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The objective of this research was to find the influential factors in the
spherical forming porous polyurethane foam (PPUF). The as received cube
specimens having dimensions of ere ground with the abrasive grit sizes

of 20 and 53 pm, the grinding ApiCd™rom 1.4] to 5.18 m/s, and the cross
head speeds controlled a3, & fiwmi™ The grinding force signals were
recorded using dyna - £ uiens were determined which were
shapes, finished diam gential and normal grinding

forces related with time, : al removal rate, and specific
grinding energy wer€ ed. [T 2 1 ing factors were assessed via
Analysis of Variance gA! A wiihithe significancg level (a) of 0.05.

The study fou i AEy e finis apes were categorized into four
types namely egg, sPhe gld - sphiere, and squircle (2) the grinding speed
significantly influenced" ' @r €rror, finished diameter, tangential force,
normal force, and grinding fore “ i e cross head speed affected on
material removal rate and Specific gr ng energy (3) the finished sphere
specimens having diam ~and,19.32 mm with circularity errors

between 0.57 and 061 ceintesval could be formed at the
grinding speed ranged etwe _ Ay at the grinding conditions
where the finished §phere spe ns were formed, the tangential and normal
forces related with Umg main trended increase with the rates of 0.64x10™ N/s

and 8.2x107% m ﬁnf}ﬂ gential force signals
were betwee f tangential and normal
force was 1.0320.15 (5) the gri ﬁ speed of 3.30 m/s, crass head speed of 1

. Yo 3 3 A S Y Dt ot e spheria

grinding which provided the minimum circularity error of 0.47 mm.
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Chapter |

Introduction

1.1 Background

Porous materials come in many types-such as metals, polymers, ceramics,
woods, and natural sources including calf bone, sea coral and so on. Wide spread
usages have been applied«in many fields of industry. For example, break pads, oil
filters and air filters in autometives are made from porous plastics (Porous Materials
Inc., 2008: online). In pharmaceutical applications, porous materials have been used
in-situ drug delivery systems, Moreover, the outstanding application of the material
seems likely to be inthe biomedical fi;e_lds for artificial organ that can help the
patients who suffered from lgsing their owﬁ_,. pérts of body (Ponin, 1987). Some kinds
of ceramic such as Hydroxyapatite (HA) ar_i_d-A__lumina (Al,03) play a significant role
in prosthesis implantations for bofie filtratijdr}_a-_nd replacement, plasma spray coating
on hip joints, and so forth. With open pore stqutures, porous materials have excellent
permeability and a large surface area, as well as excellent biocompatibility (Lee et al.,
2007), resulting in promoting fibro vascular and bone tissue in growth.

One of the most invaluable applications of porous materials is spherical orbital
implant used in enucleation ‘and-evisceration surgery; for 'eye ball replacement.
Because of poré matrixes, the orbital implant can be attached directly to tissue via its
pores, ‘allowing it«to Mmove within the orbit just like the' naturalieye! Jordan (2004)
stated that losing an eye to trauma or end stage ocular disease can be devastating at
any ages, and this major impact affects one's self-image, self-confidence, and self-
esteem. However, numerous patients have been trying to return to their normal life
although there is some loss of depth perception and peripheral vision, but they are not

as "handicapped™ as many beliefs.



Although having many advantages, porous materials having pore structural
matrixes as shown in Figure 1.1 are very sensitive to stress applying on it, and crack
propagation can easily be initiated during manufacturing processes. Inherent
brittleness is the overriding factor, which limits the ultimate usefulness of porous
materials. The cracks, even on micro scale, can hardly be seen by naked eyes, causing
tremendous strength degradation. The decrease in mechanical strengths with increased
porosity was not surprising and has beé_m‘ escribed elsewhere by various authors
(Huec et al., 1995); (Liu, 1997); and (Tian aer/»jjaa, 2001).

As a result of high-peresity and‘low strenﬁat,h,-forming processes in particular
machining are obviously}ﬁfe—u Jecause crack damages, uncontrollable dimensional

accuracy and shape variatiens.can occur during operations. This inevitably leads to

Figure,1.1 . Parestructure of a parous ceramic (101,.2007: online)

Nowadays, near net shape technology faorsporous material forming has been
developed; 'however, “the shrinkages . of /porous. ceramic maiterial ‘after sintering
illustrated in Figure 1.2 cause the shape and dimension variated (Tian and Tian,
2001). Therefore, mechanical operation especially grinding is necessary in forming

process to achieve finished shape and dimensional accuracy (Marinescu, 2000).
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Figure 12 _Shrinkage ofx‘ﬁorous materials after sintering

(Tian‘and Tian,r2001)

In terms of spherical forming partié'él]yl,for orbital implant manufacturing, the
traditional hand grinding by highty skilledfop.é-rators is still required to adjust sizes
and shapes fitted to individual requirement: Uh?brtunately, uncontrollable direction to
form sphere shape and over grinding forces may causerin crack damages and high
variation in shape and size. As a result, low product quality, time consumption, and
high price are not avoided.

Over the past two’ decades, spherical’ grinding 'techniques namely V-groove
lapping and magnetic fluid grinding have been introduced for ball bearing production
for dense cceramic~materials=sueh @as; silicon-nitride.Many-researchers have been
developing those techniques 1o ‘achieve low crack damages, high ‘material removal
rate, and minimal roundness errors for better performance in high precision work. On
the other hand, spherical forming techniques for porous materials have not been
widely revealed and studied. Milling and orthogonal cutting operations for porous
hydroxyapatite and polyurethane foam were investigated by Chelule et al. (2003) and
Malak and Anderson (2005).



Therefore, in this research the new spherical grinding process using circular

groove pad for forming porous materials in the presence of porous polyurethane foam

was introduced. Moreover, the influential factors affecting finished shape, circularity

error, finished diameter, grinding forces, grinding force ratio, material removal rate,

and specific grinding energy were intensively investigated.

1.2 Objectives of Study

The objectives of thisresearch were asfoliows,

1.

To develop grindimg process forspherical forming of polyurethane
foam. :
To study influential grinding factors for spherical forming of

polyurethane foam. ~

1.3 Scopes of Study

The scopes of this researchwere as follows,

1.

Cube porous polytrethane foa;rﬁ"ﬁaving dimensions of 21 mm was
used as the speciimen to form"ébh?erical shapes.
Circular-groove-having-radius-ot-11.30mm was used in the spherical
grinding-system.

Grinding speeds of grinding wheel were controlled between 1.41 and
578 m/s,

Cross‘head speeds of-Circular groove-pad‘were run at 1.0, 3.0, and 5.0
mm/min.

Abrasive grits ef silicon carbide sizing 20 and 53 pm were used in this

research.



1.4 Expected Results
Expected results of this research were as following,

1. Sphere shape of porous polyurethane foam could be formed using

spherical grinding system with circular groove pad.
2. Influential grinding parameters could be revealed.

3. Grinding responses in terms of circularity error, finished diameter,
grinding forces, grinding forceratie; material removal rate, and
specific grinding energy Could be estimated in the spherical grinding
system as developed.

4. Proper grinding conditiens to receive minimal circularity error and
required finished diameter-with no damages for the ground specimen

could be found:

1.5 Advantages of Study “

The expected advantages of this research wgfeﬁ as follows,

el

1. Spherical grinding technique could-be-applied for spherical parts

manufacturing such as orbital implants for enucleation and evisceration

surgery.-

2. /Reproducibiity-and-minimal-variation inshape-and size could be

received-from the spherical grinding-technique developed.

3 Fime,consumption-in spherical-parts forming coule besreduced using

the developed method instead of hand grinding.



