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Abstract. Stress control of structures by means of active smart material has evolved in recent
years. The structure’s stress control can typically be considered as strengthening that effects the
structure’s load-carrying capability. The stress-concentration cause by holes and notches produces
a large variation and significant increase in stress. The control of the stress concentration and its
distributions in the notched area is valuable for many practical and design applications. This study
investigates the impacts of the piezoelectric actuators on control of the stress concentration factor
(SCF) for an aluminum plate with opposite semicircular notches. Finite-element method (FEM)
is used to access the SCFs due to external static loading. The stress control efficiency is assessed
by the SCFs as an effectiveness criterion. The results indicate that SCFs reduces linearly with
active piezoelectric actuator.
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1. Introduction

Stress concentration factor is a crucial parameter in the structural analysis, specifically for
structural with holes and notches. SCF is the relation between the notch maximum stress and the
normal stress when there is no notch [1]. High SCF can lead to initiation and propagation of crack
which result in catastrophic failure. Smoothing the stress flow near the geometrical discontinuities
can decrease the high SCF. Different methods used to reduce the SCF includes strengthening of
the hole by adding composite material [2], using auxiliary holes in the vicinity of the high SCF [3]
and optimization of the hole shape [4].

The piezoelectric materials offer distinguished advanced technique to control the high stress
issues on the notched structural. This is due to the ability to adjusted the piezoelectric materials to
the change in the external load with little growth in the structural weight. Furthermore, in the
aerospace and automotive engineering, the structure high stress control using the piezoelectric
actuators at the notched position can prolong the service life and cost-effective alternative to
restore the structural integrity.

The stress generated by the piezoelectric patches on the host structure can help to mitigate the
stress concentration due to the external load. Different methodologies used for the active stress
control and repair via the piezoelectric actuator [5-6]. Reduction of the stress concentration near
notches and holes using the piezoelectric actuators was investigated by Rogers [7]. The study,
conducted by Shah et al. [8], found that 33 % of stress concentration on a finite plate with a hole
can be obtain using the active piezoelectric actuator.

Recently, the importance of power, stiffness and placement of the piezoelectric patches on
reduction of the SCF around a hole was conducted by Fesharaki et al. [9, 10]. A novel study to
reduce SCF constructed on the particle swarm optimization was investigated by Fesharaki and
Golabi [11]. Their outcomes indicated that tension stress near a hole can be decrease using
specified piezoelectric patches pattern recognition. Abuzaid et al. [12] studied placement of the
piezoelectric actuator above a hole in plate subjected to far field tension. Their results showed that,
the positive power on the piezoelectric decrease SCF and alliteratively, the negative power on the

1 34 VIBROENGINEERING PROCEDIA. MAY 2020, VOLUME 31


https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2020.21311&domain=pdf&date_stamp=2020-05-07

STRESS ANALYSIS OF PLATE WITH OPPOSITE SEMICIRCULAR NOTCHES AND ADHESIVELY BONDED PIEZOELECTRIC ACTUATORS.
AHMED ABUZAID, MEFTAH HRAIRT, HASHIM KABREIN

piezoelectric increase SCF. However, most of the previous works are limited to two-dimensional
analysis and there is no study on the applications of the piezoelectric actuator stresses on the notch
structural.

This work investigates the control of stress concentration using the piezoelectric actuator near
the notches that cause a change in the stress distribution and can lead to the crack/damage initiation
or propagation in thin plate structures used in spacecraft, aircraft, or automotive industries. For
this the aims the piezoelectric effect on the SCF for a plate with opposite semicircular notches
integrated with a piezoelectric actuator was studied. The main object is to examine the induce
tension/compression stresses by the piezoelectric actuator in the increase/decrease of the SCFs.
Finite-element Method (FEM) is used to obtain the SCFs under tension.
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Fig. 1. Plate with opposite semicircular notches Fig. 2. Schematic of the plate tensile
and integrated piezoelectric patch and compression region

2. Problem formulation

A plate with central opposite semicircular notch with an integrated piezoelectric patch
subjected to a uniaxial external tension is considered as shown in the Fig. 1. Two piezoelectric
actuators were placed throughout the plate width. In this work, the stress concentration factors K;
is given as [1, 13]:

0,
K, = ﬂ‘ (1)

anom

where 0,4, and o,,,,, are maximum and nominal stress respectively. The piezoelectric actuator
placed near to the region of the tensile/compression stress of the host plate and subjected to electric
filed. The electric field produces compression/ tension stresses on the patch which will transfer to
the host plate over infinitesimal distance [14]. The stress produces by the piezoelectric actuator
will change the stress/strain distribution on the region of the tensile and compression stresses of
the host plate (Fig. 2).

The electromechanical constitutive equations for the response of the piezoelectric material
are [16]:

{1} = [c®]{S} — [e]"{E}, 2)
{D} = [el{s} + [¢°HE}, (€)

ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479, KAUNAS, LITHUANIA 135



STRESS ANALYSIS OF PLATE WITH OPPOSITE SEMICIRCULAR NOTCHES AND ADHESIVELY BONDED PIEZOELECTRIC ACTUATORS.
AHMED ABUZAID, MEFTAH HRAIRI, HASHIM KABREIN

where {T} = {Ty; Tpy Tas To3 Tyz Ti2}" is the stress vector, {D} = {D; D, D;} the electric
displacement, {S} = {S;; Sy, S33 25,3 25;3 251,37 matrix, [¢] the dielectric constant matrix, [c]
the elasticity constant matrix. Superscripts S and E indicate the value at constant S and E
respectively.

3. Finite element analysis
3.1. Material and geometrical properties

The plate and the piezoelectric actuator dimensions are L = 200 mm, H = 40 mm,
Li=L,=05L, r=5 mm, hp = hyy = 20 mm, wp = wyy = 0.1L mm, tp, = 0.5¢t, and
tqeqa = 0.03 mm. The material properties are as in shows Table 1.

