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Dynamics Modeling and Analysisa New M echanism for Automatic Control of
Angular Velocity of a Rotary Axis

Kh. Faraji Mahyari A Jafari S. S. Mohtasebi A. Hajiahmad

Abstract Actually a new mechanism presented for automatic control of angular velocity of a rotary axis
is a complete power transmission system. This system can produce an almost constant output speed for
different values of the angular velocity input, and can be employed as a suitable coupling between tractor
P.T.O. shaft and agricultural machineries. This system is quite mechanical. In this study, equations of
force, torque and power of the mechanism were extracted and mechanism performance were model ed.
The equations of motion of mechanism are non-holonomic dynamical and differential algebraic equations
with an index of three. Modeling results showed that changing the input velocity in the range of -30% to
50%, variations of output velocity would less than 10%.

Key Words Angular Velocity, Planetary Gear Set, Nonholonomic System, Automatic Control,
Differential-Algebric Equation.
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Analytical Solution for Buckling of FGM Plates with Integrated Piezoelectric Layers
under Open and Closed Circuit Conditions

M.A. Ghasemabadian A.R. Sadi

Abstract In the present paper, based on the classical plate theory, buckling analysis of piezoelectric
coupled FGM rectangular plates is investigated. By assuming the transverse distribution of electric
potential to be a combination of a parabolic and a linear function of thickness, the equiblirium equations
for buckling analysis of plate with surface bonded piezoelectric layers are established. The Maxwell’s
equation and all boundary conditions including the conditions on the top and bottom surfaces of the plate
for closed and open circuited and Levy type of boundary conditions are satisfied. Numerical results show
that, the critical buckling load for open circuit is more than that of closed circuit. Furthermore, the
critical buckling loads increase by increasing the thickness of piezoelectric layers.

Key Words Buckling, piezoelectric, rectangular plate, open circuit, closed circuit, functionally graded
material.
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R
a -
n /s 2hy) 1 0 1
SSSC 05 [8] 1.84256 2.35369 3.22520
Closed 1.84370 2.35515 3.22720
Open 1.84400 2.35553 3.22172
1 [8] 0.91450 1.97146 3.22520
Closed 0.91506 1.97268 3.22720
Open 0.91521 1.97300 3.22172
15 [8] 0.77870 1.86533 3.22520
Closed 0.77918 1.86648 3.22720
Open 0.77931 1.86678 3.22172
SSSF 05 [8] 1.36347 1.49598 1.61262
Closed 1.36432 1.49691 161361
Open 1.36445 1.49711 161385
1 (8] 0.36238 0.48137 0.66578
Closed 0.36261 0.48167 0.66620
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Open 0.36264 0.48172 0.66628

15 [8] 0.17213 0.29459 0.75284
Closed 0.17224 0.29478 0.75331

Open 0.17225 0.29480 0.75340

SCSF 05 [8] 1.37663 1.53290 1.66765
Closed 1.37749 1.53385 1.66868

Open 1.37763 1.53405 1.66893

1 [8] 0.39275 0.56755 0.85305
Closed 0.39200 0.56790 0.85358

Open 0.39302 0.56796 0.85369

15 [8] 0.21682 0.44346 0.98636
Closed 0.21696 0.44374 0.98697

Open 0.21697 0.44377 0.98710

[1] 5555 Jbos 53 gm0 i L Jol ol islie ¥ I

n Pcr
1-0-1 2-1-2 1-1-1 1-2-1

0 [11] 6.86896 6.86896 6.86896 6.86896
Open 6.86593 6.86593 6.86593 6.86593
Closed 6.86571 6.86571 6.86571 6.86571
0.5 [11] 3.82699 4.12798 4.39032 4.80762
Open 3.82577 4.12659 4.38877 4.80582
Closed 3.82555 4.12637 4.38855 4.80561
1 [11] 2.66624 3.01366 3.34075 3.89203
Open 2.66572 3.01294 3.33983 3.89078
Closed 2.66550 3.01271 3.33961 3.89057
5 [17] 1.36540 1.55352 1.82866 2.42859
Open 1.36565 1.55367 1.82864 2.42820
Closed 1.36543 1.55344 1.82841 242798
10 [11] 1.28493 1.40170 1.62962 219111
Open 1.28523 1.40194 1.62972 2.19087
Closed 1.28501 140171 1.62949 2.19065

S S5 5 ilises 3lgn ol ¥ J s

Elastic constants (GPa) Electric constants Dielectric constants
materials (CIm?) (CIVm)

Ci, C& Cc& c5 cf ©s 2 6 En Es
PZT-4 132 115 26 71 73 141 4.1 105 7.124e-9 5.841e9
PZT-5A 121 111 211 759 754 15.8 54 12.3 811e9 7.35e9
PZT-6B 168 163 355 847 842 7.10 0.9 4.60 3.60e9 342e9
PZT-7A 148 131 253 761 813 9.50 21 9.20 4.07e9 2.08e9
PZT-8 137 123 31.3 699 711 175 4.0 10.4 7.97e9 514e9
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I W L S VS PRI P Vi JERTa Vi U PR P S5, = 415,58 o8asS [ileS drs 0sbs Sl 5L £ Jds

n R hp i — i - n R hp i = i =
/4 p=05 =1 /a -=05 =1

02 Closd 15.4320 39.5059 02 Closed 189802 75.9206

0 Open 15.3556 39.3103 0 Open  18.8967 75.5866

0.1 Closd 15.4241 39.4857 01 Closed 189779 75.9115

Open 15.4030 39.4316 Open  18.9550  75.8199

1 02 Closd 20.5760 82.3039 1 02 Closed 26.6219 106.4876

-1 Open 20.4741 81.8964 -1 Open  26.5048 106.0190

0.1 Closd 20.5655 82.2618 0.1 Closed 26.6187 106.4747

Open 20.5373 82.1492 Open  26.5866 106.3463

02 Closed 12.3456 19.7530 02 Closed 14.6195 37.8050

1 Open 12.2845 19.6552 1 Open 145552  37.6386

0.1 Closd 12.3393 19.7429 0.1 Closed 146178 37.8004

Open 12.3224 19.7158 Open  14.6002 37.7548

0.2 Closed 15.4274 39.4941 02 Closed 189798 75.9192

0 Open 15.3639 39.3316 0 Open  18.9069  75.6275

0.1 Closd 15.4224 39.4813 01 Closed 189779 759113

Open 15.4056 39.4383 Open  18.9582  75.8328

2 02 Closed 20.5699 82.2793 2 02 Closed 26.6214 106.4856

-1 Open 20.4852 81.9407 -1 Open 265192 106.0764

0.1 Closd 20.5632 82.2526 0.1 Closed 26.6186 106.4744

Open 20.5408 82.1631 Open 265911 106.3643

0.2 Closd 12.3419 19.7471 0.2 Closed 14.6193  37.8043

1 Open 12.2912 19.6658 1 Open 145631  37.6590

0.1 Closd 12.3379 19.7407 01 Closed 146177 37.8003

Open 12.3245 19.7192 Open 14.6026 37.7612

ST =l 8 oBass 5S ey O Sl LUV Jsd R PGS L PR G+ SN PRRU PR Vg [P - S PR e
n R h a_ a_ n R h a_ a_

