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Abstract: In recent years, studies on the development
of new and advanced composite materials have been
increasing. Among these new technological products,
Fiber Metal Laminates (FML), and hybrid structures
made of aluminium, carbon, glass or aramid fiber, are
preferred especially in the aircraft industry due to their
high performance. Therefore, free vibration analysis
is necessary for the design process of such structures.
In this study, the vibration characteristics of FML for
clamped-free boundary conditions were investigated
experimentally and numerically. Firstly, numerical results
were obtained using Finite Element Method (FEM) and
then these results were compared with the experimental
results. It was seen that the numerical results were in
good agreement with the experimental results. As the
theoretical model was justified, the effects of various
parameters such as number of layers, fiber orientations,
and aluminium layer thickness on the in-plane vibration
characteristics of the FML straight beam were analysed
using FEM. Thus, most important parameters affecting
the vibration characteristics of the hybrid structures were
determined.

Keywords: Fiber Metal Laminates; Laminated Composite
Straight Beam; Vibration Analysis; Finite Element
Method; Hybrid Structures.

1 Introduction

Composite materials are widely used in aircraft,
defense industry and similar areas because of their
high strength, high rigidity, high fatigue strength,
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high wear resistance and good corrosion resistance.
Materials such as aluminium alloys and fiber reinforced
composites used in such structures have advantages
and disadvantages relative to each other. Thanks to
the developing technology, these two materials have
been combined to form a hybrid structure. Fiber metal
laminates (FML) are hybrid structures consisting of
fiber-reinforced polymer matrix composite and different
sheet metals. This combination of materials provides
good properties of metals and fiber reinforced composite
materials [1]. There are some studies on composites and
FML materials in the open literature. The determination
of the mechanical and dynamic properties of structures
made of composite materials is of great importance
[2,3]. Considering the studies of fiber-metal laminated
composite beams, the damping ratio with the Young’s
modulus is experimentally determined for the forced
vibration condition [4]. The effects of the transverse shear
deformation of the beams on the vibration characteristics
were investigated by the Rayleigh-Ritz method. Effects
of sheet thickness, fiber orientation, and plate aspect
ratio on vibrational behavior were observed [5]. Based
on the Timoshenko theory, the effects of length, depth,
temperature field, geometric nonlinearity and transverse
shear deformation on the nonlinear dynamic response of
the beam were investigated [6]. Free vibration analysis of
circular fiber metal composite plate with a central hole
was studied depending on the theory of elasticity [7].
Some studies were performed on the free vibration of
the FML circular cylindrical shells subjected to different
boundary conditions [8-9]. Numerical and experimental
vibration analysis of FML plates were examined. The
effects of aspect ratio and boundary conditions on the
natural frequencies of fiber metal laminated plates were
investigated using the Finite Element Method (FEM) for
numerical analysis [10]. Nonlinear vibration behaviour of
fiber metal composite beams subjected to moving loads
was carried out [11]. Free and forced vibrations of cracked
FML carrying moving loads were studied. Numerical
analysis was carried out using the modal expansion theory
and Newmark method [12]. Dynamic progressive failure
properties of glass fiber composite/aluminium hybrid
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laminates under low-velocity impact was investigated by
FEM [13]. It was also seen that there are limited research
studies in the literature on the vibrational analysis of FML
straight beams numerically and experimentally. In the
present study, numerical results were obtained using FEM
and compared with the achieved experimental results to
demonstrate the accuracy of the proposed model. The
beam was modelled with the ANSYS simulation software.
Natural frequency values and mode shapes were given in
the graphical form.

2 Experimental Verification of the
Numerical Model

In order to validate the accuracy and applicability of
the proposed model, numerical results were compared
with experimental results. The layered composites were
produced by hot pressing at 120°C and under 3.92 kN
forces which was applied to the sample for two hours. FML
composites were produced with 6 and 8 layers. In addition,
lower and upper layers of the composites were made of
aluminium sheet while inner layers were composed of
carbon prepregs. Experimental results were obtained
with the PULSE vibration measurement system, which
is a computer-based multichannel analysis system. The
material properties of carbon-fiber prepregs were chosen
to be as follows: modulus of elasticity (longitudinal and
transverse respectively): E,=E,=65.7 GPa, modulus of
elasticity (transverse): E,=39.42 GPa, shear modulus: G,,
= G,,= G,,=31.55 GPa, poisson ratios: v =v,,=v,,=0.041,
density: p =1600 kg/ m>. The material properties of
Al2024-T3 were taken as: modulus of elasticity: E =53 GPa,
shear modulus: G =27.6 GPa, poisson ratio: L =0.33 and
density: p =2850 kg/ m> . Geometrically, length and width
of the beam are 165 mm, 25 mm, respectively. Thickness of
aluminium sheets and carbon fiber prepregs are 0.3 mm
and 0.275 mm, respectively. The beams have clamped-free
boundary conditions. The natural frequencies (Nf ) were
obtained from the ANSYS program. It can be seen from
Table 1 that, the present results are in good agreement
with the results of experiments obtained with PULSE
vibration measurement system.

