Journal of Machine Engineering, Vol. 13, No. 1, 201

carbon fibre reinforced plastics,
finite element analysis,
experimental modal analysis

Viktor KULISEK?
Miroslav JANOTA!
Milan RUZICKA?
Pavel VRBA

APPLICATION OF FIBRE COMPOSITESIN A SPINDLE RAM DESIGN

When compared to steel or cast iron, carbon filmeposites offer excellent tensile and bending retdgt
together with significantly smaller density. Resdnat the Research centre of Manufacturing Teclyiedoin
Prague has been aimed at the application of comeposaterials in structural parts design. Case studn
spindle rams were performed focusing on the desifjrexperimental composite spindle rams and their
benchmarking with reference steel components. Togsesection of both parts was 350x350mm and tingtte
was 1200mm. The first design was made as a thidletvaomposite body with a minimal amount of stéie
goal was to achieve static stiffness comparabla teference steel component of the same size. @twnd
design was manufactured as a hybrid structure ceatpof fibre composites with cork layers and bonstee!
reinforcements. The goal was to improve dampingtht@f structural parts in comparison with the steel
components. Results of stiffness and modal pragestiere obtained from experiments and also usindy. FE
Experimentally obtained damping ratios of compoaitd reference steel rams were compared with atibuti
the effect of connection interfaces on damping.

1. INTRODUCTION

Structural parts of machine tools, or more spealiffccomponents of their motion
axes, have been traditionally built from cast iamd in the last decades also from steel.
These materials fulfil requirements of machine tadsign, especially demands on
components’ stiffness, precise machinability of diional surfaces and environmental
resistance in machining conditions (oils, emulsjohst chips). The manufacture and
assembly of components from these materials isvaddioknown to machine tool producers.
Nevertheless, the pressure on the improvement ahima tool fundamental properties
(productivity, work-piece accuracy and surface fygahas caused that other materials have
also been analysed for application in structurattspalesign. The main drive for the
application of the new materials is to achieve mprovement of machine tools’ dynamic
behaviour. While the static stiffness of currenugons is usually sufficient, the dynamic
behaviour suffers due to large density of cast iamal steel and due to a large amount
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of these materials, which is necessary to meetdimmanded stiffness. The dynamic
behaviour of components from common materials carpértially improved by efficient
design (using topological, parametrical optimiza}jowhich shifts eigenfrequencies, but
probably does not provide a major improvement iructtiral damping. The design
of structural parts from the common materials caralso improved using sandwich based
design combining the common materials with lighigi# cores; Smolik [1] presented
a case study of a moving column with sandwich fdaels. Application of aluminium
foam instead of metal ribs resulted in 20per ceassreduction without significant changes
to the column stiffness. An alternative way is éplace the traditional materials with new
structures; in an ideal case the materials shoale la lower density, increased damping,
and increased stiffness and should be cheaperamyd@ process as well. Unfortunately, no
material is yet known to meet all these conditions.

However, there is potential in the application ibfé composites as they meet several
of the aforementioned criteria. In comparison véteel they are significantly lighter; they
can provide increased stiffness in a specifiedctiva, and their structural damping is
higher. On the other hand, the costs of fibre caiips are significantly higher and the
stiffness of orthotropic composites can be unaat#ptiow for several loading directions.
In addition, manufacturing of composite componemd designing of connection interfaces
for assembling into a machine tool is more challeggn comparison with traditional
materials.

2. COMPOSITE MATERIALS IN MACHINE TOOL DESIGN

The application of composite materials in the maehbol industry has been studied
by several institutions during the last decade® fblcus of the studies has been not only on
structural parts, but also on other components athime tools. Suh [2] researched
a possible application of hybrid structures (carlfitne composite bonded to steel) in
a spindle cover design, stating that the loss famtdhe hybrid cover was 3-5 times higher
in comparison with a traditional cover. Neugebd®gmpresented a hybrid composite-steel
ball screw, stating 10 times lower thermal expamsio comparison with a conventional
metal ball screw. Other components with a compasitdybrid composite-metal design
were analysed as well, such as spindle shafts kBrdd]; Bang [5]), high speed grinding
wheels with increased damping [6]; cutting toold®sk [7] or boring rods [8].

