite reinforcement were tested in a stand-alone configura-
tion and in an assembly configuration. The damping ratio
changes observed in all of the experimental data are discussed
in Section 4.4.

4.1 Damping of 2D beam coupons from fibre
composites

A basic comparison of the damping properties of fibre com-
posites and the hybrid fibre composite + metal structures was
performed on flat beam coupons (noted as 2D coupons). 2D
composite coupons #1-—#7 were made as thin-walled beams
with a length of 700 mm and a cross section of @ = 70 mm and
various wall thicknesses. They were made of composite

Table 5 Comparison of frequencies, damping ratio and dynamic compliance for stand-alone measurements of spindle rams
Si Hz) G (%) Hy| (m/N) /> (Hz) G (%) [Ha| (Lm/N) G5 (%) Damping comparison
Cast Iron 412.6 0.03 0.9 807.4 0.03 1.3 0.04 100%
Hybrid #1 4747 0.06 0.3 788.0 0.07 04 0.08 200%
Hybrid #2 4632 0.06 04 795.4 0.14 0.2 0.12 300%
Hybrid #3 4375 0.07 0.3 840.5 0.18 0.2 0.13 325%
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Fig. 12 Comparison of relative damping on the first second frequency for
various stand-alone ram coupons

prepregs with epoxy resin, using high-strength carbon fibres
(HSC), high-modulus carbon fibres (HMC) or glass fibres.
Coupons #8, #9 and #10 were made as thick-walled beams
with a cross-section of 30x20mm and a length of 700mm
using high-strength carbon fibres or ultra-high-modulus car-
bon fibres. After the initial experimental modal analysis mea-
surements, the hybrid coupons were created by bonding a steel
sheet to the composite coupons. The joint between the com-
posite and steel was made with an epoxy based adhesive. The
coupon sketch is shown in Fig. 4 and the basic specification of
coupons is given in Table 2.

The measurement using experimental modal analysis
was performed with coupon fixation via a flexible rope
(see Fig. 5) and the dynamic behaviour of the coupons
was evaluated. The average damping ratios are shown in
Table 2. The average damping ratio and the standard de-
viation were calculated from the first nine non-rigid body
modes for composite specimens.

The conversion from the composite coupons to the hybrid
coupons was done using steel plates of thickness #,,, = 3; 5; 8
mm. The composite plate was bonded onto one side of steel
using an epoxy adhesive joint of 0.2-mm thickness. The com-
parison of the hybrid fibre composite coupon results is given
in Table 2. The average damping ratio was calculated from the
first seven non-rigid body modes.

The results shown in Table 2 demonstrate how the different
composite lay-ups influence damping. Depending on the layer
orientation, the average damping ratio for the high-modulus
fibres ranged from 0.10 to 0.58%. The lowest value was ob-
tained for a combined orientation of fibres in 0, £45 and 90°,
which corresponds to a lay-up with quasi-isotropic in-plane
laminate properties. The highest damping was obtained for a
coupon with transverse fibre orientation only (90°), which had
the highest bending compliance in the coupon batch. The cou-
pons with 0° fibre orientation, i.e. coupons with the highest
tensile or bending stiffness, had an average damping ratio in
the range 0f 0.30-0.40%, i.c. in the upper range of the values.

The results also indicated that the damping ratio for the
composite coupons depends on thickness. The damping ratios
of the high-modulus and the high-strength carbon fibres are
almost similar, while the coupons from the glass fibres had
significantly higher damping. All composite coupons had sig-
nificantly higher average damping than the steel coupon
(damping ratio (=0.01%).

The average damping ratio of the hybrid fibre composite
coupons was in the range 0f 0.20-0.32%. The values were still
significantly higher than the damping of the steel beam, but
the effect of different fibre types or fibre orientation was min-
imized as the variation of the average ratio was smaller in
comparison with the previously tested fibre composite cou-
pons. The influence of steel thickness variation on the
damping ratio was marginal. Therefore, the fibre composite-
metal hybrid structure offers damping improvement with the
option of stiffness reinforcement of the all-metal design. The
results demonstrate that hybrid structure damping is margin-
ally influenced by fibre layer orientation. Therefore, the cou-
pon test showed that it is possible to optimize fibre orientation
to obtain the best structural part stiffness without significantly
influencing hybrid part damping.

4.2 Damping of profile (3D) hybrid coupons
This group of elementary material coupons comprised hybrid

structures which combine a steel profile with a composite
outer reinforcement (see Fig. 6). The coupons with fibre

Table 6 Comparison of frequencies, damping ratio and dynamic compliance for spindle rams in assembly measurement

i Hz) G (%) [Hyf (m/N) J2 (Hz) G (%) [Ha| (m/N) G5 (%) (15 comparison
Cast iron 61.8 6.40 0.47 72.4 335 0.87 4.88 100%
Hybrid #1 63.5 5.36 0.63 73.2 2.76 0.93 4.10 84%
Hybrid #2 63.7 5.21 0.78 70.3 3.19 1.0 4.2 86%
Hybrid #3 60.8 5.02 0.79 72.4 335 0.99 4.2 86%
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Fig. 13 Configuration of ram testing in the assembly stand

composites had a length of 1000 mm, and a steel square pro-
file with a wall width of 150 mm and a wall thickness of 5 mm
was used. The composite reinforcement, which was bonded to
the profile, had a thickness of 5 mm. For the analysis, the
hybrid reinforced coupons were placed on springs (see Fig.
7). The modal properties and damping ratios for the fibre
composite base structures are given in Table 3. The effect of
the layer of composite material added to the steel profile is
demonstrated in Fig. 8, where the dynamic responses of the
coupons are shown.