/a p=05 =1 /a p=05 =1

02 Closed 11.0211 16.3336 02 Closed 16.9119 56.6616

0 Open  10.8627  15.9237 0 Open  16.8375  56.4123

01 Closed 11.0165 16.3213 01 Closed 16.9098  56.6547

Open 109475 16.1279 Open  16.8894  56.5864

1 02 Closed 11.9872 24.5347 1 0.2 Closed 231738 927465

-1 Open  11.8588  24.1594 -1 Open 230719 92.2873

01 Closed 11.9835 24.5236 01 Closed 231710  92.6990

Open  11.9306 24.3566 Open 231431 925722

02 Closed 99044 113121 02 Closed 132392  26.2835

1 Open 96513  10.8923 1 Open  13.1810  26.1679

01 Closed 98971  11.2994 01 Closed 132376  26.2803

Open 97791  11.0945 Open  13.2217 26.2486

02 Closed 11.0200  16.3304 0.2 Closed 169115 56.6538

0 Open  10.8825  15.9739 0 Open  16.8466  56.4428

01 Closed 11.0160 16.3196 01 Closed 16.9098  56.6546

Open  10.9571 16.1543 Open 16.8923  56.5960

2 02 Closed 11.9864  24.5320 2 0.2 Closed 231734 92.7188

-1 Open  11.8747  24.2053 -1 Open  23.0844 92.3372

01 Closed 119831 245223 0.1 Closed 231709 92.6886

Open  11.9379 243794 Open 231470 92.5879

02 Closed 99025  11.3087 0.2 Closed 132390  26.2830

1 Open  9.6831  10.9432 1 Open  13.1881  26.1820

01 Closed 98961  11.2975 01 Closed 13.2376  26.2802

Open 97954 111222 Open 132239 26.2531

¥



lr"lf‘j;ijw‘/,@ng/u

ek (5 le ~OLUelS Lodores

.)}A.; A‘)Lj:‘ -L»QJM AJLA Jv—lJ—“ J:‘.'.‘)ﬁ‘
DI CR-H ISP PRV [P PR PR

n R a a

h
/q p=05 =1
02 _Closed 9.6074  9.4081
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01 _Closed  9.6107  9.4032
1 Open 95576  9.3284
02 _Closed 96735  9.5027
-1 Open 95802  9.3632
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Open 96348 94376
02 _Closed 94057 92131
1 Open  9.2194 89913
01 _Closed 94111  9.2067
Open 93190 9.1036
02 _Closed  9.6070  9.4069
0 Open 95076  9.2622
01 _Closed 9.6099  9.4026
2 Open 95645 9.3387
02 Closed 9.6732 95017
-1 Open 95922  9.3806
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01 _Closed 94097  9.2058
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Experimental Investigation on Process Parameters Effectsin Laser For ming of
Closed-cell Aluminium Foam Sheets

A.H. Roohi H.Moslemi Naeini M. Hoseinpour Gollo M. Soltanpour

Abstract In alaser forming process, the temperature gradient across the sheet thickness produces the
final bending angle. Metallic foams cannot be formed by any mechanical processes due to occurrence of
failure during deformation. In this article, closed-cell aluminium foams are irradiated by a laser beam.
Experiments are carried out by varying laser power, scan velocity and the number of scan passes to
specify their effect on the bending angle. Design of experiment with the response surface methodology
and analysis of variance are utilized to analyze parameter effects. At last, an equation is derived for
prediction of bending angle.

Key Words Laser forming process, Closed-cell aluminium foam, Design of experiment.
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Estimation of Heat Shocksin Inverse Heat Transfer Problems using Kalman Filtering
M. Molavi A. Sedaghat M.R. Salimpour

Abstract In this paper, the heat shocks in the heat flux profile are estimated with known temperature
distribution using Kalman filtering. For this task, the temperature distribution is calculated and artificial
noise is added to adequately simulate the real temperature measurements. Next by using Kalman
filtering, estimation of online heat flux is assessed which appears as heat shocks in the discussed
problem. Results indicate that the present method can accurately estimate jumps in the heat flux.

Key Words Inverse Heat Transfer Problem, Estimation of Heat Flux, Online Estimation Method,
Kalman Filtering
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Vibration of FGM Plates With Distributed Mass Using Third Order Shear
Deformation Theory

A. Shooshtari R. Motahari M. Kari

Abstract In this paper, free vibration of rectangular functionally graded material (FGM) plates with
distributed patch mass is analyzed. Properties of these plates like Young's modulus and density vary
continuously throughout the thickness direction. The plate is defined by power-law, sigmoid or
exponential function. The boundary condition of the plate is assumed to be simply supported and the
equation of motion is abtained by using of Hamilton principle and third order shear deformation theory.
The effects of different parameters such as the plate and mass dimensions and mass ratio on the natural
frequencies of the plate are analyzed. Compared to previous results, our results are very accurate in
similar cases.

Key Words Free Vibration, Rectangular Plate, Distributed Patch Mass, Third Order Shear Deformation
Theory.
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Improvement of Stress and Error Estimation by Patch Equilibrium
in Isogeometric Analysis

A. Ganjali B. Hassani

Abstract A method for error estimation of isogeometric analysis of plane stress problems, based on
stress recovery by using the super convergent properties of the Gauss points, was introduced. In this
paper, a different approach for improvement of stresses based on the satisfaction of equilibrium equations
by taking into consideration of two elasticity problems is followed and the effect of the number of the
Gauss quadrature points is studied. In this approach, the equilibrium equations are satisfied for each patch
of the isogeometric analysis model and it has been shown that the recovered stresses are more accurate
than the previous method where the super-convergent properties were used. To demonstrate the
performance and efficiency of the method a couple of elasticity problems are considered and the obtained
results are compared with the previous method and exact solutions. The results indicate that the suggested
method can be employed for error estimation and stress recovery in the isogeometrical analysis method.

Key Words Isogeometric Analysis, Error Estimation, Stress Recovery, Equilibrium Equations.
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Study of Microstructure and Grain Size Effect on Superficial Hardening of Al SI 1045
within High Efficiency Deep Grinding

H.R. Fazli Shahri A.A. Akbari

Abstract Thiswork outlines the influence of microstructure and grain size on surface hardening within
high efficiency deep grinding (HEDG). To do this, different samples with various microstructure and
grain size are prepared through specific heat treatments, then they are undergone the grinding operation
with constant operating conditions. Finally, the variations of microhardness are recorded. It is observed
that by increasing the primary hardness of material the surface hardening amount is increased. But this
trend is not observed for super hard material and instead, hardening percent is decreased after a critical
primary hardness. This hardening amount is more than for fine grain materials in comparison with
coarse grain materials. The rolled samples show the same manner like non-rolled samples. It is found
that grinding in direction of elongated grains, resultesin increasing superficial hardening in comparison
with that of grinding is perpendicular to elongated grains.

Key Words High Efficiency Deep Grinding, Superficial Hardening, Microhardness, Microstructure,
Surface Temperature, Surface Roughness.
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Simulation of Rubber Vulcanization for Calculation of the Curing Time
with M odification of the Kinetic M odel

M.R. Erfanian ~ S. M. Javadi M. Moghiman

Abstract The present work is focused on the computational method for simulation of the rubber
vulcanization process in injection molding machines. The main innovation of the work is the calculation
of the curing timein a rubbery part using the modification of curing kinetic model. For solving the curing
equations, the computer code is developed in “ UDF” module of the Fluent. The parameters of curing
model, specific heat and viscosity of the rubber are obtained from the experiment. In order to evaluate the
experimental curing time, a mechanical compression test is performed on the rubbery part at different

times. Predicted mold filling and curing times are compared with experimental data, which confirmed the
accuracy and applicability of the method.

Key Words Numerical Simulation, Vulcanization, Injection Molding, Curing Time.
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Bending Collapse of Thin Walled Energy Absorber and Presenting Numerical
Simplified Model

A. Rahmati M. Ghazanfari M. Shahravi

Abstract Impact energy absorption systems in various industries such as automotive and railway have a
particular importance to minimize the impact on passengers and enhance vehicle safety. This paper
focuses on the bending collapse behavior of thin-walled energy absorber with circular and square cross
sections. The theory that is applied is global energy equilibrium and the prevalent bending collapse mode
for obtaining the relationship is considered. On the same basis, obtained relations are compared with the
published results for the bending strength of tubular structures which were derived from experimental and
analytical studies. Subsequently by using the derived bending strength formula, simplified models for
circular and square tubes is introduced. The main advantage of these simplified models as a critical
modeling technique is dramatically reducing the time of computer simulation in early design stages with
the results close to the original model. For this purpose, by axial crash simulation of curved tube by using
nonlinear dynamic finite element software LS-DYNA, the results are compared to verify the efficiency of
the proposed simplified model and the accuracy of the derived relationship for tube’s bending strength.

