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Abstract

Coating layer technology is known in literatureamseffective tool for modifying the viscoelastichb@iour

of materials. In this work various coating soluscare investigated in order to estimate their doution to

the dissipative behaviour of mechanical componebifferent production processes are used to apply
single-layer and dual-layer coatings of Al oxidéahd TiQ, , Cr and CrN to uncoated specimens made of
Al, stainless steel and harmonic steel. Force asplatement experimental data obtained from forced
excitation dynamic mechanical measurements are tostidd the specimen constitutive equation estadat
parameters. A high order generalized Kelvin modeddopted to model the constitutive equivalent risdte
relationship of coated specimens in the form of ridéweo of two polynomials expressed as a functibn o
frequency. The model parameters are numericallytified and the model reduced and optimized by rmean
of a robust identification technique.

1 Introduction

Composites obtained from coating deposition teples are non-conventional materials designed to
have specialized mechanical properties. The stlidherr dynamic behaviour can be of great intefest
industrial, aerospace and automotive mechanicalicapipns where high stiffness and high resistance
components are commonly employed. In modern higltegmpplications unwanted vibrations may result
due to the inertial forces. Vibrations may causexressive noise level, a decrease in the systicieaty
and a shortening of the system service life. Byrdasing the component dissipative properties, high
vibration levels may be damped. The use of codtiygrs may help in achieving this result while fa t
same time maintaining the components original kitiffness and resistance [1-3].

Coating layer technology includes many differegpakition techniques, for example plasma spray, the
anodization process or plasma vapour depositids].[4,ayer composition, single or multi layeredusture,
and adhesion to the substrate are all factorsntiiat be taken into account when studying the ptigseof
coatings and many researchers investigated theeimfe of the coating characteristics, such as dhéng
material structure [6-8] or the interface struct[@kon the coated component damping behaviouasabus
temperatures [10]. The deposition of layers withQhhinternal hysteresis or with high frictional acts
between the different layers can be an effectivatisn to significantly increasthe dissipative properties of
a component [6,11,12].

The use of dynamic mechanical measurements, ih Bmiced or free vibration condition, is a
well-known method to investigate the damping bebawiof a wide range of materials and specimen
geometric parameters and was also employed [13s1&4timate the improved damping behaviour in abate
components by means of direct comparison with ulecbanes.

The constitutive relationship for coated componendéy not be accurately described by known models
[16,17] because single or multi-layered coated ra$sedynamic behaviour can be considerably complex
[18]. This can lead to the adoption of high ordenstitutive models [19-21] that may require the akaot
trivial constitutive equations. The problem of itlring such constitutive equation parameters esagally
ill-conditioned and a robust identification proceglunust be considered in order to solve it [18,22].

In this work different coating solution applied armetal substrate by means of different techniques
investigated. The dynamic mechanical measuremeat paocessed by means of a robust parameter



identification and model condensation technique #ma processed measurements data results, retated t
coated and uncoated specimens, are compared.

2 |dentification procedure

The identification procedure used to identify the@men constitutive equivalent material relatiopsh
the frequency domain was defined by the authorthisfwork in a previous paper [18]. Here it is Hyie
outlined how force and displacement experimentibtdata are processed.

2.1 Constitutivereationship experimentally estimated value

The frequency dependent constitutive relationsketvben the Fourier transform of stress) @nd strain
(£€) can be expressed as:

o=E(w)F (1)

Dynamic mechanical measurements can be used tondht&value ofE(a)) in the desired frequency
range. In this work only specimens in the form lehger beams in a single-cantilever experimentaupe
with clamped-sliding boundary conditions and extitey means of a periodic force applied at the beam
sliding end are considered. Taking into accountattribution of inertial forces, the relationshiptween
the applied periodic forc€(t) = Q,exp(jat) and the transverse displacemefi) at the sliding end of the
beam in the frequency domain can be approximategig.