The application confirmed the potential of hybrid steel-
composite structures. The basic steel structure was reinforced
by bonded composite layers. The average damping ratio im-
proved from 0.03 to 0.16%. The Eigenfrequencies increased
as well. The dynamic compliance decreased. To achieve these

| e PRSI FEE e PSR feces

improved results, the steel profile with a mass of 22 kg was
converted into the hybrid structure by adding 3.5 kg of com-
posite reinforcements.

4.3 Spindle ram based on ductile cast iron body with
inner fibre composite reinforcement

A model ductile cast iron spindle ram was made of cast iron
with a cross-section of 170 mm by 170 mm and a length of
1170 mm (see Fig. 9). The reference ram was compared with
three hybrid spindle ram designs with similar static stiffness.
The hybrid rams were designed using a composite tube rein-
forcement, which was bonded into the inner space of the ram.
For the lightweight design options, the ductile cast iron wall
thickness was reduced without changing the external

—— cast iron ram
— hybrid ram 3
— hybrid ram 2
— hybrid ram 1

10 20 30 40 50 60
Frequency f [Hz]

70 80 90 100 110 120

Fig. 14 Comparison of dynamic compliance in the horizontal direction (top) and in the vertical direction (bottom) of the assemblies with testing rams.

See illustrative Eigenshapes on Fig. 15 and Fig. 16
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Fig. 15 Eigenshape of 63.5 Hz of the complete assembly with hybrid ram
#1

dimensions (see Fig. 9). The hybrid designs differed only in
the composite reinforcement design:

* Hybrid #1: Cast iron ram with fibre-epoxy composite re-
inforcement with the highest stiffness.

*  Hybrid #2: Cast iron ram with fibre-epoxy composite with
3 integrated layers of rubber bands for damping
improvement.

»  Hybrid #3: Cast iron ram with fibre-epoxy composite with
4 integrated layers of rubber bands for damping
improvement.

The rubber bands were integrated for potential further im-
provement of damping. On the other hand, the large compli-
ance of the rubber material reduced the tube stiffness. The

A 4

Fig. 16 Eigenshape of 73.2 Hz of the complete assembly with hybrid ram
#1

@ Springer

inner-outer diameters of the composite tubes were kept con-
stant for all three versions.

An overview of ram properties is given in Table 4. The
hybrid rams were approximately 40 kg lighter than the refer-
ence ram due to the reduced ductile cast iron wall thickness.
The static stiffness parameters, which are given in Table 4,
were obtained using finite element analysis for the ram in a
testing assembly. Due to the reduced ductile cast iron wall
thickness and different stiffness of the composite reinforce-
ments, only the static stiffness of the hybrid #1 version was
better than the stiffness of the reference body. The static stift-
ness of the hybrid #2 and hybrid #3 designs was reduced. On
the other hand, it was assumed that their dynamic stiffness
would be compensated by damping improvement.

4.3.1 Testing of the rams as stand-alone parts

The first experimental modal analysis testing was performed
in a configuration, where the spindle rams were placed on a
flexible rope (see Fig. 10). This boundary condition configu-
ration was used to minimize the influence on the damping
evaluation. For the testing, a lumped mass of 33 kg simulating
the mass of a spindle was mounted to the front wall of each
ram. This additional lumped mass was attached in order to
balance the ram load to the same value and compensate the
mass differences between the reference and hybrid designs.
The dynamic behaviour is compared in Fig. 11, where the
frequency response functions of dynamic compliance absolute
values are shown for all four designs.

The results summarized in Table 5 and Fig. 12 present the
damping ratio improvement and the dynamic stiffness im-
provement of the hybrid design. The values in Table 5 are
given for the first two mode shapes that occur when the system
is excited in one direction. The average damping ratio was
evaluated from 5 mode shapes. As can be observed, the hybrid
design leads to damping that is at least two times higher than
the reference metal body. The integration of damping layers
resulted in an even larger improvement of the damping ratio.
On the other hand, the obtained damping values of hybrid
coupons are lower than the values obtained during the exper-
iments with material structure coupons (see Sections 4.2 and
4.1). This is demonstrated when comparing the hybrid design
application on closed profiles in Fig. 8 and Fig. 11. The hybrid
thick-walled cast iron-composite spindle ram designs resulted
in the average damping ratio 0.08-0.13%, which were 2-3
times higher values than the reference cast iron body results.
The hybrid thin-walled steel-metal profile had the average
damping ratio 0.16%, which presented the improvement by
a factor of 4 in comparison with the reference steel coupon.
The first mode shapes of the thin-walled hybrid profile had
even higher damping ratios as the values were close to 0.20—
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Fig. 17 Comparison of relative damping on the first and second
frequency for various ram coupons in the test rig assembly

