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Effect of Shot Peening on the Fatigue Life of 2024 Aluminum Alloy
Arshad Mehmood' and M. M. |. Hammouda®

Abstract

Experimental study of the effect of shot peening parameters such as shot size, nozzle pressure, nozzle
distance, impingement angle and exposure time on high strength Aluminum alloy ASTM 2024 mostly
used in air craft industries for cyclic loading applications has been presented. In the first part of research
work, following the standard procedure, effect of peening parameters on the Almen strip and finally on the
fatigue test specimens was studied. Surface texture changes occurred due to peening was examined using
powerful optical microscope. Peening process also led to the formation of compressive residual stresses in
the surface layer and was determined using “hole drilling” method. Based on the results, a set of optimum
peening parameters was evolved. Machined (unpeened) specimens and peened specimen were tested
using four point rotating bending fatigue testing machine to generate the SN-curves.The results indicated a
considerable improvement in the fatigue life of peened specimens when compared with the fatigue life of
unpeened specimens.

Keywords: ShotPeening, Fatigue Life, Parameters, Aluminum Alloy

Introduction

Shot peening is a well-established cold working process, widely used in automotive and aircraft industries.
[1] The technique involves the impingement of a stream of spherical shots, directed at the metal surface at
high velocity under controlled conditions [2, 14]. The process has useful applications in increasing fatigue
strength, relieving tensile stresses that contribute to stresscorrosion cracking, forming and straightening of
metal parts, and testing the adhesion of silver plates on steel [2,12].

Shot peening generates plastic deformation in the exposed surface layer and, thus, induces compressive
residual stresses in that layer [14]. Thus, an improvement in the fatigue strength of shot peened
components is commonly reported in the literature [1, 7, 9, 10, 16, 20]. Such an effect depends on the
variables of the process, i.e. shot size, nozzle pressure, impingement angle, shot flow rate and nozzle
distance from the specimen surface. Those variables are integrated in the form of Almen intensity [3,
7,10,16,]. Aerospace industry has a particular interest in aluminum alloys. Examples of relevant peened
parts include fuselage skin, wing ribs, bulkheads, landing gear beam and wing lower skin of air crafts.
Helicopter rotor blades and some parts of their drive elements, high-pressure turbine and compressor discs
are other examples. Some of those parts are made of Aluminum alloy 2024.

Fatigue life against shot peening of specimens made of aluminum alloys was experimentally investigated
[12, 13, 16-17]. There are reports indicating variations in the fatigue life for peened components.
References [1,7,9, 10, 16, 20] have shown that shot peening has beneficial effects on the different grades
of aluminum alloys.

On the other hand studies [4] have shown that steel shot peening (steel shot diameter between 0.35and 0.7
mm to an Alman intensity of 0.010A, per SAE J442 standard) did not result in an increase in the fatigue
endurance of aluminum alloy.

In some cases the fatigue limit of the shot peened specimens fell below that of the un-peened specimens for
example studies [6] have shown that steel shot peening with shot S 110 and S280 as per SAE J442
standard has decreased the fatigue life of aluminum alloys. [6]

For the best results, it is essential to optimize the various peening parameters. Analysis of the shot peening
variables in terms of the total energy of the shot stream shows that for a given material being peened, a
maximum value of surface stress is reached and stays constant over a wide range of energies. An optimum
value of shot stream energy exists to obtain maximum fatigue life. This is related to shot size and flow rate
through the physical effects of the shotimpacting the work surface [7].

"**Department of Mechanical Engineering, University of Engineering & Technology Taxila.



Technical Journal, University of Engineering and Technology Taxila, 2009

The results of different worldwide research works presented above indicates the importance of process
quality control and peening parameters in peening Aluminum alloys in terms of achieving the
optimum improvement in fatigue life. This is not a simple problem and a number of parameters have to be
carefully controlled to maximize fatigue life. These include peening media (Shot size, shot material, shot
quality), pressure /velocity, Exposure time, peening distance etc. [1].

These references (4-7, 11-12) reveal that shot peening process depends upon peening condition or
peening parameters. But it remains unclear how these parameters affect the peening quality and what are
the optimum peening conditions for Aluminum alloys. Also, these inconsistent reports do not provide the
high level of confidence required for the industrial adaptation of the process in the basic design
considerations as long as fatigue strength is concerned. Detailed literature review and above presented
results highlights further research areas and may be considered sufficient justification to the selected
research work. The research undertaken will provide a good understanding of peening process, optimum
peening parameters affecting the fatigue life of aluminum alloys and residual stress measurement.

EXPERIMENTAL WORK

Material and Specimen

The material in the present work was 2024 Aluminum alloy ASTM-B211. Table 1 lists the mechanical
properties of the tested material. The corresponding chemical composition in weight % was as follows: 0.1
Cr, 2.0Cu, 0.5Fe, 1.5Mg, 0.6 Mn, 0.05Si, 0.15Ti, 0.25Zn and remainingAl. Fig.1 shows the geometry
of the present fatigue test specimen as per ASTM standard E606 [15]. Forty-five of such specimens were
tested to obtain their S/Nf curve in both condition of as machined and after purposely-designed shot
peening.

Table 1: Mechanical properties of Aluminum 2024 ASTM-B211

0.2% Ultimate Clongation | Possion’s | Elasticity Brinell
Proof tensile stress % ratio modulus Hardness
stress MPa GPa
MPa
324 393 20 0.33 73.1 120
¥
r.
. V7 | vog7 % !
; E— 1
9 20 %
230

Figure 1: Geometry of the present test specimen

Evaluation of Almen Intensity

Shots of three sizes were applied for this process. Their material / hardness are listed below in table 2.
Experimental work started from peening machine. An air blast machine of 136 MPa pressure rating was
selected for the test work. The air blast nozzle internal diameter (6mm) was checked using a standard go-
no go gauge before testing. Shot flow rates were calibrated using real time catch tests. The nozzle to test
strip / specimen center location was adjusted and was checked before and after testing, the shot impact
angle on the test strips was calibrated and checked before and after testing protractor/level. Peening strips
of size3"x 0.75’x 0.031” thick (type A) as per SAE J442 arranged. “A” scale / type Almen strip is
recommended for low intensities which are normally used for soft materials like aluminum [3]. Three
standard sizes for strips of material SAE 1070 spring steel are used and “A” scale type is shown in the fig.2

2
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[14] Each strip was individually inspected for flatness using an Almen Gage #2. All strips with a tolerance of
less than or equal to 0.0001 inch were selected for use. All strip mountings and removals were done using a
systematic method. These strips were screwed on a solid block and then on the perforated plate of the
peening machine as shown in the fig. 3[14].

Table 2: Peening Media Properties [14]

S.No | SAE No. O (inches) Material Hardness (HHRC)
0l SI110 0.0197 Cast steel 45
03 S170 0.0280 Cast steel 43
04 S230 0.0394 Cast steel 45
‘§
?
g

L w4 a A i A

o 1=t o
b J
A—ALMEN STRIP S
A N

| . I i

Figure 2: “A” Type Almen Strip

Several experiments were performed on Almen strips. Each individual peening process parameter (like
shot size, nozzle pressure, impingement angle, exposure time and nozzle distance from the specimen)
was varied to determine the relationship with almen height. During each experiment other parameters were
kept constant. Finally we were left with individual parameter Almen intensity and its affect on the
fatigue life of actual specimen were experimentally determined.

Peening of fatigue test specimen

The same procedure was adopted for the peening of fatigue test specimen as described for Almen strip.
Following parameters were selected for the peening of fatigue test specimen.

Process variables Nominal setting

Nozzle pressure 60-80 psi

Nozzle internal diameter 6mm

Shotsizes: S-110, S-170, andS-230
Nozzle to specimen distance 7 inches
Shotimpactangle: 65°

Specimen motion 25rpm
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Figure 3: Aimen Strip Holder

Fatigue Testing

The fatigue test programme was carried out utilizing a four points rotating bending machine of 20kg-m
maximum bending moment and 2860 rpm speed .The preliminary investigations concentrated on
establishing base line information regarding the fatigue life of the material. In the main part of the
programme as machined and shot peened specimens were utilized and SN curves were determined with
the view of examining the effects on peening parameters on the fatigue life in the presence of alternating
stresses. All tests were performed with the load ratio of R = -1

Results and discussion

Results of the first part of experimental work are related to the evaluation of Aimen intensity, which depends
on different variables like air pressure, impingement angle, nozzle distance and shot flow rate. Relationship
between each individual variable and Almen intensity was obtained by keeping the other three parameters
constantand are mentioned on each graph.

In fig. 4 nozzle pressure versus Almen height graph is shown. Air pressure exhibited nearly linear behavior
regarding intensity until the maximum value is obtained. The combined effect of peening parameters
appears in the from of Almen height which is the indication of absorbed energy in the almen strips. It is
obvious that higher pressure causes higher values of shot velocities and hence more energy will be
transmitted, consequently higher values of almen intensities will appear. Effect of nozzle pressure is related
to shot sizes. Larger shots give higher almen intensities than that of smaller shots. Up to certain value of
pressure almen height increases and then once again curve bows down. It can be concluded that optimum
value of pressure exists somewhere and can be achieved.

In fig.5 relationship between nozzle angle and Almen height is shown. Nozzle angle had the greatest effect
on intensity. Changes in nozzle / impingement angles have a pronounced effect at low angles and very little
effect at angles greater than 65°. At low angles, this effect is almost parabolic, implying the lower the angle,
the greater the effect.

The high velocity shots stream imparts energy in the peening strip. Between 0° and 90° shot velocity is
resolved into two componentsi.e. Normal and horizontal. According to Hertzian pressure [21] the normal
component of shot velocity produces impact load which causes a maximum shear stress below the surface
and it has key role as far as Almen intensity is concerned. As impingement angle increases normal
component increases and its effect reaches certain maximum value and after that the curve is almost
horizontal. It can be concluded that the value of normal component of shot velocity has maximum effect at
65° and after that up to 90° this effect is almost negligible.

4
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Fig.6 shows that Almen height increases by increasing the nozzle distance until the maximum value is
achieved and after that value Almen height once again decreases. But it can be concluded that overall
effect of nozzle distance is limited and is inversely proportional. At smaller nozzle distances and larger
distances shot stream can not produce the desired effect. Fig.7 shows that media flow rate is inversely
proportional to the intensity.

Table 3: Residual Stresses Measurement

S.No | Almen Residual Stress Depth Residual Stress Depth
Intensity (Max.) MPa (mm) (Min.) MPa (mm)
01 8A -219 0.2 40 0.5
02 10A -230 0.4 45 0.5
03 12A -242 0.2 49 1.4
0.014
0.012
E 001 | D\Q’/D\Q-\c
= 0.008
% 0.006 4
]
£ 0004
—t—S-110 Nozzle pressure 70 psi
—0—S-170 Nozzle angle 65°
0.002 4 ——
520 Flow rate 10 Ib/sec
0
3 5 7 g 10

Nozzle Distance (Inches)

Figure 4 & 5: Nozzle pressure vs. Aimen height & Nozzle distance vs. Almen height
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Figure.6 Nozzle angle vs. Almen height
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Microstructure changes occurred due to shot peening were also examined using powerful optical
microscope. In fig.7 and fig. 8 microphotographs of as machined and peened specimens are shown. It can
be visualized that peening has produced indentation / compression in the specimen and has spread
material near the impact point against the resistance of neighboring material, thus introducing a complex
sub-surface residual stress distribution in which generally, the surface is in elastic compression. Stresses
produced due to peening were determined by hole drilling method shown in the table: 3[14]

0.014
0.012 4
0.01 4
— —0—0n
0.008 4
0.006 4
0.004 + Nozzle pressure 70 psi
—0—S110 Nozzle angle 65°
0.002 4 —0—s170 Nozzle distance 7"
—ty— S230
0 - - - - - -
25° kLY 45° 55° es* 75 0"

Nozzle Angle (degree)

Figure 7: Shot flow rate vs. Almen height

In the second part of experimental work effect of shot peening on the fatigue life of Aluminum 2024 is
determined. Peening process produces residual stresses in the surface layers of peened specimens. A
comparison between as machined and shot peened specimens is shown in fig.8 and 9. Microphotographs
of machined (before shot peening) and after peened were obtained using powerful microscope. Each shot
acts like a hammer and produces residual stresses in the surface and subsurface layers. It can be
visualized that peening has produced indentation / compression in the specimen and has spread
material near the impact point against the resistance of neighboring material, thus introducing a
complex sub-surface residual stress distribution in which generally, the surface is in elastic compression.
Stresses produced due to peening has been determined using hole drilling technique and shown in table 3.
For higher values of Alemen intensity value of residual stresses will be higher.

Figure 8: Microphotograph of machine Figure 9 Microphotograph of peened
surface with 50x magnification surface with 50x magnification
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Considerable improvement in the fatigue life of peened component was observed. In table 4 results of as
machined and shot peened specimens are shown. 166 % improvement has occurred due to shot peening
at the cyclic stress of 60 % of the UTS. This is because of residual stresses produced by shot peening.
These stresses slow down crack propagation rate.