3 Numerical Analysis

To study the vibration characteristics of FML straight
beams the finite element technique was used. After the
theoretical model was justified, for which the numerical
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Figure 1: FML composite beam sample.

Table 1: Comparison of Natural Frequencies of FML Straight Beam.

Number Experimental Analysis = Numerical Analysis
of layers
First mode Second First mode Second
(H2) mode (Hz) (Hz) mode (Hz)
6 Nf 56.5 343.5 53.8 336.75
8 Nf 735 452.6 74.17 464.14

results and mode shapes were given in Table 1 and Figure
4 respectively. The effects of various parameters such as
number of layers, fiber orientations, and aluminium layer
thickness on the in-plane vibration characteristics of the
FML straight beam were analysed by using FEM. The
beam was modelled as 12 layers consisting of Aluminium
layer and Carbon / epoxy layers.

Ethical approval: The conducted research is not
related to either human or animal use.

4 Results and Discussion

In this study, four different groups depending on the
number and location of Aluminium (Al) and carbon
prepreg (C) have been produced and presented in Table
2. For the given lamination in group A, as the number
of aluminium layers increases, the natural frequencies
decrease which is contrary to expectations: as the number
of aluminium layers increases, the real frequency is
expected to decrease (Figure 2 a). The reason is that as
the number of aluminium layers increases, the effective
stiffness and density of the composite beam increase.
However, both the increment in density and the mass
moment of inertia are more dominant than increment in
the stiffness of the system.

Considering the operating frequency was near the
real frequency of the aluminium-free beam; increasing
the number of Aluminium layers would result in a
safer design since the difference between the natural
and operating frequency increases. In the group B, the
natural frequencies increase when the position of Al
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Table 2: The Configurations of FML composite beam having different layer sequences.

Case Configuration Description Case Configuration Description
A (o _Cyo_CCyy Gy Cgo)s In group A, the effect of C, (AL_5C))s In group C, the Al layers were
A, ALC, C, C, C,_C)s the n.umb.er of Al la\{er on c, (ALSC,)s placed c.)n the outer su.rface of
the vibration behavior of the laminated composite and
A, (ALAL_C,_C,, _C,_C.)s the FML composite beam G, (AL5C,)s the orientation of fibers were
A, (AL AL_ALLC,, _C,_Cs c, (AL5C,)s changed
A, (AL AL_ AL ALC _C)s
A, (AL_AL_AL_ALAL_C,)s
A, (AL_AL_AL_AL_AlL_ADs
B, (AlLC,, C,, Co CoClp)s In group B, Al one layer D, (C,,_ALALALAL_ADs Group D is similar to group B
B, (C,, ALC,, C,, Cop Co)s was moved from the outer D, (ALC,,_ALALAL_ADS h.owever, in group D carbon
surface to the center of fiber layer with 45° degrees
B, (Cso_Cso_Al_Cgo_Cm_ Cm)s the composite step one D, (AI_AI_CAS_AI_AI_AI)S orientation was moved from
B, (C,Coo oo ALC,, C.)s step and change in the D, (ALALALC,,_ALADs outer surface to the center
vibration behavior of the of the composite instead of
B, (C30-Coo-Coop-Crpp Al _C5p)s composite beam was D, (ALALALALC,, ADs Aluminum.
B, (C44—C0—Cop—C po—Cso_ADS analyzed D, (ALALALALALC,)s
Al: Aluminium / C_: Carbon prepreg / _:Fiber orientation angle
a) 103 —O— Mode 1 —m— Mode 2 —&— Mode 3 —%— Mode4 b) —6— Mode 1 —#— Mode 2 —&— Mode 3 —— Mode 4
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Figure 2: Effect of (a) the number of aluminum layers (b) placing the aluminium layer from the outer layer to the inner layer on the natural

frequencies of the composite beam.

layers change from surface towards mid-plane, due to the
increase in effective thickness (Figure 2b). This was due
to the fact that the lateral stiffness of the carbon-fiber
prepregs was greater than the Al layers, and their effect
on the natural frequency of the structure was increased
by being embedded in the inner layers of the structure
of aluminium layer. Another reason is that the Al layers
have high density compared to carbon prepregs causing
an increase in moment of inertia on the beam. The cases
(Cl, C,C,C 4) have been investigated in order to compare
the frequencies by changing the fiber orientation angle
of prepregs between first and last Al plies (Figure 3a). It
was also observed that, the natural frequencies change
related with the variation in orientation angle of fibers.