Chapter 11

Literature Reviews

In this chapter, literature reviews were surveyed. First of all, overviews of
porous materials in terms of meaning, types,.properties, and applications were
illustrated. Secondly, grinding-mechanism, related-parameters, and material removal
process were described to clearly understand basic concepts in grinding process. Next,
machining porous materials«@nd<current spherical grinding processes were reviewed.
Moreover, spherical measurément @nd machining force” monitoring concepts were

concerned. ¥

2.1 Porous Materials f

To better understand the machining bé_'ﬁa\_f_i_or of porous materials, it is necessary
to understand the characteristics of the mat_ér"_'i,:a-_.l before defining proper variables in
machining processes. In this section of -I-iféfé_ttjre review, types, properties, and

applications of porous materials were demonstrated.

2.1.1 Types of Porous Materials

Gibson and Ashby (1988) defined parous materials 'asia cellular solid that is
made up of an interconnected network. Three typical structures were illustrated in
Figure 2:1.0Mn addition; they:=classified types, of, porous: cellularpsolids into two
categories;, synthesis and natural porous solids. Porous materials ‘can be synthesized
from diverse materials such as metals, polymers, ceramics and glasses as well as can be

from natural also.



o A

“'-r,
honeycomb, b) A hfe_ei;EMe sional cellular with open cells, ¢) A three

Y aiadieis - u_‘;? )
dimensional CEIIuI&F’WEﬁ:CIOSH (Gibson and Ashby, 1988)
- ars :-_‘.I*{p o

i A
Figure 2.1  Three basic structu Siofﬁom:zfter als: a) A two-dimensional

1) Synthetic Porous I
a) Polymers

Porous polymers cg.nge produced by J-Saming gas‘ bubbles into liquid monomer
or hot polymer allewi stabili d then solidifying the
whole thing by aﬂﬂgﬂﬁﬁmiﬁnemgﬂmcwres of open-cell
polyurethan losed-ce ijie et i e cﬁd' that open-cells
are prodaaa?jﬁn}j sﬁnndgi ﬂ\lnﬁﬁt mﬁrﬁ cﬂ edges, but for

closed-cell solid membranes close off the cell face and is uniformly distributed between

the edges and faces.



a) Open-cell polyurethane b) Closed-cell polyethylene

Figure 2.2 Three dimensional “l Open-cell polyurethane,
b) Closed- ceII ne shby, 1988)

-“'—'i
b) Metals /

Another type of
porous materials, which
the metal melt in an inert
carbon is burnt off, leavi infiltrated into a low density
bed of carbon or cerami S ed out leaving framework of
metal which penetrates the I Fige : 3 shewed the structures of metallic porous

nickel and copper.

Figure 2.3  Three dimensional metallic porous materials: a) Nickel, b) Copper
(Gibson and Ashby, 1988)



¢) Ceramics

Ceramics can also be fabricated in the form of porous materials by infiltrating
polymer foam with a slip (fine slurry of the ceramic in water or some other fluids);
when the aggregate is fired, the slip bonds to give pores of the original foam which
burns off. Three dimensional structures of Zirconia, Mullite, Hydroxyapatite were

depicted in Figure 2.4.

Figure 2.4  Three dlmensd,onal porous ceramlcs a) Zirconia, b) Mullite,

BRI
o T SO AN v

structures were shown in Figure 2.5 are defined as natural porous materials. For
example, cork and balsa have closed cells which are almost as regular as a honeycomb.
On the other hand, sponge and cancellous bone have an open pore with connectivity.
Still others, like coral or cuttlefish bone, are obviously anisotropic: the cells are
elongated or aligned in particular directions, and this gives them properties which

depend on the direction in which they are measured.
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e) Coral uttlefish
Figure 2.5 Natural celw ;a)IC
bone, e) Cor
(Gibson and

have properties different from
l e properties of porous materials
cannot be exactly indicated bepﬁusg of different fabrication techniques applied.
Therefore, properties ﬁi solid forms weréF generﬂl&nﬁ Table 2.1, 2.2, and 2.3 in
terms of physical, thermal, and mechanical :
in Table 2.4. Metal solla havmg S

other type of material due to,the greatest packing density (the face-centered cubic or the

close-packed hﬂg%l&]r@ ?{] H %ﬁopﬂ‘e&l ’]cﬁitivity, metals give the

hlghest value, res%'ltlng from rapidly féee electron transmlssmn Cer&gms having strong

o QAN 1 Y TP AR YA Y s on

other hand, because of their brittleness fractural strength and fracture toughness are

Id be relatively compared

ic bond dhbw greater density, than any

lower than those of metals. Polymers, naturally containing weak bond and having low
density, give low thermal conductivity, high specific heat and thermal expansion.
Mechanical properties of polymers are very low when compared to metals and ceramics
(Gilbert et al., 1986).



Table 2.1 Properties of Solid Polymers (Gibson and Ashby, 1988)

11

1.Density ps 2.Melting 3.Thermal 4.Thermal 5.Specific 6.Young’s 7.Yield 8.Fracture 9.Fracture
) (glem®) point Tg (K) expansion os conductivity”_.sheat Cps (J/kg modulus at strength oys strength o toughness
Material x 10° (K1) As(W/m K) K) 20°C E, (MN/m?) (MN/m?) Kics
(GN/m?) (MN/m*?)
Cellulous 15 - - 1 - 25 350 - -
Epoxies 1.25-1.7 400 55-90 0.2-0.5 1700-2000 5-10 - 40-85 0.6-1.0
Latex rubber 0.9 - - - - 0.0026 - - -
Lignin 14 - - . 1 - 2.0 - - -
Nylon 66 1.15 340 80-90 0.2-0.25 1200-1900 2-35 50-110 55-120 3-5
Polybutadiene 1.05 203 - 0.14 - 0.001-0.05 - - -
Polychloroprene 0.94 200 - - - 0.002-0.1 - - -
Polyester 1.25-14 340 70-100 0:2-0.24' s, 4+ 800-1500 1.3-4.5 - 45-85 0.5
Polyethylene, PE (Low D) 0.91-0.94 270 160-200 0.35 2250 0.15-0.24 - 7-17 1.0
Polyethylene, PE (High D) 0.95-0.97 300 120-160 0.52° 34 2200 0.55-1.0 - 20-37 2.0
Polyisoprene 0.91 220 - 0.14 U4 - 0.002-0.1 - 10 -
Polymethylmethacrylate, PMMA 1.2 378 54-72 0.2 1500 3.3 81 95 0.9-1.7
Polypropylene, PP 0.91 253 70-110 0:2 1900 1.2-1.7 30-70 40-80 3-5.8
Polystyrene, PS 1.05 373 70-110 0.1-0.15 1350 1.4-3.0 30-80 35-90 2.0
Polytetrafluorethylene, PTFE 2.2 - 100 0.25 1050 0.35 - 17-28 -
Polyurethane, PU (rigid) 1.2 - - - - 1.6 127 130 -
Polyurethane, PU (Flexible) 1.2 - - - - 0.045 - - -
Polyvinyl chloride, PVC 14 - 50-60 0.12-0.18 1400 2.4-3.0 40-59 45-65 2.45
Polyvinylidene fluoride, PVDF 1.78 - P - - 1.8-24 20-25 35-40 -
Protein 1.2-14 - s 4 : - - - -
Suberin 0.9 375 - - - 9.0 - - -

1T
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Table 2.2  Properties of Solid Metals (Gibson and Ashby, 1988)