Atlower stress values fatigue life improvement will be more as compared to higher stress values. As cracks
propagation rate is higher at higher stress values.

Almen intensity is the major parameter on which fatigue life of the specimen depends. Number of cycles
versus Almen height graph shows that up to certain value of Almen intensity, number of cycles increases
and then curve bows down even by increasing the Almen height. This may be due to the residual stress
value that should be optimized otherwise peening may produce adverse effects.

The fatigue life that can be visualized from fig.10. This is because of compressive residual stresses. Larger
size media produces more residual stresses than the smaller one which may decrease the fatigue life of
specimens. Almen intensity can be optimized from the results of figure: 11. Up to certain value of Aimen
intensity fatigue life increases and after 12A it once again decreases. Hence 12A can be considered
optimized value of Aimen intensity.

Table 4: Fatigue life comparison of as machined and 12A-shot peened
specimen at an applied stress of 250 MPa (63% , 38% of UTS)

o/ W As machined | Average | Peened-12A | Average

S.No | MPa-Kg Ny N¢ Nr Ny Gain %(Gain)
01 1.145x 10° 4.85x 10

02 | 250/ 66 2.40x 10* 1.898x |4.70 x 10° s.06x 10* | 3.1x10* | 166%
03 1.80 x 10° 10¢ 423x 10°

04 2.25x 10° 6.46 x 10°

01 150/40 1.25 x 83x 100 | 6.05x 484%

10° 10*
400 4

a Fearecs

‘4"

[l = =y =)

300 4

Cyche shross pAPa)
[ 5]
»
>

Nozze pressure
100 4 Sheotse S0 . .
Nozze dstance 7

504 Nozze angle s’

Flow rate 105 1b/sec

L

m J
L]

' 0E-03 1.0E-04 1 0E=L5 10208 T 0&-07 10
e (Ne)

Figure 10: SN curves comparing the fatigue life of unpeened
and 12A peened specimens
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Conclusions

The effect of shot peening on fatigue life of the 2024 Aluminum alloy was studied under constant amplitude
loading condition .The results showed that shot peening can be applied to increase the fatigue life of the

allu

minium alloy under optimum conditions otherwise we may not get the appropriate results and even it

may cause adverse effects. Also the beneficial effect of the process is greater at long fatigue lives than at
shortfatigue lives.

1.

4.

5.

Air pressure exhibits nearly linear behavior regarding intensity until the maximum intensity for a
particular media size is achieved. Higher intensities can be obtained at lower pressure for large size
shots.

Nozzle angle had the greatest effect on intensity. Changes in nozzle/impingement angles have a
pronounced effect at low angles and very little effect at angles greater than 55° for small shots and 65°
for large diameter shots.

Nozzle distance has a limited effect on intensity and media flow rates is inversely proportional to the
intensity. Value of Almen intensity increases as media size increases.

Larger size shots produce more residual stresses in the surface layers of the specimen as compared to
smaller size shots and smaller shots are more effective than the larger shots.

Optimum value of the peening intensity exists between 8Ato 13Afor alluminium alloys.
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Development and Application of a 2-D Approximation Technique
for solving Stress Analyses Problem of a L.P. Turbine using Finite
Element Method

H. A. Khawaja' and A. M. Khan?

Abstract

With the advent of computational techniques and methods like finite element method, complex engineering
problems are no longer difficult to solve. However, applying these techniques is not a simple task and
require lots of acumen, understanding and experience in obtaining solution which is as close to exact
solution as possible with minimum computer resources. In this work using finite element) method, stress
analyses of low pressure turbine of a small turbofan engine is carried out by employing two different
techniques. Initially, complete solid model of the turbine is prepared which is then finite element meshed
with eight-node brick element. Stresses are calculated using this model. Subsequently, the same turbine is
modeled with four-node shell element for calculation of stresses. Material properties, applied loads
(inertial, aerodynamic, and thermal), and constraints were same for both the cases. Authors have
developed a “2-D approximation technique” to approximate a 3-D problem into a 2-D problem to study the
saving in valuable computational time and resources. In this statistics technique, the variable thickness
blade is divided into many small areas of constant thickness. Itis ensured that the value of the thickness for
each sub-area is correct representative thickness of that sub area and it is within three sigma limits. The
results revealed that technique developed is accurate, less time consuming and computational effort
saving; the stresses obtained by 2-D technique are within five percent of 3-D results. ANSYS ® 9.0 was
used of this work.

Keywords: 2-D Approximation Technique, Finite Element Method, Low Pressure Turbine
Introduction

Stress analysis in any engineering field is invariably complex, and obtaining exact solution is almost
impossible if geometry is complicated. In such a situation, engineers usually resort to numerical
approximate methods to solve the problems. With the advent of computers, one of the most powerful
techniques that have been developed in the realm of engineering analysis is the FE method, and the
method, being general, can be used for the analysis of structures / solids of complex shapes and
complicated boundary conditions. However employing this method correctly is in itself a challenging task.

Today computational power is much larger, more reliable, and relatively cheap and as most technology
related setups have access to computers, the popularity of using numerical methods is an ever
increasing phenomenon. Especially FE method is being used at large extent for structural analysis.
Description of the development of the FE method and its application is thoroughly discussed [1, 2].
V.Ramamurti, D. A. Subramani and K. Sridhara [3] have analyzed vibration using FE method. Also A.M.
Khan, M. N. Ahmed and S. Mushtaq [4] have used FE method for stress analysis. Otherthan discussed,
ANSYS® Inc. has verified FE method by providing s number of verification manuals for static, modal,
harmonic, etc analysis [5], thus proving our point that FEM provides reliable solution to engineering
problems.Additionally,there is a lot of literatureavailable on finite element analyses of complex structures.

In this work, we have made an effort to solve complex 3-dimensional stress analysis problem of a low
pressure turbine of a small turbofan engine first by using ‘2-dimensional approximation technique’ in
order to take advantage of reduced computational time and ease of finite element modeling and
meshing. The same problem was also solved by modeling the blade with 3-D, 8 noded brick type of finite
element. Comparison of results obtained from both methods is made and discussed. For this work
commercially available FE software ANSYS® was used as a tool for the analysis.

Dimensional Approximation Technique
Any structural element whose one of the dimension (thickness) is one order of magnitude smaller than rest
of the two, can be termed as “thin walled structure”. Finite Element stress analysis of such structures is

'*? Department of Aerospace Engineering, College of Aeronautical Engineering, NUST
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generally conducted using 2-D shell type of elements. Adifficulty arises once the thickness of the structures
is not constant, but it is variable e.g. turbine or compressor blades. In that situation, the thickness has to be
approximated while carrying out the finite element analyses, using some thickness approximation
technique so that the accuracy of results is not compromised.

Dimensional approximation technique that we have used requires a bit of modeling work. However its finite
element model is relatively easy to built and easy to mesh compared to 3-dimensional model. We
developed the 3-Dimensional CAD model of turbine blade after lots of discussion with aerodynamics and
propulsion designers. Its 3-dimensional shape is shown Fig. 1. There are 59 blades in the turbine joined
with solid hub. Blades have thicker aerofoil at hub in comparison to tip. Also geometric and aerodynamic
twistis there to have best possible performance from turbine.

In order to cater for the blade thickness in 2-D finite element model, a simple 2-D approximation
technique was applied in which the entire blade was distributed into many sub areas whose thickness was
assumed constant. The value of that thickness was in fact the average thickness of that area. The blade
was distributed into many areas having constant thickness, which was the average value of the actual
variable thicknesses of blade in chord and span directions as illustrated in Fig. 2, where A, B, C, D, E,and F
are thicknesses associated with one subarea as shown. The methodology to reach to the final number of
subarea in which the blade was eventually distributed into, is explained in subsequent paragraphs
Division of areas were made in such a way that maximum and minimum value of thicknesses in a subarea
remains within 3-sigma limits. Initially the blade was divided into three subareas, but the value of
average thickness did not fall within the 3-sigma limits.

Subsequently, the blade was divided into more and more subareas till the thickness of each subarea was
within 3-sigma limit. After the determination of thicknesses, the mean chamber line of tip and root aerofoil
were modeled and joined, keeping areas of different thicknesses as separate entity.

Figure 1: CAD Model of Turbine

Table 1: Thicknesses associated with 2-D approximated areas

Maximum Minimum Average Standard
Area No. | Thickness (mm) | Thickness (imm) | Thickness (mm) Deviation(mm)
| 0.845 0.811 0.828 0.012
2 1.804 1.771 1.787 0.011
3 2.130 1.928 2.029 0.071
4 2.666 2.212 2.439 0.160
5 2.982 2.293 2.638 0.243 ;
6 2.589 1.975 2.282 0.217
7 2.075 1.674 1.875 0.142
8 0.939 0.782 0.860 0.055
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Figure 2: lllustration of thicknesses taken from 3-D turbine blade for making 2-D areas

Maximum value of thickness, minimum value of thickness, average value of thickness and standard
deviation from average value for each area within the blade is shown Table 1.Areas built for turbine
blade using 2-D approximation technique are shown in Fig. 3(a). Turbine disc (Hub) is approximated with
an area having constant value of thickness equal to 3mm. Turbine model build using 2-dimensional
approximation is shown Fig. 3(b).

3D Turbivg Blacke 20 Approvimated Furbine Disde

(a) 3-D Turbine Blade and its 2-D (b) 2-D Approximated Turbine
Approximated Form

Figure 3:  2-D Approximated blade and complete turbine
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Finite Element Modeling and Applied Constraints

The 2-D approximated model of turbine was meshed with 4 Node Shell 63 elements of ANSYS, as shown in
Fig. 4(a). Figure 5(a) shows the blade-hub Joint which was modeled by node coupling. Mesh sensitivity
analysis was carried out to have a mesh with an optimum number of nodes. Optimized mesh is capable of
giving accurate results with minimum utilization of computational resources. 3-D model of blade was
created from many small volumes, which were glued and meshed with an 8 Node Brick 45 element type
“Fig. 4(b).Mesh sensitivity analysis was also carried out on 3-D FE model of turbine. Optimized mesh was
selected for analysis performed.

e
(a) 2-D FE Turbine Model (638 Nodes) (b) 3-D FE Turbine Model (9360 Nodes)

Figure 4: Finite Element Model of Turbine

Before running FE solution, displacement constraints were also defined; for that all nodes at turbine-shaft
linkage “Fig. 7” were constrained in all degree of freedoms. Both analyses were carried out using linear-
elastic material model. Mechanical properties of Nickel based alloy Inconel 718 were taken for analysis of
turbine [6].

Erodi paot wih By

(a) lllustration of Blade Hub Joint (b) lllustration of Turbine Shaft Linkage
(Single Blade)

Figure 5 Blade Hub Joint and Turbine Shaft Linkage

Linear Static Analysis and Applied Loads

Turbine blades are subjected to various types of loadings such as aerodynamic, thermal and inertial loads;
values can be seen in Table 2. Aerodynamic load, the difference of pressure acting on upper and lower
surface of blade, was applied as distributed load on the lower surface of turbine blade. Thermal load was
applied on the entire blade and inertial load was applied as body load which is due to the rotation of the
turbine.

13
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Linear Static Analysis Results

Number of nodes required by 2-dimensional approximate model is almost 15 times lesser than number of
nodes required for analyzing 3-dimensional model, and it was found out that solution time is six times lesser
for 2-dimensional approximated model than 3-D model. Von-Mises (Effective) stress contour plots of 2-
dimensional approximated and 3-dimensional blade as per static analysis for normal operational load are
shown “Fig. 6”. Also displacement contour plots of both the blades under normal operational load are given
“Fig. 7.

Table 2: Loading conditions on turbine as per defined cases

Maximum Pressure 0.5745 MPa
CASE ] -
(Normal Operation) Maximum Temperature | [056.55 K
’ Operating RPM (Inertia) | 32200 RPM
Maxi 6320 NV
CASE 2 Maximum Pressure 0.6320 MPa

Maximum Temperature | [083.33 K
Operating RPM (Inertia) | 38000 RPM
Maximum Pressure 0.4309 MPa

(Over-run Operation)

(No rmgfgg ej:-a tion) Maximum Temperature | 972.22 K
: P Operating RPM (Inertia) | 32200 RPM
' 3027
CASE 4 Maximum Pressure 0.5027 MPa

Maximum Temperature 1027.78 K
Operating RPM (Inertia) | 38000 RPM

(Over-run Operation)

Comparison of results is given “Table 3”. The difference between 2-D model and 3-D model for normal
operation for maximum stress is 6.30 % where as far as maximum displacements itis 4.00 %.