As for structural components, research of the appbn of hybrid composite-steel
sandwich structures to an X-slide and a Y-slida bfgh speed milling machine was carried
out by Lee [9], resulting in approximately 30 p&nt mass reduction and an increase in
damping factors by 1,5-5,7 times. The Research r€eot Manufacturing Technology
together with CompoTech Plus Ltd presented an @xeatal composite spindle ram in
Uher [10].

Another case study of a composite spindle ram wasented at the EMO Hannover
exhibition in 2011 by Roschiwal Partner [11]. Mastuctural composite components have
been presented as case studies. Only a few inglugpplications have been made so far.
Composites in machine tools have been mostly appdierive shafts.
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2.1. PROPERTIES OF FIBRE COMPOSITES

As the application of fibore composites has beenedirat the stiffness application,
carbon fibres have been selected as a reinforcematdrial. The most common type of
carbon fibres are fibres derived from polyacrylalgt(PAN). These fibres are available in
high-strength (HS) or high-modulus variants (HMung's modulus of HS fibres in the
fibres direction is approximately 230GPa. The seéctype of carbon fibres is based on
PITCH precursors. The fibres based on PITCH precarare usually made as high or ultra-
high modulus fibres (UHM). Young’s modulus of conmaielly offered ultra-high modulus
fibres in the direction of fibres can be up to 90060GPa [12],[13]. The most commonly
used resins for these materials and applicationanohine tools are based on epoxy.

Nominal in-plane properties of tensile and sheaduhss, coefficients of thermal
expansion and conductivity are given in Table 1Hmgh-strength (HS) carbon/epoxy and
ultra-high modulus carbon/epoxy composites of saay-ups. UHM fibres with 640GPa
modulus were selected. The main reason for seteatib these fibres was in their
processability. Properties in Table 1 were caleddrom the fibre and matrix properties
using the rule of mixture and laminate plate the¢iy]. Coefficients of thermal
conductivity were calculated using equations [15].

Table 1. Nominal properties of steel, cast iron emehposites from high-strength (HS) and ultra-hmgtdulus (UHM)
carbon/epoxy composite (index 1 denotes a dinedfdibres; index 2 denotes a direction perpendicu
to fibres, values are given for composites with &8 volume fraction)

P Es E Ge |0 a, A Ao Cost of
fibres

kg.m® | GPa | GPa|] GPd K K*! W.m'K* | wm'K? | Eukg
Steel 7850| 210 210 80 13e-6 13e16 50 50 3
Cast iron 7050, 169 169 64 10e-6 10e16 55 55 1,5
HS C/E: Unidirectional 1550 14( 6 4 0,9e46 27et6 3 4, 0,6 >20
HS C/E: [0/90]s 1550 73 73 3,8 2,5e6 2,5e-6 2,5 5 2,| >20
UHM C/E:| 1750 | 380 5 3 -1,2e-6 31,4e16 83 0,6 >60
Unidirectional
UHM C/E: [0/90]s 1750| 192| 197 3 1,4e-6 1,4et6 42 42| >60
UHM C/E: [45/-45]s 1750 13 13 97 1,4e-6 1,4et6 59 9 5 | >60

It can be seen that especially composites from Ufitives can have significantly
higher tensile stiffness (unidirectional layers) selightly better torsional stiffness
(composites with + and — 45 degree orientated $jovehen compared to isotropic steel or
cast iron. However, if the stiffness for both theodes is needed, then a composite
component of the same volume as the component @@l or cast iron cannot have
equivalent stiffness for both the loading casessoAlunfortunately for the application
of composite materials to a spindle ram, for theecaf bending it is necessary to include
transverse shear stiffness, which is significathblywer for composite materials than for
isotropic metals. For a unidirectional layer, thensverse shear modulus,sGis
approximately at the level of the in-plane sheaduhas G,; i.e. while Young’s modulus
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of a UD layer from ultra-high modulus fibres is 83®a, the transverse shear modulus is
only 3GPa. A similar situation would occur if theHM fibres with higher Young's
modulus were used.

A new design with composite materials has to ovaekethese difficulties. One option is
to design a component with a part of the matenigdnted to obtain the maximal bending
stiffness and a part of the material oriented ttaiobthe maximal torsional and transverse
shear stiffness. Another option is to create aikdytbesign that combines isotropic metal and
orthotropic composites. In this case, torsional &mehsverse shear stiffness can be for
example achieved by metals, while the compositdessements with lay-up composed of 0
degree oriented fibres can improve the bendinfnsss.

