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APPLICATION OF UNCONVENTIONAL MATERIALS ON PRIMARY
STRUCTURAL PARTS OF MACHINE TOOLS

The paper is mainly focused on possible domainapplication of composite sandwich materials in fileéd
of machine tools. A theoretical case study anatytie effect of application of composite sandwichtenials on
the dynamics of the X-feed-drive axis of the honizd milling machine is presented. The benefiteamhposite
sandwich materials are discussed and summarizibe ioontext of modern machine tools and their ddsitatic
and dynamic properties. Experimental case studjsis presented.

1. INTRODUCTION

The whole machine tool branch is nowadays lookiog groper ways to improve
machine tool parameters and the utility value of MT manufacturers. We can recognize
these perspective domains to improve parametdrgwe machine tools:

1. Optimal design of machine tools primary framd dnives supported with advanced
and modern virtual prototyping methods and simatatechnologies including mechatronic
simulations, topological optimization method, adsesh FEM simulations, coupled field
simulations etc.

2. Implementation of new sensors, actuators andhadstfor a better drives control,
geometrical compensations determination and madbwiegeometry corrections. There can
be recognized an increased focus to research guidrment new self-learning methods and
self-adapting strategies to raise “intelligenceridchine tools.

3. Usage of advanced components and mainly advarédinconventional materials
and material structures in the field of primaryustural parts of machine tools. Many
current research projects are focused on findipgpper field to use advanced materials and
material structures in the machine tool branch.
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The above mentioned list is not complete but it s@mzes important orientations in
the research and development activities in the madbol field.

There are briefly presented perspective unconveatimaterials and a simulation case
study of a milling machine with a sandwich struetum this paper. At first, an importance
of design materials for the fundamental machinel toperties will be illustrated.
Afterwards, there will be described simulation $estade on a virtual prototype of the X-
axis with a sandwich structure column.

2. UNCONVENTIONAL MATERIALS

The most common and typical materials for machoméstbody and main parts design
are steel and cast iron. Main parts made as steldied structures are used less commonly.
Relatively old but not widely used materials aré/pwr concrete and granite.

When thinking about new machines with high reductmf movable masses and
excellent modal parameters it is necessary to thbdut new and unconventional materials.
The following table contains basic overview and panson of common materials used in
the field of machine tools with Al alloys, carboibre composites, ceramics and hybrid
materials.

We can find remarkable values in the table 1 (E)Jgmarked in orange). It seems that
structural parts made from carbon fibre compositesechnical ceramics can have very
good stiffness and modal parameters. However, tiyBtructures are closer to real
applications from the cost point of view.

Density Young's modulus E Specific modulus Modal damping Costs and design
[kgim’] [GPa] (E/density) [10°m'ls ] diffcuty
5 2 |Grey cast ron 7100-7400 80-148 11-21 Hkk *
E § Spheroidal graphite cast iron 7100-7400 160-180 22.% *k *k
8 E Steel (welded steel structures) 7810-7860 205210 26-27 * *k
AL alloys and composites 2600-3460 70-81 20-31 * *kk
E . Granite 2600-3150 4766 15-25 *k kkk
"E § Polymer concrete 2300-2600 40-50 15-22 *kk *kk
E ‘E Carbon fibre composites 1550-1600 100-630 63-406 *kk kkkkkk
E Ceramics based on Al and Si 3150-3500 270-430 77-137 * kkkkk
Hybrid materials and structures 2500-4000 100-250 25-100 *kk kkkk

Fig.1. Properties of common and unconventional nasein the field of machine tools

Importance of the material choice for machine tpobperties is more in detalil
described in [9]. In this paper there are showatimnships between material changes and
the machine fundamental properties.
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3. CASE STUDY — MACHINE PRIMA S

3.1 MACHINE DESCRIPTION

Not all the parts of a machine tool are properrfaterial changes. It seems clearly
from many measurement performed in RCMT on thre®or axes milling machines that
the worst dynamic behaviour has the X-axis. Thigels/ often caused by the first parasitic
eigenmode of the vertical column. That is why itsvekecided to concentrate on this type of
machine and on the X-axis.