1.Density ps 2.Melting 3.Thermal 4.Thermal 5.5pecific 6.Young’s 7.Yield 8.Fracture 9.Fracture
) (g/lem®) point Tg (K) expansion oy condugtivity-heat-Cps (J/kg modulus at strength oy strength o toughness
Material x 108 (K As(Wim K) K) 20°C E, (MN/m?) (MN/m?) Kics
(GN/m?) (MN/m*?)
Aluminium 2.7 933 24 230 1080 69 40 200 50
Aluminium alloys 2.6-2.9 <933 20-24 88-160 920-960 69-79 100-627 300-700 23-45
Beryllium 1.85 1277 12.4 158, 5 1883 296 34 380 4
Brasses and bronzes 7.2-8.9 <1200 14-20 110-230 380 103-124 70-640 230-890 50-100
Chromium 7.2 2148 612 6N 44 936 289 - - -
Cobalt and alloys 8.1-9.1 <1768 42-13 40-69 400-600 200-248 180-2000 500-2500 -
Copper 8.9 1356 16/5 384 00 & 493 124 60 400 >100
Copper alloys 7.5-9.0 <1356 14-17 90-230¢ | 320-400 120-150 60-960 250-1000 50-100
Gold 19.3 1336 14.2 297 Rdda 130 82 40 220 >100
Iron 7.9 1809 117 Foeiedasild 460 196 50 200 5-100
Lead and alloys 10.7-11.3 <600 28-30 27-35 130-140 14 11-55 14-60 >50
Magnesium alloys 1.74-2.0 <923 26 42-1404====.1020 41-45 80-300 125-380 15-40
Molybdenum and alloys 10-13.7 <2880 4-5 116-146 250-270 320-365 560-1450 665-1650 -
Nickel 8.9 1726 133 92 730 214 70 400 >100
Nickel alloys 7.8-9.2 <1726 12-14 15-65 380-460 130-234 200-1600 400-1200 50-100
Niobium and alloys 7.9-10.0 <2740 7-8 30-58 200-340 80-100 - - -
Platinum 214 2042 8.9 71 130 172 - - >100
Silver 10.5 1234 19:7 420 234 76 55 300 > 100
Steels 7.6-8.1 <1809 11-12 24:66 420-500 190-210 200-1500 500-1200 50-200
Tantalum and alloys 16.6-16.9 <3250 6-7 30-54 100-168 150-186 330-1090 400-1200 -
Titanium and alloys 43-5.1 1943 8-9 15-27 500-550 80-130 180-1320 300-1400 55-115
Tungsten and alloys 13.4-19.6 <.3680 4:-5 160-190 140-145 350-406 1000-1400 1500-1800 -
Urenium 18.9 1405 17 26 126 172 - - -
Zinc and alloys 5.2-7.2 <505 20-40 100-112 400-420 43-96 160-421 200-500 10

4"
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Table 2.3  Properties of Solid Ceramics and Glasses (Gibson and Ashby, 1988)
1.Density ps 2.Melting 3.Thermal 4.Thermal 5.5pecific 6.Young’s 7.Yield 8.Fracture 9.Fracture
) (g/lem®) point Tg (K) expansion oy condugtivity-heat-Cps (J/kg modulus at strength oy strength o toughness
Material x 108 (K As(Wim K) K) 20°C E, (MN/m?) (MN/m?) Kics
(GN/m?) (MN/m*?)
Alumina Al,O; 3.9 2323 8.8 25 795 380 5000 150-300 3-5
Beryllia BeO 3.0 2700 9.0 200 1250 380 4000 - -
Calcite (limestone, coral) 2.7 - 3.0 7. 0L - 63 - 30-80 0.9
Cement 2.4-25 - 1.2 10-14 - 45-50 - 1-2 0.2
Glass, silica 2.6 1100 0.5-1.0 2.0 750 94 - - -
Glass, soda 2.48 720 8.5 1:6 990 74 3600 50 0.7
Glass, borosilicate 2.23 820 45 iy W 800 65 - 55 0.8
Graphite 1.82 4000 s 120-200 120 27 - - -
Ice, H,O 0.92 273 - = - 9.1 - 1.0 0.12
Magnesia, MgO 35 3073 1356 3:0 - 250 3000 - 3.0
Mullite 3.2 - 5.3 = - 145 - - -
Porcelain 2.3-25 800 6.0 155 - 70 - 45 1.0
Sialon 3.2 - 3.2 20-25 710 300 - 400-800 5.0
Silicon carbide, SiC 3.2 3110 43 50-84 1420 410 10000 200-500 3.0
Silicon nitride, Si3Ng4 3.2 2173 3.2 17 - 370 4000 - 4.0
Titanium carbide, TiC 7.2 - 7.4 17 - 370 4000 - -
Tungsten carbide, WC 14-17 - - - - 450-650 6000 - -
Zirconia, ZrO, 5.6 2843 10 2.0 670 200 4000 200-500 -

€T
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Table 2.4 Property comparisons of Polymers, Metals, Ceramics and Glasses

Properties Polymers Metals Ceramics
and glasses
1.Density ps (g/cm®) O ® O
2.Melting point T, (K) O @) o
3.Thermal expansion as x 10 (K:*) ® O O
4. Thermal conductivity As(Wim K) @ o o
5.Specific heat Cps(J/kg.K) -~ O O
6.Young’s modulus at.20°C ¢ O o ®
(GN/m?)
7.Yield strength o,s (MN/M?) O @) ®
8.Fracture strength oz (MN/m?) 90 ® @)
9.Fracture toughness Kcg (MN/m¥%) 4O [ O
Low O Moderate' O High @

Besides the properties of general solidrrmaterials that are processed to porous
materials, properties. of some interesting synthetic porous bioceramics such as porous
hydroxyapatite (HA) used in medical applications are also reviewed in terms of the
relationship between physical and mechanical properties.

HA can“be derived from natural materials for examplecancellous bone (Hing
et al., 1999) and-coral (Xu et al., 2001) and also synthesized by various methods such
as gel casting (Murpz, et alyy 2001), impregnation‘aibody ©0f porous polyurethane foam
with slurry (Tian and Tian, 2001), camphene-based freeze casting (Lee et al., 2007).
The effect of porosity on mechanical properties plays a crucial role in evaluating the
performance of the material in load bearing applications. Wang (1984) proposed that
Young’s modulus of porous alumina with changing pore structure is a function of
porosity that well agreed to the results from much research studied by Hing et al.
(1999); Pabst et al. (2006); Huec, et al. (1995), and etc. In the work of Zhang et al.

(2006), flexural strength, elastic modulus, and fracture toughness of In-situ hardening
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hydroxyapatite-based scaffold for bone repair were plotted as functions of pore

volume fraction show

30

n in Figure 2.6.
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Figure 2.6 Relationship between pore volume fraction and mechanical properties of

In-situ hardening hydroxyapatite-based scaffold for bone repair

(Zhang et al., 2006).
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2.1.3 Applications of Porous Materials

Porous materials have been expansively used in many fields of industries as
well as medical applications. Because of pore network structures and their properties,
porous materials give many advantages in terms of low mass and density, low thermal
conductivity, and good permeability and biocompatibility. It is almost certainly that
porous materials permit the simultaneous optimization of stiffness, strength, and low

weight.

1) Thermal Insulation

Porous materials someirmes called porous solids, foams, and cellular materials
can be used in fabricatiopsof thermal insulators particularly porous polymers and
glasses. Products as<humble /as disposable coffee cups, and as elaborate as the
insulation of the boester rockets for' the space shuttle exploit low thermal
conductivity. Modern butldings, transport S-ystems (refrigerated trucks and railway
cars), and even ships particularky designed‘fo‘r carrying liquid natural gas also take
advantage of low thermal conductivity of porous polymers (Gibson and Ashby, 1988).
For high operating temperature &t 550°C, pjorolijs ceramic such as zirconia foam can
achieve the application of space shuttle protective thermal tiles (Montanaro et al.,
1998).