The hybrid design is more cost-efficient as it dnesneed a large amount of expensive
fibres. However, problems can occur due to differémermo-mechanical properties
of carbon/epoxy composite and steel or cast irdme T™achine tool industry has high
demands on the precision of connection interfattesse demands are difficult to fulfil for
functional surfaces from composite materials dueth®ir machinability and hardness.
Therefore, it is necessary to use traditional nmterfor connection interfaces, so the
functional surfaces can be prepared with acceptaldeances.

3. SPINDLE RAMS’ DESIGN CONCEPTIONS

Two design conceptions were prepared at the Rase@entre of Manufacturing
Technology together with the specimens’ manufactuBeth experimental spindle rams
were designed with external dimensions (mm) 350x3300. The design goals were the
following:

« To perform experimental modal analysis and compamaping of composite or
hybrid spindle rams with steel reference coupons.

» To evaluate static stiffness of composite specimens

» To verify finite element models of composite spaadhms with experimental
results.

3.1. COMPOSITE SPINDLE RAM

The first design (composite spindle ram) was masl@ composite spindle ram with
a minimal amount of steel components, see Fig.He domposite body was composed
of a central tube with a lay-up for bending, torsiband transverse shear stiffness; corner
tubes for connection interfaces; and the rest wkesl fby unidirectional layers of UHM
fibres wrapped into cell structures. Connectioeriifdces were made using steel profiles that
were bonded to the composite body and bolted tel stels which were placed into the
corner tubes. This specimen has been designedvi® &amaximal amount of bending
stiffness. The specimen was manufactured usingaméint winding technology and fibre
placement methods. More details were given in [10].
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Fig. 1. Experimental composite spindle ram (Comigdsody — left; spindle ram with connection inteda-right)

3.2. HYBRID SPINDLE RAM

The second specimen (hybrid spindle ram), seeZ;igias created as a hybrid design
combining carbon/epoxy composites with cork layamsl steel reinforcements. The basic
10mm thick square profile was made from HS and Uglvbon/epoxy layers, mainly with
0 and +45 degree orientation, using a filamentdmg technology. Cork layers were
integrated into the lay-up to increase the dampidg. the other hand, the application
of flexible cork layers reduced the stiffness o€ thasic profile. Overall, the profile’s
stiffness was not comparable to the other specimarnke case of the mounted specimen,
the first mode shapes would be torsional, while tfeg other specimens, the first mode
shapes would be in bending.

Fig. 2. Experimental hybrid composite-steel spirrdi®; composite square profile with integrated daglers
(detall of the lay-up on the right side); steahér reinforcements, outer skin and connectiorrfetes

Stiffness reinforcements were provided by 4mm khsteel profiles, which were
bonded into the basic profile, and by 2mm thiclekgkins, which were bonded to the outer
surfaces of the composite profile. The reinforcetmemelped to make the specimen’s
behaviour comparable with the other coupons; howete design was not focused on
achieving stiffness equivalent to reference steeipons, but on evaluation of damping
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of the hybrid metal-composite-cork structure. Teeand goal was to verify finite element
models for prediction of similar structures. Cortigt interfaces were again realized by
steel profiles, which were bonded to specimenslatigd to inner profiles. For bonding of
all components, two-component epoxy adhesive SghBpR845 was used.

3.3. COMPARISON WITH REFERENCE SPINDLE RAMS

As a reference specimen, a spindle ram from welstegl was used. the basic
specimen (steel spindle ram i) was originally used the stiffness benchmark when
designing the composite spindle ram. the specimesimade from 10mm thick steel sheets
without any reinforcements by ribs. for comparisinmodal properties, the second steel
specimen (steel spindle ram ii) with improved s&f$s was made with a skin of thickness
from 10mm to 15mm and also with 20mm thick transeeibs, see Fig. 3.

Fig. 3. Section of reference stegglindle ram I

Steel specimen Il was used as the reference spacior comparison of modal
properties as it was closer to the real spindlesrdman specimen I. All steel and composite
specimens were manufactured with the equal outeemsions 350x350x1200 and with the
same connection interfaces for mounting of the dipimams. The composite spindle ram
(total weight 130kg, composite part — 110kg) antbridy spindle ram (total weight 98kg,
composite and cork — 20kg) were significantly lgghthan steel spindle ram I (weight
220kQ); their weight was closer to the originalereihce specimen — steel spindle ram |
(150kgQ).