Key Words Energy absorber, Circular-square, Crash, Bending collapse, Simplified model.
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Theoretical and Experimental Thermal Post Buckling Analysis of Columns

H. Bagheriyan H. Ekhteraei Toussi

Abstract Many of the mechanical structures are employed in high temperature conditions. Any
variation of temperature may cause considerable side effects such as the creation of thermal stress or
deformation. When a structure is composed of slender members such as beams or columns, one of the
main problems concerning the rise of temperature is the incidence of thermal buckling. The continuing
rise of temperature beyond the onset of thermal buckling level, continually affects the dominant forces
and deformations. To study the post buckling phenomenon, following the introduction of different small
deformation methods of thermal buckling analysis, a through large deformation scheme is developed to
analyze the buckling of a simply supported column. For the case of large deformation analysis the
validity of the results is evaluated by comparing with the results obtained by using of the small
deformation theory, the linear and nonlinear simulations of ABAQUS software as well as the
experimental data. The results characterize the deflection of a beam with uniformly distributed load by
different solution techniques as well as the effect of temperature on the mid span deflection of a post
buckled beam. Based on the obtained results, the validity of different methods is evaluated.

Key Words Large Deformation, Post- Thermal Buckling, Differential Quadrature Method, ABAQUS
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An Investigation on the Effects of Geometric and Dynamic Parameterson the Truck
Lateral Deviation Dueto the Braking Force Imbalance

M. Rezaee A.Taraghi Osguei H.A. Arghand

Abstract Besides the braking force error, the dynamic and geometric parameters of a truck affect its
safety during the braking process. In this paper, the effect of dynamic and geometric parameters and the
way of loading on the dynamic behavior of a truck in the presence of the braking force error is studied.
To this end, some dynamic parameters of the truck have been obtained experimentally and applied to the
truck governing equations of motion. Then, by using the realistic assumption in which the velocity of the
truck decreases with a constant rate during the braking process, the governing equations are solved using
a numerical technique. Finally, the load distribution on the truck as well as the dynamic and geometric
parameters which affect the truck lateral deviation, are discussed and the results are presented in
appropriate figures. The results show that the best load distribution for decreasing the effect of braking
force imbalance on lateral deviation, can be achieved when the mass center approaches the front axis.

Key Words Brake force error, Lateral deviation, Geometric and dynamic parameters, Vehicle dynamic.
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Dynamics Modeling and Analysisas a
New M echanism for Automatic Control
of Angular Velocity of a Rotary Axis

Kh. Faraji Mahyari', A. Jafari®, S. S. Mohtasebi?,
A. Hajiahmad®

1- Introduction

In many rotary systems, input power is supplied from
a source with unsteady angular velocity which causes
fluctuations in the system output and changes in the
efficiency. The rotary power has two components,
i.e. the angular velocity and torque, and rotary power
is determined by their product. Generally, systems
design is based on a specified angular velocity or
torque. Therefore, maximum efficiency is achieved
only at a nominal angular velocity or a specified
torque. For example, in wind and hydro turbines,
input angular velocity is almost unsteady. Also, in
some systems that obtain their required power from
an unsteady source such as internal combustion
engines, it is hard to keep the angular velocity of the
input shaft constant. Moreover, systems such as
agricultural machineries obtain the required power
for driving and operating their components from
tractor Power Take-Off (PTO). Tractor PTO shaft
provides a rotational motion for agricultural
implements, and its angular velocity should be
exactly 540 or 1000 rpm at nominal engine speed
based on ASABE S207.12 standard. If the engine
speed becomes less or greater than the nominal rate,
the PTO rotational speed will be changed. Higher or
lower PTO angular velocity than the standard values
reduces the efficiency of the machine, damages the
moving parts and creates problems such as sticking
agricultural products in the machine.

The aim of this research is to introduce the
mechanism for automatic control of angular velocity
of a rotary axis and to present its dynamic analysis
and also its modeling. The mechanism can be used as
a suitable coupling between tractor PTO shaft and
agricultural machineries and their implementation.

2- Structure of the Mechanism of Angular
Velocity Control

The mechanism of angular velocity control design is
based on the relationship between the centrifugal
force and the angular velocity (F = mro?). The first
angular velocity control system (fly-ball governor)
and planetary gear set concepts are utilized for
mechanism of angular velocity control design.
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As seen in Figure 1., the system consists of two
similar sets of planetary gear trains and two sets of
heavy and light weight hanging pulleys. These sets
are linked together by a belt. In addition, each of the
hanging pulleys is connected to the center of the
mechanism by a spring that causes the pulleys to
hang.

These two sets of planetary gear trains have been
placed in series and are connected to each other
through a fixed common ring gear. In the first
planetary gear set, the sun gear is a driver and the
carrier follows it. However, in the second set, the
carrier is a driver and the power is issued from the
sun gear. The parts shown in Figure 1. are described
in Table.1.

Planetary gear sets of the mechanism are
schematically shown in Figure 2. In the mechanism,
planetary gears, heavy and lightweight hanging
pulleys, and rollers have a rotational motion in
addition to the orbital motion. Meanwhile, the input
and output shafts rotate in the same direction.

12 131718 8 19 4 21

W B M

" 15 16 10

Figure 1. Exploded view and parts numbers of the mechanism

Table 1. Numbersand partsdescription of the mechanism in
accordance with Figure 1.
Number Part Name Number Part Name
1,2 Input shaft & sun gear in 12 Roller
the first set

3,23 Planetary gear in the first & 13
second set

Inner light weight
hanging pulleys

4 Coaxial pulley with 14 Outer light weight
planetary gear in the first hanging pulleys
set
5,21 Short toothed belt 11,15 Holder spring of heavy
& light weight hanging
pulleys
6,22 Belt strengthener 17 Ring gear
7 Outer heavy hanging 18 Long toothed belt
pulleys
8 Inner heavy hanging 20 Coaxial pulley with
pulleys planetary gear in the
second set
9,19 Carrier 24,25  Output shaft & sun gear

in the second set

Heavy Hanging Pulley
Light Weight

Heavy Hanging Pullcy Ring Gear

Light Weight ) Tlanging Pulley . L sumGoar
Hanging Pulley 7" % ““i~. Rotation Dircction 1T iy
- of Carrier 4 =
A A Planctary Gear '
~Ly N ’
~ ) “| Rollers
Rollers 4 gng Toothed Belt 2 i

Short Toothed Bl:"’
(a) (b)
Figure 2. Schematic diagram of (a) the second planetary gear
set, (b) thefirst planetary gear set
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By increasing the angular velocity of the input
shaft, the angular velocity of planetary gears and the
carriers increases. Then, the heavy hanging pulleys
(Parts 7 and 8 in Figure 1.) move away from the
rotation center of the mechanism (By overcoming the
spring’s and force pushing them toward the center of
rotation). Therefore, the lightweight hanging pulleys
(Parts 13 and 14 in Figure 1.) will come closer to the
rotation center of the mechanism influenced by their
springs tension. On the contrary, by decreasing the
angular velocity of the input shaft, planetary gears
and heavy hanging pulleys will decrease their
rotational motion; and also, they will force the
carriers to reduce their angular velocity.
Consequently, by reducing the centrifugal force,
heavy hanging pulleys come closer to the rotation
center of the mechanism influenced by their spring
tension. Therefore, lightweight hanging pulleys will
move away from the rotation center of the
mechanism by overcoming their spring’s force.

