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ABSTRACT

The behavior of piezo-metal-compounds made of laminar piezo-modules and sheet metal which are formed by
various forming processes is simulated. To evaluate the formability of the piezo-modules strains and stresses
have to be known. Otherwise finite element models with a discretization in the dimension of the piezomaterial
are not suitable for forming simulation concerning the size of the model. The simulation method of unit cells is
used to homogenize the material parameters. In order to achieve the real strains and stresses of the piezoma-
terial the strains/stresses obtained with the homogenous material parameters are superimposed with the phase
concentrations from the unit load cases.
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1. INTRODUCTION

In the last years various types of piezo-modules based on plastic substrates were developed [1-3] and investigated
with regard to different potential applications like vibration control [4], energy harvesting [5], and structure health
monitoring [6]. Nevertheless, up to now there is no real large-scale industrial application.

The rather expensive application process of the piezo-modules is one reason for the difficulties with series
production. The plastic modules with embedded piezo-fibers have to be bonded to sheet metal with special
two-component adhesive. This procedure is based on manual handling. It forms a separate production step.
Hence, real economic benefits can only be achieved by a new process chain which incorporates the piezo-module
application into the conventional production steps like forming. The main objective is to directly integrate
piezo-modules as sensors and actuators during the production of structural parts.

This was one of the reasons to set up the Transregional Collaborative Research Centre 39 PT-PIESA “High-
Volume Production-Compatible Production Technologies for Lightmetal and Fiber Composite-Based Compo-
nents with Integrated Piezo Sensors and Actuators” with the promotion of the German Research Foundation
(Deutsche Forschungsgemeinschaft). Focus of the Transregional Collaborative Research Centre PT-PIESA is
the examination of effective technologies for the production of adaptronic components suitable for mass pro-
duction. One examined concept is the integration of commercially available piezo-modules (e. g. “Macro Fiber
Composites” [7]) in structural parts during the forming process of sheet metal.

The piezo-module is placed between two sheet metal layers with different thicknesses. To investigate the
formability the compound of the sheet metal layers and the piezo-module is formed by deep drawing, stretch
forming and 3-point-bending. To avoid excessive tensile membrane stresses of the piezo-module respective piezo-
fibers during the forming process semi-cured adhesive is used to reduce frictional shear stresses. After curing of
the adhesive the embedded module is bonded to the structural parts.

This paper deals with the numerical modeling and simulative investigations of such piezo-metal-compounds
in the forming process.
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To locate the limits of formability of piezo-modules in the investigated compounds information about expected
strains and stresses are necessary. These stresses and strains can be calculated by finite element models. On
the other hand detailed finite element models of the structural part with a discretization in the dimension of the
involved piezo-fibers are not suitable for forming simulation concerning the size of the simulation model.

Due to the periodic structure of the piezo-modules the simulation method of representative volume elements
can be used to homogenize the material parameters. With the homogenized material parameter, the piezo-module
can be integrated in the forming simulation with a simplified material model.

In order to achieve the real strains and stresses of the piezomaterial the strains/stresses obtained with the
homogenous material parameters have to be superimposed with the phase concentrations from the unit load
cases of homogenization. Special consideration has to be given to the modes of loading. Due to the forming
of the sheet metal the piezo-module sustains bending load. Special unit load cases have to be constructed to
determine the phase concentrations for bending. However, due to the large difference in stiffness of the involved
phases (piezomaterial, outer polyimid sheets and epoxy resin) the resulting bending stresses are inaccurate. As
a result correction factors have to be introduced. An increase of accuracy by lowering the errors for the leading
load cases is achieved.

For different forming processes the piezo-module undergoes partly very high deformations which result in
excessive piezo-fiber damage with a module-function reduction. Verification of the simulative determined loading
of the piezo-modules is done by comparison with damage images achieved by computer tomography.

2. UNIT CELL METHOD

To simulate the function or the production technology of an adaptive structural component using finite element
models a discretization based on the scale of the individual piezoceramic fibers is not applicable. Discretization
of a similar magnitude to the piezo-fibers (cross section dimension about 250 pwm) would result in extremely large
models. For this reason the use of averaged material parameters is advisable. These parameters are obtained by
means of homogenization.