Figure 6: Effective Stress (MPa) Contour Plot of Turbine Blade for Normal Operation

Figure 7: Displacement (mm) Contour Plot of Turbine Blade for Normal Operation

14
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Table 3: Comparison of results obtained by Stress Analysis

Load Cases Max. Values 3-D blade | 2-D blade | % Difference
33 3 0
CASE | Stress (MPa) 955 1015 6.30 %
(Normal Operation) | Displacement (mm) 0.276 0.287 4.00 %
Y 77 27 64°
CASE 2 Stress (MPa) 10 112 4.64%
(Over-run Operation) | Displacement (mm) 0314 0.336 7.01 %
- - o
CASE 3 Stress (MPa) 716 761 6.30 %
Displacement (mm) 0.211 0.215 1.90 %
Stress (MPa) 846 898 6.15 %
CASE 4 Displacement (mm) 0.242 0.251 3.72%

The 2-D solution is obtained in six times less CPU time than 3-D model. Similarly, the number of nodes and
elements are more than 10 times less than that of 3-D model. The results clearly show that the 2-D
approximation technique predicts the displacement and stresses of the LP turbine very accurately and in
much less CPU time.

Conclusion

Computational stress analysis of low pressure turbine of a small turbofan engine was performed
using 2-D approximation technique developed by authors. The results of this analysis was compared with
the another stress analyses of the same geometry modeled with 3-D finite elements. It was observed that
the results are within 10% of each other. 2-D finite element results were considered better as they
were obtained using much less computational resources.
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A Parametric Study of Deformations and Stresses in

Pin-loaded Tubes under Axial Tension
Ishtiaqg Ahmad '

Abstract

This paper describes the main results of an experimental study of deformations and stresses developed in
pin-loaded tubes under axial tension. The results of 28 pin-tube configurations, obtained using stress-
freezing technique of 3-dimensional photoelasticity, have been presented. The parameters studied
include; (a) pin/tube diameter ratio, (b) the position of the pin axis relative to the tube end, (c) tube
thickness/diameter ratio (d) lubrication at the pin-tube interface, (e) pin stiffness, (f) pin clearance in the pin-
hole and (g) some alternate modes of tensile loadings. The data provides a useful reference in the design of
a pin-loaded tube under axial tension.

Keywords: Pin-Loaded Tubes, Axial Tension, Tube Deformations ,Stress Indices

Introduction

Pinned connections in plates (or lugs) and tubes are a common feature in a wide range of engineering
applications. Grantand Smart[1] has reported the extensive use of pin-loaded tube as a form of connection
in the aircraftindustry. The stress state in such a tube is therefore of considerable importance. However, the
literature review by the author [2] reveals that much previous work has been devoted to the stress analysis
of cylindrical tubes with empty transverse holes and of 2-dimensional problems in the form of pin-loaded
plates and lugs. This paper describes a part of the results of a systematic parametric study, using stress-
freezing technique of 3-dimensional photo elasticity, of the stresses and deformations in pin-loaded tubes.
Some of the results of the experimental investigations of the author regarding deformations and stresses in
pin-loaded tubes have been published elsewhere [3, 4, 5, and 6].

Model Design and Manufacture

Atypical pin-tube configuration is shown in Fig. 1 which also shows the symbols and notations. Each photo
elastic model incorporated two separate configurations, one at each end, designated L for lower and U for
upper for ease of reference. The defining values of dimensionless parameters d/D, h/D and t/D for each
configuration presented in this paper | are listed in Table 1. Each configuration of Table 1 has been assigned
the same reference number as was assigned in the publication [2] where full coverage of the detailed photo
elasticinvestigation of stresses in pin loaded tubes have been reported.

Figure 1: Symbols and notations of a pin-loaded tube

'Pakistan Institute of Engineering and Applied Sciences, Nilore, Islamabad
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The pin-tube interface was lubricated for 13U configuration while pin-tube interface remained un-lubricated
for the rest of the configurations presented in this paper. Except for 18U (a configuration designed for the
study of effect of pin clearance) the fit of the pin in the tube holes was ‘snug’i.e. there was neither clearance
nor interference. The effect of variation of d/D have been studied using 0.10, 0.20, 0.40 and 0.60 as the
values of d/D while four values of h/D (i.e. 0.50, 1.00, 1.50 and 2.00)have been used for studying the effect
of h/D. The values of t/D presented in this paper, for studying the effect of variation of tube thickness, are
0.04,0.08,0.16,0.25and 0.32

Each model was machined from a casting of Araldite CT200 (with hardener HT 901), with annealing after an
initial ‘rough’ machining prior to final machining. The outer dimension D of each model was 50.0 mm. The
length of each model presented in this paper was 350 mm (i.e. 7D). With this length and for h/D values
included in the model series the two ends of the model could be regarded as independent.

The standard form of pin consisted of Araldite sleeve on a cylindrical steel core-piece. This form of pin
provided an Araldite/Araldite contact at the pin-tube interfaces and adequate pin stiffness under the applied
load. The core-piece of 14U configuration was aluminum alloy (reducing the pin stiffness by a factor of 3).

Experimental Procedures

The models were subjected to the stress-freezing cycle in a temperature-controlled oven. Tensile load was
applied axially at pin-centre (see Fig. 2a) for all configurations except for model 19 (see Fig. 2b), model 20
(See fig 2c) and model 21 (see fig 2d)

g . - 29 %
W / 2 W2y
f 7, ’I
I’ I; ’.F
- ¢ .
7, 7,
7 % /
f l,J I’
Z Z %
(a) Tensile load applied axially (b) Tensile load applied through
at pin-center inside loading tube
W2 W2 ) )
0‘ r' E V'. :/l
74 .;{fé éﬂ.\ per unit Icngth;/é
7 7 7 o
74 & [ Atteetetette” l
o7, 7, 7
Z & % %,
7 % 7 %
o ‘2 2; :/
% Y./ 7 .74
7 7 7% 7
Z4 N 7 7 Ny s
(c) Tensile load applied through (d) Tensile loading applied through
Outside loading tube internally fitted loading plug

Figure 2: Schematics of alternate modes of tensile loading
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After completion of the stress-freezing cycle, the principal diameters of the stress-frozen tube were
measured at suitably spaced positions in the two planes of symmetry (i.e. planes PP and QQ; see Fig. 1).
The tube was then cut into two halves along two axial lines with 6 coordinates (see Fig. 1) of 1200 and 3000
and the ‘through-thickness’ isochromatic fringe patterns around each hole was photographed. Before
slicing some ‘through thickness’ isochromatic fringe readings were also taken. A diffused light polariscope
was used for taking isochromatic fringe order readings; fractional orders were obtained by use of tardy
compensation technique.

For presentation purposes, all stresses were expressed in the form of stress indices obtained by dividing
values of the fringe order per unit thickness by the average ‘through- thickness’ fringe order per unit
thickness, Nref, obtained from readings taken around the tube at about the mid-length position where the
stresses were almost uniform. [For the thicker models (namely, models 8 and 9) the material fringe value of
the model material was obtained from a tensile calibration specimen and the required Nref value was
calculated using the stress-optic law.] Derived stress indices are denoted by the symbol | with the
subscripts z, or B, as appropriate, and an additional subscripti or o to denote the inner or outer surface.

Results and Discussion

The main results of maximum deformations and stresses for 28 pin-tube configurations, with tensile
loading, are tabulated in Table 1. The general pattern of tube deformations and the distribution of tangential
stresses around pin-hole have been presented (in Figs 3 and 4) for the pin-tube configuration 12U [2]
having d/D, h/D and t/D as 0.2, 1.0 and 0.08 respectively model are exemplified in Fig.3, where the quantity
AD/DW (W being the applied load) is plotted for the configuration 12U against the non-dimensional axial
coordinate.

084
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Normalzed distance from tube end, 2D

Figure 3: Tube deformations of configuration 12U

Table 1: main result of maximum deformations and stresses for some
tensile loaded pin-tube configurations

Pin-Tube ADpur(PP)DW [ ADpar(QQYDW [ L(PP) 150 max
Configuration kN (at zD) kN"(at zD) max around
(d/D,h/D,VD), | Ref. pin-hole
any other No. (Brnax)
variable degree
Study of effect of variation of d/D and h/D while other parameters are fixed
(0.1,0.5,0.08) 15U -1.33 (0) 0.83 () -22.79 16.78 (82%)
(0.1,1.0,0.08) 5U -0.85 (0) 0.59 (0) -13.78 15.74 (75%)
(0.2,0.5,0.08) 11U -1.37(0) 0.92 (0) -15.92 12.87 (90%)
(0.2,1.0,0.08) | 12U -1.22 (0) 0.90 (0) -11.10 11.34 (90%)
(0.2,1.5,0.08) | 4U -0.40 (0) 0.25(0) -7.70 10.33 (75%)
(0.2.2.0,0.08) U -0.25(1.2) 0.24 (1.0) -7.50 9.90 (86°)
(0.4,0.5,0.08) 3L -1L.31(0) 0.94 (Y -5.33 10.75 (50%)
(0.4,1.0,0.08) 16U -1.33(0) 1.06 (0) -5.47 8.88 (90%)
(0.4,2.0,0.08) | 17L -0.33 (1.0) 0.28 (1.0) -4.19 8.03 (85%)
(0.6,1.0,0.08) | 4L -1.58 (0) 1.29(0) -4.03 7.47 (90%)
{0.6,1.5,0.08) 5L -0.73 (0) 0.45(0.2) No results | 6.66 (90%)
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Effect of variation of v/D studied for two configurations of d/D and h/D keeping other
parameters fixed
(0.4,1.0,0.04) | 6L -7.25 (0) 5.08 (0) -6.99 10.02 (90%)
(0.4,1.0,0.08) | 16U -1.33(0) 1.06 (0) -5.47 8.88 (90°)
(0.4,1.0,0.16) 7L -0.189 (0) 0.145 (0) -3.95 7.65 (87°)
(0.4,1.0,025) | 8L -0.046 (0) -0.043 (1.0) -3.70 5.87 (90°9)
(0.41.0032) | 9L -0.039 (0) -0.037 (1.0) -3.52 4.81 (87")
(0.2,0.5,0.04) |6U -5.65 (0) 3110 -17.72 14.22 (83°)
(0.2,0.5,0.08) [ 11U -1.37(0) 0.92 (0) -15.92 12.87 (90%)
(02,0.5,0.16) |7U -0.263 (0) 0.215 (0) -9.76 11.66 (80°)
(0.2,0.5,025 |8U -0.067 (0) 0.046 (0) -8.27 7.01 (75°)
(0.2,0.5,032) |9U -0.055 (0) 0.031 (0) -6.25 6.80 (83%)
Study of effect of lubrication and pin stiffness keeping other parameters fixed
(0.2,1.0,0.08) [ 12U -1.22 (0) 0.90 (0) -11.10 11.34 (90%)
(0.2,1.0,0.08), | 13U -1.22(0) 0.84 (0) -10.89 | 11.03(85%)
lubricated pin
(0.2,1.0,0.08), | 14U -1.22 (0) 0.891 (0) -11.91 11.93 (87%)
less stiff pin
Study of effect of clearance between pin-hole and pin keeping other parameters fixed
(0.2,0.5,0.08) | 11U -1.37(0) 0.92(0) -15.92 12.87 (90°)
(0.2,0.5,0.08), | 18U -1.39 (0) 0.951 (0) -16.81 14.37 (75°)
d-d, =0.25mm
Effect of variation of mode of tensile loading studied for two configurations of d/D and
h/D keeping other parameters fixed

" load applied axially at pin centre.

? loads applied through inside loading tube.

* load applied through outside loading tube.

*load applied through internally fitted loading plug.

As evident from Fig.3, above the pin-hole [the words ‘above’ and ‘below’ are used here in the sense implied
in Fig. 1, regardless of whether the hole is at the upper end of the model (U) or the lower (L)] the diameter
changes in the PP plane, AD(PP), were negative, while those in the QQ plane,

(0.4,1.0,0.08)" | 16U -1.33 (0) 1.06 (0) -5.47 8.88 (90°)
(0.4,1.0,0.08)" | 19L -0.945 (0) 0.834 (0) -6.52 8.83 (90°)
(0.4,1.0,0.08)" | 20L -1.17(0) 1.01 (0) -6.65 8.96 (90%)
(0.4,1.0,0.08)° | 21L -0.124 (0) -0.141 (1.0) -4.03 5.20 (90°)
(0.2,0.5,0.08)° | 11U -1.37(0) 0.92 (0) -15.92 12.87 (90°)
(0.2,0.5.0.08)° | 19U -0.796 (0) 0.756 (0) -15.59 13.17 (90%)
(0.2,0.5,0.08)" | 20U -1.24 (0) 0.885 (0) -15.33 13.03 (90°)
(0.2,0.5,0.08)° [21U -0.124 (0) -0.116 (1.2) -7.63 9.37(90°)

AD(QQ), were positive. Close to the pin-hole AD(QQ) decreases to zero. Below the pin-hole AD(PP) is
positive and AD(QQ) is negative. These deformations increase to secondary maxima just below the lower
edge of the pin-hole and then decrease over a length of the order of one tube diameter until the cross
section shows a small uniform reduction in diameter. A number of conclusions can be drawn from the
tabulated data:

1. The maxima of tube deformations generally occurred at the open end of the tube. The maximum
deformation values occurred at z/D other than zero (0.2 to 1.2) for thinner models having h/D =1.50 (3U,
5L) or loaded through internally fitted loading plugs (21L, 21U) and for thicker models having t/D =0.25
(8L,9L).