0.25%. While there is a difference in damping of the basic
metals (steel, ductile cast iron); the main difference for the
damping and dynamic compliance reduction was in the dif-
ferent design approach for the hybrid coupon and the hybrid
spindle rams. For the thin-walled body, the hybrid coupon was
created from the reference steel body by adding additional
composite layer, which significantly improved static stiffness,
which coupled with a damping improvement led to a major
dynamic compliance reduction. The thick-walled hybrid cou-
pons were designed to have similar static stiffness in bending
as the reference ductile cast iron body. The ductile cast iron
was placed on the outer part of the square like cross-section
with the inner circular hole and the composite part was de-
signed as an inner tube. Therefore, due to higher second mo-
ment of area of the metal part, the effect of metal on structural
properties reduced the possible damping and dynamic stiff-

ness improvement by the inner composite reinforcement. The
design concept used for hybrid model rams is much closer to
the real industrial application than the concept of outer com-
posite reinforcement, which would for example make difficult
to manufacture connection interfaces at the demanded preci-
sion and quality. Therefore, the 2—3 times increase in the av-
erage damping ratio for hybrid metal-composite designs
should be more expected for those designs than the higher
values from the basic coupons. Generally, the hybrid spindle
rams vs the reference ductile cast iron ram can be evaluated
that due to the higher damping and lower weight, the maxi-
mum absolute value of dynamic compliance was lower for all
of the hybrid designs than for the reference body.

4.3.2 Testing of rams in an assembly

Another type of test was performed at a model test rig.
The test rig consists of a bed and a ball-screw-driven
movable table. The spindle rams were attached to the
top side of the table using steel clamps, which were con-
nected to the table and ram by bolts. Identically to the
previous test, the lumped mass of 33 kg was attached to
the front panel of the ram. The configuration is shown in
Fig. 13. Finally, the assembly included several structural
parts and also various typical connection interfaces:
rolling linear guideways, a ball-screw drive and the
mounting of the test rig to the ground. A dynamic behav-
iour comparison is shown in Fig. 14 and the evaluated
properties are presented in Table 6.

The effect of damping in connection interfaces and other
assembly inputs completely negated the improved damping
behaviour of the rams observed during the stand-alone exper-

Table 7 Proportion of damping

ratios: Hybrid material coupons Coupon type Material type: Average damping (%) Ratio hybrid vs. iron-based
vs. iron-based coupons
Elementary coupons 2D Steel coupon 0.04
(Table 2) C-composite coupon 0.28
Hybrid coupon 0.25 6.28
Large scale 3D coupon Steel coupon 0.04
(Table 3) C-composite coupon 0.33
Hybrid coupon 0.16 4.00
Ram stand-alone Cast iron ram 0.04
(Table 5) Hybrid coupon #1 0.08 2.00
Hybrid coupon #2 0.12 3.00
Hybrid coupon #3 0.13 325
Ram in assemly Cast iron ram 4.88
(Table 6) Hybrid coupon #1 4.10 0.84
Hybrid coupon #2 4.20 0.86
Hybrid coupon #3 4.20 0.86
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iments. All three hybrid rams achieved higher dynamic com-
pliance and lower damping on the most dominant mode
shapes. The only comparable behaviour was shown by the
hybrid #1 design, which had the largest static stiffness of the
hybrid parts. The integration of damping layers did not result
in any detectable damping improvement of the assembly con-
figuration (Fig. 17).

4.4 Fibre composite coupons summary

In this section, a summary of the experimental results from the
previous subsections is provided. An overview of values is
shown in Table 7. The results are also visually summarized
in Fig. 18.

When the elementary hybrid coupons from the fibre
composites-steel combination were tested, the average
damping ratio was in the range of 0.16-0.32%, which
was approximately 4 to 8 times higher than for the steel
design. The damping values of the fibre composite and
hybrid coupons depended on the fibre type, orientation,

Table 8 Damping ratio of particle composites

Coupon Damping ratio (%) Standard deviation (%)
REC 4.79 1.88
GREC 1.88 0.09

@ Springer

layer thickness and other parameters. The density of the
fibre composites is approximately 4 times lower than of
the steel materials. Since the fibre composites can pro-
vide structural stiffness reinforcement, the total weight
increase is not significant.

Fig. 19 Beam coupons made from particle composites
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Fig. 20 Boundary conditions—beams on flexible springs

In the stand-alone configuration testing, the applica-
tion of the hybrid metal-fibre composites into the ma-
chine tool structural part (ram) led to a damping ratio
that was 2-3 times higher than the reference ductile cast
iron. The presence of the rubber layers in the composite
reinforcement resulted in additional damping improve-
ment in comparison with the fibre composite-only rein-
forcement. Although implementation of the rubber
layers causes lower static stiffness of the coupons, the
final dynamic compliance improved due to the higher
damping ratio and lower mass.

