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Abstract

In the development of machine tools, emphasis asepl on continuous improvement of
machine properties, such as permanent accuracy achming, static and dynamic
properties, weight, etc. All of these parametera b& influenced to a certain extent, but
mostly their improvement is a result of appropriaale-offs. One option is to add composite
materials to the existing structure. The paper demith the way how to increase the value of
the natural frequencies and damping on these freges using the added composite
materials. The analysis is supported by dynamicudations using the finite element method
and experimental modal analysis.
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1. Introduction

In the large field of production machines, emphadicustomers is placed on continuous
improvement of machine parameters. The main maitoparameters are primarily:
permanent precision of machining, improved workpiesurface quality, increased
productivity, and a reduction in the price of theoripiece. These parameters can be
positively influenced by improving the propertielstbe machines, which are primarily: the
rigidity of the machine, static and dynamic promsrt(eigenfrequencies, eigenmodes and
damping on the same mode shapes), weight, thernsbaneal stability, etc. All of these
properties can be influenced to a certain exteut, rbostly their improvement is due an
appropriate compromise between the ideas of thegmas, technology options, drives
requirements and production costs. A part of treegss of improving the properties of the
machines is also making more sophisticated modads c@mpensations that describe real
behaviour of structures as well as reducing contjouiial requirements.

1.1 The potential applications of unconventional mrials

The application of non-conventional materials ia tdonstruction of load-bearing structures of
machine tools it is important to specify the appiaie uses, when we have as an objective:
1) maintaining or enhancing static stiffness of thedidbearing structure of the machine
2) weight reduction of moving masses
3) the increase in the values of eigenfrequenciesgenmodes
4) the increase in the damping of these eigenmodes
5) the increase of thermo-mechanical stability

In practice, however, the solutions are often gotnfig and it is therefore necessary to assess
the benefits of the applicability of the unconventl material and the rate of increase of the
production costs. The area of production machinesrevit is common to use unconventional
materials is the design of beds and columns. Hieeegonventional structural materials (steel,
cast iron) have been replaced by unconventionakniatét of generally higher damping



(hydro-concrete, polymer-concrete, and granite)esEhmaterials are, with respect to the
improper ratio B, unsuitable for moving parts.
In order to improve the damping of these structutegs possible to choose from several
approaches. The first of them is the replacementhefexisting structure by a composite
structure (see Fig. 1). The advantage of this swluis the possibility of designing the
configuration of composite structures so that itspprties are significantly better than the
properties of traditional materials (steel, cash)r Even with lower weight, higher stiffness
(especially bending) can be achieved. It may bélproatic to achieve this increase in
rigidity in the case of combined stress (bending tamsion) of composite structures. Some of
the conclusions related to this issue are listdd,i@ and 3].
The second approach is to replace the currentrési@ hybrid structure (see Fig. 2). These
structures combine traditional materials with cosifgmaterials. An appropriately designed
hybrid structure can have benefits not only indhea of the maintenance of the rigidity, but
may also lead to:

1) improvement of dynamic properties — an appropriatenbination of different

materials
2) optimizing the ratio of stiffness and weight of qoonents — the increase in bending
stiffness of composite components
3) simplification of component production
4) effective use of composite material

The disadvantages of hybrid structures can berdiftethermo-mechanical properties of the
materials used and the strength problems at theface between metal and composite.
Information on designing hybrid structures is liste [1].

Fig. 2. Hybrid ram with a composite béée and steel reicdéanents



The third approach is largely from the standardicstre; however, the design of part is
changed. Composite is added to the existing streicty bonding or direct wrapping (bonding
is created directly by the matrix of composite)isTapproach is based on the hypothesis that
adding another layer of adhesive material can pejtaffect the properties of the structure
(especially damping). According to [4], the joirlistween the individual elements have a
dominant influence on the final damping of the maehtool. The inner damping of the
material is, in comparison with the effect of j@ntlO0 to 100 times smaller. Another
advantage may be that adding a suitably designexgbasite can, in addition to damping, also
favourably affect the static rigidity of the macéin

An analysis of the influence of adding a composiggerial is the subject of this work and is
described in the following sections.

2. Proposal samples

In order to assess the influence of the added werdional materials on the damping of load-
bearing components, the following procedure wastete

Damping of basic samples Damping of samples of structures Damping of real structures

2.1 Basic composite samples

The aim was to design a sufficient number of basimples with different combinations of
fibre material, composition used, and number oéfayn the composite sample. The samples
were designed with dimensions of 700 x 70 mm. Maleof fibres used for the production
were:

= high-modular carbon fibres (HMC)

= high-strength carbon fibres (HSC)

= glass fibres (G/E)

Basic properties of unidirectional prepregs usetheproduction of the samples are defined
in Table 1.