2. With the only exception of 21L (a configuration loaded using an internally fitted plug) The absolute
value of maximum diameter change in the PP plane was always greater than thatin the QQ plane.

3. Within the limits of the experimental error it can be generalized that for a given d/D Value, maximum
deformations tend to decrease with increasing h/D. This conclusion is in line with the findings of Grant
and Smart [1].
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Within the limits of the experimental error it can be generalized that for a given h/D Value, maximum
deformations tend to increase with increasing d/D.

Rapid decrease in deformations has been observed with increasing t/D. This conclusion is in line with
the findings of Grant and Smart [1]. Tendency of change of sign for the maximum values of A
D(QQ)/DW has been observed for thicker models (8L, 9L) and for the model loaded through internally
fitted loading plug(21L, 21U).

Practically model deformations remained unaffected by the lubrication of pin-tube Interface,
change of pin stiffness and the introduction of clearance between pin-hole and pin.

The modes of tensile loading can be arranged in the order of increasing maximum deformations as:
loading through internally fitted loading plug (minimum deformations), load applied through inside
loading tubes, load applied through outside loading tube and load applied axially at pin centre
(maximum deformations).

Maximum compressive axial surface stress inthe PP plane occurred at the inner surface
immediately above the pin-hole. These maximum values are shown, in table 1, in the form of non-
dimensional stress index Izi(PP)max. It can be seen from the tabulated data that:

1.

With the only exception of configurations 3L and 16U, for a given d/D value, 1zi(PP) max tend to
decrease with increasing h/D.

Foragiven h/D value I1zi(PP)max decreases with increasing d/D.
Izi(PP)max decreases with increasing t/D.

The use of clearance fit pin and less stiff pin resulted in increase of the value of Izi(PP)max while
lubricating pin-tube contact has resulted in slightly reducing this value.

Among various modes of tensile loading least value of 1zi(PP)max was observed for the tensile
loading applied through internally fitted loading plug.

Tangential Stress Indices around the Pin-holes

The general distribution of tangential stress indices, at inner and outer surfaces of the pin-holes, is
illustrated in Fig. 4, using the data of configuration 12U. The prominent general features of the distribution of
tangential stress index around pin-holes include the following.

1.

Almost without exception the outer edge value was greater (algebraically) than the inner edge value for

all B.

The maximum stress index always occurred at the outer edge at Bvalues ranging from 75 to 90 degrees
(seeFig.1).

At B = 0 (the centre of pin-tube contact arc) the tangential stress indices for both inner and outer
surfaces are positive.

Sign of tangential stress, especially at the inner surface, is negative for a small arc (the length of which
increases with increasing d/D and is centered on 3= 1800).

It can be seen from the tabulated values that:

1.
2.
3.
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Lubrication resulted in slight reduction while the use of less stiff pin and the introduction of clearance
resulted in increasing 3o max.

Among various modes of tensile loading least value of I3 o max was observed for the tensile loading
applied through internally fitted loading plug.

Optimum Design Parameters

With a view of having minimum tube deformations and reducing stresses around pin-holes (in case the
trends of variation of deformations and stresses are opposite to each other following recommendations are
based on the consideration of reduction in the stresses) following recommendations are made for the

optimum design of pin-loaded tubes under axial tension.
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Figure 4: Tangential stress indices around pin-hole of configuration 12U

Increasing h/D is beneficial; however increase of h/D beyond 1.5 does not produce significant reduction
in tube deformations and the stresses around pin-hole.

Increasing d/D is beneficial; howeverincrease of d/D beyond 0.4 does not produce significant reduction
of the stresses around pin-hole.

Within the limits of restrictions of self weight itis recommended to increase t/D.

With reference to the reduction of stresses around pin-holes it is recommended to lubricate the pin,
increase pin stiffness and avoid the use of clearance-fit pin.

Application of load through an internally fitted loading plug is recommended for minimizing tube
deformations and the stresses around pin-hole.
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Development of Novel Method for the Selection of Material for
Axial Flow Compressor Blade

M. Javed Hyder' and M. Omair Khan?

Abstract

A novel method has been device for the selection of material for axial flow compressor base on the
centrifugal stresses generated at the root of the blade of first stage. The centrifugal stress limits the blade tip
speed which in turn depends on the rotational speed, blade material and height of the blade. At present the
blade tip velocity used is 350 m/sec. It is shown that for a safety factor of 2 or greater the suitable material
are found to be Aluminum Alloy 7075-T6, Aluminum Alloy 2024-T4, Carbon and Alloy Steel 52100 A
(Annealed), Magnesium Alloy HK31XA-H24 and Carbon and Alloy Steel 4340 HR (Heat Treated). Also the
dependency of the root and tip radius of the blade on material and safety factor is presented.

Keywords: Novel Method, Axial Flow, Flow Compressor Blade

Introduction

To reduce specific fuel consumption high overall pressure ratio is required in gas turbines. Axial flow
compressors provide both higher pressure ratio and higher efficiency as compared to the centrifugal
compressor. Earlier axial flow units had pressure ratio of around 5:1 and it required about 10 stages. Over
the years the pressure ratio has exceeded 40:1 and the numbers of stages have been reduced resulting in
drastic reduction in weight of gas turbine [1].

The super alloys consists of alloys of iron-nickel-, nickel- , and cobalt base that are destined generally for
use above about 540°C (1000°F) [2]. Since the compressors outlet temperature is below this temperature
conventional alloys can be used [1].

The centrifugal stress in the rotor blade depends on the rotational speed, the blade material and the length
of the blade. The maximum centrifugal tensile stress (cmax) which occurs at the All blade root is found to be
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It shows that the stress is proportional to the density (pb) of the blade material and the blade tip speed (Ut).
Hub to tip ratio of the radius (rr/rt) also effect the stresses created due to centrifugal forces. Generally hub
to tip ratio is taken to be 0.5 at the first stage. Incorporating the factor of safety n, along with the ultimate
tensile strength (outs), (see table 1) of the material used then the blade tip speed is given by:

U = |—Zus @

p, 0375 n

It gives maximum limit of the blade tip speed which that material can tolerate with out failure. It can be noted
that the density of the material is inversely proportional to the blade tip velocity. But it is directly proportional
to the ultimate tensile strength.

Blade tip velocity plays a very critical role in compressor design. First stage blade height is directly
influenced by the blade tip speed since it has the largest height as compared to the subsequent stages.
Blade tip speed is related to the rotational speed (N) by:
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U =2nr N (3)

There is no equation which enables the designer to select a suitable value of rotational speed. However by
assuming values for the blade tip speed and axial velocity and the hub to tip ratio at inlet of the first stage
rotational speed can be found. Using the above equations effect of material density, material strength and
blade tip speed on safety factor is shown in figure-1. The material properties given in the table-1is used [3].
It clearly shows that for a given safety factor (say 2.5) maximum blade tip velocity is limited to 175 m/s for
copper alloy 80-20 but for carbon alloy steel the tip speed may be raised to 375 m/s whereas for aluminum
alloy 7075-T6 the limiting value is about 475 m/s.
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Figure 1: Behavior of blade tip speed and safety factor for various materials

The experience suggests that a tip speed of 350 m/s is used [1]. L. M. Larosiliere et al [4] has shown that
with advance aerodynamic design per stage pressure ratio can be increased to 5.0 and the blade tip speed
can be used as high as 550 m/s. Hence for a safety factor of 2.5 to have a tip speed greater than 350 m/s the
material that can be used are listed below. The most preferred material is listed first.

1. Aluminum Alloy 7075-T6
2. Aluminum alloy 2024-T4
3. CarbonandAlloy Steel 52100A
4. MagnesiumAlloy HK31XA-H24
5. CarbonandAlloy Steel 4340 HR

It can be seen that Aluminum alloy 7075-T6 and Aluminum alloy 2024-T4 has ultimate tensile strength of
593 MPa and 448 MPa respectively with the density of 2.8 Mg/m3. These alloys don’t have ultimate tensile
strength as high as carbon-steel alloy 52100 A (annealed), with ultimate tensile strength of 1151 MPa and
density 7.7 MPa but these Aluminum alloys are lighter than later alloy thus resulting in better choice for
compressor blade design in view of centrifugal forces. The other mentionable alloy is the Magnesium alloy
HK31XA-H24 having the ultimate tensile strength of 250 MPa and density of 1.8 Mg/m3 here too the density
is having a dominant effect on the blade tip speed and thus on the centrifugal stress.

If the value of rotational speed 250 rps (15000 rpm) is used then the tip radius can be evaluated using
equation 3 for any value of blade tip speed which can be taken from the figure 1 corresponding to the
selected safety factor. In the figures from 2 to 6 the variation of radius for different safety factors is shown. It
can be seen that as the safety factor is increased the both the tip and root radii are decreasing which is
obvious from figure 1, since the increase in safety factor reduces the maximum blade tip speed. At the same
time the as the safety factor is reduced the gap between the two curves is reduced which represents the
blade height. So by increasing the safety factor the blade height is also decreasing.
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Table 1: Material properties of various materials [3]

Ultimate Young's
Sr Heat Tensile Strength | Modulus Density
No. Alloys Treatment Oy E p
Mpa Mpa Mg/cubic. m
1 |Aluminum Alloy 7075-T6 593 538 2.8
2 |Aluminum Alloy 2024-T4 448 296 2.8
3 |Carbon and Alloy Steel 52100 A | Annealed 1151 903 7.7
4 |Magnesium Alloy HK31XA-H24 250 214 1.8
5 |Carbon and Alloy Steel 4340 HR | Hot rolled 1041 910 7.7
6 |Stain less Steels 440C A Annealed 807 462 7.7
7 |Magnesium Alloy HK31XA-0 176 131 1.8
8 |Aluminum Alloy 7075-0 _ 234 99 2.8
9 |Carbon and Alloy Steel 1045 HR | Hot rolled 638 414 7.7
10 |Stain less Steels 302 A Annealed 634 234 7.7
11  |Stain less Steels 303 A Annealed 600 241 7.7
12 |Stain less Steels 304 A Annealed 572 276 7.7
13 |Carbon and Alloy Steel 1020 HR | Hot rolled 455 290 7.7
14 |Carbon and Alloy Steel 1212 HR | Hot rolled 424 193 7.7
15 |Carbon and Alloy Steel 1018 A Annealed 341 221 7.7
| 16 |Copper Alloy Naval Brass A Annealed 376 117 8.7
17 |Carbon and Alloy Steel 1010 A Annealed 303 200 7.7
18 |Carbon and Alloy Steel 1002 A Annealed 290 131 7.7
19 |Copper Alloy 70-30 Brass A Annealed 303 72 8.7
20 |Aluminum Alloy 1100-0 83 3 2.8
21 |Copper Alloy 90-10 Brass A Annealed 251 58 8.7
22 |Copper Alloy 80-20 Brass A Annealed 247 50 8.7

If the value of rotational speed 250 rps (15000 rpm) is used then the tip radius can be evaluated using
equation 3 for any value of blade tip speed which can be taken from the figure 1 corresponding to the
selected safety factor. In the figures from 2 to 6 the variation of radius for different safety factors is shown. It
can be seen that as the safety factor is increased the both the tip and root radii are decreasing which is
obvious fromfigure 1, since the increase in safety factor reduces the maximum blade tip speed. At the same
time the as the safety factor is reduced the gap between the two curves is reduced which represents the
blade height. So by increasing the safety factor the blade heightis also decreasing.
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Figure 2: Effect of safety factor on root and tip radius of Aluminum
alloy 7075-T6 compressor blade
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Figure 3: Effect of safety factor on root and tip radius of Aluminum

alloy 2024-T4 compressor blade
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Figure 4: Effect of safety factor on root and tip radius of Carbon

and Steel alloy 52100 A compressor blade
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Figure 5: Effect of safety factor on root and tip radius of Magnesium

alloy HK31XA-H24 compressor blade
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Figure 6: Effect of safety factor on root and tip radius of Carbon
and Steel alloy 4340 HR compressor blade
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Effects of Cutting Parameters in Erosion Failure of Ductile Materials in Abrasive
Water Jet Machining

Asif Igbal, Naeem Ullah Dar' and Mubasher Chohan’

Abstract

Abrasive water jet (AWJ) cutting is versatie most of all the metal cutting processes as its
applicability is not marred by the kind of material to be cut. The main mechanism of cutting involved is the
erosion of material matrix, which is impinged by high velocity particles of abrasive material mixed in narrow
stream of water. Erosion phenomenon for ductile materials is different as compared to that of brittle
materials. Ductile erosion is defined as a cutting process in which the abrasive particles progressively cut or
gouge the eroded materials. Brittle erosion is described as a cracking process in which material is removed
by the propagation and intersection of cracks ahead of the abrasive particle. In this study the effects of
different cutting parameters, namely: jet pressure, cutting speed, material’s hardness, and abrasive
quantities were investigated, experimentally, upon a ductile material. Experiments were performed upon
hot work tool steel AISI H13, hardened to two different values: 39HRc and 49HRc. It was observed that the
erosion process could be divided into two categories: an upper smooth zone which is free of any striations
and its primary surface irregularity is roughness, and a lower rough zone where the wavy striations are the
dominant characteristic features. It was found that cutting speed, jet pressure, and material hardness were
the influential parameters upon arithmetic surface roughness of striation free zone. It was also observed
that low cutting speed and high jet pressure gave larger proportion of striation free area, while the effect of
abrasive quantity was insignificant.