3- Analysis of the M echanism and Its Results
Kinematics is a branch of dynamics which is often
mentioned as geometric description. In order to
extract the equations and perform kinematics
analysis, the mechanism of angular velocity control
is studied in four main sections:

e The first planetary gear set located at the input of
the mechanism (Parts 2, 3 and 9 in Figure 1.) It is
nonholomonic.

e The second planetary gear set located at the output
of the mechanism (Parts 19, 23 and 24 in Figure 1.)
that includes a holonomic constraint.

e The carriers

e The intermediate section consisting of hanging
pulleys set, their holder springs and long toothed belt.
This section includes a holonomic constraint.

In the intermediate section, differential algebraic
equations (DAESs) represent holonomic constraint in
this mechanism. These equations were modeled in
MATLAB software, version 7.10.0 assuming steady
state conditions. X and X are dropped from equations.

Combining the holonomic and nonholonomic
constraints models, the transmission ratio (or train
value) of the mechanism was modeled. In order to
reduce the error in this model, the iteration method
was used.

According to investigations on the effects of
various parameters and considering the desired
angular velocity equal to 56 Rads” (approximately
540 rpm, equal to the tractor PTO speed), the
optimum values for the design parameters of this
mechanism of angular velocity control were
extracted. The input power of the mechanism is
considered to be 30 kW (40 hp). The modeling
results of the error percentage of the system based on
optimum values are shown in Figure 3. As it is
shown in this Figure, although the input shaft angular
velocity has variations, the proposed mechanism

controls the angular velocity of the output shaft
acceptably. At angular velocity of 38 to 84 Rads™
(0.68 to 1.5 times of the desired angular velocity), the
output angular velocity is controlled very well and
the error of the output angular velocity is less than
10%.

Figure 3. The modeling results of error percentage of input
and output shafts of angular velocity

4- Conclusions

In this research, using the unique characteristics of
planetary gear sets, a new mechanism for automatic
control of angular velocity of a rotary axis was
investigated. This mechanism can regulate input
angular velocity on constant value. The dynamic
equations of the mechanism were extracted and
constraint type i.e. holonomic or nonholonomic was
recognized. These modeled equations were
differential algebraic equations with an index of
three. The modeling results showed that this
mechanism has a good performance for the angular
velocity close to the desired value and has the
capability which can be utilized as a suitable
coupling between tractor PTO shaft and agricultural
machinery.
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Analytical Solution for Buckling FGM
Plateswith Integrated Piezoelectric Layers
under Open and Closed Circuit Conditions

M.A. Ghasemabadian®  A.R. Saidi.?
1- Introduction
Functionaly graded materidl (FGM) is an

inhomogeneous composite composed of a mixture of
metals and ceramics along a determined direction. By
gradually varying the volume fraction of the
congtituent materials, their properties appear in a
smooth and continuous variation from one surface to
another, as a result of which these type of materials
have more effective properties compared to the layered
composite materials. Also, due to their intrinsic
coupling of mechanicd and electric fields,
piezoelectric materials have been widely used as
actuators and sensors in smart and adaptive systems.

In the past few years, study of hybrid plate structures
where a substrate made of FGMs is coupled with
surface-bonded piezoelectric has become increasingly
important. One of the most widely studied problems on
these hybrid structures is the buckling analysis of the
plates.

In the present paper and based on the classical plate
theory, buckling analysis of piezoelectrics coupled
with FGM rectangular plates is investigated. By
assuming the transverse distribution of electric
potential to be a combination of a parabolic and a
linear function of thickness coordinate, the equilibrium
equations for buckling analysis of the plate with
surface bonded piezoelectric layers are established.
Maxwell’s equation and all boundary conditions
including the conditions on the top and the bottom
surfaces of the plate for closed and open circuited and
Levy type of boundary conditions are satisfied.
Numerical results show that the critical buckling load
for the open circuit is more than that of the closed
circuit. Furthermore, the critica buckling loads
increase by increasing the thickness of the
piezoelectric layers.

2- Stability equations
As shown in Figure 1, a flat rectangular plate
consisting of three symmetric FGM layers and two
piezoelectric layers is considered. Based on the
classical plate theory (CPT) and considering the Von-
Karman hypothesis, the non-linear form of strain
components is obtained.

Also, for the piezoelectric layers, due to the coupling
between electrical and mechanica fields, the stress

1-Ph.D. Student, Department of Mechanica Engineering,
Ferdows University of Mashhad, Mashhad, Iran

2- Professor, Department of Mechanical Engineering,
ShahidBahonar University of Kerman, Kerman, Iran
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field and the electric displacement vector are expressed
asthe strain field and the electric field.

Furthermore, in order to satisfy Maxwell’s equation
and electrical boundary conditions on the piezoelectric
surfaces, the transverse distribution of electric potential
is assumed to be a combination of a parabolic and a
linear function of thickness coordinate.

Next, using the principle of minimum total potential
energy and cansidering the adjacent equilibrium
criterion, the equilibrium equations are obtained.

It should be noted that, for symmetric laminated
plates, the two in-plane equations are decoupled from
out-of-plane equation and could be neglected. Besides
the equilibrium equations, the variables should also
satisfy Maxwell's equation. Therefore, two coupled
equations must ke solved.

By doing some simple algebraic calculations, the
above mentioned equations can be decoupled.

b

Piezoelectric

Metal

Fig. 1. Thecoordinate system and the geometric parameters of
the plate

Electrical boundary conditions

Two different electrica boundary conditions are
considered: closed and open—closed circuits. These
conditions are stated in the fol lowing:

In the open-clcsed circuit condition, the outer surface
of the plate is in contact with a medium with low
permittivity such as air or vacuum and the inner
surface is held at zero voltage whereas in the closed
circuit condition, both surfaces are short circuited (zero
voltage).

Mechanical boundary conditions

It is assumed that the plate is simply supported at two
opposite edges in the y-direction and there are arbitrary
boundary conditions at two other edges (e.g. Clamped,
Simply supported and Free). Furthermore, the plate is
assumed to be insulated at the edges in the y-direction.

Buckling analysis

In this study, the rectangular plate is subjected to in-
plane loads. The pre-buckling forces are obtained
through using the equilibrium conditions. Since the
plate is simply supported along two opposite edges in
the y-directions, the Levy type solution is considered.
Therefore, a set of homogenous algebraic equations are
obtained by imposing mechanical and electrica
boundary conditions. The buckling load can be
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determined by setting the determinant of the
coefficient matrix to zero.

3-Conclusion

In the present article, an analytical method has been

developed for the buckling analysis of functionally

graded rectangular plates with surface bonded
piezoelectric layers. Based on the classical plate theory

(CPT), the stability and equilibrium equations have

been derived. Coupled stability equations have been

decoupled using some analytical functions. The critical
buckling loads for the Levy type of mechanica
boundary conditions and closed and open circuit
electrical boundary conditions have been presented.

From the numerical results, the following conclusions

can be made:

e At a constant overal thickness of piezoelectric
coupled plate, an increase in the piezoelectric
layer thickness leads to an increase in the critica
buckling load.

e Increasing the thickness of piezoelectric layers
increases the critical buckling load regardless of
mechanical  boundary  conditions, loading
conditions and open and closed circuit conditions.

e In al mechanica boundary conditions, changing
the open circuit condition to the closed one
reduces the critical buckling loads.

e The smallest critical buckling load belongs to a
plate under biaxial compression and tension
loading, and the largest value belongs to a plate
under biaxial compression loading.

e Under similar loading type and boundary
conditions, the smallest and the largest values of
the critical buckling loads belong to PZT-5A and
PZT-6B, respectively.
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Experimental Investigation of
the Effects of Process Parametersin Laser
Forming of Closed-cell Aluminium Foam
Sheets

A.H. Roohit, H. Moslemi Naeini?, M. H. Gollo®,
M. Soltanpour®

1-Introduction

In the laser Forming (LF) process, alaser beam which
scans with a specific velocity is irradiated on the
metal sheet surface. Due to a steep temperature
gradient across the sheet thickness, thermal stresses
are induced and this leads to a plastic deformation in
the heated region. When the laser passes, the sheet
temperature cools down and a permanent bending
angle is produced. Repetition of laser scans increases
the final bending angle.