In addition to simulating component behaviour and production technology the loads on the individual com-
ponent parts of the composite such as insulation layer or individual piezo-fibers should be known to assess the
mechanical strength or the fracture behaviour. The calculated loads from the simulation with the homogenized
material will be transferred to the single compound elements by means of localization.

For the homogenization step different analytical (e. g. [8]) and numerical methods (e. g. [9]) are available. Due
to the periodic structure of the used piezo-modules the concept of a representative volume element (respectively
unit cell) based on the finite element method was chosen. The basis for the methodological development and
application with the finite element, code Ansys® [10] is described in [11] for elastic compounds. For piezoelectric
materials this method was upgraded in [12,13].

The basic idea of the unit cell method is the equivalence of the specific strain energy of the unit cell wryg
and the effective (averaged) material whomog. In the case of piezoelectric materials the elastic, dielectric, and
piezoelectric energy proportions have to be taken into account.

WRVE,elast — Whomog,elast (1)
WRVE,dielectr =  Whomog,dielectr (2)
WRVE,piezo — Whomog,piezo (3)

The homogenized material parameters (elastic, piezoelectric, and dielectric constants) will be calculated by
using the unit load cases of strain tensors or tensors of the electrical field at the unit cell model. The phase
concentration tensors (phase strain concentrations, phase field concentrations) calculated by the unit load cases
will be used as scaling factors for the loads on the homogenized material. In this way the loads of the internal
components (e. g. the piezoceramic fiber) of the unit cell can be calculated. A schematic of the unit cell method
is shown in Figure 1.

The load cases are normally formulated as constant strain loads at the boundary of the unit cell. This implies
a small unit cell relating to the global load gradient.
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Figure 1. Schematic of the unit cell method.

Due to the loading by bending and the thickness dimensions of piezo-module and sheet metal this assump-
tion is not valid for the investigated piezo-metal-compounds. Hence, unit load cases for bending have to be
constructed. Exemplarily the constraint equation between the displacements of dedicated finite element nodes
at opposing boundaries of the unit cell is shown in (4).

_ _ Y 1
—Ux,1 + Uxyr = €x,0 " ZRVE + €x,1° lRVE . -5
—_— < hrve 2 (4)
Periodicity Membran term Bending term
with =z direction according to width of unit cell
Y direction according to height of unit cell and

corresponding coordinate of nodes
Ux 1, Ux, displacement of left and right node

Ex,0 unit strain load for membrane term
Ex1 unit strain load for bending term
lrRvE width of unit cell

hrvE height of unit cell

3. NUMERICAL INVESTIGATION OF FORMING TECHNOLOGIES
3.1 Material model

As described in [11] the effective mechanical properties for a homogenized shell material are calculated by
solving equation (6) for the stiffness coefficients @Q;;. The load cases are cyclic boundary condition displacements
prescribed on the edges of the detailed modeled unit cell. The geometry for the cell was retrieved from micrograph
pictures of the MFC cross-section (Figure 2).

polyimid topcoat
copper electrode
epoxy

epoxy layer

piezofibre
Figure 2. Geometry of unit cell (right) from micrographs pictures (left).

The elastic work is retrieved as elementwise sum in the load case simulations. Together with the prescribed
boundary condition of the unit load cases, the effective stiffness matrix and the mechanical constants of the



homogenized material are computed. Figure 3(a) shows the unit load cases for tension in fiber and transverse
direction. Figure 3(b) shows the load cases of combined tension in fiber and transverse direction as well as
pure shear. A v. Mises stress distribution plot was chosen to outline the load levels visually. The result of the
homogenization is presented in Table 1. For comparison experimentally determined values from references [7,14]
are stated in the last two columns. The values for the mechanical constants are in good accordance with the
referenced values.