The machine tool called Prima S is one of the bssionfigurations of the milling
machine series Prima from production of the Czedhchime tool manufacturer TOS
Varnsdorf, a.s. The following simulation study aadcase study are made on the basis
of a virtual prototype of this machine. The machitrana S is a four axis milling machine
with a horizontal spindle and a rotary table. Thaximal strokes at axes arepnx =
1400 mm, Ynax = 1400 mm, 4ax = 700 mm. The basic weights are: ram and crogersli
Mam = 1080 kg; spindle g= 200 kg; column (steel welded structure),n¥ 4370kg;
the total mass of all movable parts of the X-axjgqw 5650 kg. Basic outside dimensions
of a steel welded column: hight.dy = 2680 mm; width Lgx = 900 mm; depth lgz =
910 mm. The drive of the X-axis is based on a mgaballscrew with a belt transmission
and a servomotor from the serie Siemens 1FT6.

FEM model of X-axis

Static stiffness Kx in X direction in TCP

Cross slider

Ram \;‘2:
Spind|e\>—:-’ -
Column Z 2

Bed \
Rolam | |

Y Roler guideway of
X axis

Kinematic configuration
with the most compliancy

Ball screw
Eigenmodes and eigenfrequencies

Servomotor,
clutch, belt
pulley, belt
transmission

Concrete
|

base i
i -

Fig. 2. Machine Prima S Fig. 3. FE model of the iz

The most important parameters determinated by thehanical parameters of the
machine tool frame are static stiffness, modal ipatars and total mass. These resulting
properties are observed in relation with change®aterial, dimensions and structure of the



96 Jan SMOLIK, Viktor KULISEK

machine tool column. The first antiresonance fregyeof the X-axis drive was also
observed on the tested machine. Figure 3 demoesthatsic results of static stiffness and
eigenmodes from a FEM model.

3.2. AN ALTERNATIVE DESIGN AND THE DESCRIPTION OF ARIANTS AND MATERIALS

There have been prepared 24 alternative variants-axis design for the purpose
of the study of an influence of materials and gtrrec changes on the resulting qualities of
the whole X-axis. The respective variants diffethase parameters:

a) Four different widths of the column in X direxii 900mm (100%), 1020mm
(113%), 1100mm (122%) and 1200mm (133%).

b) Three different materials of the outside skintleé sandwich: i) Prepreg based
carbon fibre laminate (LAM-1.) with high strengtlarbon fibres (lamina propertiesy E
74653MPa, E = 27449MPa, G, = 16987MPa); ii) Prepreg based carbon fibre lateina
(LAM-V.) with high modulus carbon fibres (laminaqperties: k = 370000MPa, & =
5500MPa, Gy = 4000MPa); iii) Steel plate (E=206000MPa, G=80NIF%3).

c) Two different thicknesses of the outside skintlé sandwich: Z=20mm and
T3=30mm.

An alternative column is designed as a hybrid stmecwhich combines a basic steel
welded structure and closed sandwiches on theo$ithee column. The sandwiches are made
from core and skins. The most stiff aluminium foa&hPORAS from Gleich GmbH
Company is used as a core material. The basic @mlaparameters of aluminium foam are:
density=268 kg.i, static share modulus (&225 MPa and dynamic share modulus
Gcp=466 MPa. The mechanical parameters of ALPORAS feare derived from series
of our own static and dynamic laboratory experiraent

All FEM models are built up in system I-DEAS ane ti'sed modelling strategies for
composites are verified by experiments on sandaaéchples.

on high strength 1200mm. ey

carbon fibres)

Welded seel frame Aluminium foam 3 different . .
ALPORAS ; 4 different widths
materials :
of skin of column 2 different
L1= 900mm thlcl;nigses
of skin
a) CFC Laminat }?gg mm
: [ Lam-I. (based mm . _ T,0=20mm

Tap =30 mm

b) CFC Laminat
Lam-V. (based
on ultra high
modulus carbon
fibres)

c) Steel plate

b

Fig. 4. Alternative variants of the column.
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3.3. RESULTS FROM FEM MODEL

There has been made a FEM model for each individits@inative variant and values
of static stiffness Kx. The first eigenfrequencydatie total mass of the X-axis were
obtained. Static stiffness results were derivednfio model with static material properties
of core aluminium foam and results for modal prtipsrfrom a model with dynamic
material properties of AL-foam. The FEM models h&ezn designed on the basis of the
classical laminate theory and with respect to gl]-[

Results of all 24 variants in comparison with tfeue valid for the original design
of the X-axis and the column (red marked value)sti@vn in the following figures.

