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Abstract:  This study presents a new method to solve the difficult problem of precise machining a non-cylinder pinhole of a
piston using embedded giant magnetostrictive material (GMM) in the component. We propose the finite element model of GMM
smart component in electric, magnetic, and mechanical fields by step computation to optimize the design of GMM smart com-
ponent. The proposed model is implemented by using COMSOL multi-physics V3.2a. The effects of the smart component on the
deformation and the system resonance frequencies are studied. The results calculated by the model are in excellent agreement
(relative errors are below 10%) with the experimental values.
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INTRODUCTION

The most important part of an engine, the piston
directly influences the engine’s performance and even
the whole performance of the power transmission
system. When the fuel consumption, output power
and rotating speed of the engine increase, the piston
bears increasing gas pressure and inertia force, which
makes the piston pinhole bear an increasing load. To
improve the bearing capacity of the piston pinhole,
the shape of the hole can be gradually developed
towards a pipe socket, ellipse and component hole
(Suhara et al, 1996; Silva, 2006). This non-
columniform pinhole is called as a “non-cylinder
pinhole”. At present, the mature methods of machin-
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ing the non-cylinder pinhole include lever tool bar
machining, eccentric tool bar machining, eccentric
spindle machining, and profiling or boring machining
(Weng and Weng, 1998; Hu et al., 1999). All these
technologies use mechanical components and profil-
ing, leading to some disadvantages, such as compli-
cated structures, high-standard demands of manu-
facturing accuracy for parts, abrasion with long op-
eration time, uncertain manufacturing accuracy. Ac-
cording to Hu et al.(1999), Zhang et al.(2003) and
Zhai et al.(2007), piezoceramics, giant magnetostric-
tive materials (GMM) and deformation of the struc-
ture can be used to machine a non-cylinder pinhole.
This, however, leads to a very complicated structure.
In this study, a smart component for precise machin-
ing a non-cylinder hole is designed by embedding
GMM directly into the component.

Since there are multi-physics coupling fields,
such as electric, magnetic, and mechanical fields in
the GMM, the key point to optimize the design of the
GMM component is the computation of the
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multi-physics coupling fields. Current commercial
softwares, such as ANSYS, NASTRAN, SAP, and
COMSOL multi-physics only include the coupling
computations of the piezoceramics electric and me-
chanical fields, but do not have the coupling compu-
tations of the electric, magnetic and mechanical fields
needed to simulate the GMM. ATILA is a profes-
sional software aimed particularly for piezoceramics
and giant magnetostrictive transducer design and can
be used to calculate the coupling computations of the
electric, magnetic and mechanical fields and fluid
linearity (Claeyssen et al., 1997; Heinonen et al.,
2005). It separates the GMM magnetic field into the
source magnetic field produced by driven coil and the
magnetic field produced by magnetization. The
source magnetic field is depicted by the predefined
current function. However, the function is not able to
depict magnetic distribution in all situations
(Claeyssen et al., 1990). It can only be used for
transducers, not for the other GMM actuators.

Many researchers have done a lot of work with
the finite element analysis (FEA) of the GMM
multi-physics coupling field and proposed some
valuable models (Kaltenbacher ez al., 2001; Besbes et
al., 2001; Karim et al, 2004; Ghosh and
Gopalakrishnan, 2007; Galopin et al., 2008). Dean et
al.(2006) and Watts et al.(1997) stated that magne-
tostrictive and thermal components of the mechanical
strains of the GMM can be separated as internal
components of strain in order to properly implement
the FEA of the GMM beam. However, constant
magnetostrictive strain components cannot truly
show the distribution of the magnetostrictive strain in
the GMM. Mo et al.(2000) simulated the GMM as
piezoceramics in order to implement FEA of the giant
magnetostrictive transducer using ANSYS. Because
the magnetic field that drives the GMM is produced
by the drive coil current and the input variable is
current, an approximate error is going to be generated
during computation. Benatar and Flatau (2005) and
Perez-Aparicio and Sosa (2004) used a magnetic
vector potential to compute the coupling of the elec-
tric, magnetic and mechanical fields in the GMM.
Regardless, the number of degrees of freedom (DOFs)
on a node can be excessive, and too much memory is
occupied for the 3D structural computation. As a
result, calculation speeds are slow and the memory
often runs out. Under these circumstances, the cou-

pling of the three above-mentioned fields in the GMM
is decomposed by first computing the magnetic field
created by the drive coil, and then by computing the
magnetic and mechanical coupling fields, which is
described in this study. The coupling field computa-
tion of the magnetic field consists of the source and
demagnetizing fields created by the drive coil current
and demagnetizing, respectively. The demagnetizing
field is described by using a reduced magnetic poten-
tial. The above computing is implemented by using a
finite element weak form formulation with COMSOL
multi-physics V3.2a. For the designed smart compo-
nent, its static deformation, natural frequencies and
modes of vibration are studied using 3D finite element
models as presented in this study. The presented finite
element models are verified by comparing the FEM
calculations and experimental results.