(o) - 3Lt 0(a) @

v and Qare the Fourier transform of transverse displaceérard applied force respective is the
beam massl. is the beam length andthe beam section momenk. are values satisfying the condition
sinhk cok+ costk sik= . EQ.2 can be used together with the corresponiireg and displacement data
at frequencies, to define the equation:
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The Newton Raphson method is used to find the isolsitof Eq.3, that are the experimentally estimated
values of E(w) at frequencies, .

2.2 Constitutive model identification

The constitutive equivalent material relationstipriodelled by means of a generalized Kelvin moélel o
ordern, i.e. made up of a seriesmsingle Kelvin unit, and Eq.1 becomes:

6=E,D(w)# (4)

with:
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E,is a constant and represent the modulus of theriaate zero frequency. It can be extrapolated from
dynamical measurement test results as the frequagmanpach zero, or alternatively from static experits,
i.e. creep and stress relaxation teBigv) express the frequency dependence of the modultieiform of
the ratio of two polynomials with unknown coeffinisa, andbs.

The coefficients of the two polynomials can be oi#d by means of an approach based on the least
square error technique and of the experimentaliynased values oD(w,) at frequencies, [18]. D(w) is
first expressed by means of an orthogonal polynbbagis made up of Forsythe orthogonal polynomials
C{(w) andd,(w):

1+ias [t (w)
D(w)=—3 (6)

1+3°4 0, («)

The least square error technique is then used tairolzoefficientsas and S, [22]. The Forsythe
orthogonal polynomial basis [23] is adopted in ordeassure a high accuracy for the identificatidioth
low and high order models because high order manbefficient calculations can be affected by
ill-conditioning. A known algorithm [24] is used tmnvert back the polynomials coefficients to ciméfhts
in an equivalent monomial base, obtaining an exjiwasofD(w) equivalent to that of EQ.3. This conversion
is made in order to obtain the constitutive equaaimaterial relationship in a more convenient feuitable
to further processing and manipulation.

2.3 Condensation of the constitutive model

The constitutive model obtained from the previoubsection procedure is generally of a high order.
This is also a consequence of the fact that experiah measurements are affected by noise whildalse
least square error technique cannot differentiatevéen physical system poles and virtual noise rgéee
non-physical ones. It can be useful to condenseidkatified model by eliminating its non-physical
components. An optimised model of significantly &worder but with accuracy comparable to
non-condensed models of significantly higher ordan be obtained.

Eq.4 can be rewritten in the standard partial foacform where poleg; and residue® of the rational
function1/D(w) are outlined:

Ay 1 R
é(w) 3 D;‘(ja)— 3] [F(w) (7)
Poles and residues are expected to be found adeooygnjugated pairs or real values, and in botesa
with a negative real part. Physical poles are algmected to show stability as the model order ¢seiased.
Poles with positive real part or varying with resp® model orden can be regarded as non-physical and
discarded from the condensed model. The final egima of the constitutive equivalent material model
described by a subsetwfphysical pole-residue coupl&s; andgg from {R, g} is given by:

1 4 Rg 4 .k
= - + w : w) = w (8)
D(a)) .Zq:(]a)_gc,) Sn( ) %( ) éL[q )

The contribution of the discarded pole-residue pa@raccounted by means of the polynomial function
S(w), and coefficients, can be obtained by a calculation procedure founthése authors previous work
[18].



3 Experimental measurements: results and discussion

Tested specimens are in the form of slender bearaavéingular cross section with length?dQ width
3x10°m, thickness 5x1fm. The coatings are applied on opposite faceseobéam.