Keywords: Erosion, Ductile Materials, Abrasive Water

Introduction

Abrasive Water Jet (AWJ) Machining is a process in which a very high velocity stream of water is used to
accelerate the particles of abrasive material, which, in turn cut the work piece material by making use of
erosion principle. As compared to other cutting methods, AWJ cutting steers clear of the heat-affected
zones and distortion created by laser and plasma-arc systems [1]. Water at pressure of up to 5000bars is
pressed through the orifice of diameter 0.5 to 1mm and ultra high speed jetis obtained.

The velocity of water jet is proportional to the square root of the water pressure and usually reaches values
up to 1000m/sec[2].

AWJ cutting is considered to be the most versatile material cutting process, which is not restrained by the
type of material to be cut. There are two major shortcomings of AWJ cutting process that limits its wide-
spread industrial application: generation of wavy striated surfaces in cutting of thick plates and high-
running cost. The cut surface produced in plates can be divided into two zones: an upper smooth zone
which is free of any striations and its primary surface irregularity is roughness, and a lower rough zone
where the wavy striations are the dominant characteristic features [3, 4]. The authors in [5] reported that the
formation of striations is a result of external disturbances such as machine vibrations. This idea, later on,
could not get popularity. In [3] it was reported that wavy striation patterns are formed by the wavy abrasive
particle kinetic energy distribution related to the cut surface. With respect to AWJ cutting the materials can
be divided into two categories: ductile and brittle.

The mechanics of AWJ cutting of the ductile materials has been well covered by Hashish [6, 7]. He
described that AWJ cutting consists of cyclic penetration process that consists of two cutting zones: cutting
wear zone and deformation wear zone. The process follows Biter’s erosive theory [8, 9]. In the cutting wear
zone, material removal is by abrasive particles striking the work piece at shallow angles of attack while
material removal in the deformation wear zone is by the abrasive particles encroaching at large angles of
attack. Figure 1 shows the detail. It can, thus, be concluded from Hashish’s description that material
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removal process in ductile materials is regarded to erosion at shallow angles and plastic deformation at
large angles. In [10] the authors threw light upon cutting mechanism of brittle materials. The proposed
mechanism consists of micro-cutting and inter-granular fracture at shallow angles of impact followed
by plastic deformation and inter-granular fracture at near-orthogonal angles of impact.

In [11, 12] it has been reported that plain water jet impinging on surface of hard materials causes
insignificant material removal, thus the main purpose of water jet is to accelerate the abrasive particles in
order to render them the ability to erode the material.

walter jel Cutting feed

direction

D
Initial diauncter of =
4
|
|
/

Shallow angle of :l(t:lrl:.d//‘

Catting wear

Angle of attack increased / Zone

for abrasive particles

Figure 1: Cutting wear zone and deformation wear zone in AWJ cutting

In few papers the technique of oscillating the nozzle head has been described and advantages like
reduction in striation effects and reduction in abrasive contamination in ductile materials have been
reported [4, 13, 14, 15].

Few papers have also put forward the modeling approach of AWJ cutting process. Two papers, [10, 16],
present the analytical models for AWJ cutting process of ductile and brittle materials respectively, along
with experimental verification. The information regarding generalized kerfs shape has been utilized to
develop model for total depth of cut, which takes into account the variation in width of cut along the depth.
The basic material property that determines the total depth of cut appears to be the melting specific energy
rather than the elastic modulus. In [17] a model for predicting the shape of the cut profile in industrial cutting
processes has been developed and applied to AWJ cutting. In [2] finite element method has been utilized in
order to analyze the influence of abrasive particles rotation on the work piece material erosion in AWJ
process.

The literature survey puts forward that both analytical and experimental analyses have been performed in
order to investigate the AWJ cutting process, but on the other hand, the statistical analysis, including
ANOVA (Analysis of Variance), and numerical optimization, has not been widely applied in this domain. In
this paper the effects of four parameters, namely: material’s hardness, water jet pressure, abrasive
mixing rate, and cutting speed will be analyzed, experimentally, upon surface finish of cutting wear
zone, and depth of striation-free zone of a ductile material. Upon experimental data, ANOVA will be
performed to determine the significance of effect of each parameter. Based uponthe ANOVAresults,
multi-criteria numerical optimization will be performed in order to determine the optimal values of the
parameters which could maximize the combination of surface finish, depth of cutting wear zone,
dimensional accuracy, and material removal rate, as per assigned priority levels.
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Experimental Work

For this study a ductile material, AISI H13 - a chromium type, hot work tool steel - hardened to values of
39HRc and 49HRc. A four factor, two-level, full-factorial design of experiments (24 = 16 tests) was
developed for investigation of two response variables. Table 1 presents detail of levels selected for each
parameter (predictor variable).

Following is the description of response variables (performance measures) to be measured in 16 tests:

1. Average of arithmetic surface roughness measured at striation free zone of cut surface (Ra) - to be
measured in microns.

2. Percentage proportion of striation free area (cutting wear zone) in the cut surface (Pcwz).

This is to be mentioned that the predictor variable Vfis also involved in a response variable called material
removal rate (= Cutting feed x Sheet thickness) - measured in mm2. For the industrial application of AWJ
cutting the rate of production in terms of material removal rate needs to be maximized.

Level | Hardness (/1) | Jet Pressure (P) | Abrasive Mixing Rate (a,) | Cutting Speed
(V2)
(HRe) (bars) (2/min) (mm/min)
39 2800 110 15
2 49 3600 220 20

Table 1: High and low setting of predictor variables for each material

Experimental Setup

All the 16 experiments were performed upon Bystronic ByJet 4022 Water Jet Cutting Machine,
having maximum jet pressure of 4000bars. In all the tests the abrasive used was Garnet of grade 80 mesh,
nozzle diameter was 1.25mm, stand-off distance was 1mm, and dimensions of work piece material to
be cutwere 200mm x 200mm x 45mm. Arithmetic surface roughness (Ra) of material cut was measured by
Mahr Perthometer M1.

Experimental Results

Table 2: presents the results obtained from 16 tests

Test | H P a, Ve R, Pz
No. | (HRe) (bars) (g/min) (mm/min) | (um) (%)
| 39 2800 10 15 3.05 55
2 39 2800 110 30 4.705 32
3 39 2800 220 15 2.93 86
- 39 2800 220 20 .07 42
5 39 3600 110 15 241 100
6 39 3600 110 30 4.11 8K
7 39 3600 220 15 1.96 100
8 29 3600 220 30 3.93 79
9 =9 2800 110 15 2.365 43
10 49 2800 110 30 147 21
Il <9 2800 220 15 2.01 1
12 149 2800 220 30 4.19 i35
13 49 3600 110 15 2.15 100
14 |49 3600 110 30 3.99 78
15 <9 3600 220 15 1.54 100
16 49 3600 220 30 351 §2
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Results and Discussion

The experimental data have been analyzed using ANOVA tool and numerical optimization has been
performed using Derringer-Suich multi-criteria decision modeling approach, the detail of which can be read
from [18]. All the statistical analysis, including ANOVA and numerical optimization, were performed using
commercial statistical software called Design-Expert ®.

Table 3 presents the ANOVA performed upon data related to Ra. The effects of all the individual predictor
variables have been shown. The effects of all the possible interactions among the predictor variables were

analyzed and only the significantinteractions have been shown in the table.

Table 3: ANOVA details for R,

Source  Sum squares DoFF  Meansquare F value p-value Significance
Model 14.945 10 1.694 47.734  0.0002 Significant

H 1.525 ] 1.525 42946 0.0012  Significant

P 1.097 1.097 30.910 0.0026 Significant

a, 0.077 0.077 2.149 0.2008 Not significant
V. 13.250 13.250 373.241 <0.0001 Significant
HxP 0.391 0.391 11.004 0.0211 Significant
Pxa, 0.339 0.339 9.558 0.0271  Significant
axV; 0.240 0.240 6.764 0.0482  Significant

Table 4: ANOVA details for P_,,

Source Sum squares DoF  Mean square F value p-value Significance
Model 11144.75 ? 1238.3 21.412 0.0007 Significant

H 306.25 1 306.3 5.295 0.0410 Notsignificant
P 100 8100.0 40.058 <0.0001 Significant

a, 196 196.0 3.389 0.1152 Notsignificant
Ve 2025 2025.0 35014 0.0010 Significant
Pxa, 272.25 272.3 4.707 0.0731  Notsignificant

Table 4 presents the ANOVA performed upon data related to Pcwz. The influential parameters can be
arranged in the following hierarchy of descending order of significance of effect upon percentage
proportion of striation free zone: P; Vc; H; and ar. It was also found from ANOVAthat effect of no interaction
between any two parameters was observed as significant.

Table 5: Results of multi-objective optimization of AWJ cutting

Objective(s)

Optimal settings

Predicted values

min. R, (for //=39): P=max; ¢,=max; }.=min R,= 18
(for //=49): P=max; ¢,=max; }.=min R,= 135
max. Peuz (for //=39): P=max; ¢,=175; V=min P.. = 100%
(for //=49): P=max; «.=165; I'=min Peo = 100%
min. R: & max. Pz (for /1=39): P=3300; a=max; Ve=min R=2.1; Peu=94%
(for /1=49): P=max; ¢,=min; V' ;=max R=1.6; P..~98%
min. R, & max. YRR (for //=43): P=max; a,=max; }.=27 R=3.3: MRR=1216
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Numerical Optimization

The target of numerical optimization could be any simultaneous combination of following four Objectives:
1. Minimize averaged arithmetic surface roughness of striation free zone (Ra)

2. Maximize percentage proportion of striation free area (Pcw)

3. Maximize production rate by maximizing material removal rate (MRR), where MRR can be defined as
product of cutting feed and sheet thickness (MRR [mm2/min] = Vfx t)

Table 5 presents the optimized values (within tested range) of the predictor variables for different
combination of objectives. This is to be mentioned that for the last case, involving simultaneous
accomplishment of two objectives, equal priority levels were assigned to both of them.

The Cut Surface Generated

Figure 2 shows the collection of images displaying the cut surfaces of selected work pieces. Image 1 shows
the surface of the work piece which produced smallest value of Pcwz (test 10). High level of cutting speed
and low level of jet pressure caused the large proportion of abrasive particles to lose the threshold K.E.
level, even at upper portion of surface, and consequentially, to cause prominent striations at large angle.
Images 2 (test 13) and 3 (test 7) show the cut surface which are free from striations, thanks to high jet
pressure and low cutting speed. Image 4 (test 8) shows uniform straight and relatively less prominent
striation pattern. The striation patterninimage 5 (test 12) is quite similar to that shown inimage 1 but slightly
less intense. Image 6 (test 3) shows the cut surface generated by combination of low jet pressure and low
cutting speed and the resultis generation of thin striations at small angle of attack.

Conclusions

The paper presented a comprehensive analysis upon effects of major AWJ cutting parameters upon
surface finish and proportion of striation free area. From the discussion provided above, following
imperative conclusions can be drawn.

49, 3600, 110, 15

Striations formed at large mgl
of attack '

Striations formed at small
angle of attack

Figure 2: Cut surface generated in different test
31



2.

3.

Technical Journal, University of Engineering and Technology Taxila, 2009

Severity of striation formation is dependent upon jet pressure and cutting speed. Higher jet pressure
and lower cutting speeds help to increase proportion of striation free area. The influence of cutting
speed suggests that better surface texture can be obtained at the cost of productivity. The effect of
abrasive mixing rate is insignificant. Increase in work piece hardness causes somewhat reduction in
proportion of striation free area.

The surface roughness in cutting wear zone can be reduced by increasing jet pressure and reducing
cutting feed.

