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Macro-Fiber Composites

@ The Macro-Fiber Composite is a seven layered piezoelectric composite.
@ one active layer (PZT fibers embedded in epoxy matrix)
@ two electrode, acrylic and kapton layers.

Advantages
@ Flexibility, directional actuation, environmentally sealed package etc.
Applications
@ Actuators, sensors, energy harvesters, structural health monitoring etc.

http:/ /www.smart-material.com
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Motivation
[ ]

Motivation and Objective

@ In various applications, the MFCs are
subjected to wide range of temperature
due to which the understanding of
thermo-electro-elastic behavior of MFCs
becomes vital.

@ The data available for modeling the MFC is
limited.

@ Dearth of data available in literature.

)

@ To develop a simplified micro-mechanical analytical model to study the effective properties of Macro-Fiber Composites
(MFC) under thermal environment.

To develop a numerical model based on finite element calculations.

(*]
@ To perform the experiments on available MFCs to validate the proposed models.
(*]

To characterize the non-linear hysteretic behavior of Macro-Fiber Composites.
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eoretical models
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Analytical model

Equivalent layered approach

@ The second phase layer thickness variation is directly proportional to the volume fraction of individual phases [7].

@ The assumptions are based on the concept of “rule of mixtures” and “series & parallel capacitance theory”.

-1 T+ T-T [+=7 [-
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Assumptions involved

Iso-field assumptions Weighted average assumptions

Sequence of formulation N AN a— Vf) o
where x can represent (S, T, E or D)
Active layer 51,53, 55 S», 54, Se
(vacty Ty, Ty, Tg Ty, T, T
E3, A6 Ds
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Theoretical models
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Analytical model formulation

@ The strain fields of piezoceramics can be expressed in the equation form as,
Si‘ = Sil’r?. + d;ngi;:‘n + CTE;GX ()

@ The variables which do not change with the phases S; (i = 1, 3&5), T; (j = 2, 4&6), A and E3 - independent variables.
The variables Sj, Tj, and D3 which change - dependent variables.

@ The formulation starts with replacing the matrix dependent variables (Eq. (1); x = m) in-terms of fiber and composite

field variables as shown below:

S = ST = T /(1 = o) + (TS + dES + CTE) A6° @

@ From the assumptions it is evident that 5{ (Eq. 1);x = f)= S;" (Eq. (2)), which leads to deriving a relation of fiber
dependent field variables expressed in-terms of independent field variables as follows:

e — =N =T+ (5 (1 = ) — DT + (@1 = o) — AN @)

@ Substituting the values for i&j and writing in a matrix form, the fiber dependent field variables can be represented in
terms of independent variables as shown below:

(M) = 17! B 155 TETeEs A @
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Analytical model formulation cont.

@ Substituting the derived fiber dependent field variables in Eq. 1, an equation as a function of independent variables

alone is obtained. Finally the electromechanical constants are obtained by equating the coefficients in derived fiber strain

field (Eq. 1) and composite strain field (Eq. 4) as follows:

S = Znds+7Znds
B = Zishy+Zsdy + g
CTEg, = 2165);3 + ZZésgs + CT%s

where, the required constants Zy; are functions of volume fraction of constituents and their material properties.

©)

Homogenization scheme
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Numerical model - Unit-cell model

@ A unit-cell is the smallest part of a periodic composite which contains sufficient information on the geometrical and
material parameters at the microscopic level to deduce the effective properties of the composite.
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Periodic Boundary Co on

@ To ensure continuous deformation and to avoid overlap between unit-cells.
@ In a cubic unit cell, the displacements of a pair of opposite boundary surfaces can be represented as [5]:

S+ _ 8,5+ p.,S— _ g"8.5— p
U 7Sij x/. +ux.,ui 7Sij x/. +u,.

@ The periodic boundary condition for mechanical loading is represented as:

S+ S— _ cavg, S+
u; " — _Sij (x]. -

S—
u; )

%
@ The applied and induced mechanical and electrical fields are evaluated using total volume average technique.

1 o 1 : 1 . 1
Si8 = — [ Sydvol ;TS = — [ Tydool ;E® = — [ Edvol ;DI = — [ Didvol
Y vol Jool gl vol Jvol ! vol Jvol ! vol Jvol

(6)

@)

(]
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Numerical model cont.

Periodic Boundary Condition

Cases Electrical PBC Mechanical PBC

160 GF —ul "=k g g =0 T 5 =0
2(S) u’{Pr — u’lﬁf =0 u;pr — u37 =k u§+ — u§7 =0
3(S3) ”11‘\+ — u?7 =0 14123Jr - u12;7 =0 u§+ - u§7 =k

45y ¢t —hr=0 Wt =0 Bt b=k ST u§T =k

5(Ss5) $Pt — P~ =0 At —ud =k u§+ —uB= =0 “(1:+_ uC™ =k

6] 3 2 1
6 (Sg) u?+7u?7=k uf+7uf7=k ug+7u§7=0
7 (E3) u‘lpr — u’f* =0 u§+ — uff =0 u§+ — u§7 =0

y
Thermal loading

@ The nodes in the A-, B- and C- planes are constrained along X, y and z directions,
respectively.

@ To get uniform displacement, the nodes in the A+, B+ and C+ planes are coupled
along respective directions.

@ Reference temperature is set as 0°Cand 1°C temperature is applied on all nodes. 3
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Experiments
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Experimental characterization cont.
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Results
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Hysteretic behaviour

Static hysteresis

@ The piezoelectric materials exhibits a hysteretic loop even when subjected to moderate cyclic electric field.

Intput Output
D
Input
Intput | i Output
ysteretic P
— [—| Transducer |[—]
Time Input
u(t) fit)
Increasing
Input

Model Hysteretic operator

Yo U(t)
1

70 = [[ wa. Byvaputidads

a=p
u |

B o u(t
where, hysteresis operators -

Ya gH(t), Preisach weighting function
- u(e, B), a and S represent
switching values of the input
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Geometric Interpretation of Pri
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Preisach model
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Evaluation of Preisach weighing function Cont.

(M, m) — M, m,,)
M, m,.)— *
s -
L)
N—u() p M, m) B
10 = 2 [[ waprtads — [[ uia, yiads ©)
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n(t) . n(t)
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st k=gt k=17 ) T(My,mi)
n(t)
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Preisach model
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Derivation of Preisach Model Cont.
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Sur

@ An analytical model based on equivalent layered approach is devised. To account geometric properties and non-uniform
electric field a FE approach with PBC is proposed. Experiments are performed on commercially available MFCs.

@ A comparative study is carried out between proposed models and the experimental results which are in good agreement.

@ The simulated results show that the effect of temperature is significant on the coupling and electrical constants
comparative to mechanical constants.

@ Based on the devised numerical model 10°C temperature rise results in &~ 3.5% increase in coupling constants.

@ In addition to the linear characterization, a classical Preisach model is developed to predict the output of a MFC
subjected to a cyclic excitation voltage.
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