1 1
Welast = */ (UE)dV = */ (ETQE)CZV (5)
3/, 2/,
174 Qi Q12 0 €11
Welast = 5( enn €2 Yoo )| Qiz Qa2 0 €22 | =
0 0 Qs Y66 (6)

2 2 2
= €71Q11 + €39Q22 + V56Q66 + 2611622012 = E Welast,elem Velem

elem

2.006 102.39 202.774 303.158 403,542 ; %22 38 3
52.198 152.582 252,966 353.35 453,734 1204

(c¢) Bending fiber direction (left) and bending transverse direction (right).

Figure 3. v. Mises stress unit load cases.



Table 1. Results of the homogenization for the elastic material properties compared with values from [7,14].

Mechanical property | Unit | Homogenization | Ref. [7] | Ref. [14]
By [GPal 31.01 3034 | 294
K, [GPa 20.37 15.86 15.2
Gy [GPal 6.74 5.52 6.06
Uiy 1] 0.301 031 | 0312

3.2 Geometry model and forming technology

The model geometries conform to the tool and blank sizes in a former experimental research [15] under usage of
three forming technologies: bending, stretch drawing and deep drawing. Bending was carried out with different
punch radii from 70 mm down to 10 mm. The drawing was carried out with two different punch geometries: a.)
punch with uniform radius of 50 mm and b.) punch with a beginning radius of 25 mm at the top and an ending
radius of 100 mm at the flank. Within this paper bending with 50 mm punch radius, the combination stretch
drawing with uniform punch radius of 50 mm and the combination deep drawing with variable punch radius
between 25 mm and 100 mm is numerically investigated. Three-point-bending generates sheet-metal-compounds
with uniform curvature over the part, stretch/deep drawing surfaces with double curvature. Figure 4(a) shows
the geometry model for bending and Figure 4(b) for stretch drawing, both quarter-symmetric. For deep drawing
only the punch form is different from stretch drawing, thus the geometry is not outlined.

1...active region MFC 1...active region MFC
2...non-active region MFC 2...non-active region MFC
3...lower sheet metal 3...lower sheet metal
4...gap spacer 4...die holder
5...punch 5...punch
6. .. fixed bearing 6...die
(a) Bending (b) Stretch drawing

Figure 4. Geometry model (upper sheet metal not shown on either left sides).

3.3 Model validation

Within the forming experiments described in [15], punch force vs. punch displacement plots were recorded.
The curves are used to validate the forming simulations (geometries, material models, tool forces, friction,
computation stability). In Figure 5(a) the experimentally determined results for the forming technologies 3-
point-bending, stretch and deep drawing are outlined with continuous curves. The numerical punch reaction
force vs. punch displacement is plotted in dotted grey lines. The comparison of the curves shows a very good
agreement between the experimental and numerical results for all investigated forming technologies.
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Figure 5. Model validation.

3.4 MFC loading

The MFC respectively the piezo-fibers undergo membrane, shear and bending loads during forming operation.
To evaluate the MFC load level a combined stress/strain criterion is necessary. The homogenized MFC material
model is orthotropic, thus the v. Mises stress criterion is not applicable because of its isotropic nature [16].
The Hill yield surface considers orthotropic material characteristics. It is usable under the assumption that the
brittle piezo-fiber breaks directly after reaching the yield surface without appreciable plastic portions, but critical
stresses for compression/tension in the material axis directions and shear have to be defined [17]. Besides the
sometimes difficult experimental determination of critical stresses for microstructured specimen, the Hill criterion
uses the deviatoric components of the stress tensor, in which the hydrostatic stress state is splitted off. However,
hydrostatic tension can cause damage in the brittle piezo-fibers. Therefore a method was developed based on the
elastic work of the homogenization, which contains the whole stress tensor, to evaluate the fiber loading. The
elastic work can be divided into the load cases i in equation (8): membrane and bending load in fiber direction
and transverse as well as in-plane shear according to the general loading of the MFC in the forming-compound
and the material model for the linear-elastic orthotropic shell used in the forming simulation.

Welast = Z Welast,i (7)

with 7 ...index of load cases

Furthermore with equation (9) the elastic work can be divided into the material components of the MFC k: PZT
(lead zirconate titanate, fiber material), copper electrodes, epoxy and polyimid embeddings.