MACHINING PRINCIPLE OF THE SMART
COMPONENT FOR A  NON-CYLINDER
PINHOLE

We present a new structure for machining a
non-cylinder pinhole by embedding the GMM directly
into the component. The schematic diagram of the
smart component after distortion is shown in Fig.1.
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Fig.1 (a) Schematic diagram of the embedded GMM
smart component after distortion; (b) A tiny turning
angle 0 of the smart component
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Under the driving current, the GMM elongates
and bends the smart component generating a radial
feed. By controlling the input current, the precise
machining of the non-cylinder pinhole can be
achieved. The magnetostrictive constant 4 of the
GMM is the function of the driven magnetic field H,
i.e., A—=F(H). The drive coil current and the magnetic
field has the approximate functional relation H=nl,
therefore, the magnetostrictive constant 4 is the func-
tion of the drive coil current, i.e., A=F(nl). A small
turning angle 6 is produced by the smart component
bending. Fig.1 shows that:

L =Lsing,
L, =Rcos¥,
AR=L +L,—R=Lsin@+ Rcosf—R.

Because 6 is small, it can be concluded that
sinf=0, cosf=1 and AR=LH. Moreover, 0 is propor-
tional to AL, i.e., 0=kAL, where k is the scale factor.
Therefore, the radial increment can be obtained by
AR=kLAL. Since A=AL/L’', where L' is the length of
the GMM, the radial increment is the function of the
current, i.e., AR=kLL'F(nI). As can be seen from the
above equations, the desired radial feed to machine
the non-cylinder pinhole can be achieved by control-
ling the drive coil current.

FINITE ELEMENT MODEL OF THE GMM SMART
COMPONENT

To accurately analyze the performance of the
smart component driven by embedding the GMM, the
coupling effects of the electric, magnetic, and me-
chanical fields in the GMM should be taken into
consideration. In order to reduce the DOFs needed to
resolve the problem, the three fields coupling effects
are computed in two steps. Firstly, the magnetic field
driven by the coil current is computed, where the node
variables are the magnetic vector potentials (4, 4,,
A;). Secondly, the mechanical and magnetic coupling
fields are solved, where the node variables are dis-
placements (u, v, w) and reduced magnetic potential
().

Maxwell’s equations are a set of equations stat-
ing the relationship between the fundamental elec-
tromagnetic quantities. The magnetic field produced

by the coil satisfies Maxwell’s equations:

VxH=1J, (1)
VB =0, 2)

where H, J and B are the magnetic field intensity,
source current density and magnetic flux density,
respectively. The relationship between the magnetic
field intensity and magnetic flux density is as follows:

B=uH, 3)

where u is permeability of the medium. Below is the
finite element equation in weak form:

jV (3A"J —SB"H)AV + L SATHAS=0.  (4)

The magnetic field H in the GMM consists of the
source magnetic field H; produced by the coil and the
magnetic field Hy produced by demagnetizing, i.e.,

H=H +H,, (5)

where Hy=—V¢, ¢ is reduced magnetic potential.
Therefore, the magnetic field of the GMM can be
expressed as:

H=-V¢+H. (6)

In the most general way, the behavior of GMM is
nonlinear. However, the behavior of most giant
magnetostrictive devices may be rather well de-
scribed using a linear theory, because the active ma-
terials are biased. The bias conditions are defined by
the magnetic bias and the mechanical pre-stress, ap-
plied along the GMM rod axis. Considering only the
variations around this initial bias state, coupling rela-
tions between the mechanical and the magnetic fields
of the GMM can be expressed by linear constitutive
equations:

T=C"S—eH, )
B=e¢'S+u'H, ®)

where 7, S, H, B, C", e, M’ are stress tensor, strain

tensor, magnetic field intensity, magnetic flux density,
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elasticity modulus under constant magnetic field,
piezomagnetic constants, and permeability under
constant strain, respectively. Based on the Hamilton’s
principle, the dynamical equations of the GMM can
be derived:

"sLdr =0, 9)

where 9§, #; and t, are the first order differential op-
erator, start time and end time, respectively. The La-
grangian term L is determined by the energies avail-
able in the GMM:

L=F E +W,

— Fxin T s (10)
where the kinetic energy Eii,, potential energy E and
energy W generated by an external force can be ex-
pressed as:

1 .
By = [ picdy, (11)
E = % j (S"T-H"B)dV, (12)
T T
W= u fde+Llu fstl—ngéBstz, (13)

where p, u, S, T, H, B, f, f;, Bs, and ¢ are mass den-
sity, velocity vector, strain tensor, stress tensor,
magnetic field intensity, magnetic flux density, vector
of the mechanical body force, the prescribed vector of
the mechanical surface forces on the surface S;, the
prescribed magnetic flux density on the surface S, and
the reduced magnetic potential, respectively. By sub-
stituting Eqs.(6)~(8) and Egs.(10)~(13) into Eq.(9),
we can obtain:

[ [88'C"S—8S"eH ~5(-V4+H,)'e'S
~3(-Vg+H) u(-Vo+H)+ pdu'ii
—ou" f,1dV - L Su” £dS, + L 5¢B.dS, = 0.