Three different coating solutions applied on digfermetallic substrates are considered in this wbhle
first solution consists of single layer coatingsAtfoxide, 4Qum thickness, applied on an Al1000 substrate
by means of an anodizing process. The other twatisak are obtained with the reactive plasma dé¢ipaosi
(RPVD) technique. Two different type of dual-lay@yatings, both formed by a metallic bond coatnfl
thickness) covered by an harder coating layem(thickness), are deposited on different metalligssrates,
i.e. C67 steel, AISI 304 stainless steel and Al180@&lloy. The first solution adopts Ti an TiQor the
metallic bond coat and the harder oxide layer rethpady, while in the second solution Cr is used tioe
bond coat layer and a CrN for the nitride hard taye

The specimens are tested with forced flexural aetion in a single-cantilever (clamped-sliding boaryd
conditions) experimental set-up. Dynamic measurgésnah 0.01% maximum strain over a [0.01-200]Hz
frequency range and 35°C constant temperature ade ron coated and uncoated specimen sets with a
Dynamic Mechanical Analyzer (DMA). Applied force ctransverse displacement data are obtained and
processed with the procedure presented in section 2

3.1 Reaults

Figs.1-7 show, for the different coating solutiondasubstrate combinations, the experimentally
estimated values of the ratim(D)/Re(D)of the imaginary and real part D{w), taken as a measure of the
specimen damping behaviour, and the relative diffee of such ratio with respect to the values obthi
from uncoated specimen tests. It can be obsensdB7 steel and AISI 304 stainless steel speciméths
the Ti+TiO, dual-layer coating show the same damping behawbuncoated specimens (Figs.1,6).
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Figure 1: (a) Estimated valueslai(D(w))/Re(D)) ratio for dual-layer Ti+TiQcoated
C67 steel specimen (red) and homogeneous C67sgteeiinen (blue),
and (b)Im(D(w))/Re(D)) relative difference.
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Figure 2: (a) Estimated valueslai(D(w))/Re(D)) ratio for dual-layer Cr+CrN coated
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C67 steel specimen (red) and homogeneous C67sgtegiimen (blue),
And (b) Im(D(w))/Re(D)) relative difference.
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Figure 3: (a) Estimated valueslaf(D(w))/Re(Dg)) ratio for dual-layer Ti+TiQcoated

Al1000 specimen (red) and homogeneous Al1000 spatifnlue),
and (b)Im(D(w))/Re(Dg)) relative difference.



For beams coated with the Cr+CrN dual-layer coasofution, specimens with the three different
substrates, i.e. C67 - Aisi304 steel and the All8lldy, present a similar damping behaviour (Figs2),
since the ratiotm(D)/Re(D)of coated and uncoated specimens only presemit glifferences over the tested
frequency range. Of particular interest are the mlaghbehaviours shown by the Al1000 specimens doate
with the Ti+TiO, dual-layer and with the Al oxide single-layer (§i8,5). In both cases thm(D)/Re(D)
ratio is higher for the coated specimens than lieruncoated ones. The condensed constitutive dgntva
material models for these two specimens are regharteFigs.8-9 and compared with the experimentally
estimated values and a computational non-condensee!.

3.2 Discussion

Observing the presented results only two (Figs.8fShe seven different coated specimen typologies
show an improved damping behaviour with respectiiooated specimens. In both cases the substrate
material is the AI1000 alloy . It can be noted ttia Ti+TiO, dual coating applied on harmonic steel and
stainless steel seems to have no effects on thenspe dissipative properties (Figs.1,6). The dagkl
coating thickness, structure and composition is game for all three substrate materials, and #ssilt
indicates that the damping behaviour improvemerghinbe due to the energy dissipated by the friction
actions at the interface between the Ti bond @arland the Al alloy. Such a difference is notestsd for
Cr+CrN coating layers, whose effect does not appiggificant over the tested frequency range atiglribt
related to the type of substrate employed (Figsi2,4
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Figure 4: (a) Estimated valueslaf(D(w))/Re(Dg)) ratio for dual-layer Cr+CrN coated
AI1000 specimen (red) and homogeneous Al1000 smatifnlue),
and (b)Im(D(w))/Re(Dg)) relative difference.
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Figure 5: (a) Estimated valueslai(D(w))/Re(Dg)) ratio for single-layer Al-oxide coated
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Figure 6: (a) Estimated valueslai(D(w))/Re(D)) ratio for dual-layer Ti+TiQcoated

AISI 304 specimen (red) and homogeneous AlSI 3@tispen (blue),
and (b)Im(D(w))/Re(Dg)) relative difference.
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Figure 7: (a) Estimated valueslaf(D(w))/Re(Dg)) ratio for dual-layer Cr+CrN coated
AISI 304 specimen (red) and homogeneous AlSI 3@tispen (blue),

and (b)Im(D(w))/Re(D)) relative difference.