AWJ cutting at low jet pressure and high cutting speed result in formation of striations at large angles of
attack.
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Ultrasonically Assisted Turning: Finite Element Model
N. Ahmed’, M. Abid? A.V. Mitrofanov ° and V.V.Silberschmidt*

Abstract

Ultrasonically assisted turning (UAT) is an advanced machining technique, where high frequency vibration
(frequency f =20 kHz, amplitude a =20 pm) is superimposed on the movement of a cutting tool. Compared
to conventional turning (CT), this technique allows significant improvements in processing intractable
materials, such as high-strength aerospace alloys, composites and ceramics. Superimposed ultrasonic
vibration yields a noticeable decrease in cutting forces, as well as a superior surface finish. The current
paper presents a 3D model of UAT that allows studying various 3D effects in turning, such as oblique chip
formation, as well as to analyze the influence of tool geometry on process parameters, e.g. cutting forces
and stresses generated in the work piece material. The FE model (based on the general FE code
MSC.MARC) is used for transient, coupled thermo mechanical simulations of elasto-plastic materials
under conditions of both UAT and CT. Itis used to study the effect of cutting parameters and friction on UAT
and CT. Also the effect of changing ultrasonic amplitude and frequency is studied. Numerical results are
validated by experimental tests performed on UAT prototype.

Keywords: Ultrasonically Assisted Turning, 3D model

Introduction

Turning is a type of metal cutting where a single-point tool is used to remove unwanted material to produce
a desired product, and is generally performed on a lathe machine. Modern turning techniques have been
improved considerably to achieve easy machining of difficultto-cut materials and better surface finish.
Methods such as high speed turning have been in use now for considerable time. But still machining of
high-strength aerospace alloys, composites and ceramics causes high tool temperatures and fast wear of
cutting edges, lacks dimensional accuracy and requires a considerable amount of coolant and thus
requires the development of new cutting techniques. Ultrasonically assisted turning (UAT) has proved to
bring significant benefits in machining of hard-to-cut alloys. Itis an advanced cutting technique, where
high-frequency vibration (frequency f=20 kHz, amplitude a =15 mm) is superimposed on the movement
of the cutting tool. Compared to conventional turning (CT), this technique allows significant improvements
in processing intractable materials. A multifold decrease in cutting forces, as well as an improvement in
surface finish can be achieved with the use of UAT [1].

Despite all its advantages, this technique has not yet been widely introduced in the industry. Problems such
as instability of the cutting process that resulted in poor surface finish prevented the full implementation of
this process. The development of an auto resonant control system [2] added stability to the system by
making the vibrations regular, thus opening the way to the industrial introduction of UAT [2].

The prototype of the UAT system has been designed at Loughborough University, UK, and a program of
experimental tests has been implemented confirming advantages of UAT in comparison to CT. The
dynamics of UAT as a non-linear vibro-impact process was studied in [3], and the amplitude response of the
cutting tool under loading was analyzed for this cutting technique.

However, thermo mechanics of the tool-work piece interaction, which is of special importance for the
regime with multiple micro impacts in the process zone, and other specific features of the cutting process in
UAT have not been fully understood. The finite element method (FEM) is a main computational tool for
simulation of the process zone and of the tool-work piece interaction in metal cutting. A detailed review of
FE models of cutting can be found in the monographs [4, 5]. In order to understand the mechanics of tool-
chip interaction in UAT, and to analyze stresses and strains distributions in the cutting region, heat
transfer in the work piece material and in the cutting tool and also of the cutting forces, a 2D finite-element

2 Mechanical Engineering, GIKI, Topi. NWFP, Pakistan ** Wolfson School of Mechanical and Manufacturing, Loughborough University, UK
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model was developed. An initially purely mechanical finite-element model was further improved, resulting
in a transient; fully thermo mechanically coupled one for both UAT and CT. Some computational results
obtained with this mode were discussed in [6].

The current paper discusses the 3D FE model of UAT that was developed as extension to the 2D model.
This model allows studying various 3D effects in turning, such as oblique chip formation, as well as the
influence of the tool geometry on process parameters, e.g. cutting forces and stresses generated in the
work piece material.

Up to now, 3D FE models were used to simulate conventional cutting processes. The majority of the
suggested schemes employ the method of chip separation along a predefined line, separating finite
elements in the initial discretization of the area, hence reducing the flexibility of the analysis. Only a few
schemes use other techniques, such as elements deletion based upon denetration [7], adaptive remeshing
of the workpiece elements [8], and combination of both the manual deletion and remeshing [9]. Adaptive
remeshing thatis employed in the current paper maps calculated fields of parameters onto the new mesh to
eliminate distortion in the element shapes, which could otherwise cause analysis termination. The method
has an advantage of a relatively easy adjustment in the cutting direction and angles, as well as other cutting
parameters, such as the feed rate, without a necessity to reformulate the boundary-value problem as in the
case of separation along a predefined line.

A FEA analysis of heat generation in machining of isotropic materials was conducted in [10] in order to
study the effects of the convective heat transfer. A different approach, using an orthogonal FE model
coupled with an analytical 3D model of cutting, was developed in [11] to predict a chip flow angle and three-
dimensional forces in the tool. Another 3D model was introduced in [8] that took into account dynamic
effects, thermo-mechanical coupling, constitutive damage law and contact with friction in order to study the
cutting forces and plastic deformation.

With 3D modeling of CT being used for the study of tool forces and chip flow for the last two decades, this
paper presents the first three-dimensional FE model of UAT. It has been recently developed and the
computational results, emerging from this 3D formulation, are discussed.

Model Description
General features

A detailed description of the our previously developed 2D numerical model can be found in [6, 12]. The

current FE model utilizes the MSC MARC/MENTAT FE code [13] and is based on the updated langrangian
analysis procedure that provides a transient analysis for an elastoplastic material and accounts for the
frictional contact interaction between the cutter and workpiece as well as material separation in front of the

cutting edge.

The relative movement of the workpiece and cutting tool in CT is simulated by the translation of the tool with
the constant velocity. Harmonic oscillation with vibration amplitude of 15 pm (peak-to-valley) is then
superimposed on this movement in the tangential direction (i.e. along X-axis in Fig.1) in order to model
ultrasonic vibration of the tool. The vibration speed is several times greater than the chosen translational
speed of the tool leading to the periodic separation of the tool from the newly formed chip, thus transforming
the process of cutting into one with a multiple-impact interaction between the tool and chip. Various stages
of such vibration cycle are described in detail in [14].

The developed FE model is fully thermomechanically coupled in order to properly reflect interconnection
between thermal and mechanical processes in the cutting zone: excessive plastic deformation and friction
at the tool-chip interface lead to high temperatures generated in cutting region. This results in generation of
thermal stresses and volumetric expansion as well as affects material properties of the workpiece, such as
thermal conductivity and specific heat. More details on thermomechanical processes in UAT in comparison
to CT canbefoundin[12].
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Figure 1: A scheme of the relative movement of the workpiece and
cutting tool in 3D Simulations of UAT

The mechanical behavior of the work piece material (aged Inconel 718) at high strains, strain rates and
elevated temperatures can be adequately described by the Johnson-Cook material model [15], accounting
for the strain-rate sensitivity, thatis employed in simulations (Fig. 2):

o, =(A+ B "){1+C In[(deydt)de,d)]} (1-T™) (1)

Where A = 1241MPa, B= 622 MPa, C = 0.0134, n = 0.6522, T* = (T-T,,,,)/(Tmelt-T ), €, and de_/dt are
plastic strain and a strainrate, T,,,, and T
T™is assumed to be negligible since thermal softening of Inconel 718 is insignificant (less then 5%) within
the temperature range that is modelled in FE simulations and justified by infrared thermography
experiments. This material model, utilised by various researchers (see, e.g.[16, 17]), has been
modified to prevent Unrealistically high stress values at high strains, so that maximum stress values are
now limited to ultimate tensile strength of Inconel 718 at corresponding strain rates (that can reach 105 1/s
for standard cases).

are the room and melting temperatures, respectively. Aterm

melt

1700
1600

1500

Yiled stress, MPa

Plastic strain, mm/mm

Figure 2: Effect of strain rate on plastic behaviour of Inconel 718
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FE Model

A 3D model for orthogonal turning process, i.e. the one where the tool edge is normal to both cutting and
feed direction, is considered. The dimensions of the part of the workpiece modeled in simulations are 2.5
mm in length by 0.5 mm in height by 0.4 mm in depth with the uncut chip thickness t1 being 0.1 mm (Fig. 3).
The material’s properties adopted for theworkpiece are those of Inconel 718. The cutting tool is simulated
as a rigid body and the material properties defined are those of tungsten-carbide. The current model
possesses a number of advantages compared to the 2D model. Various 3D effects in turning, such as non-
orthogonal / oblique chip formation, as well as the influence of the tool geometry on process parameters
(cutting forces and stresses generated in the workpiece material) could be studied.

The 3D model also permits to investigate the effect of various vibration directions of the cutting tip in UAT on
the cutting process, and eventually should serve as an optimization tool for the UAT technology. Various
combinations of vibration directions can also be studied numerically, whereas their experimental
implementation can be extremely laborious, as it may require new types of ultrasonic transducers and
mounting systems to be designed. Furthermore, the three-dimensional FE formulation helps to perform a
direct comparison of numerical results and experimental tests for oblique cutting, thus not requiring any
changes to a standard cutting setup. This is important since the FE results, e.g. cutting forces, based on the
2D model can be directly compared only to orthogonal turning tests. Such turning tests can be very difficult
to implement for intractable materials, as they require special setup arrangements or specific workpiece
shapes, e.g. thin tubes. In addition, the 3D model does not need as many assumptions as the 2D model, for
example, the workpiece thickness is introduced here explicitly as compared to its artificial introduction in
2D. The 3D model also accounts for chip expansion in the lateral dimension (along Z-axis in Fig. 1) That
was impossible in the 2D model and led to generation of excessive stresses in the cutting region.

Finally, the real geometry of the cutting tool can be studied with the 3D model, thus allowing the analysis of
the influence of the tool sharpness and wear on the cutting process.

During the simulation, elements in the process zone can become highly distorted, and hence are no more
appropriate for calculation. Automatic remeshing/rezoning is used in the workpiece and chip to replace
those distorted elements with ones of better shape. Figure 4 shows the chip formed as a result of successful
implementation of remeshing/reasoning.

Figure 3: Finite-element mesh for the workpiece
and cutting tool in the FE model
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Figure 4: Chip formation in FE simulations

In nearly all models developed for the simulation of metal cutting, an initial cut was introduced in the work
piece as the starting point for separation that leads to chip formation. The present FE model does not utilize
such a cut (Figure 3). Hence, an adequate study of chip formation from its very beginning to a fully formed
chip is possible. This type of modeling also provides the benefit of using the same model of the work piece
for different shapes of the cutting tool thus forming a basis for optimization studies for the tool shape.

Results of Simulations and Discussion

All variants of numerical (finite element) simulations below are performed for two cutting techniques (CT
and UAT) with identical parameters so that results for CT could serve as a reference for UAT. Two contact
conditions are considered at the tool-chip interface: (a) a frictionless contact, and (b) a contact with friction
(coefficient of friction 1 = 0.5). The former case corresponds to the well-lubricated cutting process, with heat
generation occurring only due to plastic deformation processes. Case (b) models dry cutting conditions,
with additional heat being generated due to friction between the tool surface and separated workpiece
material.

Chip Shape Formation

Noticeable differences are observed between chip shapes obtained in FE simulations with and without
friction for both CT and UAT. The radius of curvature of the chip under the frictionless contact condition at
the tool-chip interface is approximately 2.5 smaller than that for the contact with friction of both CT and UAT
(Fig. 3); that is supported by turning experiments with different lubricants, showing higher values of the
radius of curvature for dry turning.

The chip thickness in simulations with friction is greater than that in simulations without friction. The chip
thickness ratior =11/t2 (see Fig. 1), that is the ratio of thickness of the uncut chip to that of the deformed one,
equals 0.6 and 0.7, respectively, for simulations with and without friction, for both CT and UAT. No
significant differences between CT and UAT are found in the value of r for the same friction conditions. This
numerical result is also in good agreement with experimental studies showing only insignificant
variations in the chip thickness for both cutting schemes.

Cutting Forces
A significant difference in forces acting on the cutting tool has been discovered for UAT and CT for similar
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cutting parameters. In CT simulations a practically non-changing force is acting on the cutting tool, while in
UAT the forces start to increase with penetration and attain levels somewhat higher than the average force
in CT at the maximum penetration depth. The force magnitude then starts to decline at the unloading stage
until it vanishes when the cutter separates from the chip and starts to move away from it. The forces stay
close to zero level until the cutter comes into contact with the chip again at the next cycle of ultrasonic
vibration. The comparison of values from Fig. 6 shows that the averaged (over the vibration cycle) force in
case of UAT is nearly 38% of the forces in case of CT. Low-level fluctuations of the cutting force at the
withdrawal and approach stages of the cycles are explained by the remaining contact between the cutter
and freshly formed work piece surface, as well as by the numerical errorinvolved in FE simulations.