2) Filtration

For productionfof castings, porous-ceramicifilters<help:to improve quality and
productivity bysremoving non metallic inclusions:"High' temperature resistance is a
must for filters, which, can contain, such,reactive ‘elements_as aluminium, titanium,
hafnium® and carbon By a variety ©f molten metals'.(Montanaro. et al., 1998).
Applications in automotives including oil filters, air filters, cabin air filters,
automotive sintered metal filters, and filter cartridges are determined by their pore
structure characteristics. Pore size, pore distribution, gas and liquid permeability, and
pore volume are some of the important pore structure characteristics

(www.pmiapp.com).
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3) Packaging (Gibson and Ashby, 1988)

One of the major uses of man-made cellular solids is packing (Kiessling,
1961) cited in Gibson and Ashby (1988). An effective package must absorb the
energy of impacts or of forces generated by deceleration without subjecting the
contents to damaging stresses. Foams are particularly well suited for this. In addition,
foams can undergo large compressive strains (0.7 or more) at almost constant stress,

so that large amounts of energy can be absorbed without generating high stresses.

4) Structural (Gibson and-Ashby, 1988)

Many natural structural tmaterials are cellular solids: wood, cancellous bone,
and coral all support large static and cyelic loads, for long periods of time. The
structural use of natural cellular materials by man is as old as history itself. The most
obvious example is their use in sandwicﬂ-panels in modern aircraft by using glass or
carbon-fiber composite skins separated by Jr-igid polymer foams giving a panel with

enormous specific bending stiffriess and stréngth.

5) Buoyancy (Gibson and Ashby, 1688)

Cellular materials fotind one of their earliest markets in marine buoyancy.
Pliny (AD 77) cited=in-Gibson-and-Ashby (1988) described the use of cork for
finishing floats. Today; closed-cell porous plastic foams commonly made from porous
polystyrene, polyethylene, polyvinyl chloride or silicones are extensively used as

supports for fleating structuresiand:floatation iniboats.

6) Biomedical Applications

The uses! of ‘porous' materials ‘in biomedical ‘applications ‘are-wide spread in
replacement of human organs and in pharmaceutical. Porous ceramic materials play a
major role to serve the need in biotechnology. Proper pore structure and mechanical
properties are required for promoting growth of blood vessels and adequate fluid

flow.
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a) Scaffolds

Porous ceramics are also utilized as scaffolds in the biomedical field of tissue
engineering. The primary purposes of tissue engineering are repair, regeneration and
reconstruction of lost, damaged or degenerative tissues. In practice, a degradation rate
of the grafting material similar to the rate of tissue formation is desired. Accordingly,
one major aspect in the development of bio artificial organs and implants is the
fabrication of supporting matrices or ‘scaffolds with an appropriate micro and
macroscopic structural morphology. Hydroxyapatite (HA), one of the most important
biomaterials in artificial bone-applications, can-be-used as filling material for bone
defects (Sopyan et al., 2007)..Because of their low solubility, high chemical resistance
against physiological™ environment and high  biocompatibility, nondegradable
aluminum oxide and titanium ©Oxide, ceramics are of interest as materials for porous
cell barriers and have sticcgssfully been étilized for tissue engineering (Eckert et al.,
1993) and (Wintermantel and Ha, 1996)2713'-he cultivation of cardiomyocytes (heart
muscle cells) on biocompatible ‘scaffolds made from titanium dioxide ceramics was
investigated for in vitro engineering of vitdf‘j’xejart tissue (Polonchuk et al., 2000).

In orbital implantation, -porous HA Jﬁas been widely used for eye ball
prostheses shown in, Figure 2:7. it can be derived. from coral in Figure 2.8 and
synthesized from the-teechnigque-of-impregnating of porous polyurethane foam with
slurry containing HA ‘powder in Figure 2.9. The main advantage of HA over other
implant materials such silicone, cork, and glass is their inertness or biocompatibility,
which is fundamentally due, to their low.chemical reactivity."HA orbital implant is
sutured into a living organism and acts as a passive structure or framework that allows
fibrovascular.ingrowth, resulting.in a, wrapped prosthesis with fibrous tissue which

provides.a natural movement (Muneéz etal., 2001):
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Figure 2.8 Scanning electrg,rrmlcroage of coralline hydroxyapatite
(Chélasanl etal, 2007) i, £‘,

Figure 2.9 Scanning electron microscope image of porous hydroxyapatite from
foam (Tian and Tian, 2001).
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b) Drug-Delivery Systems

Porous ceramics may be promising supports or new controlled drug-delivery
systems. In case of chronic disease or localized surgical intervention, in which a
sustained local drug-delivery becomes important, porous ceramic capsule may be
suitable to release pharmacological substances at controlled rate (Ravaglioli and
Krajewski, 1997). Recently, Ravaglioli et al. (1998) showed the general feasibility of
producing a potential ceramic drug-dispensing system with specifically designed
morphology and porosity. Furthermore,” porous.hydroxypatite blocks have been
utilized as local drug-delivery-systemsallowing-slow: release of antibiotic substances
such as gentamicin (Rogers-fey et al., 1999). The release rate depends partly on the
open porosity and the presence of micro and macro pores (Bajpai and Benghuzzi,
1988).

c) Bioactive coating 7

Synthetic HA is also extensively used'as a hioactive coating on porous metal
surfaces (for example, prostheses i total'-'}:lfrp replacement, orthopaedic, and dental
implants) (Lacefield, 1993). The HA Ia);erJf':appIied plasma-spraying is able to
accelerate the rate of bone growth into’fhé'*porous layer, resulting in enhanced
biological fixation of-the-tmplant-and-tmproved bonding-strength at the bone/implant
interface (Hench, 1998).
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2.2 Grinding Process

Grinding is one of the oldest manufacturing processes since the Stone age
grinding was used to sharpen the tools of the prehistoric man. In the Middle Ages
watermill driven grinding stones were used to produce tools, ploughs and weapons.
Despite of the drawings of Leonardo Da Vinci around the year 1500, the first actual
grinding wheel was manufactured just as late as the 19th century (Malkin, 1989).

Grinding refers to processes for material removal in the form of small chips by
mechanical action of irregularly shaped abrasive particles that are used loose in
bonded wheels (Dallas, 1976). Even now, the quality-and productivity depends still on
the experience of the operator=Nevertheless in the sixties of the 20th century, the first
model on grinding was preposed based on the two dimensional topography of the
grinding wheel. ,

In the current centugy, grinding isistill involved in the manufacturing of many
products because the shaping ;technology :éuch as sintering is not as accurate as
required by the size specifications. The grih'di‘hg type of machining process is almost
chosen for finishing purposes since grindirigi has a relatively high precision. However,
it is well known that the process may ihdU"ée damage at the machined surface
affecting the functiopal properties of the ‘material being.-ground. For example, the
cracks may reduce the-meechanical-strength-of a comporient. The residual stress may
change the magnetic permeability by magnetostriction (Knowles, 1970), and phase

changes can influence the paintability of the material.