1st eigenfrequency [Hz]

Staic stiffness Kx [Nfum]

d

i L ¥

LF

Material of Skin
1200mm 1100mm 1020mm 900mm 1200mm 1100mm 1020mm 200mm Material of Skin

Column Width Column Width

Fig. 5. ' eigenfrequency of a parasite eigenmode Fig. 6. Static stiffness Kx in X direction readtire tool
corresponding to the X-direction. centre point (TCP)
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Fig. 7. Total mass ox the X-axis including all mbleaparts

All the alternative variants have lower total m#san the original design. It is evident
from Fig. 5 that the first eigenfrequency is veirpsgly dependent on the column width and
that variants using laminate skins based on uifya-modulus carbon fibres bring very good
results. The monitored value of static stiffnessyasy closely dependent on the column
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width as well and variants with steel skins andhskinade from ultra-high modulus carbon
fibres composite give good results in this case.

From the static stiffness point of view we can mldhat results are not satisfying for
all the alternative variants with column width 99@ (with the exception of the variant
900-30-LamV) and for the variants with Lam-| usexdaaskin and with the column width
1020mm. All the other alternative variants have pamble or even better values of static
stiffness. We will not consider any variants withtg stiffness lower than the value for the
original design in the following observation.

3.4. DESIGN OF OPTIMAL DRIVES AND A COMPLEX MODEL

The dynamical properties of the virtual X-axis umbihg first antiresonance frequency
were investigated. Obtained results were importéoit design of sufficient drive
configuration. Variants with the best parametersewehosen among all the alternative
variants on the FEM results basis and these variaete sorted into groups with similar
total mass. There were created three mass groubsiway: 5600kg, 4500kg and 3900kg.

Group with 5600kg: 1200-30-LamV-4578 kg; 1200-2@€5070 kg; 1200-30-Steel-
5428 kg

Group with 4500kg: 1020-20-Steel-4409 kg; 1200-20nl-4501 kg; 1200-30-LamV-
4578 kg

Group with 3900kg: 900-30-LamVI-3830 kg; 1020-20akla3840 kg; 1020-30-LamV-
3917 kg

Design of the feed drive components and parambaesdeen solved by means of the
RCMT specialized expert software system called ODR. The particular components and
parameters (the motor, the gear ratio, the badlvedead, the diameter of the ball screw, the
size of the belt pulley, etc.) have been designeninally for the specific mass group.

Madel of drive
with ball screw

' = A Bu l |
» Gy B

Madel of column and mechanical structure
of the machine denved from FEM model

Fig. 8. Scheme of a virtual model of the X-axis.
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Then a virtual model of the whole X-axis based ofRE&M model of the mechanical
structure and a separate mathematical model adrikie has been derived, see Fig.8 for the
details.

The description of the X-axis dynamic propertiebased on the modal decomposition
technique in modal coordinates and on transformaindo the state-space expressed by
means of the A, B, C and D matrices.

Figures 9, 10 and 11 show the resulting computetsier function g=@/Mg with the
first antiresonance frequency. As high value offtret antiresonance frequency as possible
is the usual need for a design process of a machine and frame because it is known that
the value of the first antiresonance frequencynefdrive has direct and strong influence on
the general axes and drive parameters and behaWagh individual alternative design
variant of the X-axis gets a different resultingueaof the first antiresonance frequency and
this simple and discrete value can be used to jedgh alternative design.

3.5. RESULT OF SIMULATION STUDY DISCUSSION

A) The alternative variant with the lowest mass andwith dramatically reduced
parameters and sizing of drive’s components.

The alternative variant 1020-30-LamV-3917 kg hasiststiffness slightly higher than
the original design but this design solution hasttital mass lower by 1.7 tons. The motor
used for this variant is from lower size seriesr{@ans the lowest price of the motor as well
as lower size and price of the drive unit). Theligolball screw has diameter 63 mm instead
of the original value of 80mm and it has smallezespf the clutch. Furthermore, the
resulting antiresonance frequency (24.6Hz) is al2@3 higher comparing to the original
design (20.4Hz).