(14

Eq.(14) is the finite element equation in the weak
form for the coupling magnetic and mechanical fields
of the GMM.

COMSOL multi-physics V3.2a is a professional
finite element numerical analysis package. Different

modules can be selected freely and simultaneously to
simulate coupling analysis of any combined physical
fields. To get the static deformations, natural fre-
quencies and modes of vibration of the smart com-
ponent, three different modules were used. One mod-
ule was structural mechanics; the other two modules
were weak form application modes to realize the
Eqgs.(4) and (14), respectively. Variables in Eq.(4)
were {4, 4,, A.} and those in Eq.(14) were {u, v, w,

9

SIMULATION
VERIFICATION

AND EXPERIMENTAL

A radial bending of over 60 pm and resonance
frequency over 100 Hz, under 5-A input current and
80-N resisting force of the tool are required to be
realized by the smart component. Fig.2 shows the
structure of the smart component. It consists of a
component made of 45" steel with radiuses of 15 and
310 mm in length, a semi-cylinder GMM rod with
radiuses of 15 and 60 mm in length, a coil with 39 mm
inner and 73 mm outer radiuses, and 1365 turns.

Fig.2 (a) Scheme of the smart component system; (b)
GMM smart component; (¢) Experiment table

The smart component has a nonaxisymmetrical
structure because of the existence of the semi-
cylindrical GMM, as shown in Fig.2a. Therefore, the
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structure is analyzed by using a 3D model. The ma-
terial properties used in the finite element model are

listed in Tables 1 and 2. These coefficients of

Terfenol-D are obtained at about 60 kA/m magnetic

bias and 0 Pa mechanical prepress. The 3D mesh of

the structure and the distribution of the magnetic field
are shown in Figs.3 and 4, respectively.

Table 1 Material properties of 45" steel of the smart
component

Parameter Value
Density (kg/m’) 7800
Young’s modulus (GPa) 200
Poisson’s ratio 0.3
Relative permeability 1000

Table 2 Material properties of GMM (Terfenol-D)

Parameter Value Parameter Value
Density 9200 ci 3.361
JZ501 35.17 C12 2.340
H33 25 Ci3 2.566
dy” -2.557 33 3.067
dyy’ 5.090 Cas 1.894
dis’ 1.145 Co6 0.510

11 and 33 permeability constants (XIO’7 H/m); d31*, d33*, and d;s
piezomagnetic constants (X107 m/A); c11, iz, €13, €335 Cas, and Co:
elasticity constants (x10'? Pa)
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Fig.3 3D mesh of the smart component
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Fig.4 Z axis distribution of the magnetic field intensity of
the smart component. Slice: magnetic field, z component

According to the relationship between magnetic
field and magnetostrictive strain of Terfenol-D that is
adopted by GMM, an approximate linear area is
chosen during design. The driven magnetic field is
20~80 kA/m. As shown in Fig.4, the axial magnetic
field intensity is around 60 kA/m. Therefore, the de-
signed GMM smart component meets the requirement
of GMM linear working area. Figs.5a and 5b show the
x-direction bending of the smart component without
any resisting force and under an 80-N resisting force
of the tool, respectively. The line plot of the X axis
deformation along the central axis of the smart com-

ponent is shown in Fig.6.
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Fig.5 X axis deformation of the smart component (a)
without any resisting force of the tool and (b) under an
80-N resisting force of the tool. Boundary: x-displace-
ment (m); deformation: displacement
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Fig.6 X axis deformation along the central axis of smart
component
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As shown in Figs.5 and 6, the maximum bending
deformation is 169 um without any resisting force of
the tool, and 82 pm under an 80-N resisting force of
the tool. The GMM smart component designed in this
study is mainly used to machine a non-cylinder pin-
hole of a piston. According to current sizes of
non-cylinder pinholes, machining non-cylinder pin-
holes only needs a tool having 50 um of radial feed.
Therefore, 82 pum radial bending deformation can
implement the machining of a non-cylinder pinhole.
This meets the design requirement so that a piston
pinhole with sufficient dimension can be created.
Three experiments were done under different currents
to test the bending deformation of the smart compo-
nent. The comparison of the simulation results be-
tween the average values of the three experiment
results are shown in Fig.7.