The mass reduction of all hybrid rams was about 27%
compared to the cast iron ram, due to the wall reduction.
The increased damping and lower mass of the ram bodies
did not, however, improve the total dynamic behaviour of
the tested ram in the assembly. The highest assembly damping

and the lowest dynamic compliance were evaluated for the
version with the reference ductile cast iron ram with the lowest
body damping, as the effect of damping of the connection
interface and other assembly parts prevailed. The second best
dynamic compliance results were achieved by the hybrid
structure with the composite reinforcement, whose static stiff-
ness was not reduced by the presence of compliant rubber
layers. The assembly consists of more heavy parts.
Therefore, damping of the composite and composite rubber
tubes in the ram could not affect the final results due to the
relative low energy potential.

5 Damping potential of hybrid structures
based on particle composites

In this section, the damping properties of the hybrid struc-
tures based on particle fillers and steel base materials are
experimentally analyzed. The effect of the added particle
fillers was evaluated in several steps. Firstly, the elemen-
tary behaviour of the particle filler coupons was tested
(see Section 5.1). Secondly, the behaviour of the elemen-
tary hybrid structure properties consisting of a steel pro-
file with various particle fillings is presented (see
Section 5.2). The last step focused on the structural part.
Examples of a five-axis milling centre spindle ram and
horizontal lathe spindle stock with particle fillings were
tested in a stand-alone configuration and in an assembly
configuration (see Sections 5.3 and 5.4). The damping
ratio changes observed in all of the experimental data
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Fig.21 Dynamic compliance frequency transfer functions of the REC coupons (top) and the GREC coupons (bottom). An extreme dynamic compliancy

of the rubber compound compared to the rubber-grit compound is visible
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Table 9 Comparison of modal

propetties for profile coupons Mode Steel Steel+GREC Steel+REC

with particle composites (the five ] ]

most important structural Jf(Hz) ¢ (%) S (Hz) ¢ (%) S(Hz) ¢ (%)

frequencies within the range of

100-1.000 Hz are taken into 1 137 0.01 214 0.12 179 1.61

account) 2 179 0.07 466 0.15 234 421
3 193 0.01 502 0.19 313 3.08
4 281 0.01 528 0.44 381 3.98
5 339 0.01 897 0.46 458 2.33
Average damping ratio 0.02 0.31 2.73
Ist bending mode shape damping 0.01 0.12 1.61

are discussed in Section 5.5. Material parameters of the
filling particle composite are described in Section 3.2.

5.1 Damping of particle composite filler

As mentioned in Section 3.2, the particle composite fillers
consist of particles (stone, rubber) and epoxy resin. The
mixture can be poured into the machine part structures
before the epoxy resin cures. The basic experiments for
material damping value estimation were performed on
beams made from the particle composite filler itself.
Coupons (see Fig. 19) of cross-section 70x40mm and
length 700mm were produced using a mould. Five coupons
were prepared for both the mixtures, i.e. REC (rubber ep-
oxy compound) and GREC (grit rubber epoxy compound).
Due to the flexibility of the coupons, especially the cou-
pons made of rubber-epoxy compound, it was necessary to
use boundary conditions where the beams are placed on
springs between the beam and the base (see Fig. 20). The
response of the coupons to modal excitation is shown in
Fig. 21. The results demonstrated that the REC coupons
had very good property repeatability. On the other hand,
the GREC coupons were made with a wide property vari-
ation, which was caused by a variation of the internal struc-
ture made from rubber particles, grit of different sizes and

Fig. 22 Cross-section of hybrid e

epoxy resin. The average damping ratios of the coupons
are shown in Table 8.

5.2 Damping of elementary hybrid coupons

The purpose of the analysis was to study the coupons’
damping increase behaviour on large-scale dimensions, which
were closer to the real structural parts’ dimensions than the
previous material coupons. The hybrid large scale coupons
were composed of a steel profile that was filled with the par-
ticle composite (see Fig. 22). The coupons were designed with
a length of 1500 mm. The steel profile cross-section was
100 mm by 300 mm and the wall thickness was 4 mm. For
the analysis, the hybrid filled coupons were placed on springs
(see Fig. 23). The dynamic response of the coupons to the
excitation refers to the reference steel coupon, and the hybrid
coupons filled with the REC and GREC mixtures are shown
in Fig. 24. The structural Eigenshapes of the hollow (non-
filled) profile were identified from measured results with sup-
port of the simple FE model. The other peaks measured on the
hollow steel profile are related to so-called substructural
shapes (local vibration of the wall) which are not relevant
for the comparison. The modal parameters of the five most
important structural Eigenfrequencies are given in Table 9.
The hybrid steel-particle composite structure demon-
strated options for improving the steel structure dynamic
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Fig. 23 Hybrid steel-particle composite profile coupon
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measured Eigenshapes on the selected structural Eigenshapes. These
substructural vibrations can be damped with the profile filling—see the
REC and GREC coupons.

Fig. 24 Dynamic compliance (FRF) shows a comparison of various
profile types. Many peaks due to substructural wall vibrations are
visible on the steel coupon. The structural Eigenshapes are marked. The
Eigenshapes obtained from the FE simulation should help to visualize the
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Fig. 25 Welded frame of original
ram

behaviour. For the GREC mixture, the average damping
ratio was 0.31%, which was higher by one order in
comparison with the reference steel non-filled specimen.
The ratio was similar to the damping ratios of hybrid
fibre composite-steel components. The damping in-
creased and the frequencies also significantly increased.
However, the total structure mass rose to 61 kg from the
original 37 kg.