Welast = ZWelast,k (8)
k

with k...index of material components

With the focus only on piezo-fiber material PZT, which has the lowest tensile ultimate elongation and is critical
for MFC reliability performance, the elastic work of the fiber corresponds to equation (9).

Welast,ﬁber = § Welast,PZT,i (9)
[

Within the load case simulations of the unit cell (RVE) the elastic work of the piezo-fiber in dependence of the
unity values of applied cyclic displacement boundary condition is recorded during homogenization. The forming
simulation is performed with the homogenized material model for the MFC. The elastic work parts for the load
cases are then scaled with equation (11) according to the location-dependent strains £;(X) of the global forming



simulation with a factor H;(X). Therein X = X (z,v, 2).

W omes (X) &2 (X)Qi,RVE

Hi X) = elast,fiber,? _ i,homog 10
(%) Wg;/sﬁﬁber,i (E?Qi)RVE (10)
g2 X

Hi(X):“hOL%() (11)

b)
€i.RVE

The coupling term Hq2(X) in equation (12) for combined tension or compression in the two material directions
differs slightly from equation (11). Therein €1 ryg and €2 gy are defined as tension loads in piezo-fiber direction
and transverse direction.

) = |€1,homog (X)) - [€2,homog (X)|

H12(X
€1,RVE ' €2,RVE

(12)
The displacements in the global model cause an elastic work of the fiber in the detailed modeled unit cell of

Welast,fiber (X) = Z Hi (X)W£¥Eﬁber,i (13)

The computed values are then mapped on the MFC structure in the forming simulation to visualize the elastic
work distribution.

To outline the MFC loading within an experimental investigation, on the one hand the capacitance of the
MFC embedded in the compound specimens after forming and curing of adhesive is measured. On the other hand
the compound specimens were screened by computer tomography (CT) under subcontract by the Fraunhofer
Institute IKTS Dresden. With the CT-images, which show the MFC structure and location, fiber breaks are
detectable. According to the roentgenized specimen the three forming technologies 3-point-bending, stretch and
deep drawing were numerically investigated.

The portions of elastic work for the fiber were computed with the coefficients in equations (11) and (12)
and summed in accordance to equation (13). The elastic strain work is recorded and mapped to the deformed
structure of the MFC in the quarter-symmetry models. In the figures 6(a) up to 6(c) the distributions of
elastic work are shown on the left sides. The CT-images are placed on the right sides with dotted lines, which
define the boundaries of the region of the quarter-modeled MFC structure. Compared with the other forming
processes, 3-point-bending produces an elastic work maximum at a low level. This stands in conformance with
the experimental results described in [18], which show nearly no function degradation of the MFC in capacitance
tests after bending of piezo-metal-compounds down to radii of 10 mm. In the CT-image no fiber breakage is
detectable.

The maximum of elastic work distribution for stretch drawing lies 30 times over the maximum for 3-point-
bending. The used punch had a uniform radius of 50 mm. In the CT-image some fiber breaks are visible. The
capacitance test shows a MFC function degradation of 47 %.

With a work maximum of 0.3224 Nmm deep drawing with pointed punch geometry lies 15 times over stretch
drawing. The punch had a beginning radius of 25 mm at the top and an ending radius of 100 mm at the flank.
The CT-image shows massive formation of fiber breaks and the capacitance test determines a functionality
reduction of 80 %. As shown in the CT-image in Figure 6(b) the beginning of fiber breakage in the MFC centre
is captured well by the MFC loading prediction in the elastic work distribution. The evolution of massive fiber
breaks in Figure 6(c) corresponds well with the predicted high basic load level of 0.0009 Nmm compared with
the mean elastic work for stretch drawing in Figure 6(b) of about 0.001 Nmm with a punch radius of 50 mm.

The beginning of fiber breakage and the load distribution over the MFC is captured well by comparing
the numerical results for the forming technologies. However, for a comparison with the capacitance tests an
integral value of the elastic work distribution is necessary. Therefore a summation S over the MFC structure was
carried out. To provide independence of mesh density and element shapes with equation (14) a surface integral
formulation for S is used.

