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ABSTRACT

Time domain structural health monitoring of laminated composite beam containing embedded magnetostrictive patches, which will act both as sensors and actuators is studied using nonlinear properties of magnetostrictive materials. These nonlinear properties are modeled using artificial neural network. Actuation and sensing coils are considered to activate patches and sense the changes in stress in patches. When the actuator patch is excited dynamically by passing alternating current through the actuation coil, it introduces stress in the structure due to magneto-mechanical coupling effect, which in turn produce magnetic flux in the sensing patches. This magnetic flux generates open circuit voltage in the sensing coils. Measurement of open circuit voltage before and after the damage (delamination) occurrence provides a diagnostic to indicate the presence of the damage. Numerical results have been obtained for one combination of actuator and sensor locations.
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1. INTRODUCTION

Composites have revolutionized structural construction. They are extensively used in aerospace, civil, mechanical and other industries. Present day aerospace vehicles have composites unto 60% or more of the total material used. More recently, materials, which can give rise to mechanical response when subjected to non-mechanical loads such as PZTs, magnetostrictive, SMAs, have become available. Such materials may broadly refer to as functional materials. With the availability of functional materials and the feasibility of embedding them into or bonding them to composite structures, smart structural concepts are emerging to be attractive for potential high performance structural applications [1]. A smart structure may be generally defined as one which has the ability to determine its current state, decides in a rational manner on a set of actions that would change its state to a more desirable state and carries out these actions in a controlled manner in a short period of time. With such features incorporated in a structure by embedding functional materials, it is feasible to achieve technological advances such as vibration and noise reduction, high pointing accuracy of antennae, damage detection, damage mitigation etc. [2, 3].

Some magnetic materials (magnetostrictive) show elongation and contraction in the magnetization direction. This is called the magnetostriction, which is due to the switching of a large amount of magnetic domains caused by spontaneous magnetization, below the Curie point of temperature. Due to magnetostriction and its inverse effect (Villery effect), magnetostrictive materials can be used both as an actuator and as well as a sensor. Magnetostrictive materials for such application are demonstrated in this paper.

Noncontact magnetostrictive strain sensor was explored by Kleinke D. K. et al. [4] and the study of magnetostrictive particulate actuator was done by Anjanappa, M. et al. [5]. Sensing of delamination in composite laminates using embedded magnetostrictive material was studied by Krishna Murty, A. V. et al. [6]. The constitutive relations of magnetostrictive materials are essentially nonlinear [8]. Moreover, the strain always remains positive for either positive or negative applied field. Therefore, the vibration frequency will be twice that of the magnetic field if only the magnetostrictive material is subjected to an alternating field. This is the so-called double frequency effect. Anhysteretic nonlinear constitutive relationships was studied by Krishna Murty, A. V. et al. [6], where the magnetostriction was consider as forth order polynomial of applied magnetic field for different stress level. Dapino, M. J. et al. [9] was modeled the strains and forces generated by magnetostrictive transducers in response to applied magnetic fields considering both the rotation of magnetic moments and the elastic vibrations in the transducer. In this paper magnetostriction as actuation is considered as nonlinear function of stress and applied magnetic field on the actuator. Magnetostriction is modeled using a three layer artificial neural network (ANN) trained by back propagation algorithm for compressive stress level. In input layer two input nodes one for applied magnetic field and other for stress level and in output layer one output node for magnetostriction is used. This artificial neural network is trained using the experimental data given in Etrema manual [8] for compressive stress level. Due to non-availability of experimental data in tensile stress level, magnetostriction for tensile stress level is consider same as compressive stress level. Similarly as sensing characteristic of magnetostrictive material is not available in the literature magnetic flux density, which will be generated from inverse magnetostrictive effect, is consider as linear function of stresses.

Various damages like crack or delamination in composite structures are unavoidable during service time due to the impact or continual load, chemical corrosion and aging, and change of ambient conditions, etc. These damages will cause a change in the strain/stress state of the structure and vibration characteristics. By continuously monitoring one or more of these response quantities it is possible to access the condition of the structure for its structural integrity. Such a monitoring of the structure is called structural health monitoring. Health monitoring application has been receiving great deal of attention all over the world, due to possible significant impact on safety and longevity of the structure. To implement health-monitoring concept it is necessary to have a number of sensors to detect response parameters. Mark Lin and Fu-Kuo Chang [7] have developed a built-in monitoring system for composite structures using SMART layer containing a network of actuators or sensors.