For the REC mixture using rubber-epoxy materials, the
average damping ratio went up to 3%, which was a prom-
ising result. On the other hand, the mass increase of 28
kg, which was caused by adding a material with almost no
stiffness, meant that the frequencies decreased in compar-
ison with the reference body with the exception of the
first frequency.

5.3 Hybrid steel-particle composite spindle ram

For the structural parts-spindle ram case, the ram of a
five-axis high-speed machining milling centre was used.
The ram is an example of a long slender structural part.
The original ram, with cross-sectional dimensions of
380 mm by 368 mm and a length of 1820 mm, is shown
in Fig. 25. The ram connection interfaces were made
using a pair of linear guideways and a gear rack, all
placed on the bottom surface of the ram.

Three new rams were designed and compared with the
original welded steel ram: the modified welded ram, the
ram with the REC mixture and the ram with the GREC
mixture. The redesign focused on making it possible to
fill the cavities between the ram’s inner and outer steel

Fig. 26 Modified hybrid ram
frame filled with fillers

@ Springer

plates with the composite filler. The external dimensions
and connection interfaces of the reference design were
preserved for the new designs. The redesign was driven
by the need to remove the transversal ribs of the original
ram, which limited the volume of cavities to be filled and
also by the need to reduce the mass of the welded frame.
Therefore, the ram for the hybrid design was converted
using only the transversal ribs and using a more symmet-
rical internal design, as can be seen in Fig. 26, in which
the space for fillers is also highlighted. The goal of the
numerical optimization was to achieve a static stiffness of
the ram damping matching the original ram properties.
The 52-kg mass reduction in the modified welded frame
was designed through a finite element analysis of the
ram.

All four rams were manufactured and tested. Their static
stiffness and mass properties are compared in Table 10. The
static stiffness values, which were obtained using finite ele-
ment analysis, are valid for the configuration of the simplified
assembly, which is the second type of test described in the
study.

* Original steel ram: welded steel ram with the original rib
structure

*  Modified steel ram with no filling: modified welded ram
with different ribs and structural sheet design enabling
pouring of the filler

*  Modified steel ram with REC filling: hybrid ram
using the modified welded steel ram filled with rub-
ber epoxy compound between the outer and inner
structural sheets
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Table 10 Comparison of hybrid
ram designs

Static stiffhess horizontal/ Total Thereof filler
vertical weight weight
k_hor k_ver (kg) (kg)
(N/um) (N/um)

Original steel ram 35.0 275 478

Modified steel ram with no filling 34.0 34.5 426

Modified steel ram with REC filling ~ 34.8 35.7 513 87

Modified steel ram with GREC filling ~ 37.2 38.8 608 182

*  Modified steel ram with GREC filling: hybrid ram using
the modified welded steel ram filled with grit rubber be-
tween the outer and inner structural sheets

The rams were tested in two configurations to compare
their modal properties. In the first configuration, the rams
were tested in a stand-alone configuration, while in the second
configuration, the rams were tested using a simplified assem-
bly with connection interfaces.

5.3.1 Testing of the rams as stand-alone parts

In this measurement, the rams were placed on a compliant
fixture for the modal analysis (see Fig. 27). A lumped
mass of 33 kg made of a steel block was connected to
the front of the ram to simulate the mass of the milling
head. The frequency response function of dynamic com-
pliance absolute values is shown in Fig. 28. The average
damping calculated from the first eight modes and the
damping of the first most compliant bending mode shape
are shown in Table 11.

The average damping of the welded ram was around 0.09%
for the original ram. Due to the structural redesign, an average
damping ratio of 0.24% for achieved using welded steel only.
The average damping ratio increased from 0.24 to 0.92%
when using the REC mixture and to 0.45% when using the
GREC mixture. When comparing the values at the first bend-
ing mode shape, the steel frames had a damping ration of

0.05% for the reference body, 0.14% for the steel non-filled
body, 0.25% for the REC ram and 0.16% for the GREC ram.
From the ram stand-alone evaluation, the particle composite
application seems very optimistic in terms of dynamic behav-
iour improvement. Due to the added mass of the fillers, the
first bending frequency decreased from 472 Hz for the steel
ram to 439 Hz for the REC ram and 435 Hz for the GREC
ram.

5.3.2 Testing the rams in an assembly

The following measurements were performed in a simplified
assembly. The rams were connected to the base plate using a
pair of linear guideways with four housings and a simplified
axial fixture instead of a ball screw drive. A lumped mass of
33 kg supplying the milling head was used again. The idea
was to test all the rams in equal conditions to see how the
improved ram damping is transferred in the assembly with
major damping sources in the linear guideway housings. For
the test, a simple clamping plate with the connections for
housings and other fixtures was designed and clamped to the
measuring base. The configuration of experiments is shown in
Fig. 29.

A comparison of dynamic compliances is shown in Fig. 30
for the excitation in the vertical and horizontal direction. The
evaluated properties are given in Table 12.