The cost of the components is an important pammatthe comparison. The cost
of composite structures depends significantly @namount of high-strength and ultra-high-
modulus fibres (see costs in Table 1), amount otamand costs of manufacturing
technology. For the spindle rams, a price rang&56-200 Euro for 1kg of the composite
structure can be expected, depending on the spiatiestructure. For the hybrid composite
spindle ram with a square profile made by filam&mmding, the cost was in the lower level
of the specified cost range. For the compositedtpimam from several sub-components
which were produced by filament winding and fiblagement technology and then were
pressed together, the cost was in the higher [@viide range. In comparison with the steel
components, both experimental specimens were reittipes more expensive.
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4. STIFFNESS OF SPINDLE RAMS

Static stiffness was experimentally investigatedifending loading; the configuration
is shown in Fig. 4. Specimens were loaded by dymaeter using a special fixture;
deflection along the Z axis was captured usingitB8A GT22 and GT44 electronic probes.
The basic measurement, both for bending in thecuie of the X and Y axis, was
performed on an experimental stand, with the aincarhparing the static stiffness of the
composite spindle ram with reference spindle raf@dnfiguration of the experiment and
deformation along the Z axis for the same forcghswn in Fig. 5. Deflection was measured
on the bottom edge of the composite specimen asol @h the steel clamps used for

mounting.

1230
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Fig. 4. Configuration of static stiffness measurame
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Fig. 5. Measurement of static stiffness — comparisf the composite spindle ram with steel speciinen
bending in horizontal (X) and vertical (Y) diremti

Deflection for bending in horizontal direction (%ig) at the end of the spindle ram
(z=1230mm) was slightly better for the compositecsmen (3gm/kN) than for steel
specimen | (3@gm/kN). For bending in vertical direction (Y axig)eflection at the end of
the spindle ram was slightly better for steel speei | (8Qum/kN) than for the composite

specimen (8@m/kN).
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In comparison with reference steel specimen | stiitness of the composite specimen
was higher by 6 per cent for loading in the X aasl lower by 7 per cent for loading in the
Y axis. The stiffness of the composite componert realuced in the clamping area; another
major reduction was caused by compliance of that joetween the spindle ram and front
panel with the loading fixture (z=1230mm). When theformation taken from the steel
clamps were subtracted from the deformation cusl@pé of the curve in 0-440mm range
of Z axis), the final deformation for loading inettX axis was 1Jm/kN for the composite
specimen and 24n/kN for steel specimen |. For loading in the Y saxthe final
deformation of the composite specimen wapr6XN, the deformation of steel specimen |
was 6@um/kN. After the subtraction of the mounting compta, the stiffness of the
composite specimen was higher by 42per cent irzbotal direction and by 6 per cent in
vertical direction.

The second comparison of static stiffness was pagd with the improved boundary
conditions, using a concrete plate built into thheugpd as a base for mounting of the
specimens. Behaviour of the composite and the dydpecimen during bending loading in
vertical direction was experimentally compared; 8edting was the same as shown in
Fig. 4. The experiment and the results are showfign6. Deformations of the specimens’
ending for bending in vertical direction were: carspe specimen - 3dn/kN; hybrid
specimen - 6AmM/kN. In comparison with the composite specimea,dtatic stiffness of the
hybrid specimen was lower by 44per cent. The &gfof the hybrid specimen was reduced
by deformations in the clamping area, which ne@gdivinfluenced the slope of the
deformation curve. Improvement of the reinforcementedistribute the force from the
mounting to the body would be beneficial to the figyldesign. For comparison, steel
specimen Il deflection evaluated from finite eletnemulations is also shown in Fig. 6.
The calculated deflection was |22/kN; this value was obtained from the finite elene
model that predicted®lvertical bending mode shape frequency in 4per eanation with
the experimental value, using the identical mounfor the modal analysis as was used for
the stiffness measurement (FEA 118Hz [16]; expemim@2Hz - Table 3).