The engineering community has great interest in the development of new real-time, in-service health monitoring techniques to reduce cost and improve safety. With the current NDE techniques, the complex mechanical systems needs to be taken out of service for an extended period of time for the inspection. The inspection becomes even more lengthy and expensive for inaccessible locations. Also, on the same preventive basis, structures are often withdrawn from service early, even if the structure is still capable of performing its task.

Change of structural dynamic performance caused by structural damage that is less than 1% of the total structural size is unnoticeable. Yan and Yam [10] pointed out that when the crack length in a composite plate equals 1% of the plate length, the relative variation of structural natural frequency is only about 0.01 to 0.1%. Therefore, using vibration modal parameters, e.g., natural frequencies, displacement or strain mode shapes, and modal damping are generally ineffective in identifying small and incipient structural damage. The local damage in a structure will cause the reduction of local structural stiffness, so as to lead to variation of dynamic performance of the whole structure. In industry, using the time domain measured structural vibration responses to identify and monitor structural damage is one of the important ways to insure reliable operation and to reduce maintenance cost of in-service structures.

In time domain structural health monitoring, damage is estimated using time histories of the input and vibration responses of the structure. Using time response over a long period while at the same time taking into account the information on several modes so that the damage evaluation is not dependent on any one particular mode. The big advantage of the many methods in this group is that they can detect damage situations both globally and locally by monitoring the input frequencies.

In this work numerical simulation is carried out for a delaminated composite laminate with magnetostrictive patches considering nonlinear actuation properties. Actuation will be given through an actuation coil. Due to this actuation, the structure will vibrate and hence the stress in the sensing patch will change. This change of stress in the sensing patch will change magnetization due to inverse magnetostrictive effect. This change of magnetization will be sensed through a sensing coil arrangement. The signature of damage will be taken from sensing voltage in the sensing coil.

In this paper a numerical study on 12 layered beam containing two patches, one acting as an actuator and the other as a sensor has been presented.

2. CONSTITUTIVE MODEL FOR MAGNETOSTRICTIVE MATERIAL (TERFENOL-D)

Application of magnetic field causes strain in the magnetostrictive material (Terfenol-D) and hence the stress, which changes permeability of that material.8 

The three-dimensional constitutive relationship for magnetostrictive material is generally written as 
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Where {(} and {(} are strain and stress respectively. [S(H)] represents elastic compliance measured at constant {H} and [({(}] represents the permeability measured at constant stress {(}. Here [d] is the magneto-mechanical coupling coefficient, which provides a measure of the coupling between the mechanical strain and magnetic field. In general, [S], [d] and [(] are nonlinear as they depend upon {(} and {H}. However, reasonable response estimation can be obtained by treating them as linear [8]. 

To work with displacement based finite element formulation, above equations can be rewritten as
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Where [Q] is Elasticity matrix, inverse of compliance matrix [S]. [e] and [(] are related to [Q] through
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For ordinary magnetic materials, where magnetostrictive coupling coefficients are zero, [(]=[(], the permeability. Magnetostriction (m is the strain due to magnetic field, which is dH in the Equation (1).
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As in experimental data [8] only longitudinal component of magnetostriction due to longitudinally applied magnetic field is present, only d33 component is available form this experiment. Magnetostriction in this experiment is d33H3. Using neural network the corresponding magnetostriction is calculated for applied magnetic field and stress level. And finally d33 is calculated from this magnetostriction and applied magnetic field using Equation (7). All other element of d matrix is considered as zero.

2.1. Artificial Neural Network: An artificial neural network (ANN) can learn the mapping between inputs and outputs through a sample data set and determine the output of new data based on previous knowledge. Here ANN is used to determine the magnetostriction from applied magnetic field and stress level. Sample data set is taken from the ETREMA manual [8]. The multi-layer feed-forward network, that is the most popular of the much architecture currently available, is used. The network is trained using an error back propagation training algorithm (Rumelhart et al., 1986)[13]. This algorithm adjusts the connection weights according to the back propagated error computed between the observed and the estimated results. This is a supervised learning procedure that attempts to minimize the error between the desired and the predicted outputs. The network used consisted of three layers: one input layer of two neurons (one for each input variable, stress and magnetic field), one hidden layer of six neurons and one output layer of one neuron which is the output variable, magnetostriction Figure-1. The finished ANN model is delineated by the connection weights between the input and hidden layers and the connection weights between the hidden and output layers, which are listed in Table 1 and Table 2 respectively. 