Table 1. — The definition of the basic properties of uredtional prepregs

. Thickness . Modulus | Modulus , Volume Volume
Fibre Density of of Weight . :
. | of 1 layer - - fraction of | fraction of
material [mm] [kg.m-3]| elasticity | elasticity | [g/m2] fibre [-] matrix [-]
El [GPa] | E2 [GPa]

HMC 0.285 1521 210 3.6 465 0.53 0.47
HSC 0.43 1540 130 5.1 693 0.56 0.44
G/E 0.25 1900 38.4 5.4 400 0.50 0.50

The number of layers in the composite sample:
= 8layers
= 16 layers

Composition used for the composite sample:

= Q°

= 90°
= [0°, +45°, -45°, 90




The direction of 0 ° is considered parallel to tbeg edge of the sample (700 mm) and the
direction of 90 ° is considered parallel to the réfoside of the sample (70 mm). The

orientation of the fibres in the samples is showFig. 3.

90°

Fig. 3. The orientation of the fibres in the composite jgi@m

A total of 6 basic samples were suggested. Thedistbe seen in Table 2. For a comparison
of properties the steel sample is presented as well

Table 2. — Definition of the basic composite samples

Modulus of | Modulus of Shear Poissorts
bel . al elasticity of | elasticity of | modulus off " .= r?alr(nple Sample
Labe Composition Material the sample | the sample | the sample 12| thickness weight [g]
E, [GPa] E,[GPa] | G, [GPa] [] [mm]

Carbon_01| 2x(0,45,-45,90)$ HMC C/E 73.86 73.86 28 0.32 4.6 343.5
Carbon _02 (0,45,-45,90)s HSC C/H 47.9 47.9 18.2 0.3 3.4 26415
Carbon _03 8x(0) HMC C/E 210 3.66 3.15 0.37 2.24 168.7
Carbon _04 8x(90) HMC C/E 3.66 210 3.15 0.007 2.24 166.8
Carbon _0§ (0,45,-45,90)s HMC C/H 73.86 73.86 28 0.32 2.24 166.5
Carbon _01 (0,45,-45,90)s G/E 17.1 17.1 6.64 0.2 1.6 13¢

Steel 11 500 210 210 81 0.3 5 1923




2.2 Samples of structures — shell samples

Basic composite samples were used for the desigrammples of shell structures. For these
samples of structures, the effect of the followpegameters on the increase in damping was
observed:

= Steel plate thickness applied
- 3mm
- 5mm
- 8mm
= Type of adhesive joint
- Solid adhesive joint — Spabond 345 — 2 compongoxyeadhesive
[E = 3000 MPap = 1116 kg.r]
- Flexible adhesive joint — Sikabond T2 — 1 compomatyurethane adhesive
[E = 2.5 MPap = 1200 kg.r7]
= Influence of the symmetry of the sample
- One-sided bonded composite coating
- Double-sided bonded composite coating

A total of 10 shell samples were designed, seeeldbProduced samples are shown in Fig. 4.

Table 3. — Definition of the shell samples

Composition of - S_ample Sample
Label composite Composition of sample thickness weight [g]
[mm]

Carbon _0la | 2x(0,45,-45,90)S HMC C/E + Spabond 345 + 5 mm Fe 10.3 2286
Carbon _02a (0,45,-45,90)s HSC C/E + Spabond 345 + 5 mm Fe 9.5 2201
Carbon _03a 8x(0) HMC C/E + Spabond 345 + 5 mm Fe 7.9 2097
Carbon _04a 8x(90) HMC C/E + Spabond 345 + 5 mm Fe 8.0 2092
Carbon _05a (0,45,-45,90)s HMC C/E + Spabond 345 + 5 mm Fe 8.0 2115
Carbon 058 | (0,45,-45,90)s HMC C/E + Spabond 345 + 8 mm Fe 11.4 3285
Carbon _05y (0,45,-45,90)s HMC C/E + Spabond 345 + 3 mm Fe 6.0 1336
Carbon 055 |  (0,45,-45,90)s HMCf/S'f);bSopr%bgzg Mooarrel 107 2293
Carbon _05g (0,45,-45,90)s HMC C/E + Sikabond T2 + 5 mm Fe 8.0 2095
Glass_01a (0,45,-45,90)s G/E + Spabond 345 + 5 mm Fe 7.2 2058




Fig. 4. Shell samples

3. Analysis of sample damping
For a comparison of the different structures, acaus damping model was chosen, as

described by the damping rafio This is defined by the ratio of the magnituddhaf fading
away of the constants to undamped natural frequency

3.1 Damping of basic composite samples

Operational modal analysis was performed on basigposite samples. During measurement,
the samples were hung using a strap to minimizeetteet of the fastening on the resulting
frequency and damping. The scheme of measuremshbygn in Fig. 5.