25

20

FEM calculation

Deformation (um)
S

Experiment

0 0.1 0.2 0.3 0.4 0.5 0.6
Input current (A)

@
180

150
120

Deformation (um)
o
(=}

30 Experiment
0%o
0 1 2 3 4 5
Input current (A)
(b)

Fig.7 Simulation and experimental results as a function
of input current. (a) 0~0.6 A; (b) 0~5 A

As shown in Fig.7a, when the input current is
between 0~0.3 A, the starting radius increment shifts
in the negative direction with the increasing of the
current. When the current approaches 0.24A, the

radius increment returns to 0, and then shifts in a
positive direction. Also, between 0~0.3 A, the simu-
lated deformation changes from 0 to 10 um, different
from the experimental result, which relates to the
internal mechanism of the GMM and needs further
study. During this period, the test result shows the
GMM smart component having strong nonlinear re-
lationship. However, the computation result shows
linear relationship due to the finite element model
using linear constitutive relation. The maximum er-
rors between those differences reach 10 um. There-
fore, using the linear finite element model in this
period cannot reflect the performance of the GMM
smart component. In addition, considering nonlinear-
ity will make the design for the control system much
more complex. In a practical application, this range
should be abandoned. When the current is between
0.3~5.0 A, the results calculated by the model are in
excellent agreement (relative errors are below 10%)
with the experimental values, as shown in Fig.7b. As
shown in Fig.7, input current and output deformation
of the GMM smart component have a nonlinear rela-
tion during input current of 0~5 A. However, during
an input current of 0.3~5.0 A, it has good linear rela-
tion with output deformation. Therefore, although the
GMM smart component has nonlinear feature, it
shows approximate linear relation during a certain
period.

The first six resonance frequencies of the system
were calculated using modal analysis and were
308.99, 321.65, 1550.21, 1626.36, 3057.48, and
3905.53 Hz, respectively. The corresponding modes
of vibration are shown in Fig.8.

As shown in Fig.§8, the minimum resonance fre-
quency of the smart component is 309 Hz. The
maximum rotating speed of the smart component in
the boring machine is 3000 r/min, which corresponds
to the frequency response of the smart component
under 50 Hz shown in Fig.9. Fig.10 shows the
maximum deformation of the GMM smart component
as a function of frequency. Fig.9 shows that the
maximum deformation is 172.5 pum at 50 Hz. Fig.10
shows that resonance will occur at 309, 321, 1550,
1626, 3057, and 3906 Hz when the input signal fre-
quency of GMM smart component is 0~5000 Hz.
Resonance does not occur when the frequency is less
than 300 Hz. Therefore, the dynamic performance of
the component satisfies the requirement of machining.
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Fig.8 (a)~(f) First six resonance frequencies and modes of vibration of the smart component, respectively.
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Fig.9 Deformation of the smart component under 50 Hz

CONCLUTION

A smart component for precise machining a
non-cylinder pinhole is presented and the machining

0.12
~ 0.08
g
E 0.04
Z o
g 0 I —t
E
; I

—-0.04

0 1000 2000 3000 4000 5000
Frequency (Hz)

Fig.10 Frequency response of the GMM smart com-
ponent as a function of frequency

theory is analyzed. In order to reduce the DOFs
needed to simulate the nodes, a step method was in-
troduced. First, the magnetic field produced by the
coil was computed. Second, the coupling of the



660 Zhao et al. / J Zhejiang Univ Sci A 2009 10(5):653-660

magnetic and the mechanical fields of the GMM were
computed to establish the finite element model of the
whole GMM electric, magnetic, and mechanic fields.
COMSOL multi-physics V3.2a finite element soft-
ware with weak form equation computations was
used. The designed smart component reaches the
required goal according to the static and modal
analysis. The experimental results show the validness
of the finite element modeling proposed here. The
model is in good correspondence (relative errors are
below 10%) for the applied design of the GMM. The
model presented in this study can be implemented to
aid the design of the GMM smart component, and can
be applied for the GMM actuator design in other
application fields. For example, it can be used to
design GMM sonar transducer and GMM electro-
magnetic valve. Our research group implemented the
design for the GMM smart component using this
model, and the system control part for machining a
non-cylinder pinhole of a piston is in further study. In
this study, only the coupling of the electric, magnetic,
and mechanical fields is implemented in the model. It
is necessary to further study the coupling of the elec-
tric, magnetic, mechanical, and thermal fields. In
addition, the model is using a linear constitutive rela-
tion, which can be used by assuming that the smart
component is working in a certain linear area. If the
whole area of the GMM would to be described, fur-
ther investigation is needed to establish a nonlinear
finite element model.
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