2.2.1 Conventional Surface Grinding: A Model of Grinding Process

Schematic of a.conventional (down) surface.grinding in-Figure 2.10 widely
used to 'model grinding process showed Vvarioustprocess.variables.-wheel diameter
(D), wheel speed (Vs) , work piece speed (Vw), and depth of cut (d) that can affect a
finished work piece in terms of dimensional accuracy, material removal rate, grinding
forces, and specific grinding energy. Basic calculations for the conventional surface

grinding process were illustrated in Equation 2.1 to 2.6 (Kalpakjian, 1992).
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Wheel diameter (D;)
2 Wheel speed (Vs)

Work piece speed (Vw)
%

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

U

ﬁuaq%ﬂmswa1ﬂi

(2.6)

%IW‘I&W';MW%WH'I&IH

MRR
d

b
Vw
P

Wheel rotational speed (RPM)
Material removal rate (m*/s)

Depth of cut (m)

Width of cut (m)

Work piece speed or Feed rate (m/s)
Power (W) or (J/s) or (N.m/s)
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u = Specific grinding energy per unit volume of material removed
(I/m3)
= Torque (N.m)
@ = Rotational angular velocity (rad/s)
Ft = Tangential force (N)

2.2.2 Grinding Mechanism

Grinding is typically characterized hy~thesmultiple cutting points with large
negative rake angles remowving-chips of small-volume at a very high material strain
rate. The understanding of mechanism of grinding 1S important for the prediction of
process variables such'as ganding forces, surface roughness, etc (Hecker et al., 2004).

The mechanism of the grinding process was investigated in many points of
view by many researchers. .Chen and RoWe _(1996) propesed the study of kinematics
relationship between grinding wheel and \'/vc;rk piece motion applied to each irregular
grain by distinguishing the gunding proceés Into three phases: rubbing, plowing and
cutting as shown in Figure 2.11. Rubbingﬁhqse occurs when the grain engages with
the work piece in up-cut grinding-and slides%Niiﬁout cutting on the work piece surface
due to the elastic deformation of the systeni.gAsf the stress between the grain and work
piece is increased beyond-the elastic-hmit, plastic-deférmation occurs. This is the
plowing phase. When the work piece material piles up to the front and to the sides of
the grain to form a groove, a chip is formed and the work piece material can no longer
withstand the tearing stress.) The chipcformation) stage is<the<cutting phase. From the
view point of the energy required to remove material, cutting is the most efficient
phase. Rubbing.and.plowing are inefficient,.since-the.energy is wasted,in deformation
and friction with'negligible ‘contributionto material removal.

Kim (2003) demonstrated the relationship between normal grinding force and
material removal rate in rubbing, plowing, and cutting stage as shown in Figure 2.12,
In the first two stages (rubbing and plowing), although there is a physical contact
between the grinding wheel and work piece as previously shown in Figure 2.11, the
material removal rate does not happen until the normal grinding force reaches a
certain limit value called threshold grinding force where the cutting stage begins.
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Furthermore, Chen and Rowe (1996) illustrated the relationships between the
inputs and the outputs of grinding process as shown in Figure 2.13. The inputs of the
grinding process include the grinding wheel characteristics, the shape of the dressing
tool, dressing conditions, grinding conditions, and work piece characteristics,
generating the topography of the grinding wheel, chip geometry, and finally single
grain load. The single grain load influences the outputs of the grinding process as
following; grinding forces, grinding power, grinding temperature, surface integrity,

grinding vibration, surface roughness, wheel'wear,and size error.

Wheel speed (Vs)

4
Depth of cut (d)

Work piece speed
(Vw)

Undeformed chip
thickness (t)

\1/ \VS
d s \Grit
& &' &
3'4.Stage 2"4Stage 1 Stage
Cutting Plowing Rubbing

Figure 2.11 Three stages of chip formation for up grinding
(Chen and Rowe, 1996; Atzeni and luliano, 2008)
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Figure 2.12 Relationship bet_vveeh grinding torce and material removal rate
(Kim, 2003) - T
7
Inputs of grinding process
Grinding Shape of [ /o A
wheel dressing —Dressing=="1 Grinding Work piece
characteristics tool L=~ conditions~|.f - conditions characteristics

y

Grindiﬁ'g wheel topography s

-

v v

Chip geometry

v

Single grain load

'

Outputs of grinding process

Grinding forces

Grinding power

Grinding
temperature Grinding vibration Wheel wear
Surface integrity Surface roughness Size error

Figure 2.13  Process relationships in grinding process (Chen and Rowe, 1996)
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In addition, the important parameters in the mechanics of grinding; the cutting
points per unit area, the undeformed chip thickness, the average chip cross-sectional
area, and grinding force per grit can be altogether related in the following equations
(Malkin, 1989),

t = 2.7)

am = (2.8)

L = (2.9)
Where

t =

C = Stnd i &

r = The chi 1€S

D0 LD
vV, = k!}:-,Work piece speeg
V =

i ﬁuéﬁfiﬂﬁiﬂ) S08903
ﬁﬁﬂaiﬁp"ﬁ'ﬁmﬁ’ﬁﬁﬁ”fﬁéﬁ’

To determine grinding force per grit, Japanese Society for Precision

Engineering (1987) expressed that the tangential ( f,) and the normal ( f,) forces can

be as a power function of a :
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Ft = kean, (2.10)
Fn = k,a," " (2.11)
Where

K, = Tangential force per unit cross-sectional area (N/m?)

K, = Normal force per unit.etoss-sectional area (N/m?)

X, = The-power number of eross=sectional area (a,, ) for tangential
force{FLy

X, = Thepowernumber of cross-sectional area (a,, ) for normal
foree (Fny)

X, and x, depend on the work material andthe cutting conditions. The normal force

per grit f, is related to T, by a constant ratiQ/l_.;
foo = Af, = (2.12)

Chen et al. (2009) used the ratio of normal force to tangential force to describe
the machining ability of grinding alumina and found that material removal rate
lowered with increasing_grinding force ratio. Also, Zhang et al. (2008) applied the
grinding force ratio in‘monitoring ‘grinding-burn on the surface of a high temperature
alloy and illustrated that burns occurred when the grinding force ratio was increased.

In general, .arinding,processes ganbe, considered as a.series of localized small-
scale indentation events, ‘and the'indentation fracture-mechanics relationships can be
used to account for the mechanism of material removal in ceramic grinding (Malkin
and Ritter, 1989). Evant and Marshall (1981) distinguished grinding process into two
classes: brittle fracture and ductile mode regime by approximating the critical

indenting load of crack initiation as Equation 2.13.
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K
P" ~2x10° H°3 (2.13)
Where
P* = Critical indentation load (N)
K. = Fracture toughness (MPa m*?)
H = Hardness (N/m°)

However, some researchers presented two.modes in terms of coarse and fine
grinding. Shaw (1996) classified the grinding process into two categories, namely,
form and finish grinding (FEG) ‘and stock removal grinding (SRG). The main
objective in FFG was«t0 obtain required form, finish, and accuracy while the primary
objective in SRG was @ obiain high removal rate. In FEG, fine grain size (< 140 pum)
abrasives such as alumina and silicon carbirdaé in a vitrified bonded grinding wheel are
generally used. In SRG, coarseé grain size (851 — 715 pm) abrasives such as alumina
and alumina — zirconia were used-4n‘a resin’{aended grinding wheel.

A4

2.2.3 Effects of Grinding Conditions oh Grinding Forces and Specific
Energy Consuimption

This section described the effects of grinding conditions such as wheel speed,
work piece speed, and depth of cut on grinding forces and specific grinding energy
investigated by-many researchers, in the field of ceramie,grinding.

One of the 'most important parameters'is grinding force playing a significant
role in_process monitoring. . The two components_including tangential force and
normal force were prevalently ‘présented in mast \previous: research. Malkin and
Kannappan (1972) described the effects of grain size and operating parameters on the
mechanics of grinding. Liu et al. (2001) investigated the relationships between normal
grinding force and grinding variables namely table speed, depth of cut, and removal
rate and found that grinding force was increased by increasing the three variables.