The values of natural frequency increase more and more
by increasing fiber orientation angle from 0° to 45°
with an increment of 15° due to the rise of the stiffness
of the structure. Besides, as the carbon/epoxy layer is
placed from the surface towards the middle plane, natural
frequency values decrease.

The highest natural frequency value was obtained
with the composite beam having a fiber orientation angle
of 45° which was another important finding of the present
study. In group D, the natural frequencies decrease when
the position of prepreg layers change from surface towards
mid-plane, due to the increase in effective thickness
causing an increase in moment of inertia on the beam
(Figure 3b).
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Figure 3.: Effect of (a) carbon fiber orientation angle (b) position of carbon/epoxy layer on natural frequencies of the composite beam.
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Figure 4: Mode shapes and their corresponding frequencies of the composite beam for the case A,.

5 Con clusion 1. It was seen that, the natural frequencies decrease
when the number of Al layers increase.

The vibration properties of FML composite beam subjected 2. The natural frequencies increase when the position of

to fixed-free boundary condition were studied numerically. Al layers changing from surface towards mid-plane.

In this investigation, four cases depending on the number 3. It was also observed that, the natural frequencies

and location of Al and prepreg have been investigated. change with a change in orientation angle of fibers.
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4. The change in the position of prepreg layers from
surface towards mid-plane result in the decrease in

Conflict of interest: Authors state no conflict of interest.

natural frequencies.

References

(1]

(2]

E]

[4]

5]

Sinmazcelik T., Avcu E., Bora M.0., Coban O., A review: Fibre
metal laminates, background, bonding types and applied test
methods, Mater Design, 2011, 32(7), 3671-3685.

Ozsoy N., Ozsoy M., Mimaroglu A., Mechanical properties of

chopped carbon fiber reinforced epoxy composites, Acta Phys.

Pol. A, 2016, 130, 297-299.

Kahya V., Turan M., Bending of laminated composite beams by
a multi-layer finite element based on a higher-order theory,
Acta Phys. Pol. A, 2017, 132, 473-475.

Liu )., Liaw B., Vibration and impulse responses of fiber-metal
laminated beams, A Conference on Structural Dynamics
(Proceedings of IMAC-XX, 4-7 February 2002, Los Angeles,
USA), Los Angeles, 2002, 1411-1416.

Kolar R., Dynamic characteristics of layered metal-fiber
composites including transverse shear deformation, P. Soc.
Photo-Opt. Inst., 2002, 4934, 270-278.

Yiming F., Chen Y., Zhong J., Analysis of nonlinear dynamic
response for delaminated fiber-metal laminated beam under
unsteady temperature field, J. Sound Vib., 2014, 333(22),
5803-5816.

(7]

(8]

[9]

[10]

DE GRUYTER

Rahimi G, Gazor M.S., Hemmatnezhad M., Toorani H., Free
vibration analysis of fiber metal laminate annular plate by
state-space based differential quadrature method, Adv. Mater.
Sci. Eng., 2014, DOI: 10.1155/2014/602708.

Mohandes M., Ghasemi A.R., Irani-Rahagi M., Torabi K.,
Taheri-Behrooz F., Development of beam modal function for
free vibration analysis of FML circular cylindrical shells, ). Vib.
Control, 2017, 24, 3026-3035.

Ghasemi A.R., Mohandes M., Free vibration analysis of rotating
fiber-metal laminate circular cylindrical shells, ). Sandw.
Struct. Mater, 2017, DOI: 10.1177/1099636217706912.

Prasad E.V., Sahu S.K., Free vibration analysis of fiber metal
laminated plates, International Conference on Theoretical,
Applied, Computational and Experimental Mechanics
(ICTACEM, 28-30 December 2017, IIT Kharagpur, India),
Kharagpur, 2017, 1-10.

[11] YangC.,YimingF., Jun Z., Chang T., Nonlinear dynamic

[12]

[13]

responses of fiber-metal laminated beam subjected to moving
harmonic loads resting on tensionless elastic foundation,
Composites Part B, 2017, 131, 253-259.

Chang T., Yiming F., Ting D., Dynamic analysis for cracked
fiber-metal laminated beams carrying moving loads and its
application for wavelet based crack detection, Compos. Struct.,
2017, 159, 463-470.

Liao B.B., Liu P.F., Finite element analysis of dynamic
progressive failure properties of GLARE hybrid laminates under
low-velocity impact, J. Compos. Mater., 2017, 52, 1317-1330.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