200

Deflection [um]

—composite specimen "‘-._..
--- hybrid specimen
—steel specimen I - FEA

Z axis [mm]

Fig. 6. Measurement of static stiffness — comparisiocomposite and hybrid spindle ram
with steel specimen Il (FEA) — vertical bending
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5. EXPERIMENTAL MODAL ANALYSIS OF SPINDLE RAMS

Two configurations of experimental modal analysisre used to map the possible
benefits of composite materials application togpmdle rams:

« Damping analysis of spindle rams with the minimdfe& of connection
interfaces.

« Damping analysis of spindle rams with additiondéetff of connection interfaces
— bolted clamps on damping.

In the first configuration, the specimens wereduring flexible ropes mounted to the
front panel. This configuration was used to evauggenfrequencies of free vibrations and
corresponding damping values. In the second cordtgun, specimens were mounted to the
basic frame, using bolted joints and steel clamgs,in the same configuration as the
stiffness measurement. The configurations were tsg@idevent a misleading interpretation
of identified damping from spindle rams withoutnjts. Weck [17] stated that the influence
of component damping on the final damping is 1A®0 times lower than the influence
of connection interfaces. Padmanbhan [18] publighatd90per cent of the overall damping
Is caused by damping in connection interfaces. &ibeg, at least temporary steel clamps
for bolted joints were designed to evaluate thengbain damping from free vibrations to
clamped specimen. Unfortunately, at the time of &eriment all except the first
composite specimen were not machined for assembfihgear guide-ways.

The experimental modal analysis of all specimens parformed using the Briel &
Kjeer 3560C analyser, the Briel & Kjeer 8206-003 nhiddanmer and the Briel & Kjeer
4506 triaxial accelerometer. Modal parameters weraluated using the complex mode
indicator function (CMIF) [19]. For evaluation ofachping of structural components,
a damping ratid was used.

5.1. EXPERIMENTAL MODAL ANALYSIS - FREE VIBRATIONS

The experimental modal analysis was performedederence steel spindle ram | and
Il as well as on the composite spindle ram. Forhyerid specimen, only the basic square
composite profile with integrated cork layers wasstéd. The configuration of the
measurements is shown in Fig. 7. Vibrations wereitest by the modal hammer in the
bottom corner of the specimens; response was tak2# points (corners, centres of faces,
centres of edges), see Fig. 7-d.

Values of frequencies and evaluated damping arengin Table 2, including the
average damping ratio, which was determined from finst 9 mode-shapes. Due to
differences in the internal structure of the spetimit was difficult to compare the
frequencies of each specimen on the same mode shifygefirst 5 mode shapes of the
composite spindle ram were mostly torsional.

A difference in the damping ratio of the steehsibe rams was smalge ., =0,05% to
(steei=0,10%. The average damping ratio of the compapiadle ram was 4 to 8 times
higher than the damping ratio of the referencel sigecimens. Also, the natural frequencies
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Fig. 7. Experimental modal analysis of spindle raa)ssteel spindle ram Il, b) — composite spindief
¢) — basic composite profile for hybrid spindle rafj— points of excitation and response measuremen

were similar to the frequency of steel spindle ddne. spindle ram with higher stiffness

and with a structure reinforced by transversal.rid®&e composite-cork basic profile could

not be compared in terms of stiffness, due to mgsseinforcements. The geometry of the
basic profile was similar to the reference specim@with the exception of the missing front

panel); the frequencies were significantly loweowgver, the average damping ratio of the
composite-cork structure was 50 to 100 times higfen of the steel structures.

Table 2. Comparison of frequencies and dampingsatetermined for unclamped spindle rams

Mode Reference steel Reference steel | Composite spindle] Composite-cork
specimen | specimen Il ram square profile
[-] f [Hz] {[%] | f[HZ] (%] | f[HZ] (%] | fH7] ([%]
1 127,4 0,04 582,2 0,17 533,2 0,52 27,0 9,85
2 222,2 0,02 618,9 0,20 553,3 0,30 62,7 4,26
3 256,1 0,02 646,5 0,09 721,5 0,37 75,6 6,58
4 326,7 0,02 678,7 0,07 785,4 0,32 180,0 4,90
5 383,2 0,07 693,4 0,09 1017,0 0,27 202,0 518
6 430,4 0,03 760,9 0,07 1197,0 0,43 205,0 521
7 432,6 0,05 813,7 0,09 1267,0 0,58 235,0 4,3
8 506,9 0,14 840,0 0,07 1309,0 0,36 235,0 3,20
9 524,3 0,06 933,8 0,06 1429,0 0,56 237,0 2,1D
(19 [%0] 0,05 0,10 0,41 5,07