Differences can be noted also for the Ti+Ti@hd the Al oxide coating solutions applied on shene
Al1000 substrate. Application of the single-layelr dxide coating significantly increase the(D)/Re(D)
ratio across all the measured frequency range howssa notable and stable effect for frequencidswe
50Hz. The effect of the dual-layer Ti+Ti@oating is noticeable only for frequencies abo@lZ. The
difference in magnitude of then(D)/Re(D) with respect to the single-layer Al oxide and theal-layer
Ti+TiO, coatings can be due to the different thicknesgh®two coating layers. These two coating solutions
can be considered a possible tool for the improveérobthe damping behaviour of Al components. Fathb
coating solutions a condensed model of relatively brder 6=13) was obtained and is shown in Figs.8-9.
Such model is obtained by condensing a high oraetainph=43).

It is desirable for a coated components to possdiser characteristics than effective vibrational
damping, i.e. the coating layer should modify tboenponent geometry as little as possible, it shenksure a
good statical and kinetical substrate adhesionjbéiig a good fatigue strength after prolonged licyc
loading. This latter aspect in particular has tovbdfied by repeated cycle loading tests thatstileto be
completed at the time of this work.

Another aspect that deserve deeper analysis immtuelling of the coated beams. While the presented
condensed model is useful in order to obtain theeria constitutive relationship, it cannot be usedesign
different composite coating solutions than the qmeviously tested. For investigating and designing
multi-layered specimens an effective model sho@dable to take into account the different charésties
of layers made of different materials, and alsoittteraction at the interface between layers. Arerced
multi-layer beam theory is being considered as deatting tool with better predictive capabilitiesrfthe
study of multi-layered specimens.

At the time of this work the multi-layer model i8llsat the development stage. Some preliminary key
features of this multi-layer model are presenteth@énext section.
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3.3 Multi-layer beam model

The classic Bernoulli-Euler and Timoshenko beanotiies can be modified to deal with composite
multi-layered beams, where the layers have signitly different parameter values. High-order beam
theories, e.g. layer-wise theories [25-26], th&kginto account the stress strain relationshighefsingle
layers can be taken into account. Usually in layise beam theories the number of kinematic vaembl
employed increase with the number of layers arglahn lead to high computational load if compositih
a high number of layers are considered. In the ated zig-zag beam theories (a specific sub-type of
layer-wise theory) the number of kinematic varigbtibes not depend on the number of layers, arsl it i
assumed that the longitudinal displacements preaepattern different from the Euler-Bernoulli limea
standard pattern and that the transverse sheas gtigplay continuity along the beam thickness atnithe
interface between the layers. The base for theiayer beam model being taken into account is a
non-linear third-order theory of multi-layered dbgR7].

In Fig.10 it is schematically represented the nsirsiple case of multi-layered beam, a dual-layenhea
with rectangular cross sectién= H [, and constituted by two layers of generally difarthicknes$, and
h,=H-h;. Fig.11 shows a possible longitudinal displacemeudttern related to the same dual-layer case
example. It is assumed that for each layer thesst), shear stresg( strain €), and shear straip)
relationships are:

Jxx = Ei g’><>< ; Txy = Gi D/xy ; I= 1! (9)

WhereE; andG; are the axialXx direction) and sheaiy direction) of the i-th layer. Strain and shear
strain in terms of the longitudinal displacemafi,y,t)and transverse displacemefit,t) (that is considered
not dependent frory) are defined by :