Fig. 5. Scheme of measurement of basic composite samples

The evaluated average damping ratio from the fireigenmodes of basic samples and the
reference sheet steel is shown in Table 4.



Table 4. — Evaluation of average damping ratio for basiongdes

Average damping
Label Composition Material ratio &, erace
[%]

Carbon_01 2x(0,45,-45,90)s HMC C/E 0.15
Carbon 02 (0,45,-45,90)$ HSC CIE 0.15
Carbon 03 8x(0) HMC C/E 0.33
Carbon _04 8x(90) HMC C/E 0.56
Carbon _05 (0,45,-45,90)% HMC C/E 0.21
Glass 01 (0,45,-45,90)% G/E 0.54
Steel 11 500 0,01

The best damping ratio of the researched complasiiaates are demonstrated by laminates
reinforced with fiberglass. From laminates reinéatdoy carbon fibres, laminates reinforced
by high-modular fibres (HMC) are to be preferred.cAmposition of composite has a
significant effect on the damping. The sample witle orientation of the fibres in the
direction of 90° has the greatest average dampmtig. rHowever, for these more subdued
samples, it is at the expense of their stiffne$® fesult of the sample with the 0° orientation
is interesting. It has the third-largest inhibiticand at the same time should have the best
bending stiffness. In comparison, the average dagnmtio of the basic composite samples
was 15 to 56 times better than the damping ratib@steel sample.

3.2 Damping of shell samples

Experimental modal analysis was carried out onghell samples. The measurement was
carried out under the same conditions as the measunt of basic samples. The scheme of
measurement is shown in Fig. 6.

Fig. 6. Scheme of measurement of the shell samples



The evaluated average damping ratio from the #ireigenmodes of shell samples and the
reference sheet steel is shown in Table 5.

Table 5. — Evaluation of average damping ratio for shelimpmsite samples

Composition of . Aver_age BNz
Label composite Composition of sample ratio &, erace
[%]

Carbon_0la | 2x(0,45,-45,90)$ HMC C/E + Spabond 345 + 5 mm R 0.20
Carbon _02a| (0,45,-45,90)s HSC C/E + Spabond 345 + 5 mm 0.20
Carbon _03a 8x(0) HMC C/E + Spabond 345 + 5 mm | 0.17
Carbon _04a 8x(90) HMC C/E + Spabond 345 + 5 mm 0.24
Carbon 05a| (0,45,-45,90)s HMC C/E + Spabond 345 + 5 mm 0.25
Carbon 05B8| (0,45,-45,90)s HMC C/E + Spabond 345 + 8 mm 0.26
Carbon 05y| (0,45,-45,90)s HMC C/E + Spabond 345 + 3 mm 0.27
Carbon 053| (0.45.-45,90)s| M€ féi;biﬁib;&d fﬁﬁwgcmC”/‘EFe 1 0.21
Carbon _05¢| (0,45,-45,90)s HMC C/E + Sikabond T2 + 5 mm 0.86
Glass_01 a (0,45,-45,90)s G/E + Spabond 345 + 5 mm Fg 0.23

Steel 0.01

The influence of different types of fibre seemsyvemall in the case of shell samples. The
benefits of fiberglass disappear here. A signifidacrease in the average damping ratio of
the different composite composition, compared tsiddgaamples, has not been proven. The
average damping ratio for samples with the sameposition and solid adhesive is in the
range of 0.20 to 0.27%. In comparison, the avedmaping ratio of the shell composite
samples was 17 to 86 times better than the danmptr@of the steel sample.

Of the researched hybrid structures, the sample wntdirectional orientation (0°) has the
worst damping ratio. The greatest average damgitig is shown by a sample with a flexible
adhesive joint. However, increased damping of #asple is degraded by a significant
reduction in stiffness. It would be beneficial tppdy this approach to the load-bearing
structure, where the composite would not ensurgcttral rigidity. In the flexible bonding
joint, dissipation of energy would occur and thiguld lead to the enhancement of the overall
damping of the structure.



4. Computational models of researched structures

Computational models have been created in the @nogAnsys. For simulation of
experiments the modal analysis was calculated bmatlels. The main objectives of the

computational work were:
= creation of finite elements models for all inveated structures

= comparison of measured and calculated values efhf&igguencies

= prediction of stiffness
= prediction of tension

= prediction of eigenfrequencies and eigenmodes
= verification of the correctness of input materiahstants

4.1 Modal analysis of basic composite samples

Computational models of basic composite samples veeeated as orthotropic material
models, with the need to assign material orientatibhe model was created using
conventional shells (an element on a referencase)fwith one element for thickness. Basic
materials used and the composite structure werénetkffor each sample separately

(see Fig. 7).

Fig. 7. An example of a material definition and compositid the basic composite sample

An example of the results and comparison with ttieament for one of the basic samples is
shown in Table 6.