5.2. EXPERIMENTAL MODAL ANALYSIS — CLAMPED SPECIMERS

The experimental modal analysis of clamped specsmeas performed on steel
spindle ram II, composite spindle ram and hybridnposite-cork-steel spindle ram. The
configuration of the experiments is in Fig. 8. Tiheasurement of hybrid composite-cork-
steel spindle ram was performed before and aleo béinding of the outer steel skins.
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vertical impulse

Fig. 8. Experimental modal analysis of clamped eixpental spindle rams (left — steel spindle rarwith denoted
points of excitation; centre - composite spindlmy right — hybrid spindle ram)

Excitation was performed in the front corner of 8pecimens; the response was taken
from the accelerometers on the top skin of thd sfgecimen or the top and side skins of the
composite specimens, as shown in Fig. 9. The dimitan the corner of the spindle rams
was selected to provide the possibility of compgrime dynamic compliance of all
specimens without the effect of the spindle ranontfpanel joint compliance. Spindle rams
were designed with slightly different connectiortenfiaces of the front panel (steel —
welding, composite — bonding, bolts); also difféaranasses were connected to the
specimens during the measurement. It is expectdtils fact influenced the comparison of
frequencies, but did not have a significant eftecthe values of damping.

Values of frequencies and damping ratio for thégoeed measurements are given in
Table 3. The first two frequencies correspondeddading modes (the first in vertical
direction, the second in horizontal direction). Bog hybrid specimen, the first modes of the
hybrid specimen were also in bending, howeverha dlamping area a shear deformation
occurred. The other modes were not directly coniparbetween the specimens (e.f. 3
mode — see Fig. 9: steel — torsion, hybrid —bendmdtorsion).

Table 3. Comparison of frequencies and dampingsatetermined for clamped spindle rams
(first bending mode in horizontal and vertical difen highlighted)

Mode Reference steel Composite spindle Hybrid spindle ram | Hybrid spindle ram
specimen Il ram W|th0u_t with .

steel skins steel skins
[-] f[Hz] ¢ [%] f[Hz] ¢ [%] f[Hz] ¢ [%] f[Hz] ¢ [%]
1 122,3 3,42 122,4 5,61 99,5 2,93 110,6 4,06
2 155,3 6,46 159,5 6,78 107,3 4,50 121,2 5,86
3 346,9 1,43 266,4 6,04 167,6 1,44 178,2 1,61
4 458,6 4,55 435,6 5,96 345,0 1,38 387,4 1,67
5 584,8 0,13 521,0 1,59 413,6 1,85 419,8 1,85
6 619,0 0,14 786,5 1,07 452,9 1,61 438,4 3,90
7 649,0 0,18 882,8 1,35 621,0 1,96 626,5 1,82

Qur[%] | 233 (17 [%] | 406 (7 [%] | 224 Qs [%] | 297
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As expected, a change in the boundary conditiares td mounting (using the steel
clamps and bolted joints) significantly influencéie damping. Overall, the structural
damping of the assembly with clamped specimens seaeral times higher than of the
unclamped specimens (with the exception of thecbasmposite profile for the hybrid
specimen). The change in the boundary conditioss ehused significant reduction in the
frequencies, causing the first mode shapes offheisiens to be in bending and, therefore,
to be directly comparable between the specimens.

steel Il —  mode steel Il — 2 mode steel Il — ¥ mode

Fig. 9. First three mode shapes of steel speciinamd hybrid specimen

Although the average damping ratio of the unclainpemposite spindle ram was 4
times higher than the average damping ratio ofl sigiadle ram II, the difference for the
clamped specimens was significantly lower. Forfiret bending modes the values of the
detected damping were comparable almost for akispns, slightly higher values were
detected for the composite specimen. For othectstral and non-structural modes (skins
vibrations), damping decreased more significarghtiie steel specimen.

The average damping, evaluated from 7 mode shaesfor the composite specimen
Ccomposite =4,1%. and for the steel speciménee.; =2,3%. When replacing steel by
carbon/epoxy composite, the average damping o€ldmaped specimen increaskeg more
than 70 per cent. Even with the effect of the catina interfaces on damping, application
of composite materials led to the improvement inctral damping.