N2
£ :u’+—(v) : yxyzg—;+\/ (10)

()’ represent the derivate with respect toxtw®ordinate. At the layer interface=h;) the continuity of
u(x,y,t)andz,(x,y,t)is enforced:

ulayerl ( X h' t) = l"ayerz( X I]! t) ; Z-Iayerl( X"EI] ') = Z-Iayerz (X! l;_] !t (11)

Longitudinal and transverse displacements thail$uHg.11 can be expressed in the form [25]:

vavixt) oousuoy) =y x g X € el x) (12)

N y
H
Layer 2
hy
Layer 1
0 X

Figure 10 -Dual-layer beam schematic representation
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Figure 11 — Schematic representation of a thidkoeig-zag model
longitudinal displacement pattern fodaal-layer beam

Vv, Up and¢ are the three displacement variables used toibdesitre beam motion and this is also true for
beams with an arbitrary number of laydtgy) is piecewise cubic function gfand is dependent frof, G;.
andh; (i=1,2).

The equations of motion as an explicit functiorthe three displacement variables can be obtaired fr
the virtual work principle. It is considered a gdaoelual-layer beam with applied for€gdirected along the

y axis and perfectly bonded interfaces betweernrsaye

[(ot@e)dv + [(GIBy) dv=-[(pDuB ur pOND y dw [( @ ) @ (14)

\ \

Wherel" is the beam section perpendicular toytteis. The equations of motion results:

K, W - K, V" + K, [ + K,/ OV = M,[00,— M,OV+ M
K, [y — K, O + K" + K,(V O + vIV) + NOU+ NOW & MOu- MO'w M@+ NI (15)
K, ) - K OV + K [ + K,V OV - K,[p= M,0u,— M,[V+ M

The dependence from the different layer materrakststrain relationship is taken into account leans
of K (i=1, ... ,7),NandM, (r=1, ... ,6) defined by:

H

Eldy+TEzdy : @:T( EOY dwT( EOY dy; H EE)yay B (F)ydy

0 hy

~
£
1

hy
(E.07) dy+ [( B DY) dy ; rg:? EOYIK )/dyT E1Y F)y dy; (16)

E, Oy [F(y dy+jEzD>%DF(>)dy K=I @Eaz(y)} IGZEE a(yy)Tdy

0

P —y T

~
o
I

Z
£
1
Ot T O T O—— T

hy hy H h H
N=[(E ) dy+j EE)dy; M=[pdy[p,dy; M=[(p,0) dy[(p,0) dy
0 0 hy 0 hy
h
M3=IP1EF(y)dy+Ip2DF(y) dy ; M,=

0

h H
M, jpltyEF dy+IPZDyDF(>)dy M=[p,0F ¥ dy [ p, (F(y)dy
0 hy

(0,0¥) d j (0,09 dy; (17)

h

o'—.»P'
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Moreover another contribution, able to take intecamt the action of frictional forces at the inéee
between layers, can be added to Eq.14-15 . Suabdalrextended to multi-layered beams with an eatyit
number of layers should be able to effectively dbscthe damping behaviour of composite beams
constituted by layers of broadly different matesjednd could be used to design coated componetits wi
specifically tailored dissipative properties.

4 Conclusions

Multiple coating solution applied to different miitasubstrates were experimentally investigatezieh
tested specimens types were considered, and twedcealutions showed an improved damping behaviour
with respect to uncoated ones, these solutionsgb&idual-layer made up of Ti+TiGnd a single-layer
made up of Al oxide, both applied to an Al1000 stdie. The condensed constitutive equivalent nedteri
models of the two specimens were identified.

Further investigations need to be carried on. Aewidnge of coating solutions will be tested irufat
work to ascertain both damping behaviour and thigua resistance under cyclic loading. An improved
multi-layered beam model, based on high order Amyg&r beam theories, will be developed and
experimentally validated to explore new coatingisohs being optimal with respect to damping bebawi
and other engineering specifications.
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