Kalpakjian and Schmid (2001) stated that in the grinding process if cutting

force on the grain was proportional to the cross sectional area of the undeformed chip
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thickness, the grain force (tangential force on the wheel) was also proportional to
process variables as follows:

Grain force a[\\//—w\/g}(Strength of Material ) (2.14)

From Equation 2.14, it was obvious ihat grinding force was affected by wheel

speed (V,), work piece speed (V,,), depth-oi=cut (d), wheel diameter (D), and

strength of material. This equation has 'been proved in much research. For example,
the investigation of the machining behavior of green gelcast ceramics in the work of
Kamboj et al. (2003) indicated that the increase In tangential and normal force in
surface grinding were much™ more rapi'd""for higher depth of cut and for binder-
containing samples that have high vickerx‘hardness number implying high strength of
the material. The results from" Huang et al. (2003) for surface grinding of silicon
nitride (SisN4) were graphically iIIustrated-;jn-'Figure 2.14 and 2.15 and showed that

normal forces (Fn) decreased .as-wheel speed (V,) increased, well agreed with the

relationship in Equation 2.14. J

In addition to-wheel speed effect, work piece speed markedly influenced on
normal forces. Figure 2.16 and 2.17 illustrated that in surface grinding of silicon
carbide and 12 mol%-eerium oxide (CeO,) stabilized tetragonal zirconia polycrystal
(12Ce-TZPs) having different grain sizes, Wwhen _increasing_work piece speed and
depth of cut, normalforces dramatically increased (Liu etial;, 2001).

According to the vertical «grinding onesilicon nitrideg (SisN4) and glass
investigated 0y Shen et al. (2002), tangential force was affected’by the two important
factors; pressure and rotational wheel speed. The tangential forces increased with
grinding pressure increased at a constant rotational wheel speed of 1,000 rpm for
various abrasive grit sizes of diamond as shown in Figure 2.18 and inversely
decreased with rotational wheel speed increased at a constant pressure of 3 Pa as

shown in Figure 2.19.
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Figure 2.15 Normal force (Fn) versus wheel speed (Vs) for various work piece
speeds (Vw) at depth of cut (d) 40 um (Huang et al., 2001)
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Besides the effects of grinding conditions on grinding forces, influences of
wheel speed and depth of cut on specific grinding energy were also investigated. The
specific grinding energy was defined as the ratio of the energy needed to remove an
elementary volume of material (Barge et al., 2008). Figure 2.20 and 2.21 performed
the relationship of specific energy and grain depth of cut (Yui and Lee, 1996) and
rotational wheel speed (Shen et al., 2002). It can be seen that specific grinding energy
decreased with high depth of cut and increased as rotational wheel speed increased
corresponded to the work developed from Agarwal and Rao (2008) and Chen et al.

(2009) for silicon nitride ang-alumina grinding.

40 ~

30

20

Specific grinding energy, J/mm?

0 T 2 3 4 5 6
Grain depth of cut, mm. x 10°

Figure 2.20  Relationship between specific_grinding energy and grain depth of cut
with work piece speed of 430, mm/s (Yurand LLee, 1996)
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224 Effects of Grinding Conditi:ﬁ:hisJ_’bn Material Removal

In the abrasive process; material removal mechapism of the ground surface
can be investigated'\ﬁﬁhe—mwbﬁmﬁequaﬁonﬁamély Archard’s wear equation
and Preston’s coeffident equation, which are prevalently [jsed to explain the effect of
parameters on the wear rate of material removed in particular grinding conditions.

Archard:set histformula in 2957 /based:on the previous:work of Holm made in
1946. The Archard’s equation (Rodil, 2006) in Equation 2.15'1s used for the analysis
of wear, when_.the.deformation .of ,the , specimen. is, plastic.. This gquation gives a
relation ‘between the volumetof wear,“the ‘normal load,-the 'sliding-'speed, and the

hardness of the material.

dv. K eFneVs (2.15)

E Hv
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Where
(jj_\t/ = Material removal rate (m*/s)
K = Friction coefficient
Fn = Normal force (N)
Vs = Sliding speed (m/s)
Hv = Vicker hardness of soft material (N/m?)

According to K _(frietion coefficient), Archard said “K may be described as
the coefficient of wear.and 1a“a series of experiments with the same combination of
materials, changes in K denote changes in surface eonditions”. In general, to
determine the K value, pin on disk exper_ifﬁent In Figure 2.22 is applied by pressing a
stationary pin using a preload into the ';sur'face of a rotating disk. The preload is
known, and the sliding distance can be dé_t_er)r__nined from the rotational speed of the
disk and time spent. The:amaunt of wear o_h_ the pin is determined by change in mass

(weight) and also volume of the pin-and the eonstant K calculated (Thompson, 2006).

Préload

Rotational
speed

l
=
il

Figure 2.22  Pin on Disk configuration for measuring wear coefficient
(Thompson, J., 2006)

Apart from Archard’s wear equation, Preston’s coefficient equation is another
important expression explaining material removal rate in abrasive process mainly

dependent on parameters such as material properties, tool conditions and removal
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mechanism. Li, et al., (2004) measured Preston coefficient of fine bronze tools for
different process parameter combinations. Hwang, et al. (1999) mentioned that the
Preston coefficient decreased exponentially as the grit depth of cut was reduced,
which was often referred to as the “size effect”. The Preston’s coefficient is defined as
Equation 2.16 (Preston, 1927).

N~ Cpevsern (2.16)
dt
Where
(jj_\t/ = Maiefialfemoval fate (m>/s)
Cp = Preston coefficient ;(EL/Pa)
Vs = Surface speed between the tool and work piece (m/s)

Fn = Normal grinding forée (N)

For grinding, Preston coefficient (Cp)1s more commonly expressed in terms
of the specific grinding energy {u), which is defiried.as the energy consumed per unit
volume of material remeoved-and-friction-coetiicient-(K).- The relation can be written

in Equation 2.17.

cp [ (1] (K) (2.17)
u
Where
u = Specific grinding-energy perunitivolume efimaterial removed

(N.m/m®) or (J/m3) or (W.s/m°)

Friction coefficient

A
I

Therefore, Equation 2.16 can be rewritten as Equation 2.18 (Tong et al., 2006),

dV = E [ ] [ ] [ ]
e (uj (KeF,)eV, (2.18)
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2.3 Machining of Porous Materials

An increase in the use of porous materials for restorative implants has been
evidenced in the recent past. However, there was a little research dealing with
machining porous materials. Despite the fact that the material possesses the capability
to be manufactured economically to near net shape by pressing and sintering, a
problem arises because machining processes has been still a basic requirement to
ensure dimensional and geometrical accuragy (Chelule et al., 2003). In machining
porous materials, microstructure plays a Significant role as stated by Rice and
Speronello (1976) that the-weaker materials-would-reduce the machining forces in
proportion to its lower bulk sirength and hardness resulting from higher porosity and
grain size. On the other hand, as.a result of fine grain size would experience greater
machining forces proportignal'to its greater strength. Therefore, to machine higher
strength materials, it i§ necessary te co:nsume higher material removal force. The
relation of porosity and strength of porous Jr-naterials was depicted in Figure 2.23. It
was a good agreement froam much previdus*Work that the strength of materials is
strongly affected by porosity (Lee et al., 2(-)07) Pores can be occasionally defined as
flaws or cracks that influence the fracture stléen;jih of the materials as demonstrated by
Griffith (1920) in Equation 2.10; Y

)
o, = A(%j (2.19)

Where

o = Eracture stress
= A constantthat depends on the specimen and flaw geometries
Elastic modulus