Transfer function G,=d /My for drive group 5600kg Transfer function G,=d/My for drive group 4500kg

| | 1200-30-LamV-4578 kg, (2,=29.2 Hz
e 1200-20-Steel-5070 kg, £2,=27.6 Hz
s 1200-30-Steel-5428 kg, €2,=27.0 Hz )
m— Original design-5634 kg, 0, =20.4 Hz 20.4Hz ~ Qriginal Design
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Fig. 9. Transfer fn.g=@/My , drive group 5600kg. Fig. 10. Transfer fn=@/My ,drive group 4500kg.
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Transfer function Gy=¢/M for drive group 3900kg

900-30-LamV-3830 kg, ©,=21.4 Hz
1020-20-Lam|-3840 kg, £2,=23.8 Hz
1020-30-LamV-3¢17 kg, ©2,=24.6 Hz

! 23.8Hz
21.4Hz
20 4Hz - Original Design | |

10° 10' 10°

Magnitude [dB]

-1001

Phase [deg]

-150

-200
10

10' 10
Frequency [Hz]

Fig. 11. Transfer fn. &@/M , drive group 3900kg

B) The alternative variant with the highest value dthe first antiresonance frequency.

The alternative variant 1200-30-LamV-4578 kg heatiststiffness higher than the
original design by 33%, however this design soluti@as the total mass lower by 1.1tons.
The used motor and the other servodrive comporagrtthe same as for the original design
however the resulting first antiresonance frequezft@Hz is about 43% higher than in the
original design (20.4Hz). From the cost point odwithen the saved 1.1tons of the steel
column respond to approx. 3200EUR. Contrariwisalitamhal costs of the laminate skins
are approx. 25000EUR and costs of aluminium foarP@RAS are approx. 14000EUR.

Other interesting alternative variants with relalwcheap outside skins of a sandwich
made from steel or high strength laminate are maih?00-20-LamlI-4501 kg, 1020-20-
Steel-4409 kg, 1200-20-Steel-5070 kg. Unfortunatilgse alternative variants have poor
resulting properties comparing to variants witnskmade from ultra-high modulus carbon
fibre composite.

3.6. EXPERIMENTAL DATA OBTAINED ON REAL STRUCTURE

Based on the mentioned facts and presented analysgect of an alternative column
structure development has been launched. This ndsgaoject, which is focused on the
experimental evaluation of the simulated propertiepresents one of the projects solved
under the RCMT main research program financiallypsuted by the Ministry of Education
of the Czech Republic. Alternative design of colupamt was derived from the real machine
tool column design (see Fig. 12). Basic structudréhe column is steel welded frame with
diagonal internal ribs. Alternative design is basadhe steel welded structure, however, the
lateral walls are thicker and made as sandwiclctira plates. Sandwich structure is
composed of steel plate skins and aluminium foara (8ee Fig. 13), for which ALPORAS
foam from the Gleich GmbH Company is used. All design was optimised with respect to
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the weight, static stiffness and modal parametsirsguthe simulation procedure introduced
in previous chapters.

Fig. 12. Actual structure of Machine Prima S with Fig. 13. Alternative design of column wittetside
modified column made as a steel welded structure. plates made from sandwich panels.

Alternative column part was made using relativelgmplicated technological
procedure. The procedure is in more detail presemie[7] and [8]. Most difficult
technological problem was the joining of foam caral the steel structure. The core has to
be made as precise as possible with respect tammainsions of the side packets in steel
welded base frame. Aluminium cores are glued inéoside pockets and as a final step steel
plate skins have been glued and fixed by screwsuti illustrating the manufacturing
of the alternative column is given in Fig. 14. &nig. 15.

Fig. 14. Alternative column manufacturing. Picture Fig. 15. Alternative column with glued-on coresdref
shows glue application on the aluminium foam core montage of side covering plates.
(made from Alporas foam)
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At the same time, measurements of the common colamd alternative column
properties have been performed. Attention has bs&rsed on static stiffness measurement
and modal analysis. Static stiffness measuremest made on the columns fixed on the
bottom side at the position proposed for lineadgwiay fixing. Column was always loaded
by the dynamometer at the top of the column, wherdie displacements have been
measured from the external, independent frametsneicModal analysis measurement was
performed in the configuration of vertically layiagnd unanchored columns. The excitation
of vibrations was made by the modal hammer. Udiegaiccelerometers and B&K software,
eigenmodes and modal parameters were evaluated.