1
S = Z/ Welast,ﬁber(X)dA (14)
A
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Figure 6. Elastic work distribution in Nmm (left) and CT-image (right).

To compare the computed values for elastic work sum with the experimentally determined results the work sum
is scaled to the lowest capacitance reduction value for 3-point-bending. This generates ascending differences
according to MFC performance reduction (Figure 7). Thus the assumption of a linear relationship between
elastic work and performance reduction due to scaling is not applicable. The higher the MFC loading the higher
is the discrepancy between experiment and model prediction in an exponential manner. A possible reason is,
that evolution of fiber cracks causes an effective softening of the resultant MFC material behaviour, which is not
included in the homogenized linear elastic material model. The MFC loading is overestimated in the simulation
because of generation of too high stresses due to the scalar components of the stiffness matrix @ (first term in
equation (5)). Hence, additional numerical research is necessary to compensate the deviation in the model.
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Figure 7. Model error for linear relationship elastic work — MFC performance reduction.

3.5 Error analysis homogenization

The homogenization method described within this paper provides uniform stiffness values for an effective material
that dramatically reduces computation times in the simulation. By applying this method to an effective shell
structure (equation (6)), the uniform stiffness over shell thickness produces an error in the element reaction forces
and moments. Compared with the detailed modeled unit cell, the bending-behaviour dominating outer regions
are over-represented in the homogenized shell structure due to high uniform stiffness.

Table 2 shows this deviation in the middle column in form of relationships between reaction forces/moments of
a shell structure and the summed reaction forces/moments of the unit cell under loading with the unit load cases.
The last column shows the deviation in percent. The load cases in the first column are outlined with the material
property, which is calculated with the load case (e. g. E1; for the load case membrane tension/compression in
fiber direction). Additionally, the load cases are characterized according to the reaction force/moment component
(e. g. fx for the cross-sectional reaction forces in fiber direction or m, for the bending moment about the material
transverse direction).

Table 2. Deviation of unit cell and shell element reaction force/moment.

Load case — reaction component | Relationship reaction value unit cell/shell [-] | Deviation [%)]
Fi1—fx 1.001 0.11
Eao—fy 1.014 1.45
Goo—fr 0.939 6.08
Geo—1y 0.939 6.08
vio—fx 1.015 1.52
via-fy 1.004 0.45
Di1—my 0.506 49.40
Doy 0.844 15.55
Dsmyx 1.077 7.68

The simplest way to overcome this deviation is the usage of volume elements in the homogenization step with
some elements (> 3) over the thickness of the structure. However, this is not always possible because of the
rising computation times, especially for thin structures with large area dimensions. Therefore a section input
option (for instance a shell section input in Ansys®) can be used to provide additional bending stiffnesses D.



The stiffness matrix @; of different layers j in a section is equal to:

Quu Q12 0
Qi=| Quz Q2 0 (15)
0 0 Qe

J
With the Classical Laminate Theory CLT [19] the stiffness submatrix A and the bending submatrix D is calcu-
lated with equation (16) with respect to the different layers j.

+2
A= ZQJ and D= Zthj(TJ?+Z§) (16)
J J
with  t;  thickness of layer j

2z, distance to the laminate middle surface

For a 3-layer model with an outer material j = 1 and a core material j = 2, A and D in equation (16) reads

QZtg 2 2 t%
+Q —t + + = 1
12 ltl(?)tl btz 2) ( 7)

A= 2Q1t1 + Q2t2 and D
Solving equation (17) for the stiffness matrices @1 and Q2 of both layer materials leads to

D — A(242 54
_ A—Qaty and Qo — 5 (501 +tita + F)
- 2= 3 12

2t 2222 +tity + 2)

@1 (18)

The computation of the single layer stiffness matrices is done by using the stiffness matrix A and a corrected
bending stiffness matrix Dcorr. of the whole laminate. For the symmetric balanced laminate (coupling submatrix
B = 0) the moments induced by curvatures ;; read