Table 6. — The results of the modal analysis of one obtsc composite samples

Ansys . Percentage .
Mode 'I'SyhpaEp(;f calculgtion Exp[e|_r||zr}1ent differencge Da?g/g]mg

[HZ] [%]
1 bending 50.1 47.1 0.12
2 bending 138.2 131.5 0.16
3 torsion 198.9 198.0 0.24
4 bending 271.4 257.2 0.11
5 torsion 403.8 407.7 0.23
6 bending 449.2 428.6 0.03
7 bending 620.4 638.3 0.15
Sample weight [g] 266 262.5

Preview of the first three eigenmodes is shownign &




Fig. 8. The first tree eigenmodes of the basic compoaitgke

Good agreement was found when comparing the restiltalculations with experimental
data. A difference of up to 10 % was identified fdl of the proposed basic composite
samples on their first 7 eigenmodes.

4.2 Modal analysis of shell samples

Two approaches were compared in order to createlasibn models of shell structures:
1) A layered shell model using conventional shells ¢eement on a reference surface,
one element for thickness)
- necessary to define the material orientation andkmiess of each layer
separately
- necessary to assign the material orientation
- SHELL281 element used for modelling
2) A layered shell model using continuum shells (vadugeometry, the possibility of
increasing the number of elements for thickness)
- laminate, adhesive and steel are defined as aatepgayer of continuum shells
- individual layers in the laminate are defined bwigglent constants
- SOLSH190 element [5] used for modelling
An example of a model created by continuum sheltisplayed in Fig. 9.

Fig. 9. An example of a material definition and compositid the shell composite sample

An example of the results using various approaemescomparison with the experiment for
one of the shell samples is shown in Table 7.



Table 7. — The results of the modal analysis of one oktiedl composite samples

Type of Experiment Ansys Ansys
Mode shape [Hz] SHELL_281 | SOLSH_190

[HZ] [HZ]

1 bending 84.6 82.1 81.5
2 bending 229.5 225.6 224.1

3 bending 444.1 440.4 437.7

4 torsion 458.6 442.8 450.8

5 bending 728.9 723.7 719.9

Preview of the first three eigenmodes is shownign FO

WA, ST

3 e 22 17174 4,554

— - — - — _—
Wy 9.685 L, 189 = S 4,45 oSl T

23.55 23.621

Fig. 10. The first tree eigenmodes of the shell compoaitgte

In the calculation of the sample with a flexiblehadive, the appropriateness of the use of the
continuum shells was demonstrated. Their use allawsore accurate solution of contact
tasks and the influence of the transverse sheappssed to conventional elements. When
using the element SHELL_ 281, the difference with éxperiment was approx. 70 %. For the
element SOLSH_190 it was only 7 %. The continuurallshwill be used during further
development of computational models. Similarly tsioc samples, good agreement of the
model and the experiment was detected for shelpksnThe difference was 7 % for the first
5 eigenmodes.

5. Conclusion

The aim of the work was to assess the possibifitnareasing the damping of existing steel
structures using bonding composite layers. 6 bamigposite samples together with different
fibore materials, composition and number of layemsrevproposed. Furthermore, 10 shell
samples were designed to assess the influences ghitkness of the steel sheet, the type of
adhesive and the sample symmetry. Modal analysigyedl as a comparison of the damping
ratio, was performed on all of these samples.

In the case of basic samples a significant infleean the damping ratio was detected for
fibreglass. The influence was not so pronouncetiencase of carbon fibore (HMC and HSC).
The composition of a composite had a significafeéafon the damping ratio. The sample
with the orientation of the fibres in the directioh 90° had the greatest average damping
ratio. It was, however, at the expense of thersgé of the sampld&he average damping
ratio of basic samples was in the range of 0.15 -568% (steel 0.01%).

The influence of the different types of fibre seemsery small for hybrid samples. A
significant increase in the average damping rafidhe different composite composition,
compared to basic samples, has not been prév@nsamples with the same composition
and solid adhesive the average damping ratio is ithe range of 0.20 to 0.27 %



(steel 0.01 %).An exception was the hybrid sample with a flexiatihesive joint. It showed
the greatest average damping ratio of 0.86 %. Hewekie increased damping of this sample
is degraded by a significant reduction in stiffnekswould be beneficial to apply this
approach to the load-bearing structure, where tmaposite would not ensure structural
rigidity. In the flexible bonding joint, dissipatioof energy would occur and this would lead
to the enhancement of the overall damping of thecgire. This hypothesis will be validated
in the future work.

List of symbols

E modulus of elasticity in tension/pressure [MPa]
p density [kg-m?]

E; modulus of elasticity in fibres direction [MPa]
E, modulus of elasticity perpendicular to the fibreagction [MPa]
V12 Poisson's ratio [1]

G2 shear modulus of elasticity [MPa]

4 damping ratio [%]
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