The first mode shape corresponded to the first bending
mode in the horizontal direction, while the second mode shape
corresponded for the first bending mode in the vertical

Table 11 Comparison of average
damping and damping of the most
compliant mode shape for stand-

alone spindle rams

Damping First bending mode Compliance
Cavg (%) ﬁ)ending (HZ) Cbending (%) |H\max (HTTI/N)
Original steel ram 0.09 489 0.05 0.71
Modified steel ram with no filling 0.24 474 0.14 0.39
Modified steel ram with REC filling 0.92 443 0.25 0.22
Modified steel ram with GREC filling 0.45 446 0.16 0.26
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Fig. 27 Experimental modal
analysis of stand-alone steel or
hybrid spindle rams

direction. Average damping ratios were obtained from the first
eight modes.

As the damping in the connection interfaces is respon-
sible for the major part of the damping in the assembly,
the increase by the hybrid structure was significantly
smaller than in the previous tests. The average damping
ratio increased from 0.83% for the original steel to
1.24% only through application of a different steel de-
sign with a different internal structure and vibration be-
haviour. The highest damping was achieved by a particle
composite filler based on the GREC mixture, which
combines stiffness and damping improvement at the cost
of higher added weight. The improved stiffness and
damping resulted in higher dynamic stiffness and the
potential for improved machine tool productivity. On
the other hand, when the GREC mixture was used, the
mass was raised by 27% in comparison with the original
steel design. The REC mixture hybrid spindle ram had
large vibration damping for the stand-alone system. In

the assembly, the average damping was similar to the
modified steel design and the body damping improve-
ment did not result in damping modification of the as-
sembly. Due to the lower static stiffness, dynamic stiff-
ness did not improve.

5.4 Hybrid steel-particle composite spindle stock

The particle filler’s influence on structure damping was
also tested on a lathe spindle stock. The lathe spindle stock
is an example of a compact bulk structural part. The orig-
inal spindle stock was made of cast iron with outer dimen-
sions of 445 x 445 x 450 mm and a total mass of 183 kg. In
the original machine tool assembly, the spindle stock was
connected to the machine bed using bolted joints. A belt-
driven spindle was mounted inside the spindle stock. The
basic idea was to convert the cast iron body into the hybrid
body using the GREC mixture filling in the inner spindle
stock cavities. The modal property changes were then
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Fig. 28 Comparison of dynamic compliance of the stand-alone rams
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Fig. 29 Configuration for ram
measurement in a simplified
assembly
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evaluated on the spindle stock body itself and also on the
lathe assembly.

The modifications of the spindle stock into the hybrid
stock were minor. A tube cover was placed into the
stock to maintain a space for the spindle free of particle
composites. A second modification was necessary due to
the technology of the filling: a hole was machined into
the stock, which enabled the cavity to be filled. The hole
was later covered using a metal plate with bolted joints.
A model of the hybrid stock is shown in Fig. 31. The
mass of the hybrid spindle stock increased from 183 to
250 kg, as 67 kg of the GREC mixture was used to fill
the cavity.

5.4.1 Testing of spindle stocks as stand-alone parts

The modal properties of the spindle stock bodies were mea-
sured on a compliant fixture (see Fig. 32). A comparison of the
results is given in Fig. 33. The average damping ratio was
derived from the first six identified modes; the values are
given in Table 13.

The effect of the conversion from the cast iron structure
into the hybrid structure led to a change of the average
damping ratio from 0.15 to 1.11%, i.e. the damping in-
creased almost ten-fold. The amplitudes of dynamic com-
pliance were significantly reduced for the hybrid body.

Base

5.4.2 Testing of the spindle stocks in an assembly

The following comparison was made in a full lathe as-
sembly, where the reference cast iron or the hybrid spin-
dle stock was mounted. The excitation and response
measurement were performed on the chuck mounted to
the spindle placed in the spindle stock (see Fig. 34). An
evaluation of the modal properties at the lathe chuck is
given in Table 14. The dynamic compliance behaviour is
compared in Fig. 35.

The added mass of the filler had a negligible effect on
the frequency of the mode shape with a maximum dy-
namic compliance. The damping ratio increased from
2.09 to 2.24% on the mode shape. Using the results from
the previous measurement in a stand-alone configuration,
10-times higher stock damping resulted in only a 7%
change of damping in the assembly. Due to the stiffness
and small damping increase, the magnitude of dynamic
compliance decreased from 0.13 to 0.11um/N, which
was a negligible reduction.

5.5 Section summary

The resultant damping ratios of the case studies are summa-
rized in Table 15. The damping ratio and dynamic compliance
results are visually presented in Fig. 36 and Fig. 37.