Metal foam sheets are a new class of materials
which are important because of their appropriate
physical and mechanical properties such as low
density, and simultaneously, high stiffness an also,
good thermal properties. This material is used in
lightweight structures and in energy absorbing
applications. Metal foams, especialy auminium
foams, are utilized in automotive and aerospace
industries.

In the current article, closed-cell aluminium foams,
which cannot be formed by any conventional
mechanical forming approaches, are formed by the
irradiation of a laser beam through the laser forming
process. Moreover, the effects of three parameters
including laser power, scan velocity and the number
of scan passesisinvestigated. The method of Analysis
of Variance (ANOVA) is used to determine the
effects of the mentioned parameters on the final
bending angle of closed-cell aluminium foam sheets.
Also, Response Surface Methodology (RSM) of
design of experiments is applied to limit the number
of experimentations. Finally, twenty laser forming
tests are carried out and an equation is derived to
predict the final bending angle as a function of the
input parameters.

2- Process Theory

The mechanisms of the LF process are determined
based on the induced temperature distribution. This
temperature  distribution depends on  process
parameters such as laser power, beam diameter, etc.
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Three different LF processes are Temperature
Gradient Mechanism (TGM), Buckling Mechanism
(BM), and Upsetting Mechanism (UM). The
temperature gradient mechanism is the most common
mechanism used in LF applications. (Fig. 1). Because
of arelatively rapid heating of the sheet surface by a
laser beam and slow thermal conduction to the lower
layers (especially in thicker sheets), a large
temperature gradient develops in the thickness
direction of the sheet. At the beginning of the process,
the sheet experiences a bending away from the laser
beam which is called counterbending (Fig. 1 (a)).
Further heating causes a decrease of mechanical
strength in the heated zone. When therma strains
reach the maximum elastic strains, further thermal
expansion converts into the plastic compressive
strains. This is because free thermal expansion of the
heated zone is limited by the surrounding zone. In the
cooling process, upper layers contract and also endure
alocalized shortening due to the compressive stresses
(Fig. 1 (b)). Thisresult in a permanent bending angle
toward the laser beam. The fina bending angle
depends on the selection of process parameters.

Ther;r;;if‘\~~\\
Expansion .

I t»}( @

Thermal Contraction

Fig. 1. Temperature gradient mechanism

3- Experimental Approach

Laser forming tests were carried out by a pulsed CO2
laser, Bystronic Model, with the maximum mean laser
power of 3kW. Foam sheets are cut with a wire-cut
machine with dimensions of 100x50x5 [mm]. The
mean cell sizes of the foam pores are 1mm and the
average relative density of foam sheets are 0.4. The
mean cell size measurement is done by image
processing. A Fixture was designed for the
cantilevered clamping of the sheets. One of the
complexities of the laser forming on the aluminium
sheets is its small absorption coefficient which limits
the formation of temperature gradients across the
sheet thickness. In order to increase the laser
absorption coefficient of aluminium foams, the sheet
was coated with a graphite spray. After the LF
process, the bending angle of the foam sheets is
measured with a universal bevel protractor with the
accuracy of +5'. Final experimental bent sample of
aluminium foam sheet is illustrated in Fig. 2 in order
to show the bending angle.
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Fig. 2. Foam sheet bent by LF process

4- Resultsand Discussion

The effect of process parameters

The effects of process parameters on the bending
angle are illustrated in Fig. 3 to Fig. 5. When laser
power increases, the bending angle increases
significantly (Fig. 3). The increase in power leads to
an increase in input energy and laser effectiveness.
Thus, with the increase in power, the temperature of
the upper layers of the sheet increases, temperature
gradient increases and as a result, the bending angle
increases. The effect of scan velocity is shown in Fig.
4. In general, velocity affects the input energy in the
scan path length. In the velocity range investigated
here, its influence is negligible. Also, the bending
angle increases due to an increase in the number of
passes (Fig. 5). Increase in the number of passes
corresponds to the repetition of scan passes and leads
to an increase in forming magnitude.

Final equation to predict the bending angle

Based on the analysis of variance of the experimental
results, the bending angle can be predicted according
to the following equation (1).

Bending angle = -6.4097 + 0.0676 X P

1
-2.0625E-005 X v-0.1846 X n+0.0198 X n? @)

Where, P is laser power [W], v is scan velocity
[mm/min], and nis the number of scan passes.

Scan vel. =3000mm/min
no. pass= 15
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Fig. 3. The effect of laser power on bending angle
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Fig. 4. Effect of scan velocity on bending angle
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Fig. 5. Effect of no. of scan pass on bending angle

5- Conclusion

In this article, laser forming of closed-cell aluminium
foam sheets is studied. Metal foam sheets cannot be
formed by the conventional mechanical forming
processes due to their weak tensile strength. Thus,
laser forming process, as a thermal forming approach,
is applied to achieve a bending angle in metal foam
sheets. Also, process parameters affect the fina
bending angle of the process. So, three main process
parameters including laser power, scan velocity, and
the number of scan passes are considered and the
effects of these factors on the final bending angle is
investigated. Also, an eguation is derived to predict
the bending angle of closed-cell aluminium foams.
Generally, increase in laser power increases the
bending angle due to an increase in input energy.
Repetition of the scan passes leads to an increase in
bending angle. However, there is a reverse
relationship between the scan velocity and the
bending angle. Briefly, the effects of the mentioned
parameters are asfollows:

1. When laser power increases from 90W to 210W,
the bending angle increases from 1.31deg to 9.43deg.
It is assumed that the other parameters are held
constant.

2. Increase in scan velocity from 1000mm/min to
5000mm/min leads to a slight decrease in the bending
angle from 5.41deg to 5.33deg.

3. The bending angle increases from 3.25deg to
11.46deg when the number of scan passes increases
from 5to 25.
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Vibration of FGM Plateswith Distributed
Mass Using Third Order Shear
Deformation Theory

A. Shooshtari?, R. Motahari?, M. Kari®

1- Introduction

Many engineering structures can be considered as
rectangular plates and rectangular structures form an
essential part of many aerospace, marine and
automobile structures. These structural components,
in many instances, are subjected to vibration. So, the
vibration problem of rectangular plates has been
studied by many researchers in various disciplines.
Due to the high degree of anisotropy and low rigidity
in transverse shear, classical theory of plates is no
longer adequate, and a number of shear deformable
theories such as first order shear deformation theory
(FSDT) or third order shear deformation theory
(TSDT) have been proposed to the present date.
These hypotheses state that the transverse normal to
the mid-plane of a plate does not remain straight and
normal after deformation because of the transverse
shear effects.

Analysis of the vibration problem of plates carrying
masses started with the design of electronic systems.
The printed circuit boards and plate-like chassis can
be approximated as flat rectangular plates carrying
several masses and they are subjected to vibration.
Considering these masses as distributed masses can
give us better and more accurate results. So, the
vibration problem of plates carrying distributed
masses has a great importance. Furthermore, due to
the continuous change in material properties through
thickness, functionally graded materials (FGM) were
introduced to eliminate the stress singularities. The
wide use of these materials in construction of plate
structures leads to increasing literature concerning
FGM platesin the last twenty years.

