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Macroscopic dynamic response

of mechanical systems involving composites
and effect of inner structure on damping properties

Makroskopowa odpowiedz dynamiczna uktadéw mechanicznych

z udziatem kompozytow

oraz wptyw ich struktury wewnetrznej na wiasciwosci thumiace

ZUZANA MURCINKOVA *

The paper deals with relation between inner structure of the
machine and the composite material used in it and macro-
scopic dynamic response. It presents the experimental results
of testing the relation between inner composite material struc-
ture and damping properties presented by logarithmic decre-
ment quantity. Moreover, the paper provides the case study
of application the composite material layered structure to the
flexographic printing machine and results of that applications
presented by printing speed.
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W artykule omowiono zalezno$¢ miedzy wewnetrzng budowg
maszyny i wykorzystanego w niej materiatu kompozytowego
a makroskopowq odpowiedzig dynamicznq uktadu. Przedsta-
wiono wyniki badan zaleznosci miedzy wewnetrzng strukturg
materiafu kompozytowego a wiasciwosciami ttumigcymi wyra-
Zonymi przez logarytmiczny dekrement tlumienia. Ponadto za-
prezentowano studium przypadku - zastosowanie kompozytu
warstwowego w konstrukcji drukarki fleksograficznej oraz
wpfyw tego rozwigzana na uzyskiwang predkos¢ druku.
StOWA KLUCZOWE: struktura wewnetrzna, ttumienie, odpo-
wiedz dynamiczna, wtékno weglowe, cylinder kompozytowy,
doktadnos¢ watu, drgania

Introduction

Known traditional materials are at their limits when us-
ing them in conditions of ever-increasing requirements
to keep developing. Advanced and new materials may
replace them. However, mechanical properties of such
materials, often anisotropic, are complex. The present
research tries to overcome difficulties of designing, simu-
lation, and calculations, optimization, manufacturing and
joining. The challenge is to tailor such materials according
to specific requirements.

Composites are known by their outstanding mechani-
cal properties, e.g. toughening effect of mechanical and
thermal fields, also electric, magnetic fields. Static char-
acteristics are of the same importance as dynamic ones.
The experimental testing is supported by damping model-
ing using a finite element analysis evaluating different
energies dissipated in material directions of layers [1, 2].
It is stated that the damping of composite materials can
be several orders of magnitude higher than that of tradi-
tional engineering materials, making them appealing also
for components undergoing dynamic loading.

The general mathematical model of dynamic system
(of n degrees of freedom) is expressed by n differential
equation system in form:
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MG(1)+ Cq(r)+ Ka() = F(t)

where: M, C, K — matrix of weight, damping and stiffness
of mechanical system of nxn dimension; F — vector of
load (excitation forces); q. q, 4 — vector of displacements
(linear and angular), velocities and accelerations.

The macroscopic dynamic response of structures
described by the equation above is important in engi-
neering applications. Generally, it is supposed that the
individual components in machine tools, the component
joints and functional modules are made from homoge-
nous and isotropic materials of certain material damp-
ing. As for the dynamic response, the best combination
of structural material properties would be high damping
along with high stiffness and low weight, which is related
to the equation. Such materials are not among common
natural materials.

Composite materials, consisting of different materials,
considerably change material damping, energy dissipa-
tion, and the vibration and shock wave propagation. The
factors which allow to improve and control the energy
dissipation and transfer the load and mechanical waves
are: naturally, the individual properties of constituents,
but also the microscopic material structure arrangement
and interface fibre-matrix [3, 4]. The mentioned factors are
subject of present research in the mechanics of composite
materials.

We focused on the investigation of dynamic properties
by measurement of logarithmic decrement of free damped
vibrations (some of the results are provided in section “Im-
proved composite material damping”). In section “Problem
description”, the case study based on utilizing the com-
posite material damping is provided with quantification of
results regarding benefits of the composite material ap-
plication in a dynamic mechanical system.

Improved composite material damping

The measurement is based on free damped vibration
decay response. The measuring stand with the clamped
sample is shown in Fig.1a. The samples are with one
fixed side and the vibrations are excited by the bump of
a steel ball, Fig. 1b.

The samples consist of three layers of carbon fibre twill
fabric in the epoxy resin matrix. First and second sample
(denoted C### and CXXX) have all layers with the same
orientation, i.e. the warp fibres are parallel to sample edg-
es and diagonal, respectively (see: Table I). The layup of
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Fig. 1. Measuring stand (a), bumping ball (b)
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Fig. 2. Measurement set-up

TABLE I. Material configurations and their logarithmic decrement

H- B~ Hr

Logarithmic decrement
0,0162 | 0,0358 | 0,0159

the third sample is #X# (see: Table I). The twill weave dis-
torts visibility of the real orientation of the warp and weft,
hence the schema is added.

The velocity of displacement (vibrations) of the middle
point of the opposite free side is scanned by contactless
laser vibrometer Polytec IVS 400. The signal is processed
into the output data in the form of time decaying curves.
The measurement set-up is shown in Fig. 2.