Table 12 Comparison of hybrid

spindle rams in a simplified Damping  Excitation in X Excitation in Y
assembly
Cavg (%) Cbcnding vertical IH‘maX g bending horizontal |H|max
(%) (um/N) (%) (um/N)
Original steel ram 0.83 0.76 1.20 1.56 2.80
Modified steel ram with no 1.24 0.72 1.10 1.64 2.40
filling
Modified steel ram with REC ~ 1.25 0.92 1.2 1.49 2.45
filling
Modified steel ram with 1.51 1.35 0.92 1.58 1.48
GREC filling
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Fig. 30 Comparison of dynamic compliance of the ram assembly: excitation in the vertical direction (top) and in the horizontal direction (bottom)

The damping ratio of the particle composites depended on
the particle mixture (grit, grit + milled rubber, resin content).
In the tested application, the REC mixture with the high
damping properties achieved damping values that were two
orders higher than steel, not only for the basic material coupon
but also for the hybrid steel profile—the particle composite
coupon. On the other hand, this mixture has very low stiffness

and the hybrid structure had problems with suppression of
wall vibrations. The GREC mixture, which is made as a stiffer
and less damped composite, increased the damping value only
by one order in comparison with steel when the basic hybrid
coupon was evaluated. The mixture stiffness is sufficiently
high and the hybrid structure can suppress the hybrid skin
vibration. The issue with the mixture is density, as the value

Fig. 31 Model of a spindle stock with highlighted cavity, which was filled with the GREC mixture

@ Springer



Int J Adv Manuf Technol (2021) 114:1925-1952

1947

Table 13 Modal properties of

cast iron and hybrid spindle stock Mode Reference cast iron spindle stock Hybrid spindle stock with GREC filling
without connection interfaces

©) f(Hz) ¢ (%) S (Hz) ¢ (%)

1 966 0.18 1365 0.93

2 1204 0.13 1574 0.83

3 1245 0.10 1698 0.99

4 1335 0.09 1784 0.58

5 1438 0.18 1902 231

Average 0.15 1.11

of 1200 kg m > leads to a mass increase that cannot be
neglected.

The application of the hybrid metal particle composites
in machine tool structural parts confirmed the potential to
improve the damping and dynamic stiffness of the parts.
For the experiments without the connection interfaces, the
damping of the rams increased from 0.1 to 0.24% when

Fig. 32 Comparison of hybrid-cast iron spindle stock by experimental
modal analysis

the welded steel parts were tested to 0.42% for the hybrid
structures with the GREC mixture and 0.92% for the REC
mixture. Similar conclusions were obtained for the spindle
stock, where the average damping increased from 0.15%
for the cast iron stock to 1.1% for the hybrid cast iron
composite stock.

The results show that although new structural part designs
with new material structures can have significantly higher
damping, static stiffness cannot be reduced if the focus re-
mains on dynamic compliance and its minimization. Even
significantly higher damping with slightly reduced static stiff-
ness led to increased dynamic compliance in the assembly,
which is undesirable behaviour for the sought-after machine
tool productivity improvement.

For the structural parts, the hybrid structure application
showed the potential to improve damping up to 10 times in
comparison to the original metal parts. In the assemblies,
where the connection interfaces provide most of the damping,
the damping value was on a comparable level with the steel
structures. In the lathe assembly, the tenfold higher damping
of'the hybrid spindle stock resulted in only a 7% change in the
damping when replacing the original cast iron spindle stock.

6 Discussion

The presented experiments were focused on comparison of
passive damping in hybrid design structures. Damping ratios
for fundamental coupons, structural bodies and structural as-
semblies are presented. This approach identified the effect of
connection interface damping.

Various coupons designed as hybrid structures were tested
using experimental modal analysis. The experiment boundary
conditions played an important role in the modal analysis
measurement and subsequent damping evaluation. The exper-
imental measurements could not be performed using identical
boundary conditions for all coupons due to the wide range of
material coupons and structural parts presented in the paper.
The measurement boundary conditions were identical for the
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Fig. 33 Comparison of the frequency response function measured on two spindle stock variants

same group of tested coupons or structural parts. Therefore, in
each group of tested coupons or parts, the change in damping
ratio could be directly evaluated when the reference metal part
and new hybrid metal-composite part design were compared.

Two types of hybrid material structure designs were tested.
Both particle composites and fibre composites demonstrated
the capability to increase the damping ratio for fundamental
material coupons and single structural parts in the free-free
conditions.

The particle composite mixtures, while having a
damping ratio almost two orders higher than steel,
achieved an average damping ratio in the range of 0.4—
1.1% in the three tested structural parts, while the refer-
ence steel parts were tested with damping ratios of 0.1—
0.24% when welded steel structures were tested, and a
damping ratio of 0.15% when the cast iron stock was
tested. Therefore, it was possible to improve damping
two to fourfold or even more in comparison with the ref-
erence metal design. For the fibre composites, damping of
hybrid structural parts was improved two to threefold
when the stand-alone configuration was tested.

In the assembly, an additional damping of connection
interfaces between the structural parts came into impor-
tance. The overall damping ratio significant improvement
on the hybrid structure damping increase was not detected
comparing to the reference steel or cast iron design. The
assembly behaviour did not seem to be influenced by

Table 14 Modal properties of cast iron and hybrid spindle stock
without connection interfaces

Reference spindle stock Hybrid spindle stock

SMHz) (%)  H@wN)  f(Hz)  ((%)  [H (un/N)

325 2.09 0.13 327 224 0.11

@ Springer

structural part damping. The damping ratio of the most
important mode shapes did not show any tendency to
improve, although the structural part had a major influ-
ence on the dominant mode shapes which were evaluated.
Often, the damping ratio in the assembly with a hybrid
structural part, which had higher damping on the body
level, was smaller than in the assembly with a reference
steel or cast iron structural part. This reduction in
damping went hand in hand with an increase in dynamic
compliance for the assembly with the hybrid structural
part and was also connected to changes in the static stiff-
ness of the part and assembly.