In this paper, the free vibration of a simply
supported FGM plate with distributed patch mass is
emphasized. The problem is solved using the
Hamilton’s Principle by means of the double Fourier
series. We present the third order shear deformation
theory which is based on the same assumptions as the
classical (CLPT) and the first order shear
deformation plate theories, except that the
assumption on the straightness and normality of the
transverse normal is relaxed. The materia properties
of the FGM plates are assumed to change
continuously throughout the thickness of the plate,
according to the volume fraction of the constituent
materials based on the power-law, sigmoid and
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exponential functions. The effects of distributed
patch mass dimensions and mass ratio on the
fundamental natural frequency of the plate are
studied.

2- Mechanical Propertiesof FGM Plates

Consider arectangular FGM plate of length a, width
b, thickness h and density p (Fig. 1). The plate is
carrying a distributed patch mass (M) with
dimensions c and d. It is assumed that the mass does
not prevent any bending of the plate segment on
which it islocated.

a

C
yﬂi

v X'."-'I
y

Fig. 1. Plate with Distributed Patch Mass

The Poisson's ratio of the FGM plate is assumed to
be constant; but its Young's modulus varies
continuously throughout the thickness direction
according to the volume fraction of constituents
defined by power-law, sigmoid, and exponentia
functions. The volume fraction of the P-FGM is
assumed to obey a power-law function:

z+h/2
9(z) = ( - )P D

Where p is the material parameter. The mechanical
properties of a P-FGM can be determined by the rule
of mixture[9]:

E(2) = 9(2)E, +[1- 9(2)]E, (2-9)
p(2) =9(2)p1 +[1-9(2)]p2 (2-b)

where E; and E,are the Young's moduli of the

lowest z=h/2 and top z=-h/2 surfaces. For the
S-FGM pilate, it can be written:
h/i2-z

0.0)-1-V2("2 5P 0<zshiz (39
gz(z)=1/2(%)p . —h/2<7<0 (3-b)

E(z) = 9,(2)E; +[1- 0,(2)]E,,0<z<h/2 (30
E(2) = 0,(2)E; +[1-9,(D]E,,~h/252<0  (3-d)
p(2) = 01 (2ps +[1- 0, (@)]p,.0<2<h/2  (3)

P(2) = 92(2)p1 +[1-92(Dp,,~h/2<2<0  (3-)
And it can be written for the E-FGM plate as follows:

E(Z) — AeB(Z+h/2) (4_a)

p(z) — AeB(Z+h/2) (4_b)
1 E

A=E, , B==In(—% 4-C

2 . (Ez) (4-0)
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3- Basic Formulation
The TSDT is based on the following assumed
displacement field:

4 ow
U(X, y,Z,t) =Up+ Z(I)x (X,y, t) _Wzg(q)x +a_XO)
(5-3)
4 ow
V(X,Y,2,t) =V + 20, (X,Y,1) _WZS((])y + ayo)
(5-b)
W(X,Y,2,t) =W (X,,t) (5-¢)

where u,, v and w are the displacement components
in the x, y and z directions, respectively. And ug,V,
and w, are the displacements of the middle plane.
And ¢,,¢,are the shear rotations. The strain

displacement equations can be obtained by using
linear elastic relations. Also by using the constitutive
relations, stress and stress resultants per unit length
can be easily found. The strain energy of the FGM
plateis:

hi2
=—”th2 O ycx +OyyEyy

+06y,Yy,]dxdydz (6)

T O0xy€xy T Oxz¥xz

The kinetic energy of the plate without massis:
3 h/2 au oW,
_—Hjh/z ) +(50) loxdydz

(1
The kinetic energy of the distributed patch mass
located on the top surface of the plateis:

1 petcl2pymtdl2 QU OV o | OW, 5
T "2 xm—clzj‘ym—dlz’ym[(g) +(§) +(E) ]dxdy
a:z=-h/2 ®)

The total kinetic energy (T) isthe summation of the
kinetic energy of the plate without mass and the
kinetic energy of the distributed patch mass. By
choosing a suitable displacement field and a
boundary condition for the simply supported
rectangular plate, the following Lagrangian can be
written:

L=T-U (9)

It can be verified that the first variation of the
Lagrangian, (i.e., Hamilton's principle) leads to the
eguation of motion. Substitution of total kinetic and
strain energy equations in terms of displacements
into the first variation of the Lagrangian gives a set
of linear equations. Solving this system of equations,
the non-dimensional fundamental frequency of the
plate can be calculated.

4- Numerical Results
The following material properties are used:

E, = 200 Gpa, p; =5700 kg/m?, v=0.3
E, =70 Gpa, p, = 2702 kg/m®, v=0.3

(10-3)
(10-b)

The effect of themassratio

Consider a P-FGM plate (p=1) with distributed
patch mass acting on it in a square area at the center
of the plate with dimensions ratios of c/a and d/b
which are equal to each other and which are equal to
0.4. The effect of the mass ratio (distributed patch
mass over mass of the plate, r,,) on the non-

dimensional fundamental frequencies of a square
plate with length to thickness ratio of 10 is presented
in Fig. 2. According to this Fiigure, by increasing the
amount of local mass, the iffness of the plate
decreases and causes a decrease in the non-
dimensional frequencies.

0.03

IP.IIZS\
002 \
c

0015

001 | ﬂM

.
.08 2 3 4 5 6 1 8 9 10

P-FGM
E-FGM

x ||

m
Fig. 2. The effect of massratio on non-dimensional
fundamental frequency of a square plate

The effect of the mass dimensions

Expanding the area of the patch mass (with constant
mass ratio of 0.5), causes an increase in the stiffness
of the same sguare plate, and consequently an

increase in the non-dimensional fundamental
frequency (Fig. 3).
0038 P-FGM XX
003 a E’-l‘c"l
G 002
002
0.0150 e |

0z 03 04 [LE] X3 [N ns 0y
c/a

Fig. 3. The effect of distributing mass area on non-dimensional
fundamental frequency of a square plate

5- Conclusion

In this work, the free vibration of a simply supported
rectangular FGM plate carrying a distributed patch
mass was investigated. The Hamilton’s Principle,
using the third order shear deformation theory, was
applied to rectangular plates carrying a distributed
patch mass, to determine the effect of the distributed
patch mass on the fundamental frequencies of the
plates. The effects of mass ratio and distributed patch
mass area on the plate's behavior have been
investigated. It was shown that increasing the amount
of local mass causes a decrease in the non-
dimensional frequencies. Also, expanding the area
which is occupied with mass (with constant mass
ratio) causes an increase in the non-dimensional
fundamental frequency. The anaysis also showed
that the fundamental frequency depends on the
amount of the patch mass and its dimensions.
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Improvement of Stress and Error
Estimation by Patch Equilibrium in
Isogeometric Analysis

B. Hassani', A. Ganjali®

1- Introduction

Amongst the first attempts to use the computer
design techniques in engineering analysis, the works
by Kagan and Hollig [2-4] can be mentioned in
which they used the spline basis functions instead of
the common finite element shape functions. In 2005,
the idea was further devel oped by Hughes and his co-
workers [5] by employing the NURBS (Non-
Uniform Rational B-Splines) functions and it was
named |sogeometric analysis. In this approach, in
addition to using the properties of splines and
NURBS for the accurate definition of curves,
surfaces and volumes, similar to the finite element
method, they are also employed for interpolation as
well as approximation. On the other hand, errors are
inevitable in numerical analyses and are the main
concern of researchers in regard to the reliability of
their results. Stress recovery based on Stress
Recovery in Isogeometric analysis (SRI) was
introduced by Hassani et al [1]. A method based on
satisfaction of equilibrium equations was later
introduced by the same researchers who delivered
better error estimation in the isogeometric analysis
method and its efficiency was assessed for three
dimensional elasticity problems [7]. In this research,
while studying the performance of the approach viaa
couple of problems with curved geometrical
boundaries, the effect of the number of Gauss
quadrature integration points is taken into
consideration.