The logarithmic decrement differs in relation to the ma-
terial orientation. The larger the logarithmic decrement is,
the less the number of the decaying cycles is required to
reduce the amplitude. In the case of carbon-fibre lami-
nates, the logarithmic decrement may be lower (up to
about 33% for layups ### and #X#) or higher (up to 49%
for layup XXX) compared with conventional material, as
steel, and depends on the material configuration. In the
case of layup #X#, the different middle layer does not in-
fluence the logarithmic decrement significantly comparing
with layup ###.

It may be noticed that the material configuration influenc-
es the damping properties. We confirm that macroscale
dynamic properties (mainly material damping) of fibre
composites can be modified by microscale inner structure.

Problem description

Fig. 3 shows the schema of the printing section of flexo-
graphic printing machine. The printed flexible films are in-
tended for packaging in the food and chemical industry.
The flexible thin plastic (film) passes individual printing

raster cylinder
inking unit
printing station

flexible film

central cylinder

Fig. 3. Schema of printing section

stations and it enters the drying section. Each printing sta-
tion involves plate and anilox (raster) cylinders with ink-
ing unit of certain colour. The raster cylinder has small
holes (cells) or grooves which are filed by colour ink while
it rotates. The printing areas of printing plate pattern are
higher than the non-printing area. The ink is applied to
relief of plate. The profile of plate is imprinted on flexible
film that is passing to another printing station with another
plate and colour.

The main requirement is higher printing speed keeping
the printing quality. The repeated contact of the plate and
external central cylindrical surface influences the quality.

The measurements were made in cooperation with Tech-
nical Diagnostics, Itd. Acceleration Enveloping (Fig. 4) de-
tects the repeating vibration signals in high frequencies
range. Acceleration Enveloping confirms that repeating
impact is caused by the straight edge of the pattern at
plate cylinder into the central cylinder. While vibration is
being damped, the area of the flexible film is without col-
our. If the higher printing speed is used, the impact force
is higher, the time of damping is longer and the quality of
printing is worse. Such printing conditions bring the areas
on film without colour and/or individual colours are over-
lapped. There are more or less suitable reliefs of printing
plates in term of vibrations. The printing speed is influ-
enced by unwanted straight rising edges. Moreover, the
magnitude of vibrations is influenced by the material of
plate on the plate cylinder.

Analyses of dynamic processes of flexographic printing
machine result in a suggestion of two steps of a solution in
order to achieve the most quality of printing and the most
productivity:

o 15t step: printing sections arrangement,
e 2" step: use of composite cores and/or cases of plate
cylinders.
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Fig. 4. Time record (1 s) of Acceleration Enveloping
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Printing section arrangement

To decrease the vibration, the following arrangement
was made on the flexographic printing machine:

e exchange of bearing mounting at the operator and drive
side,

e the setting of radial clearance of main needle bearings
by selection of the shaft tolerance,

e control of radial run out of cylinders surface and toler-
ance of concentricity compared with axes of shaft bearing
cylinders.

The correct operation of flexographic printing machines
is strongly influenced by the radial clearance of needle
bearing. Standard needle bearings are produced with
normal radial clearance. The optimal function of needle
bearing is guaranteed by the producer in case of recom-
mended radial clearance in range of 30+50 pm.

The dimensional and geometrical accuracy of the shaft
surface on which the bearing is mounted have a crucial
impact on the resulting radial clearance and vibrations.
The surface wave usually results from disturbances in
the manufacturing process, such as vibrations between
the workpiece and the grinding wheel [5]. Moreover, the
surface irregularity resulting from for example the guide-
way errors, errors of rotary elements, by thermal expan-
sion of elements or by fixing the workpiece [5, 6]. The
bearing inner race is thin-walled and thus after pressing
the inner race on the shaft, the dimension after pressing
and the final clearances are achieved by shaft tolerance
size and accuracy of shaft geometry up to 90% [7]. After
mounting, the bearing working clearance is smaller and
the shape of the shaft surface is “copied” on the shape
of the inner bearing race.

TABLE Il. Measuring, printing station 8, printing assortment X

Velocity [mm - s7']| Acceleration [g] Time Acc [g]

Printing station 8 | Before | After | Before | After | Before | After
“ 5,84 1,32 0,34 0,10 2,8 1,4

o8 ! 1,78 1,00 0,15 0,10 2,0 1,2
Alarm Danger v Danger v Danger v

> 6,94 1,04 0,28 0,08 2,2 0,8

oS ! 1,56 0,59 0,10 0,09 1,8 1,0
Alarm Danger v Danger v Danger v

Note: OS — operator side, DS — drive side, <> horizontal direction, { vertical direction

The estimation of the state of measured machine ele-
ments is according to standard STN ISO 10816-3: Meas-
uring of vibrations. The recommended limits of Warning
and Danger alarms of summing vibrations are given in

mentioned standard (Table Il). Moreover, Table Il intro-
duces the measured vibrations on selected printing sta-
tion 8 at the operator side (OS) and drive side (DS) before
the arrangement and the measured values at the same
locations after the arrangement, e.g. after changing the
bearings, setting the radial clearance and control of rota-
tional accuracy of cylinders.