Standard logistic function y = 1/(1 + e-1.7159v) is used in hidden layer as activation function with linear output layer. Input (stress and magnetic field) and output (magnetostriction) data is normalized for better performance of network. Thus normalized stress = (stress (Pa)-1.5243e7)/8.857e6, normalized magnetic field =(magnetic field (Oe)-652)/652 and magnetostriction = (normalized magnetostriction X 0.798e-3)+0.798e-3. Figure-2 gives the magnetostriction and magneto-mechanical coupling coefficient for different stress level (from 6.9MPa to 24.1 MPa) according to this neural network model.

3. FINITE ELEMENT FORMULATION

Finite element formulation begins by writing the associated energy in term of nodal degrees of freedom by assuming the displacement and magnetic field variation over each element. These would lead to the associated stiffness, mass and coupling matrices on minimizing the total energy using Hamilton's Principle. The details of these are summarized below.

Strain energy in magnetostrictive material is given by
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Where {Ue} and {He} are nodal mechanical and magnetic degrees of freedom. KUU is stiffness matrix for mechanical-mechanical degrees of freedom and KUH is stiffness matrix for mechanical-magnetic degrees freedom. Kinetic energy in magnetostrictive material is
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Where {
[image: image10.wmf].

u

} is velocity vector, ( is density of the magnetostrictive material, {
[image: image11.wmf].

e

U

} are nodal velocity of mechanical degree of freedom. MUU is mass matrix for mechanical-magnetic degrees freedom. Magnetic potential energy in magnetostrictive material is
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Where [KHH] is stiffness matrix of magnetic-magnetic degrees of freedom, {He} is magnetic nodal degrees of freedom. Magnetic external work done for N turn coil with coil current I is
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Where n is coil turn per unit length of patch and A is cross sectional area of the magnetostrictive material. Mechanical External Work done is
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Where b is body force. and ( is surface force, {R}T is equivalent nodal load for external mechanical forces of the magnetostrictive material. Using Hamilton's Principle, 
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 we get the following governing equation and its associated force boundary conditions.
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Expanding we get
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Substituting Equation (15) in Equation (14) we get 
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Where
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Here {FH}can be calculated from equation (11). The sensor circuit current is considered equal to zero. From Faraday's law open circuit voltage V in the sensing coil can be calculated.
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Where Ns is total coil turn and ns is coil turn per unit length of the sensing patch.

4. NUMERICAL EXAMPLE

Here we considered one example to explore the use of this material for a real time health monitoring application. In this example, a cantilever beam modeled with the formulated elements having cross coupling stiffness is used to demonstrate the concept of health monitoring. Mechanical displacement fields are considered as
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Where u, v, w are the components of displacement in X, Y and Z direction at location (x, y, z). u0 and w0 are the displacement components in mid plane of the composite beam. (0x is the angular rotation of the mid plane about X-axis. Magnetic fields are
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Where Hx is the magnetic field in X direction. H0x and QHX are X component of mid plane magnetic field and magnetic field gradient in thickness direction respectively.