= Fracture energy

O X m.>
I

= Flaw size
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Figure 2.23  Compressivesstrengths of the porous HA bioceramics as a function of
the poresity (Lee et al.,.2007)

As mentioned in the preyvious secti‘QnJ,- the specific energy consumed to remove
material is the effect of grinding conditidhs on grinding parameters. For machining
porous material, Malak andAnderson (2065) investigated the interrelation between
specific cutting energy and “depth of éutt']j"'for orthogonal cutting of cellular
polyurethane foams. _From the'experimenfél-"}’ééults in Figure 2.24, specific cutting
energies decreased as:the-depth-of cut-was-inereased:-H-contrary, increasing the foam
density increased the magnitude of specific cutting energy. The results from this study
were agreed to that from the metal surface grinding experiment of Yui and Lee
(1996). Another. exampleof gmachining porous materials, was an orthogonal bone
cutting operation. for orthopaedic surgery investigated by Plaskos et al. (2003). It was
found that cutting forces also increased with a rise-of depth of cut, and specific cutting
energy was decreased as increasing«depth of cut

In addition, Chelule et al. (2003) investigated the effects of machining
variables on surface roughness of porous HA and found that feed rate, depth of cut,
and cutting speed did not play a significant role in surface roughness of porous HA
because its pore structures provided easy paths for crack propagation. These
accelerated chip formation and generated surface falling above or below the depth of

cut line as shown in Figure 2.25.
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2.4 Spherical Surface Generation

In general, spherical surface generation has been applied for ball bearing
manufacturing in precision applications. Nowadays, there have been a few techniques
namely magnetic fluid grinding and lapping used for grinding ceramic balls such as
silicon carbide (SiC), silicon nitride (SisNg), and alumina (Al,O3) to meet
specifications in terms of low sphericity error, low surface roughness, and minimal
surface damages. Due to its brittleness and low toughness, difficulty in grinding
leading to considerable manufacturing cost-hinders their widespread applications
(Kang and Hadfield, 2005).-Cracks hevitably-eeceur resulting from some loads
applied to the work piece..maierial that can decrease material performance in

withstanding for applications.

2.4.1 Magneti¢ Fluid Grinding i
Magnetic fluid geinding, originally d-.éveloped in the end of 1980s in Japan by
Umehara and Kato, in the UK by Childs, and‘in the US by Komanduri, was based on
the magneto-hydrodynamic behavior of a fﬁagnetic fluid. The schematic of magnetic
fluid grinding was shown in Figure 2.26. Méter'i'al removal process occurred when the
driving shaft rotated and drove the balls around the guide ring. A magnetic field in the
fluid levitated non-magnetic-materiais-(the balis-and-abrasives) to float and contacted
the shaft (Childs et al, 1995). Meanwhile, the float placed beneath the balls was
buoyant and intensified the load between a ball and the shaft. The magnetic fluid
grinding has beenithe most™'gentle” itechnigue with thighsspeeds ranging from 1,000-
10,000 rpm ang, low Tevels of controlled” forces approximately 0.5-2 N per ball.
Komanduri et al, (1999) proposed.the advantages.of this technique as.follows,
e High accuracy finished'surface can'be obtained
e Very little or no surface damage resulting from low controlled force, high
speed, fine abrasives, and flexible support
e Shorter processing time
e Small lot can be processed
e Fewer grinding steps are required

e Low capital and running cost
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1996). It was shown that t rxj,a_:tg:rjal' re /alirate was proportional to the skidding
velocity and load applied between the ball driving shaft.
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Figure 2.27  Removal rate (V) dependence on the product of load and skidding
velocity (WsVs) (Childs et al., 1994)
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1) Magnetic Fluid Grinding Mechanics

Modeling mechanics of magnetic fluid grinding has been first developed by
Child et al. (1994) to predict the onset of skidding motions. It considered the force
and moment equilibrium of the balls acted on by the forces and moments at the balls’
contacts with the driving shaft. From the theoretical analysis of kinematics of
magnetic fluid grinding in Figure 2.28, Childs et al. (1995) defined a relationship
among skidding velocity (Vs), ball circulation rate (Qb), shaft angular speed (Qs),
float angular speed (Qf), radius of the #loai(Rf), and radius of the shaft (Rs) in
Equation 2.20. While, the-relationships‘among-radius of the float (Rf), radius of the
container (Rc), radius of the ball (Rb), and radius of the shaft (Rs) were illustrated in
Equation 2.21 and 2.22.

“Shaft

Rt

Figure 2.28... Detail of motions in,magnetic fluid.grinding
(Childs ‘et al.;-1995)

A+cosf+sing)y = BV Loy 220
Qs Rf RfQs Qs

R =  Rc—Rb (2.21)

Rs = Rf —Rbsin@g (2.22)
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2) Float Stiffness

Hydrodynamic force (Buoyant force) of magnets can levitate non-magnetic
objects: balls and float to be abraded with the abrasives at the contact between the
driving shaft and the balls through magnetic fluid. Umehara and Kato (1996)
indicated the effect of float stiffness on sphericity and material removal rate of SizN,4
balls and found that greater stiffness gave a higher removal rate and a quickly
decreasing rate of sphericity error. On the other hand, lower float stiffness provided

smaller sphericity error.

3) Fluids Used in Magnetie Fluid Grinding

Magnetic fluids used 4n the magnetic fluid grinding plays a major role in
generating skidding velogities in which the material removal rate of the SisN4 balls
can be achieved. Childs etal /(1995) investigated the effect of type and viscosity of
magnetic fluid associated with driving shaft speed (€2s) on skidding velocity (Vs). It
was found that high viseosity fluids coul'd'-give higher skidding velocities when
driving shaft speed was raised. From their ebee(‘iment, the viscosity of magnetic fluids

was an important variable causing in different skidding motions.

4) Abrasives

Many types and sizes of abrasive grits can be used in the magnetic fluid
grinding to grind ceramic_balls from the, as received condition to meet its final
dimension. They are generally added to magnetic fluids, working as loose abrasives
and also fixed one. Abrasives used can affect surface roughness, surface damages in
terms of; cracks;; and matenialsremoval rate} Ithis“important«to stlect the appropriate
abrasive:in different purposes. Jiang and Komanduri (1998) used a soft abrasive such
as cerium oxide (CeOy) in Chemo-mechanical polishing of SisN,4 balls that yielded an
extremely smooth and damage-free surface with a surface finish Ra of 4 nm and Rt of
40 nm and a sphericity error of 0.15 - 0.25 um.

Table 2.5 showed the abrasives used in magnetic fluid grinding proposed by
several researchers. It can be seen that silicon carbide (SiC) with grit size of 38 um
provided a large material removal rate 12.4 um/min. On the other hand, using smaller

abrasive sizes of SiC 1.6 um and Diamond (D) 20 - 40 um could achieve small
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sphericity error. While, chromium oxide (Cr,O3) abrasive was suitable for fine
finishing.

In addition, Umehara and Kato (1996) indicated that the removal rate with free
abrasive was smaller than with a fixed one because free abrasive possibly escaped
from the contact surface between the balls and the driving shaft by the high
centrifugal force of abrasives during finishing at high driving shaft speeds. However,

using fixed abrasive could lead to damaged balis.

Table 2.5 Si3sNy4 ball propertiesaechieved in magnetic fluid grinding for various

abrasive grits (Umehara and Kato, 1996)

Abrasive. type N Sphericity Surface
Researchers and size i k'S error (um) roughness (um)
(um/min) a g H
Umehara and Kato (1988) SiC 38 umetd . 12.4 2 0.50 Rmax
Umehara and Kato (1990) SiC, 1.6 pm - 0.14 0.12 Rmax
Childs et al ., (1994) D24 ym 7.5 0.7 0.05 Ra
Raghunandan et al ., (1996) Cr;05; 1-5 pm .0.13 - <0.01 Ra

2.4.2 Lapping for Ceramic Balls

Lapping is one of the oldest manufacturing processes for high precision work
of advanced ceramic ball /bearings: Liapping process-oceurs=by the sliding frictions
between particles and a“surface. The lap travelsacross ‘a'work surface against which
particles of slurry are forced to the point of contact.