The final dynamic compliance was higher for the struc-
tural parts with higher damping and lower static stiffness
than for the reference body with lower damping and
higher static stiffness. This result was probably to be ex-
pected and contests the idea of designing new lightweight
structural machine tool parts with lower mass and static

Fig. 34 Experimental modal analysis on lathe with hybrid spindle stock:
excitation and response on the chuck
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Fig. 35 Comparison of dynamic compliance measured at the lathe chuck for assemblies with the cast iron spindle stock or the hybrid spindle stock

stiffness which would be compensated by significantly
improved damping. As the results showed, the static stiff-
ness reduction always led to a dynamic compliance in-
crease, regardless of how part damping changed. On the
other hand, in one of the tested cases, even the improved
static stiffness of a hybrid part along with improved
damping did not result in any dynamic compliance
reduction.

A machine tool assembly presents a complex chain of
parts and their connection interfaces. Any one of the com-
ponents could present a weak link in terms of dynamic
behaviour, and improved dynamic behaviour of a single
part may not always result in the dynamic improvement of
the whole assembly, as another weak link in the design
could occur and negate the changes in the behaviour due
to mass and stiffness changes of a single part. Due to its
complexity, improving machine tool behaviour just by
improving the dynamic behaviour of a single part is not
an optimal approach.

7 Conclusions

Case studies in the application of composite materials
into hybrid designs of machine tool structural parts were
performed with a focus on improving damping of struc-
tural parts and machine tool assemblies. Experimental
modal analysis (EMA) was used as the main approach
for identification of the damping ratio on a basic cou-
pon level, structural part level and structural assembly
level. The EMA enabled to compare the damping po-
tential of the hybrid part design with respect to the
complete assembly structure behaviour. Both particle
composites and fibre composites were successful in im-
proving the damping ratio of single parts, but the results
did not improve when the hybrid part was mounted into
an assembly. The main reason is that the damping of
the connection interfaces has in the assembled structure
higher significance than structural damping of single
part bodies. We can see that improved material damping
is not the main effect of the hybrid design for

Table 15 Proportion of damping

ratios: hybrid material coupons Average Ratio hybrid vs.
vs. iron-based coupons damping (%)  iron-based
Elementary coupons Steel coupon with no filling 0.03
(Table 9) Steel coupon with GREC filling 0.31 10.33
Steel coupon with REC filling 2.73 91.00
Stand-alone slender ram Original steel ram 0.09
(Table 11) Modified steel ram with no filling 0.24 2.67
Modified steel ram with REC filling 0.92 10.22
Modified steel ram with GREC filling 045 5.00
Slender ram in assembly Original steel ram 0.83
(Table 12) Modified steel ram with no filling 1.24 1.49
Modified steel ram with REC filling 1.25 1.51
Modified steel ram with GREC filling 1.51 1.82
Stand-alone spindle stock Original cast iron spindle stock 0.15
(Table 13) Hybrid spindle stock with GREC filling 1.11 7.40
Spindle stock in assembly Original cast iron spindle stock 2.09
(Table 14) Hybrid spindle stock with GREC filling 224 1.07
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Fig. 36 Proportion of damping ratios (solid colour bars, hybrid material
coupons vs. welded steel coupons) and dynamic compliance on critical
Eigenfrequency (hatched colour bars mean vertical direction, dotted

decreasing the dynamic compliance of the structure. The
important benefit should be potential of the lightweight
design.

The lightweight design of machine tools is beneficial.
But it must be performed without static stiffness reduction
when using traditional machine tool design. Fibre compos-
ites can help with mass reduction if hybrid stiffness is
designed to sufficient static stiffness values. Particle com-
posites, which were discussed in the paper, could provide
lightweight design options only if the original metal base
part is redesigned. The ribs are removed and the skin vi-
brations are suppressed by the particle composite. The total
weight is reduced.

colour bars mean horizontal direction, welded steel coupons vs. hybrid
material coupons) for the slender ram demonstration part. Higher values
indicate better relative results

The tested application was focused on motion axis compo-
nents, which play a significant role in machine tool dynamic
behaviour. The effect of improved structural part damping
was not detected through the improvement of the machine tool
dynamic behaviour improvement. For the hybrid material ap-
plication to the non-movable body of a machine tool assem-
bly, 100% improvement of damping along with a 17 to 30%
increase in the static stiffness of a lathe spindle stock resulted
in only a 7% reduction in the dynamic compliance of the lathe
assembly. These results subsequently mean that it is also im-
portant to focus on the damping of the interfaces during the
machine tool design e.g. application of the sliding guideways
or the hydrostatic guideways.

Fig. 37 Proportion of damping Elementary Stand-alone Spindle stock
ratios (solid colour bars, hybrid coupons spindle stock in assembly
material coupons vs. cast iron 1
coupons) and dynamic
compliance on critical Swo 10
Eigenfrequency (hatched colour 29 6o 9
. . - cac
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