The circular cantilever beam and circular disk
under concentrated point load are the two examples
presented in this research. To investigate the effect of
the number of Gauss integration points, the ratio of
the exact and approximate error norms, i.e. the
effectivity index, was evaluated with 4, 9, 16, 25 and
36 Gauss poaints for the above two examples as well
as the three examples of reference [7]. The obtained
results indicate better accuracy of this approach in
comparison with the error estimation based on the
superconvergent points.

2- Stress recovery by using the constraint of
equilibrium equations

The basis of this method isequating the forces
needed for a patch of the domain cof interest to be in
equilibrium with the obtained stress field from the
isogeometric analysis with the forces on the patch
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that are obtained from the improved stress field. The
resultant of the applied forces over a patch of the
isogeometric analysis domain can be written as
follows:

F, = J' B' 6,500 )

Q,

The same can aso be defined for the recovered
stressfield, i.e.

F, = j B 6'dQ 2)
QP

In this approach, the recovered stress field is defined
by the same NURBS basis functions that are used for
the estimation of the unknown function as follows:

m n
G*:zzRi'j(u'v)Pi,j (3)
i=1j=1
Where m and n are the number of control points in
the x and y directions of each patch, respectively. R
are the NURBS shape functions and P are the
coordinates of the control points defining the stress
surface where their third coordinate is the unknown
of the problem to be determined.
Now, from minimization of the functional 11in (4),

that is roughly equivalent to equating F, and Fp* ,
the third coordinate of the vector of control points is

obtained for each of the stress components as
follows:

' 4
n:j BTo*dg—J B 6,5, dQ _[ BTo*dg—.f B da | (4)
Qp Ql) Q“’ QP

-1
Pzz(HTH) H'F, |, H:jQ B RAQ. (5)
P

3- Circular cantilever beam

The parameters used in modeling as well as analysis
of this problem are as follows:

a=8, b=10, P=100 , E=2x10° , v=0.3

Fig.1. Problem definition of circular cantilever beam

The effectivity index for this problem obtained from
the presented approach is 0.75, while its value from
our previous approach, i.e. SRI, becomes 0.59. This
is an indication of better performance of the current
method. Also, the variations of the stress tensor

component o, obtained from exact and IGA together
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with the recovered stresses by the old and new
methods at the location x=0.04 are shown in Figure
2. As it can be observed, in this example the
improved stresses obtained from the method based on
satisfaction of the equilibrium equations are more
accurate than those obtained by the method based on
using the superconvergent points.

-200

N

ccovery(New)

85 95
Y

Fig.2. Stress variation of the circular cantilever beam at x=0.04

4- Circular disk under compressive point loads
The parameters used in the analysis of this problem
are asfollows:

R=2, P=100 , E=1000, v=0.3

Fig.3. Problem definition of the circular disk

Distribution of the exact and approximate energy
norms obtained by the mehod based on
superconvergent points (old method) and the method
based on satisfaction of equilibrium within the
patches (new method) are illustrated in Figure 4. As
it is observed, in the current method the variations of
the approximate energy error norm in the tip of the
load are closer to the exact energy norm compared to
the energy norm obtained by our older method which
indicates better efficiency of the current method. The
effectivity index for this problem has increased from
0.42 for the last method to 0.52 for the current
approach. This increase indicates the superiority of
the current method in comparison with the previous
approach.

From investigation of the effect of the number of
Gauss integration points on the performance of this
error estimation it was concluded that its effect is not
considerable and the obtained effectivity indices for
all numbers of Gauss points are amost the same.

(a) Exact error distribution

Eror Norm: 0.1020.30.40506070809 1 1112131415

(b) Approximate error distribution (Old)

EmorNorm: 02040608 1 12141618 2 222426

(c) Approximate error distribution (New)

Fig.4. Distribution of energy error norm for the disk under
diametrical compression

5- Conclusion

In this article, the performance of the suggested error
estimator based on satisfaction of the equilibrium
equations for improvement of the stress field was
studied by using two examples. For this purpose, two
sample problems were taken into consideration and
were solved by the isogeometric analysis method and
the effect of the number of Gauss points on the
effectiveness of the error estimator is studied. The
main advantage of the proposed method is that it
does not need the superconvergent points and it uses
the NURBS shape function in estimation of
displacements as well as the improved stress surface.
It can be concluded from the obtained results of this
research that the proposed error estimator based on
patch equilibrium is more efficient than the method
based on using the superconvergent points. Hence,
this method can be used as a simple engineering
approach for error estimation and stress recovery
within the context of isogeometric analysis. Also, it
was concluded that the effect of the number of Gauss
integration points is negligible and a similar
effectivity index is obtained a most in all cases.
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Study of Microstructure and Grain Size
Effect on Superficial Hardening of
Al SI 1045 within High Efficiency Deep
Grinding

H. Fazli Shahrit  A.A Akbari’

1- Introduction

Grinding is one of the most important methods which
directly affect tolerances in dimensions, quality and
finished surface of products. Recently more attention
is paid to the HEDG process due to the high rate of
wheel speed, depth of cut and cross feed,
simultaneously. The main source of residual stresses
is plastic deformation itself which is generaly
compressive; but thermal stresses often lead to tensile
residual stresses. Theresidual stress isinduced by the
grinding force. The level of the latter is usualy much
greater than that of the former. The present paper
aims to suggest a grinding method aimed at reduction
of surface residual tensile stress by investigating
various microstructures of samples. The changes in
hardness and mechanical properties due to the
grinding process within different microstructures
have also been studied.

In brief, this work outlines the influence of
microstructure and grain size on surface hardening
within high efficiency deep grinding (HEDG). To do
that, different samples with various microstructures
and grain sizes were prepared through specific heat
treatments. Then they underwent the grinding
operation with constant operating conditions. Finally,
the variation of micro hardness was recorded. It was
observed that the higher the primary hardness of the
material was, the more the surface hardening amount
increased. But this trend was not observed for super
hard materials and the hardening percent was
decreased after a critica primary hardness. This
hardening amount was more for fine grain materials
in comparison with coarse grain materials. The rolled
samples experienced the same as the non-rolled
samples. It was found that grinding in the direction of
elongated grains resulted in increasing superficial
hardening in comparison with the condition in which
grinding was perpendicular to elongated grains.

2- Experimental Procedure

2-1- Surface Microhar dness M easur ement

To study hardness variation at the surface of the
workpiece, which is caused by HEDG conditions (a
schematic diagram shown in Figure 1), a Vickers
microhardness sweep Buheler-4046 tester, is
employed in the traverse section of the ground area.
The applied force to measure microhardness is 100gf
for 15s. The indentations are made in the traverse
area of the workpieces, with a distance of 0.5 mm,
covering the entire surface (i.e. from one side to the
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other side of the workpiece).

Grinding Wheel [ == ()

it ~ g

\
I Dynamometer [

:

F
Fy
F

Workpiece AIS| 1045

Infrared Thermometer

Data

™
; . | N\ .
A \ Amplifier I—— Acquisition '—'| Computer | Analysis
| system

Fig. 1 The schematic of the experimental setups

3- Resultsand Discussion

For the evaluated conditions, metallographic analysis
of the hardness values lead to the following
conclusions. Microstructure variations and grain size
of the materials lead to change in surface hardness of
the samples. Although the occurrence of some
changes in microstructure of the samples was
expected, microstructural changes before and after
the process wereinsignificant even for those samples
subjected to excess heat. The surface microhardness
has been changed and recorded three times before
and after HEDG process and asillustrated in Table 1,
a considerable increase was observed in superficia
microhardness. In fact, the grinding process produces
fine and equiaxed grains in the structure of annealed
materials, samples 4, 5 and 6 as ductile samples
which are prepared at three different temperatures, as
shown in Figure 2. Thus, the process leads to an
increase in surface hardness. Also, excessive plastic
deformation beneath the surface which is due to the
grinding wheel provides a more hardened surface. As
a consequence, hardness enhancement is the result of
the finer microstructure achieved and a severe plastic
deformation is induced by material removal process
in the workpiece. Figure 3 depicts three hardened and
brittle samples (samples 22, 23 and 24) in which
machining force and temperature are high, and no
special microstructural changes are observed.