3.2. Finite element model

Generally, the high gradients of the strain/stress in the region of the discontinuities used to
determine the SCFs. Therefore, very fine mesh near the discontinuities is inevitable to capture
accurate SCFs. In the present study, the FEM model is carried out using a commercial code Ansys
17.0. Element SOLID186 employed to model the host plate and the adhesive layer while the
coupled field element SOLID226 was used for the piezoelectric actuator. Only one- half of the
plate with appropriate boundary constraints was modeled due to symmetry.

Table 1. Materials properties of the aluminum, PIC151 and Adhesive

Parameter Aluminum PI 151 patch Adhesive
Density 2715 Kg/m® | 7800 Kg/m? 1000 Kg/m?
Poisson ratio 0.33 0.34 0.3
Young’s modulus | 68.0x10° N/m? 5.09x10° N/m?

Fig. 3. Finite element model of the host structure and the piezoelectric actuator
4. Results and discussion

The nodal stress distributions in area of the semicircular notches without actuator, with passive
actuator and active piezoelectric actuator (with negative 100 V) are as depicted in the Fig. 4 The
applied negative electric filed will cause the patch to subject to positive strain. The figure
illustrated that the plate nodal stress decreases with the active piezoelectric actuator. The high
stress near the notches was redistributed due to the counteract stresses generated by the
piezoelectric actuator around the notch in the way that results in reduction of the SCFs. Another
noticed point that the reduction of the stress concentration can be seen after application of external
voltage is accompanied with increase in the high tensional stress areas while the compression
stress area on the host plate decreases.
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Fig. 4. Distributions of the nodal stress

Fig. 5 shows the effect of the positive/negative electric field on the SCFs when the
piezoelectric actuators placed in the region of the high tensile stress. The result indicate that the
negative electric field redistribute the stress near the notches in such manner that the result SCFs
reduced, while the positive electric field leads the SCFs to increase.

The SCFs at the semicircular notches for various negative electric filed with a piezoelectric
actuator placed near to compression and tensile zones (hp = H) and adjacent to the semicircular
notch lower edge (L, = ), illustrated in Fig. 6. The results indicate that SCFs declines with the
increase in negative electric filed due to compression stresses generated by the actuator in the
surrounding tensile and compression region of the host plate. It observed that the maximum stress
is dropping down with application of the piezoelectric actuators and after that the relation with the
applied electric field become linear and proportional to the applied electric field. This drop of the
stresses value is attribute to the passive stiffness of the piezoelectric actuators.
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Fig. 5. The effects of positive/negative Fig. 6. SCFs variation with
electric filed on the SCFs negative electric Field

Fig. 7 shows the variation of SCFs with the piezoelectric actuators distance from the notches
center line Le. The electric filed is applied such that it produces compression stress on the host
plate. The results depict that the reduction of the SCFs with applications of the voltage is
conditional, and it will be less efficient when the piezoelectric actuators is located too far from the
semicircular notch edges. This is associated to piezoelectric actuator effectiveness distances. As
result, placing the piezoelectric actuators far from the notches will give small reduction on SCFs.
Consequently, to obtain high reduction of the SCFs its good idea to place the actuator near the
semicircular notches.
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Fig. 7. SCFs variation with piezoelectric Fig. 8. The variation of SCFs with the
actuators distance from the center line L, piezoelectric actuators length h,,

The effects of the piezoelectric actuator’s length h,, on the SCFs with negative electric filed is
illustrated in Fig. 8. The figure shows that the when the piezoelectric actuators placement cover
any region of the compression zone of the host plate the trend of the reduction is similar and lead
to mitigations of the SCFS (h, = H and h, = 0.75H). Alternatively, in the case that the
placement of piezoelectric actuators length cover only the region of the tensile zone of the host
plate (h, = 0.50H and h,, = 0.25H), the stress concentrations increases with applications of the
electric field until it rises beyond the initial stress concentration without piezoelectric actuators.
The distributions of the stresses show a superposition of the far stresses field from the tension and
the stresses from the piezoelectric actuators which finally lead to increase of the stresses in vicinity
of the semicircular notches. However, in order to reduce the SCF, the piezoelectric actuators in
the zone of the high tensile stress gradients can be applied with positive electric field to produce
compression stress on the patch.

Fig. 9 shows the SCFs variation versus the piezoelectric actuator thickness tp. Increasing the
piezoelectric actuators thickness increases the host plat passive stiffness which lead to reduction
of the initial SCFs. The relation between the reduction of the SCFs and the piezoelectric actuators
thickness is large for relatively low negative voltages (less than 400 V).
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Fig. 9. The variation of SCFs with the piezoelectric actuators thickness tp

5. Conclusions

The effect of the piezoelectric actuator on the SCFs has been investigated for a rectangular
plate with opposite semicircular notches under static uniaxial external loading. The results
demonstrate the effectiveness of the piezoelectric actuator in the control and mitigations of SCFs.
However, this effectiveness is dependent of the apply electric field, actuator location from the
notch and the magnitude of the applied voltage. The results indicate that SCFs reduces linearly

1 3 8 VIBROENGINEERING PROCEDIA. MAY 2020, VOLUME 31



STRESS ANALYSIS OF PLATE WITH OPPOSITE SEMICIRCULAR NOTCHES AND ADHESIVELY BONDED PIEZOELECTRIC ACTUATORS.
AHMED ABUZAID, MEFTAH HRAIRT, HASHIM KABREIN

with active piezoelectric actuator. Further research needs to be conducted to optimize the
piezoelectric actuator shape and placement to maximize the reductions of SCFs.
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