The high damping of the basic composite profiléhvaork layers was reduced in the
hybrid structure and was also influenced by frigctio connection interfaces. The average
damping ratio of the hybrid specimen was slightighler than the damping of the steel
specimen. Bonding of the thin steel sheets to thiercsurfaces of the profile increased the
average damping ratio and also increased the etéfof the specimen.
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5.3. DYNAMIC BEHAVIOUR OF CLAMPED SPINDLE RAMS

In the case of the equivalent stiffness, the impdodamping would result in an
improvement in the dynamic behaviour of the spindien and correspondingly of the
machine tool. In the case study, however, theng#$ of both the composite and hybrid
spindle ram was lower than that of steel spindhe Ha The comparison of compliance from
the experimental measurement (composite specime&#um/kN, hybrid specimen -
61um/kN) and numerical simulation (steel specimen IR2um/kN) showed that the
compliance of the composite specimen was highebhyer cent than the compliance
of steel specimen lI; for the hybrid specimen tlenpliance was higher by 170per cent.
The question was how the increased damping wodldctan the comparison of dynamic
stiffness/compliance of the composite, hybrid ateelsspecimen.

From the described modal analysis of the clampetisgens, dynamic compliance
from frequency response functions was evaluated. ddnfiguration of measurement was
the same as shown in Fig. 8, both excitation asdaese were taken from the corner of the
specimens. The frequency response function forettwtation in vertical direction is in
Fig. 10, for excitation in horizontal direction fng. 11.

o 107 FRF — vertical impulse
— steel spindle ram II
al i T 431% . hybrid spindle ram |
i composite spindle ram

3
E
Lot P
T S $144%

‘:fof la 100%

\\N\v.,r/\\_r
100 200 f[Hz] 300 400 500

Fig. 10. Dynamic compliance — absolute value dofifiency response function for steel, composite
and hybrid spindle rams with excitation in vertidaection

x10~7 FRF — horizontal impulse

' steel spindle ram Il
....... hybrid spindle ram
f 188% composite spindle ram |

$134%

FRF [m/N]

400 500

Fig. 11. Dynamic compliance — absolute value dofifiency response function for steel, composite
and hybrid spindle rams with excitation in horitardirection
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For the composite specimen, the major peak of mymaompliance was higher by 44
per cent for excitation in vertical direction ang ®4per cent for excitation in horizontal
direction, both in comparison with steel specimehe higher damping of the composite
decreased the difference in composite-to-steelismagcdynamic compliance in comparison
with compliance from static measurements and simaus. In the evaluation of the
component, the specimens’ weight must be takenastmunt as well. While the weight
of steel specimen | was 220kg, weight of the comeospecimen was 130kg. In the
presented case study, an improvement of dynamiav&r that would result in the
increase in machining productivity was not reackdten comparing the composite and
steel specimen Il. The weight was reduced by 4tpat, replacing steel with composite,
and average damping of assembly was higher by 70pet, however, the compliance
of the composite specimen was higher by 44per oer34per cent, depending on the
direction of excitation. Improvement of transvesbear stiffness of the composite specimen
(increase of 45 degree layers in the central tuwvelld decrease the variation in
compliance and make the composite design moredelita

For the hybrid spindle ram, the major peak of aigitacompliance for the excitation in
vertical direction was 4.3 times higher than faestspindle ram II. In horizontal direction,
the dynamic compliance of the hybrid specimen wghdr by 88per cent. The major
difference in compliance in vertical and horizontilection was caused mainly by low
transverse shear stiffness and torsion stiffnesshef hybrid specimen. The increased
damping did not reflect in the improvement of dymaitmehaviour of the hybrid specimen,
but that was not expected due to the design aspleeimen for damping, not stiffness.

The presented results demonstrated the capabilitycreasing damping and even
of increasing the eigenfrequencies using carbomiepeinforcements. Furthermore, these
results demonstrated the ability to manufacturgdacale composite specimens that can
fulfil the requirements of the machine tool indystfhe behaviour of the composite and
hybrid specimen was reduced by low transverse stigfimess of the component which
neglected great bending stiffness of ultra-high vhasl carbon fibres. This effect was
significant especially for loading in the directigerpendicular to connection interfaces
(linear guide-ways).

For industrial application, an improvement of Baerse shear stiffness is necessary.
One of the options is to use a more robust hybesigh, where transverse shear stiffness
would be reached using isotropic metals, and a ositg material would reinforce the
bending stiffness and increase the damping.