An observation in the experimental measurement of
hardness shows that the increasing trend of the
surface hardness is not smooth. Figure 4 shows the
measured microhardness values in a cross section of
the workpiece and perpendicular to the grinding
direction. As this Figure shows, the microhardness
measurements within a specific section of the
workpiece demonstrated a significant increase as the
depth of measurement decreases. This change was
due to the intensive machining heat and the severe
cooling rate at the surface of the workpiece aswell as
the severe plastic deformation.

Increase in surface hardness and residual stress of
the material can be due to the severe plastic
deformation during the grinding process. There is a
probability of converting residual austenite to
martensite in the material due to the plastic
deformation. Hence surface hardness can be
increased. The residual stress under the relatively
excessive mechenical load of the grinding process is
converted to martensite and results in raising the
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hardness of the material. Note that since the
mechanical load of the grinding wheel needed for
cutting the material which has a considerable residual
austenite is relatively high, maximum hardening of
the surface occurs.

[ ! ! R . h ; %L v .
Fig. 2 The optical micrograph of a polished surfaceillustratin
Ferriteand Perlite at A1SI1045 steel, samples 4, 5 and 6 before
the process, (B) after HEDG

-y - y i s - i
Fig. 3 The optical micrograph of a polished surfaceillustrating
martensite at Al SI 1045 steel, samples 22, 23 and 24 before the
process, (B) after HEDG

Table 1 Themeasured values of Vickers microhardness before

(A) and after (B) process

1%Vaue | 2“Value | 39Value | Average

State A 334 339 329 334

State B 461 454 459 458

Based on Barbacki's research, the severe plastic
deformation of the grinding process can lead to
increased density of dislocations at the surface of the
material.

Another observation in this study reveds that the
quantity of superficial hardening of the sample after
the grinding process considerably relates to the initial
hardness of the samples. Figure 5 shows that higher
initial hardness of the samples leads to a higher
percentage of superficiad hardening due to the
grinding process. However, the observed trend
continues to a critical initial hardness (=37 %) of the
material 19 in which initia hardness is 324 Vickers
with martensite structure.
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Fig. 4 The graph of microhardness below the surface under
optimized condition which is obtained by experiment
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Fig. 5 The graph of microhardness variation for all non-rolled
samples (1to 24)

It should be noted in Figure 5 that every three
samples are categorized based on three levels of
grain size. It is observed that the superficia
hardening in fine grain samples is higher than that of
the coarse ones. This is due to the higher grinding
force of fine grain samples. That is, plastic
deformation of fine grain samples is more excessive
than that of coarse grain samples.

5- Concluding Remarks

1- The amount of hardening due to grinding is related
to microstructure and initial hardness. The more the
initial hardness of materia is, the more its surface
hardening will be.

2- The less the grain size of the microstructure is, the
more the surface hardening will be.
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Simulation of Rubber Vulcanization for
Calculation of the Curing Time with
M odification of the Kinetic M odél

M. Erfanian'", M. Javadi’, M. Moghiman®.

1- Introduction

The injection molding process is one of the most
widely used manufacturing processes in the rubber
industry. Since imperfect heating or overheating of
rubber compound causes reduction in physical
properties of rubber, the computation of curing time
of rubber is necessary. At the present time, finding
curing time is based on inefficient trial and error
methods. Various experiments are performed for
determining the best curing time. Thus, employing a
numerical simulation is a very proper method for this

purpose.

2. Mathematical Modeling

In this study, the injection molding process
containing the mold filling and the curing stage are
studied numerically using the Fluent software for an
automotive rubber part. Governing equations are:
conservation of mass, momentum and energy for two
phases.

The curing of rubbery materials is a complex
process. During the curing process, a chemical
reaction takes place whereby cross-links between
polymer chains are produced. For curing rubbery
articles, the degree of cure (o) represents the extent
of reaction, and its value goes between 0 (uncured
rubber) and 1 (completely cured rubber). For
calculation of degree of cure, the empirical kinetic
model proposed by Kamal and Sourour has been
used. This model is regression models that fit the
experimentally measured data based on assuming a
particular functional form. In the current study, the
traditional Kamal kinetic model has been modified
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for consideration of the variation of order of reaction
with temperature. The equations of curing kinetics
were introduced into the Fluent software using a new
User-Defined-Function (UDF) developed in C
program. Thus, the cure field of rubber would be
shown at any time during the vulcanization process.

3. The Experiments

In this study, Rheometery tests are performed to
specify the curing constants of the kinetic model. In
the Rheometry tests, torque response of the rubber
sample (Fig. 1.) is measured during its cure. The
experiments in the current study are performed for
various temperatures of 160, 170 and 180 °C.

A viscometry analysis is performed in order to
describe the non-Newtonian fluid model of rubber
compound. For determining temperature dependent
specific heat of rubber, the DSC tests are done at
different temperatures.

In order to evaluate the best curing time, the
rubber articles are submitted to mechanical
compression test to determine which time presents
the maximum stiffness of the article. So, it indicates

the best curing time.

— 4.1 cm

Fig.1. Cured sample of rubber in MDR instrument

Fig. 2 represents the degree of cure distribution of
the rubber article on a symmetry plane normal to the
z-direction at different times (250, 300, 350 and 420
s). As it can be seen in the Figure, the curing has
been started from regions which are closer to the
mold. These regions reach the mold temperature in a
shorter time. At t=350s, the closer region to the mold
is completely cured, whereas the degree of cure for
the middle region of the rubber article is zero. This is
because the thermal conductivity of rubber is very



M. Erfanian, M. Javadi, M. Moghiman

low. Finally at t=420 s, the rubber article completely
cured.

t=420s
Fig. 2. Degree of curedistribution of rubber articleon
symmetry planes

In order to evaluate the curing time, different
curing time values are selected for the mechanical

compression experiment. For each time value, the
stiffness of the article is measured. The resultant
curve is depicted in Fig. 3. The best curing time is the
time which corresponds to the maximum stiffness
point. The figure shows that the best cure time occurs
att = 427 s. The traditional Kamal kinetic model
predicted the curing time occurs at t=450 s.

As can be seen, the numerical result obtained
using the modified Kamal model, is in a better
agreement with the experimental result.

50 1

Stiffness (N/m)

350 400 450 500 550
Time (s)

Fig. 3. Experimental values of the rubber article stiffness at
various curing times.

4- Conclusion:

In this paper, the injection molding and curing
process of an automotive rubber has been studied
numerically. The traditional Kamal and Sourour
kinetic model for rubber curing was modified with
consideration of variable order of reaction in the
kinetic model. The proposed model was introduced
to the fluent commercial software via a computer
code written in the UDF form.

The parameters of the kinetic model were
determined from Rheometry tests at three different
temperatures.

DSC and viscometery experiments were carried
out to determine the specific heat of rubber and the
non-Newtonian fluid model constants, respectively.
Also various Mechanical compression experiments
were performed on the rubber article at different
times of the cure process to determine the best curing
time experimentally.

The numerical predictions of the mold filling and
the curing times were compared with those of
experiments which confirmed the accuracy and
capability of the proposed method.
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