Effect of Lubrication/Friction

The significant difference in forces acting on the cutting tool has been discovered between simulations of
UAT with and without friction (Fig. 5). The maximum magnitudes of cutting forces are reached when the tool
is in full contact with the chip, with these forces dropping to zero levels when the tool disengages from the
chip. The maximum magnitude of the cutting force in simulations with friction is by 20-25% higher than that
in frictionless simulations.

(a)

Figure 5: Chip shape and distribution of equivalent plastic strains in the cutting region in simulations
of UAT with friction (u = 0.5) (a) and without it (u = 0) (b). utting parameters: t1=0.1 mm, Vc = 310 mm/s (t =3 ms)
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Figure 6: Comparison of calculated forces in cutting tool for CT and UAT
simulations (4 = 0.5, £1=0.1 mm , d =0.4 mm, Vc = 335.2 mm/s)
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Ultrasonic Amplitude

FE simulations were conducted to study the effect of vibration amplitude on the forces acting on the cutting
tool in UAT. An increase in the peak force with an increase in the amplitude was observed (Figure 8).
However, the average cutting force decreases with an increase in the amplitude. A decrease of approx.
28% in the average force was recorded for an increase in.
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Figure 7: Comparison of calculated forces in the cutting tool for UAT with friction (4 = 0.5) and
without friction (4 = 0) (t1=0.1 mm, d = 0.4 mm, Vc = 335.2 mm /s)

Ultrasonic Frequency

A separate study was conducted to analyze the effect of ultrasonic frequency on the forces in the cutting
tool (Figure). The results from these simulations show nearly the same peak force in the cutting tool in all
three cases.
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Figure 9: Effect of ultrasonic frequency on forces in cutting tool (t,=0.1 mm, d = 0.4 mm, V, = 335.2 mm/s)
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The average force demonstrated a drop by approx. 24% for frequency increase from 10 kHz to 20 kHz and
a further drop by approx. 26% when frequency was increased from 20 kHz to 30 kHz. It is important to
mention that as the three cases have different frequencies so they all have unique time duration of their
single vibration cycle. For the purpose of comparison of these cases, with each of them having a unique
frequency, a common time scale was selected. Average of forces was then calculated over this time scale
(0.1 ms) and comparisons were made.

Effect of Feed Rate

The effect of the feed rate on the stresses and forces in the cutting tool was studied for UAT. Two different
feed rates - 0.1 mm and 0.2 mm - were used at a constant cutting speed of 80 rev/min. Zones of high stress
intensity were observed with a higher level of feed rate, while the maximum value of the stress rate was the
same for both cases (Figure 10). Figure 11 shows the effect of feed rate on the forces in the cutting tool;
increasing the feed rate from 0.1 mmto 0.2 mm gave a 45% increase in the force level in the cutting tool.
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Figure 10: Stresses in the cutting region for various feed rates :
0.1 mm (a) and 0.2 mm (b) (d = 0.4 mm, V, =335.2 mm/s)
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Figure 11: Evolution of forces in cutting tool during a cycle of vibration for feed rates 0.1 mm

40



Technical Journal, University of Engineering and Technology Taxila, 2009

Conclusion

A 3D thermo mechanically coupled FE approach was used to model UAT with CT forming a basis for
comparative analysis. For the typical combination of vibration parameters (f = 20 kHz, a = 15 ym) the
calculated cutting force in UAT was 40% of that in CT, whilst the various feed rates [18]. The comparison of
feed rates indicated a 45% increase in the level of cutting forces in simulations of UAT for doubling the feed
rate from 0.1 mm to 0.2 mm due to a higher material removal rate in the latter case. Experimental results
showed a 60% increase in the cutting force in UAT when the feed rate doubles from 0.05 mm/rev to 0.1
mm/rev [18], hence we can conclude a fair agreement between experimental and numerical results. The
comparison of simulations with and without friction, corresponding to dry simulations led and lubricated
turning conditions, respectively, showed that in the latter case the cutting force was 10-15% lower and in a
good agreement with experimental results [18] indicating 30% decrease in the cutting force when the
lubricant was applied. Simulations also showed that temperature along the cutting edge reach higher
values in the middle due to the convective heat dissipation. An increase in the vibration amplitude from 7.5
pmto 30 pmin FE to a 52% decrease in the average cutting force in UAT and could be explained by an
increased part of a cycle of ultrasonic vibration without a contact between the tool and chip. An increase in
the vibration frequency from 10 kHz to 30 kHz resulted in a 47% drop in the level of average cutting forces,
which could be attributed to an increased number of micro-impacts between the tool insert and the
workpiece. Hence, an increase in either vibration frequency or amplitude leads to a decrease in cutting
forces in the UAT process that is beneficial to increasing the accuracy of the cutting process and improving
material removal rates.
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An Analytical Finite Element Model for Tool-Chip Contact Area for
Orthogonal Cutting

Muhammad Shoaib'

Abstract

In this paper the origin of chip forms and how one could develop analytical and computational models
of the mechanics is tried to understand. Geometry is often the key to solve chip deformation under
different loadings. Irrespective of whether a chip is free or obstructed, the initial geometry of the chip is
decided by the kinematics conditions prevailing at the moment the chip first leaves the tool-chip separation
line (TCSL). The chip atthe TCSL may be called the origin chip (OC).If the toll rake face is plane, the TCSL
can be expanded to be a straight segment. It is noted that the generalized trajectory of a particular leaving
the TCSLis a 3-D helix thatis completely expressible. The deformed chip is totally different in form from the
initial chip. If so, what would be the geometric properties that would be preserved during the
additional deformation of the chip? What are the internal geometric constraints leading to these invariants?
The aim is to explore these apparently theoretical questions in the belief that the identification of such
geometric invariants and constraints, if any would be of practical value in the analysis of the mechanics
of chip and eventually, in obtaining a fundamental of the conditions that best promote chip formation.
In general, in physical sense, the entity we call a chip is born at the primary plastic deformation zone that
emanates from the cutting edge and spreads towards the junction between the work and chip surfaces. The
form of this chip is a result of the total deformation the work material had experienced at the zone. However
the primary chip usually, experiences 'environmental' influences owing to its interaction with the tool as it
traverses the chip-tool contact zone.

Keywords: Finite Element Model, Tool-Chip, Orthogonal Cutting, Cutting Process

Introduction

Metal cutting involves concentrated shear along a rather distinct shear plane. As metal approaches
the shear plane, it does not deform until the shear plane is reached. If then undergoes a substantial amount
of simple shear as it crosses a thin primary shear zone. There is essential no further plastic flow as the chip
proceeds up the face of the tool. The small amount of secondary shear along the tool face is generally
ignored in a first treatment of the Cutting process, and the motion of the chip along the tool face is
considered to be similar to that of friction slider of constant coefficient.

The back of a chip is rough due to the strain being inhomogeneous. This is due to the presence of points of
weakness or stress concentration present in the metal being cut. A shear plane passing through a point of
stress concentration will deform at a lower value of stress than one that does not include a point of stress
concentration. The cutting tool moves through the work material producing a finished surface on the work
piece and the chip, which is removed from the work material. The deformation process, which takes place in
metal cutting, is unique in many respects. The large-scale plastic deformation which takes place occursin a
small, relatively unconstrained volume called the shear zone. To adequately study the mechanics of the
metal cutting process, the boundary conditions on the entire shear zone must be taken into account.
Additionally, the present investigation of the mechanics of the metal cutting process differs from most

Previous work in this area in that no a priori assumption about the nature of the zone of deformation is
made. In the present work the analysis is one of a material subjected to a known displacement, the
boundary conditions imposed being such that the metal cutting process is approximated. The tool moves
through the work piece with velocity, V, removing part of it, the chip, and producing a finished surface. The
tool can be described by its rake angle “d” and the material being removed is defined by the depth of cut “t”
and the width of cut “b”. The easily described situation where the tool moves parallel with the work surface
while the tool edge is perpendicular to the cutting velocity is called orthogonal cutting. The depth and width
of cut are constant.

'Industrial & Manufacturing Engineering Department NED, University of Engineering & Technology, Karachi.
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At low cutting speeds or when cutting a material containing points of stress concentration discontinues
chips may form.

Primary shear zone f
/ Chip ™

N _ ) . ) .
']

Secondary Shear Zone

. Workpicce

Secondary Shear Zone

The secondary layer is a portion of the chip that has been rendered unusually plastic as a result of high
temperatures. The temperature in this layer will definitely be above the strain recrystallization point

and even lie above the a - y phase — transformation temperature, in the case of steels. Temperatures in
the layer will be sufficiently high to enable carbon tungsten from the tool material do diffuse into the chip.
(Carbon will diffuse particularly rapidly if the zone has transformed to y-iron). If the secondary shear zone
is moving relative to the tool face, wear is apt to be rapid since the carbon will be rapidly convected away by
the chip. It is highly advisable that the secondary shear zone become affixed to the tool face in order to
avoid the rapid removal of diffused material. Titanium carbide appears to help from a thin stationary
secondary shear zone on the tools. At the same time TiC lowers the thermal conductivity of the tool and
hence the speed at which the protective (stationary) secondary shear zone will form.

Previous Work

The first quantitative work was that of Zovrykin who in 1983, studied the planting operation. Assuming a
shear plane and the force along it to be a minimum, he arrived at an expression for the angle between the
shear plane and the finished work surface, the so-called shear angle @. The Resultis

®=450+a/2-B/2-B/2 (1)

Where ais the tool rake angle, B is the friction angle between the chip and the tool, and ' is a friction angle
forthe shear plane. In 1986 Hermann arrived at an expression for the shear angle based on the assumption
thatthe shear plane is that of maximum stress. The result of this analysis is

® =450 + /2 - B/2 (2)

Thermo-mechanical Explanations

This explanation is that large-scale plastic deformation will occur in localized regions when the temperature
in this region exceeds a critical value. The analysis is built on the assumption of a plane source of heat
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generation in an adiabatic work material as it passes through the shear zone resulting in thermal weakening
of the work material when the effect of strain hardening is overcome by thermal effects. Neglecting strain-
rate effects and assuming constant values for thermal conductivity (k), specific heat (c), and density (p), and
no increase ininternal energy of the chip or work, the one-dimension heat condition equation becomes

CeodT/ot-Ko2T/ox2 =1y (3)
Tand y being the shear stress and shear strain rate respectively.

Mechanistic Explanations

The varying shear angle will cause varying chip thickness, and for cyclic variations of the shear angle, a
chip, which exhibits an apparently lamellar structure, can result. Landberg to changing frictional
characteristics of the process as work material passes through the shear zone and along the tool face and
Eugene to a variation of the rate of propagation of plastic deformation with depth below the surface of the
work piece. There is also what may be considered a third general explanation of a unstable deformation in
metal cutting. Similar to the thermal instability theory, a negative slope in the work material's stress-strain
behavior is proposed, not due to thermal strain softening, but rather to the formation of voids in the work
material as it passes through the shear zone. Interior regions the shear zone makes no mention of any void
formation.

Figure 1 Figure 2

Figure 1.The top and side of an aluminum chip produced by orthogonal cutting at a depth of 0.0035in. and a
width of 0.050 in. Using a 25 rake angle tool is shown here. Again the characteristics lamellar structure is in
evidence, however, the well-defined structure is not maintained from the top around and down the side of
the chip but its connection with the structure on the chip top is not clear. No sharp boundary exists between
the top and side of the chip but a gradual transition around this expected corner is seen.

Figure 2 the top and sides of an aluminum chip are shown. This chip was produced by shoulder cutting with t
=0.008in.,b=0.127in.,and a =300 . fig. 2 is an electron micrograph of the top and outside or initially free
side of the chip ( 100x ) and shows the top and the inside or initially- constrained side of the chip
(120x ).visualized, where as a rounding of the top-side junction seems to have taken place on the
constrained side of the shoulder cut .

Figure 3 Figure 4
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Figure 3 again shows the top and sides of an aluminum chip. In this case, however, the chip was produced
in a groove cutting operation, b=0.129in. a=400. Fig. 7 shows, at 200x, a chip produced at a depth of cut of
0.005in.and 8 is a 300x view of a chip whose undeformed thickness, t, was 0.002 in.

Figure 4 These are top views of an orthogonally-produced copper chip. The width and depth of cut were,
respectively, 0.050 in. and 0.020 in. The tool rake angle was 250. Fig. 4 is a 75x view of the initial region of
the chip, that is, the start of cutting .the cutting direction being from the top of the figure downward. The
characteristic chip structure is not developed until some distance from this initial end of chip.

Figure 5 Figure 6

Figure 5 Shown are the top and side of the initial region of a brass chip at 50x. This chip was produced
using a 250 rake angle tool cutting at the depth of 0.040 in. The width of the cut was 0.050 in. Again, the only
structure seen on the chip is parallel to the cutting direction. A lateral flow of the work material can be seen
near the top-side edge of this chip, and lateral flow is indicated over the entire side of the chip. The side
surface of the work piece was initially smooth and its appearance was similar to that of the top of the work
piece seen here.