6. FINITE ELEMENT SIMULATIONS OF COMPOSITE/HYBRID BINDLE RAMS

Successful prediction of static stiffness and nhpdaperties is important for efficient
design of the structural components of current nmachools. For structural parts with
composite materials, modelling is usually more cheaped than for structural parts from
common materials. It is caused by the necessispéuify the orientation of the material, by
inaccuracy of orthotropic material inputs, by ina@cies of manufacturing technology, etc.
A complicated structure usually also leads to teeessity of using solid elements, or
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solid-shell elements, and the FE models are mugfetathan FE models of isotropic
components.

The work on an FE model of the presented compagitadle ram was originally
published in [20]. Although the geometry was moeklwith a large amount of details,
acceptable agreement with the experimental reswdtsnot reached. A difference between
the first predicted and measured frequency wasoappately 30 per cent. Complicated
assembly of 8 corner tubes, 1 central tube, 3 fdalls with unidirectional fibres and outer
winding had so many unknown parameters that it was possible to improve the
disagreement between FEA and experiment.

The hybrid composite-cork-steel spindle ram wasl@fied in Abaqus CAE 6.12 using
continuum shell elements (i.e. solid elements stibll-like behaviour). The finite element
model is shown in Fig. 12. Young’'s modulus of thedelled cork layers was 50MPa, its
value was higher than the value given by the maufar of the material (38MPa), the
increase was caused by absorption of resin intodhleduring manufacturing. The modulus
was determined from sensitivity analysis of theibasofile; FE results of the profile were
compared with the experimentally determined fregie=n As the stiffness of cork layers
was more than 1 magnitude smaller than the stiéfrifsthe composite layers, the wall
of the hybrid specimen had to be modelled by séwelements per its thickness. The
properties of composite layers were determined ffiore and matrix properties; a fibre
volume fraction of each layer was estimated frone ttechnology. Comparison
of experimental and numerical results is shown abl& 4, both for the model with and
without bonded steel skins on the outer surfaceth®fcomposite body. The verification
was aimed at comparison of predicted and measueedidncies of the clamped specimen.
The difference between the predicted and measuvegddncies was in range: -10per cent to
13per cent which was acceptable. The verificatidnstouctures combining steel and
composite reinforcement with integrated cork layemabled further development of the
new hybrid material structures in the machine tmrhponents.

Fig. 12. FE model of hybrid composite spindle raithvuntegrated cork layers. (right - detail of tb@rner)
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Table 4. Comparison of clamped hybrid spindle reaqdencies — experimental modal analysis and FEA

Mode Hybrid spindle ram without covers Hybrid spa;dam with covers

[] fexe [HZ] frea [HZ] Af [%] fexe [HZ] frea [HZ] Af [%]

1 99,5 110,3 +10,9 110,6 122,7 10,9

2 107,3 97,5 -9,1 121,2 105,2 -13,2

3 167,6 168,0 0,2 178,2 180,7 1,4

4 345,0 352,1 2,1 387,4 367,7 -5,1

5 413,6 390,9 -5,5 434,8 415,2 -4,5

7. CONCLUSIONS

Application of composite materials in the desigh machine tool structural
components — spindle rams was researched at RCNLCTTEtin Prague. The experimental
part of the research focused on the dynamic bebeawb composite structures or hybrid
structures which combine common materials (steakt aron) and composites. Two
experimental spindle rams were designed, succésshudnufactured and tested. The
damping ratio evaluated from the free vibrations waveral times higher than the damping
ratio of the steel specimens. In the case of tlserably with connection interfaces, the
evaluated damping ratio was increased by 70 pdric@omparison with the reference steel
spindle ram. Although the stiffness of the desigmemponent was not sufficient, the
presented results have been promising enough fbrefudevelopment of composite spindle
rams.

Together with experimental testing, verificatioh finite element models of the
composite spindle rams was performed. FE modellviag aimed at prediction of static
stiffness and modal properties (frequencies, mddgeas). For the hybrid components
(metal and composite, or metal and composite/cenkfarcement), an agreement of up to
15 per cent between the simulated and experimgntidtermined mode shapes and
frequencies was reached. Work is currently focusedhe development of hybrid metal-
composite structures with improved stiffness.
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