Global results derived from the first experimentadrk made on the both columns
provide interesting data. The original design weigh3420 kg, alternative design features
the weight of 2690 kg, which means the 730 kg rédocof the machine tool movable
mass. Original design is characterized by thersf$ value of 34,2 Nm in theX direction,
while the alternative design features the valu&¢®b6 Nfum. This higher value is result
of the application of the sandwich structure argbahcreased width of the column. The
static stiffness in th& direction is compared in the next step. Originedign provides 127
N/um while the alternative design 196uxi. Concerning the modal parameters, all of the
structural bending modes are characterized by tbguéncy values elevated by about
of 20 %.

Apdewr: 180, My

3

- . KJ‘Y
Fig. 16. One of the experimental arrangementsath b Fig. 17. Example of measured eigenmode and
columns (common and alternative) for static stifhe experimental arrangement during modal analysis.

measurement

Better damping of the alternative structure waseeigd in comparison with common
structures but it is not much improved. Increaselahping values on the main structural
eigenmodes is approximately 35 %. Finally, the absiuld be also mentioned. The price
of the alternative column was about 42 % highen ttiat of the common one if the whole
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cost related to manufacturing of the real columeciuding all the material cost, welding
cost, heat treatment cost, cutting operation cassembly cost, etc. are compared. This
represents relatively high increase of the produactiosts. Certain reduction of the cost in
the case larger scale production could be expegiédf the mentioned results are clearly
shown in the Fig.18. Research work of this projeche RCMT continues and final results
may be expected at the end of 2010.

From the technical point of view, presented resuflimined from real measurement are
very promising. This experimental work proves ttied sandwich materials can bring new
added value in the machine tool design charactki®ehigher static stiffness and lower
weight, at the same time without too drastic maciuiidng costs increase.

O Original comon design (steel welded
200% structure) A

O Alternative sandwich based column design

150%

100% —

50% +— =

0%

Weight of column Static stiffness in X direction Staticstiffness in Z direction First bending eigenfrequency Whole price of the column
with dominant amplitude in
X direction

Fig. 18. Comparison of the selected propertieh®fcommon and alternative column design. All ofdhta is derived
from real measurement and real manufacturing pso¢8p

4. CONCLUSION

Using advanced materials and material structurésaield of primary structural parts
of machine tools is a very perspective and hopefay to improve the behaviour of the
future machine tool generations. These conclusoangd be presented on the basis of the
mentioned simple case study and the previous agslys

a) There are components, parts, axes and desigs ianihe field of machine tools
whose properties can be significantly improved Bing advanced materials or material
structures. The first antiresonance frequency af ohthe alternative variants from the
presented case study has achieved an increasé@twd@ it induced a reduction of the total
mass by 19%. These values are unreachable witlsing new advanced materials.
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b) Basic purposes of unconventional materials usagbe machine tools are: i) to
decrease mass of parts and structures, ii) toasereigenfrequencies on eigenmodes which
are parasitic for drives and stability behaviou), to increase vibration damping of all
critical eigenmodes. Increasing values of statitnsss are not a primary motivation and it
is usually sufficient if an alternative design Is¢estic stiffness similar to the original design.

c) General problems obstructing to wide and proapgilications of unconventional
materials in the field of machine tools are: ijatalely high costs comparing with common
materials, ii) unusual manufacturing processes Mdr manufacturers, iii) unusual and
complicated joining and fixing with other parts afmachine, iv) very complicated design
and simulation methods for parts design, v) sciegptidrom the side of manufacturers and
customers. A wider use of advanced compositeserfitid of machine tools may not be
expected in the near future, but many researchegi®jsolve these topics in close
cooperation with MT manufacturers and they findpaoways to use advanced materials in
the context of MT nowadays.

d) A very promising strategy to apply advanced mal® sooner is to combine the
maximal possible amount of cheap conventional nasefsteel and cast iron) and the
minimal necessary amount of expensive advancedttstas in one part design. Such
structures or materials are called hybrid strustuoe hybrid materials. (An excellent
research in this field is presented in [4] and.[S)lch a strategy is a big challenge for the
up-to-date research.

e) Usage and application of unconventional mateaad purposeful only together with
the use of advanced methods and strategies to iaptibiT properties. For example, it is
obvious that an application of advanced materialsstructural parts is senseless and
noneffective if the drive is not designed optimallyd advanced optimization techniques are
not used for parts design. It is necessary to rdmerthat application of unconventional
materials is not the single way to improve MT pmojes and behaviour.

More details related to this paper can be four{@]in
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