Numerical simulation is carried out by considering a unidirectional laminated composite beam of total thickness 1.8mm as shown in Figure-3. Length and width of the beam is 500mm and 50mm respectively. The beam is made of 12 layers with thickness of each layer being 0.15 mm. Position of sensor is fixed at 9th layer from bottom of the beam and near the support of the beam, whether the position of actuator is fixed at 1st layer from bottom of the beam and 425 mm apart from support. Size of the actuator is 50mmX50mm with 0.15mm thickness and size of the sensor is 50mmX50mm with 0.3mm thickness. Elastic modulus of composite is 181 GPa and 10.3 GPa in parallel (E1) and perpendicular (E2) direction of fiber. poison ratio((), density (() and shear modulus (G12) of composite is 0.0, 1.6 gm/c.c. and 28 GPa respectively. Elastic modulus (Em), poison ratio ((m), shear modulus (Gm) and density ((m) of magnetostrictive material is 30 GPa, 0.0, 23 GPa and 9.25 gm/c.c. respectively. Magneto-mechanical coupling coefficient is 15E-09 m/amp for sensing properties of magnetostrictive material. Direct transient dynamic analysis has been done in 500 time steps to calculate open circuit voltage of the sensor in each time steps. Each time step is 10 microseconds. Number of coil turn in sensor is 2000 turn/m (100 turn) and actuator is 120000 turn/m (6000 turn). Actuation current at actuator I is 1 Amp at 500 Hz frequency. Numerical results have been given for a fixed position of sensor and actuator (x1=25mm, y1=0.45mm, w1=50mm, d1=0.3mm, x2=425mm, y2=-0.825mm, w2=50mm, d2=0.15mm) combination, for different size of the delamination. Stress and magnetic field history at middle of actuator is plotted in Figure-4. X-directional normal stress history is always compressive due to positive magnetostriction and is large compare to other component of stresses. Magnetic field is proportional to applied current and actuator coil turn per unit length. Magneto-mechanical coupling constant and strain history at middle of actuator is plotted in Figure-5. Magneto-mechanical coupling history plot shows the importance of nonlinear modeling of actuation properties for magnetostrictive material. When magnetic field is negative magneto-mechanical coupling coefficient is considered negative to get positive magnetostriction, which is double frequency effect of magnetostrictive material.

Delamination is modeled considering two elements keeping in the same location, with one integrating from bottom layer to delamination layer, and other from delamination layer to top layer. Study of delamination for structural health monitoring has been done in changing delamination size (l) at the mid layer of the cantilever beam. Delamination is near the support and the size gradually increased from 1 cm to 10 cm. Cantilever tip displacements history and open circuit voltages in the sensor have been shown in 3-D plot. Figure-6 gives the cantilever tip displacement and open circuit voltage in the sensing coil for different size of delamination. From the present results, it is clear, that the concept is feasible as the difference of open circuit voltages between different damage cases are in the mili-volt range.

5. CONCLUSIONS

This study is mainly intended for detection of delamination in composite laminate using a new FE formulation with sensing and actuation capacity of magnetostrictive materials. Actuation and sensing both has been done using actuation and sensing coil arrangement. This technique can be use as forward solution for detection of delamination. (If we know the location and size of delamination by any other NDE, then we can assure the same by this technique.) Creating one database for different size of delamination for different location, location and size of the delamination can be identified. Inverse solution for this problem can be done using any conventional or soft search technique. Further numerical study can be done changing angle ply orientation, location of sensor and actuator and varying applied current frequency. From this point numerical study for optimum number and position of sensor and actuator can be done.
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7. TABLES AND FIGURES

	Hidden Layer Nodes
	1
	2
	3
	4
	5
	6

	Normalized Stress
	2.12732
	0.145089
	-0.655816
	3.54516
	3.26947
	-1.33881

	Normalized Field
	-0.34991
	-1.41249
	0.497111
	-0.988918
	-1.24434
	0.54599

	Input Bias
	0.97986
	-2.33266
	-0.039998
	0.894503
	0.968451
	-1.10809


Table 1: Connection between input layer and hidden layer. 

	Hidden Layer Nodes
	1
	2
	3
	4
	5
	6
	Output Bias

	Norm. Magnetostriction
	1.388
	-2.585
	-1.288
	-1.598
	2.233
	1.202
	-0.927


Table 2: Connection between hidden layer and output layer.
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Figure 1: Artificial Neural Network Architecture.
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Figure 2: Magnetostriction and coupling coefficient for different stress level.

[image: image27.jpg]50 mm

[
)

wwgl =21 X510
>
“““ LU
G
¥ ) &
Lt mm
=

ENSOR |

-

=500 mm

L= 50 mm X 10





Figure 3: Laminated beam with actuator, sensor and delamination.
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Figure 4: Stress and magnetic field at middle of actuator
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Figure 5: Coupling and strain at middle of actuator
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Figure 6: Tip displacement and open circuit voltage in the sensing coil.
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