My Dy D2 O K11
m=| my |=| D2 Dy 0 K22 (19)
mfy 0 0 D66 K66

With a reaction moment equivalence for unit cell and homogenized shell structure the moments correspond to

MxRVE = k11811 D11 + kaaF12D12 (20)
my RVE = ko2l Dag + k11 F12D12 (21)
Myxy RVE = HKe6L66D66 (22)

The reaction moments of the unit cell stand on the left sides in the equations (20) up to (22). On the right
side the loading of the shell structure, homogenized with CLT is displayed. The components of the bending
stiffness matrix D;; are corrected with the factors Fj;. With the proper choice of load cases it is possible to
solve the equation system equation (20) up to (22) for the F;; and extract the corrected bending stiffness matrix
Deorr.. With a chosen layer thickness ¢; or ¢ (the total thickness is not changed), equation (18) is solved with
D = Dcorr..

The results of the recalculation are outlined in Table 3 again as relationships between reaction values of a
shell structure and the summed reaction values of the unit cell for the different load cases. The deviation in the
bending load cases is reduced from 50 % for moments about an axis parallel to transverse material direction down
to 7 % and from 15 % for moments about the axis of fiber direction also down to 7 %. However, the deviation
for the drilling load case Dgg rises to 16 %. In contrast to the pure bending, drilling results in an understated
stiffness behaviour of the shell structure before correction. The reduction of bending stiffnesses D17 and Do
within correction intensifies this issue.



Table 3. Deviation of unit cell and shell element reaction force/moment after correction of D.

Load case — reaction component | Relationship reaction value unit cell/shell [-] | Deviation [%)]
Enf 1.001 0.15
B fy 1.016 1.55
Goofr 0.942 5.80
Geo—fy 0.942 5.80
vio—fx 1.016 1.64
iz fy 1.005 0.51
Di1—my 1.068 6.84
Dag-ms 1.069 6.92
Degg—1myx 1.162 16.25

4. SUMMARY AND OUTLOOK

In the research of the Transregional Collaborative Research Centre 39 PT-PIESA among others the integration
of piezo-fiber modules (e. g. MFC) direct in the forming process of sheet metal structures is investigated. With
numerical simulation the forming process with integrated piezo-module has to be modeled to predict the piezo-
fiber module loadings. A detailed modeling of the MFC in the scale of the MFC components, e. g. piezo-
fiber and electrodes, is not possible yet because of the model size that results in impracticable computation
times. Therefore a homogenization method is used to generate an effective material model. Due to the periodic
symmetrical build-up of piezo-modules, an unit cell submodel was used to homogenize the mechanical properties
of the MFC components. The unit cell is loaded with several load cases, which simplify the complex stress state.
An existing method was extended by taken bending loads into account. The homogenization leads to effective
mechanical properties that stand in good agreement with values from references.

With forming simulations of the 3 technologies 3-point-bending, stretch and deep drawing, the MFC loadings
are computed. The simulation models were validated with experimentally determined force-displacement curves.
The numerical punch force/displacement results are in very good conformance with the experimental results. To
evaluate the MFC loading in detail, an approach based on the elastic work growth of the piezo-fiber material
is used. The distribution of elastic work over MFC structure in the forming simulation corresponds well with
the beginning of fiber damage and the distribution of fiber breaks, detected with computer tomography images.
An integral sum of the elastic work distribution is used for a comparison between the numerical overall-MFC-
loading with experimental capacitance tests. Because of the linear stress-strain-relationship used in the elastic
work computation the numerical loading prediction overestimates the experimental capacitance results. Therefore
additional research within the Transregional Collaborative Research Centre 39 PT-PIESA is planned.

By applying the outlined homogenization method to a shell structure, the homogenized material response is
too stiff in case of bending loads compared to the detailed modeled unit cell. The reason is that the outer bending
behaviour dominating regions of the homogenized shell structure are over-represented. A method is outlined to
correct this deviation with application of the Classical Laminate Theory (CLT). The maximum bending stiffness
error is reduced by 43 %.
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