Fig. 5 shows the fast Fourier transformation (FFT) spec-
trums of printing station 8 before and after the arrangement.

The measurements were made for each printing station
1-8. After the arrangements, the strong decreasing of vi-
brations and decreasing of dynamic excitation of printing
stations appeared that result in increasing the quality of
printing.

Application of composite material

Another stage of the vibration problem decrease can
be solved through the use of dynamic characteristics of
composite materials. The special printing plate cylinders
(Fig. 6) based on composite materials were applied. Such
an approach requires larger expenses for investment
comparing with the previous approach.

In general, the printing cylinders consist of core and cas-
ing (Fig. 6). Different material combinations can be used,
i.e. either steel core and composite casing or composite
core and composite casing. The composite casings form
the multi-layered structure, the composite cores are made
of fibre composites (Fig. 6).

printing plate cylinder
tape

sleeve

rubber

fiber composite
foam
fiber composite

drive

0D

printing cylinder core

printing cylinder casing

Fig. 6. Printing cylinder

One of many advantages of the composite printing cyl-
inders is their minimal deflection regarding the high cyl-
inder stiffness. The Young’s modulus of composite cylin-
ders is about 400 GPa. Furthermore, composite cylinders
are lightweight and need less energy to drive and thus
provide a source of energy saving. They are called super-
light comparing with steel cylinders.
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Various producers of composite printing cylinders differ-
entiate by inner structure and material of the printing cylin-
der. The used composite printing cylinders in the present-
ed application consist of winded high/super-high module
carbon fibres. There are also producers of the cylinders
of specific structure involving the aluminium profile with
a filling of fibres oriented in one direction that increases
the stiffening effect. The research and development in the
field of advanced applications of composite materials are
in progress.

The printing speed of steel core cylinders and ordinary/
/original casing (ordinary printing cylinder in Fig. 7) was
150 m/min. The combination of steel core and composite
printing cylinders casing allowed 170+180 m/min of print-
ing speed and both the printing cylinder composite core
and casing achieved 220+230 m/min. Application of non-
conventional material provided 20% and 53% of increas-
ing the printing speed keeping the quality. In present, the
disadvantage is the price of the composite cylinder that is
100% higher compared to steel.

ordinary
printing
cylinder

steel core - - ! !

casing

composite
core
and casing
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printing speed [m-min~']

Fig. 7. Printing speed — results

Discussion

As for the dynamic response, the complex microstruc-
ture with fibres/particles causes very important effects.
The decohesion and the reversing recohesion appear in
the fibre-matrix interface, fibres ends and layer-layer in-
terface. The mentioned effects are the source of mate-
rial damping and thus mechanical energy absorption. The
ability of absorption is increased by the addition of lubri-
cating material, however, it makes the worse bonding on
the fibre-matrix interface. The composite materials made
without interlayer have high shear strength on the fibre-
matrix interface, but the low resistance on longitudinal
cracks at the fibre-matrix interface.

The analyses of dynamic processes of flexographic
printing production machines show two resources of im-
proving the productivity keeping the quality: machine
arrangement, i.e. off-line vibrodiagnostics control and
improving the accuracy of mounting and of individual ma-
chine parts in component joints; and composite materials
and structures application.

Firstly, the radial clearance and accuracy of shaft/cyl-
inder have the main role in dynamic excitation resulting
in unwanted vibrations of printing cylinder of flexographic
printing machine as well as the complexity of the printed
image and its relief and sequence of individual colours of
printing positions. Secondly, the task of vibrations reduc-
tion is solved by the use of composite core and/or cas-
ing of printing cylinder with special composite material
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configuration and design that allow reducing the vibra-
tions and improving the damping. The printing process
is influenced also by other factors, e.g. properties of tint
(viscosity), material properties of flexible films, control of
printing pressure between the plate and central impres-
sion cylinder.

Despite the fact that new advanced flexographic print-
ing machines involve diagnostics of printing quality moni-
toring, the important role in flexo-printing is know-how
of the printer operator who is able to find the maximum
printing speed keeping the appropriate quality involving
all factors.

Conclusions

The experimental testing confirmed the impact of the in-
ner material configuration on the macroscopic response.
Comparing the conventional materials (steel, concrete,
cast iron etc.) and the fibres/particles composites, the
conventional materials are of low inner material friction
that causes the low absorption of vibrations and waves.
We suppose that the relatively large surface of interfaces
of fibres and matrix contributes to better damping proper-
ties; despite the fact that fibres are stiff, the effects on the
fibre-matrix interface are the source of fine damping and
energy dissipation along with damping properties of the
matrix. In the case of layered long-fibre composite materi-
als, the layer-layer interface could improve their damping
properties.

Based on the flexographic printing machine case study,
we confirm the benefits of composite materials and direct
relation between the inner machine structure and macro-
scopic dynamic behaviour. Moreover, the applications of
composite material need an integrated approach to the
problem. In the presented case, it was machine arrange-
ment including mounting and accuracy of operating com-
ponents with the application of composites.
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