Figure 6 Optical micrographs (27x) show longitudinal sections of the initial end of brass chips produced in
orthogonal cutting with b = 0.050 in. and [1 = 25. These specimens are longitudinal sections of chips
produced by cutting the initial region of the chip at the mid-plane of the width of cut. The cutting direction in
this figure is fromright to left.

This series of chip sections indicates an initial period of deformation before chip production with constant
microscopic chip thickness is achieved. The length of the region of increasing chip thickness is greater
than, but of the same order as, the thickness of the chip in the constant thickness region. When t/b is very
small (/b < 0.04), the cross sections of the chips produced are approximately rectangular. As t/b increases,
two processes modify the chip cross section shape. The top surface of the chip becomes curved and the
initially vertical sides of the chip become inclined to the vertical. These two processes occur at differing
rates and start to occur at different values of t/b, depending on the work material.

Finite Element Analysis
Outline of Finite Element Analysis

The relatively large amount of lateral material flow near the free sides of the shear zone can be seen clearly
in the micrographs of chip cross sections .The desirability of a true three dimensional solution is obvious.
The state of three-dimensional flow can be described by the equations of equilibrium, the flow rule, and the
yield condition which follow in this order.

0o _0 (4)

da

dEi',p - dAOF (5)
do;

S8, =236’ (6)

46



Technical Journal, University of Engineering and Technology Taxila, 2009

Figure 7 Figure 8

Inthese equations, 0, are stresses, X, are the coordinate system directions, de
and S are the stress deviations, i.e.,

S,=0,-1/3 0kk §; . dA (7)

are the plastic increments,

i

is a constant, oy is the yield strength of the material, and F is a functional representation of the yield surface.
This system of equations is not amenable to easy solution In the finite element methods of analysis the
structure is assumed to be composed of a number of discrete elements. The deformation of the structure is
described by the displacements of nodes on the individual elements, which make up the structure. The
deformation in the elements is defined in terms of the elements’ nodal displacements by suitable shape
functions, which make deformation and strain in contiguous elements compatible. The nodal displacement
in the structure for a given applied load is obtained by solving for the displacement which will minimize
energy functional describing the system. For example, using the Rayleigh-Ritz method of analysis, the
unknown equilibrium deformation u is approximated by a sum of n known shapes N which satisfy the
kinematics boundary conditions.

=5 aN,

1=
The evaluation of the numerical coefficients ai is carried out so that they optimize the solution. One
possibility is to determine the ai on the basis that they will minimize the total potential energy of the system

at its equilibrium configuration. The strain energy U and potential energy of the loading system V can be
evaluated in interms of un and then ai determined from the n equations,

€ [ Ulu) =V (u)]=0 (8)
2d,

In the finite element displacement method, which is used here the nodal displacements are unknowns. B.
Finite Element Modeling

In the finite element method of analysis the structure of interest is, assumed to be composed of discrete
elements which are connected at only a finite number of points. The points of connection are called nodes
and the forces, which act at the nodes, are assumed to be representative of the distributed loading in the
actual structure. For an element subjected to loads, P, the load deformation relation is Pim being the load at
node m in the i direction. Kijmnis called the element stiffness matrix and the uj are nodal displacements.
Repeated indices imply summation. The problem now becomes one of determining the load-displacement
characteristics of the elements, i.e., a determination of Kijmn. The following discussion outlines this
procedure.

P = K,y (9)

47



Technical Journal, University of Engineering and Technology Taxila, 2009

The displacement field in an element in terms of the nodal displacements is defined by the relationship

u;, =N"u” (10)

Where u, is the displacement in the i direction, u,, is the displacement at node m in the idirection, and N"is
the shape function corresponding to node m. Shape functions are discussed in the following. With
displacements throughout the element known, the strains in the element can be determined from
substituting the values of u from equation (10) the strains in the element are given in terms of the nodal
displacements and derivatives of the shape functions as

B is an array of shape function derivatives which relates strain to nodal displacements. The relation
between elastic stresses and strains is

e =D € (12)

Where D is the elasticity matrix. Upon substitution of equation (12) in to (13) and usig principle of virtual
displacements for a set of nodal forces, Pi, the load-displacements relation, is obtained as

P =l (B'DB)d\ olju,”
Comparing this result to equation (9) gives an expression for the element stiffness matrix

K=1(B'DB) dv (13)
Forthe 20-node element used (see following section) suitable shape functions in terms of local coordinates
are Corner nodes:
Ni=1/8(1+qo)(1+ro)(1+s0)(qo+ro+so-2)

Midside nodes:

Ni=1/4(1-g2)(1+ro)(1+so0) qi=0
Ni=1/4(1-r2)(1+qgo)(1+so) ri=0
Ni=1/4(1-s2)(1+qo)(1+ro) si=0

Inwhich q,r, and s are the local element coordinates, qo =qqi,ro=rri, so = ssi
And theiindicates the local node number.

The strain displacement relationships given by equation (11) and (12) are in terms of the global (x,y,z)
derivatives of the shape functions. The transformation of the local coordinate system derivates to the
Global system is carried out using the Jacobian matrix.

As the stiffness matrix for each element is formed the boundary conditions are applied. A zero
displacement for a node is incorporated by zeroing the row and column in the stiffness matrix and the load
term corresponding to the fixed displacement and defining the diagonal term as unity.
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Analysis of Thickness Effect on Piezoelectric Beam
Riffat Asim Pasha', Zahid Suleman® and M. Z. Khan’

Abstract

There is increasing demand for developing smart structures in various electronic and electromechanical
systems during past two decades. More recent innovations like Micro-Electromechanical system (MEMS),
Nano structures, Electronic chips, and Printed Circuit Boards etc, have remarkable role in the field of
electronics. The modeling analyzing and manufacturing of these small-scale components remained
always a challenging job. Finite element capability available in commercial software package ANSYS
makes it convenient to perform modeling and analyzing of these smart structures. A piezoelectric
cantilever beam analyzed for different thicknesses. Voltage change in each electrode along with other
related properties/parameters were found. Thickness variation produced remarkable important results
which can be used for optimizing the thickness range in these smart materials. Voltage percentage
per electrode determined and different nodal solutions were obtained. Various recommendations have
been suggested to analyze such smart material before using in various applications for the generation and
actuation systems and for their reliability and durability.

Keywords: Piezoelectric Beam, Finite Element Modeling, ANSYS

Introduction

Recently the piezoelectric materials are extensively used in electromechanical and micro
electromechanical actuators and sensors. Finite Element Analysis is extensively used for the modeling of
such materials. “ANSYS” is useful to simulate the structure of piezoelectric devices successfully and
accurately. Electromechanical coupled-field finite element modeling (FEM) accurately predict the resonant
frequency and harmonic response of the system subjected to a step voltage input [1].

The researchers describe the FEM capabilities in modeling and analyzing of various electronic parts. An
accurate numerical modeling of the stress and strain fields in electronic packages is Imperative for the
improvement of current and future mechanical design of electronic packages [2].

The development of Finite Element codes incorporating smart material element has provided an
opportunity to solve some practical problems [3]. The solder joint lifetime for two different models was
earlier analyzed by ANSYS and it was concluded that the solder joints closer to the die edge (away from die
center) are more susceptible to elasto-plastic fatigue damage [4].

Finite Element Modeling
The basic equations for the electromechanical finite element analysis are,

T=1[c (S)-[el (L)
D= [e] (S)-[g] (E)

The above equations are the structural and electrical constitutive equations respectively. The matrices c,e,
and ¢ contains the materials property data of the piezoceramics, where as the piezoelectric materialsare
described by compliance matrix, “S”, piezoelectric strain matrix, “d”, and the dielectric matrix, “€” [5].
Piezoelectrics is the coupling of structural and electric fields, which is a natural property of materials such
as quartz and ceramics. Appling a voltage to a piezoelectric material creates a displacement, and vibration
of piezoelectric material generates a voltage. A typical application of piezoelectric analysis is a pressure
transducer, possible piezoelectric analysis types are static, modal, harmonic, prestressed, and transient
[6].Many experimental and theoretical studies of the frequency spectra of resonant vibration in disks of
isotropic and piezoceramic materials with varying diameter/ thickness ratio have been reported [7,8,9,10].
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Piezoelectric disks with a front layer of varying thickness have been investigated using the FE method [11].
Some investigations of piezoceramics disks using the Finite Element Method have been reported [12,13].

Piezoelectric Beam Description

A piezoelectric 2-D cantilever beam of length L, having electrodes mounted on the upper surface was
modeled. The properties of the PVDF material are described in Table-1.

Table 1: Properties of PVDF

Young's | Poisson's Shear dy, ds; dss (£43)"
Modulus, | Ratio,yv,s | Modulus, (C/'N) (C/N) (C/N)
E, (N/m%) G, (N/'m?)

2.0C9 0.29 0.775L9 22E-11 | 0.3E-11 | -3.0C-11 |2

Table 2: ANSYS analysis results

Thickness e e _ - . . . _. . _ ..
IE-08  SE-8  6E-08 TE-DS SE-08 YE-08 IE-04 SE-04 1E-03 1.5E-03
fmm)
1167.07
Electrodel 1193 298 4299 5853 7639 9666 107127 295213 2603.66
106268 2410,
Electrode? |~°0 2673 31882 5237 AN41 K671 95873 2ee7iz R HIGS
. | 6 2
2082.57
Electroded 9427 21337 3139 162 6.033 7.627 LER RS 235358 939393 T
- g4 - . - - ] £ 99¢ g -4 ara - - - - - -‘:“‘-9
Electroded =164 202 2939 2 5225 6.613 1434 203.83 Nl3N2 .
1534530
ElectrodeS 6903 1726  2.4x% 3,352 1418 5.592 62.096 72354 6NxI5y 7T
1944 2
Electrode6 5444 1411 2032 277 3612 4373 51.091 40923 562,655 o‘ ’
Y
Electrode? 43¥7 1097 1582 2146 2808 3364 300%4 109543 aamas U
Electrode8 3132 0783 1126 1536 2005 2528 28215 TN2I8 31253 683987
Electrode9 1379 0469 0676 0921 1.202 522 16.946 47.09 X971 432269
Electrodel  pqes 0159 023 0314 0412 0823 6198 1823 s2152 207218
0
: 6280 157 156747 62556 14067.0
Total 6280 1570 0000 30770 40197 Sos79  Sesors  \SOT4T 625560 140670
Voltage 5 2 9 6 X
%eage
increasein C.0U X0 N3333 N3TI4 %758 AN NEN O UAARA 9x 9w 9y 133
thickness
“eage
Increaseln o) 2999 T_... 10805 -56243 23439 NS84 95993  9N996  99.553
total 177.75 |
voltage

A linear static analysis was performed for variable thicknesses. The electrode voltage for the actuation
mode was taken as 100 Volt and the tip displacement for the sensors mode was 10mm. PLANE223,
coupled-field 8-noded quadrilateral element type was selected which needs not to define any real constant.
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Thickness vs Voltage
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Figure 2: Thickness versus Total Voltage

Results and Discussions

Table-2 contains the results taken by analyzing various thicknesses and their effect on Electrode1 to
electrode10 by using ANSY'S package.

Nine different thicknesses were chosen and by Appling the displacement at the end of the beam there
corresponding voltages were obtained. Figure1 indicates the %age thickness corresponding to the
electrodes. It shows that initially the difference between the two parameters is large and gradually this
difference gets closer and closer. At electrode no 6 the two values approximately overlapped. This
phenomenon forwarded up to the last electrode and the minimum difference obtained at this value of %age
increase in thickness.

Figure 2 indicates the behavior of increase in total voltage with respect to increase in thickness. It is
observed that behavior remained constanti.e. total voltage was proportional to its corresponding increase
in thickness except for first two initial thickness values where this behavior was reversed.

Conclusion

Piezoelectric cantilever beam was analyzed for various thicknesses and total voltage across the electrodes
was found out. Percentage increase in thickness and corresponding total percentage increase in voltage
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with respect to first electrode was determined. It is concluded that by gradually increasing the thickness
values, the difference between the percentage increase in total voltage and percentage increase in
thickness which was initially large becomes closer and closer and an optimal thickness value obtained
where the total voltage attains a maximum value. Sensitivity of these smart structures can be analyzed by
considering the closer values to get the maximum output. The optimal designing through modeling is
recommended by obtaining various nodal solutions of different geometries to have reliability and durability
of the final product.

Nomenclatures

E, = Young’s Modulus

Vi, = Poisson’sratio

G" = ShearModulus

d;;, d,, dss = Piezoelectric strain coefficients

(€5)" = Relative permittivity at constant stress

D = Electricflux density vector

E = Electricfield vector

S = Strain vector

T = Stress vector

C = Elasticity matrix

e = Dielectric matrix
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