1) Aspect of Processes with Loose Abrasives

There are fixed and loose abrasives for lapping using abrasives. Processing
with the loose abrasives includes buffing and abrasive shot machining in addition to
lapping and polishing. Lapping and polishing are considered as two of the most
outstanding processing methods because of their capability to secure high accuracy.
The processing method is achieved by causing sliding frictional forces between the
work surface and the tool. Slurry is constantly fed into the tool during this process.
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Depended on the type of work piece materials, the choice of abrasives and

tools is not severely fixed, and the finishing appearance of surface may be varied. As

a matter of fact, the definition of lapping and polishing is not used with severe

distinguish. The following are the characteristics of lapping and polishing techniques
(Marinescu et al., 2000):

1.

Processing is easily performed, through the relative motions of the sliding
work piece against the tool, using slurries.

Almost all solid materials, such as”metal-and non-metal materials, can be
processed.

Operating with micro-actions of abrasives, processing efficiency is generally
low.

Since the proeessing efficiency is:so low, it is possible to approximate the
desired level of precision; this;-is a great advantage for high precision
processing. 7 J

A very sophisticated processing machine is not required.

Control of slurries is complicated‘?dye to some problems such as slurry
splashing and accumulatien-of chips;}n éljurries.

Figure 2.29 presented-various-types of V=groove lapping for ceramic balls.

Upper lapping plate is usually rotated, but in some applications lower lapping plate

can be either rotated or fixed. Lapping can be considered as a three-body wear, with

abrasive particles acting|like indenters sliding and rollingbetween the lapping plate
and the work piece (Kang and Hadfield, 2005).
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Figure 2:29 § Various ty'peS'of V-Groove lapping

2) Parameters in Lapping Process for Advanced Ceramic Balls

Over the past decade, there has been much research.dealing with improvement
of surface integrity; and-material-removal-raie-in-tapping process for ceramic ball
bearings particularly Si3N,4. Due to having high hardnessand brittleness, ceramic balls
should be carefully processed. Therefore, it is necessary to understand process
parameters suehias lapping-speed,slapping=load, as well as, sturry containing lapping

fluid and abrasiye particles affecting surface quality; geometry, and material removal.

a) Lapping'Speed

Kang and Hadfield (2005) presented the relationship between material
removal rate in terms of ball diameter reduced per hour and different lapping speed
with fixed diamond abrasive size of 45 um in water-based lubricant at a ratio 19 :
60ml and average lapping load of 12.75 N/ball. The small-scale eccentric lapping
machine was used in this investigation. The upper plate was stationary and had a flat
lapping surface, and the lower plate which had a circular VV-groove on it was driven

by a micro-inverter controlled AC motor through a belt and pulley system. The
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experimental results in Figure 2.30 showed that material removal rates in terms of ball
diameter reduced of SisNs from two manufacturers were strongly dependent on
lapping speed. However, for high speed lapping, cracks were found on the lapped
balls.

UT—— 4+

12 —e—Manufacturer A

—&— Manufacturer B

-

Ball diameter reduced (um/hr)

0 420/ /40 60 80 100, 120 140 160 180

Lapping Speed (rpm)
.l‘ f

Figure 2.30 Relationshiplbetwee'r;:l;;a!,I,diameter reduced and lapping speed
(Kang and Hadfield, 2005)

In the experinﬁéntal schematic investigated by St’olarrski (1999) in Figure 2.31,
cone and cup made of;stainless steel grade 304 working as upper and lower lapping
plate were demonstrated: to study the effect of cone and cup rotational speed on
material removal rate. The results in Figure 2.32 indicated that the cup rotation speed
of 40 rpm with'different applied loads with 15 um oil-based slurry at 3000 rpm cone
speed for test duration of "L<hour; resulted fin“a /meastrable“incraase [in the material

removal rate when compared with stationary cup.
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Figure 2.31  Schemati ntact tonfiglirz ditional cup rotation
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% Figure 2.32  Effect of cup rotation on the material removal rate
(Stolarski, 1999)

b) Lapping Load
Kang and Hadfield (2001) used Taguchi methods to optimize the lapping
parameter and found that lapping load was the most influential factor on material

removal rate. Also, the investigation of lapping load for SisN4 ball bearing was further
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studied by Kang and Hadfield (2005). It was revealed in Figure 2.33 that the
maximum removal rate in terms of ball diameter reduced was achieved at the lapping
load of 43 N/ball. While, at high lapping loads of 78 and 107 N/ball, the material
removal rate slightly decreased. Furthermore, high roundness error and surface
damages were found on the lapped balls. In contrary, material removal rate in terms of
ball diameter reduced for cup and cone lapping in Figure 2.34 developed by Stolarski
and Tobe (1997) slightly increased as increasing lapping loads as presented in Figure
2.35. Abrasive particle of 15 pm with 3 mi-Qil-based diamond slurry and cone speed

of 3,000 rpm was applied.in-this experiment for test-duration of 1 hour.

80 —— R i

Material removal rate (um/h)
D
o

0 20 40 60 80 100 120
Lapping load (N/ball)

Figure 2,33 Effectof lapping.load-on material.removal rate for SisN, ball
(Kang@and Hadfield, 2001)
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Ceramic balls
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Figure 2.34  Schematic representation.of.the contact configuration
for grnding experiment (Stolarski and Tobe, 1997)
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Figure 2.35  Ball diameter reduced as a function of load
(Stolarski and Tobe, 1997)

Beside material removal rate, roundness of ceramic balls can be affected by
load applied as well. Stolarski and Tobe (1997) indicated in Figure 2.36 that higher
loads resulting in high material removal rates caused large roundness errors. On the

other hand, the minimum roundness error could be obtained for the light load.
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25 Abrasive grit size 15 um

Circularity error (um)

Blank 200N 800 N 1200 N 1600 N 4000 N

I'oad during grinding (N)

Figure 2.36  Change ia'roundness errors under controlied loads for abrasive grit
size of 154tm (Stolarskrand 'Tobe, 1997)

¢) Lapping Fluids and Abrasives

Slurries used in lapping process play-an important role in generating material
removal process and are lubricants of the contact between ceramic balls and lapping
plates to reduce friction causing surface damages. In_general, slurry mixtures contain
abrasive particles and-lapping-fluid-made-from-oi-or-water-based liquid. In the work
of Kang and Hadfield-(2005), different lapping fluids affected the material removal
rate of SizNy balls.

However; lapping Fluids-are usually-filled with, seme-chemicals, organic and
inorganic additives to“improve material’ removal ‘rate by means of chemical effects
accompanied with mechanical action. Stolarski (1999) stated that ‘phosphoric acid and
potassium hydroxide used as inarganic-additives mixed in oil-water based fluid were
identified as very effective abrasives. Moreover, abrasive particle size markedly
influenced on roundness of SizN4 ceramic balls as shown in Figure 2.37 (Stolarski and

Tobe, 1997). The best result was obtained for small sizes of abrasive particle.
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Figure 2.37  Changes in_soundness errors under controlled abrasive particle sizes
for constant load of 200 N. (Stolarski and Tobe, 1997)
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2.5 Spherical Measurement

2.5.1 Circularity Error and Sphericity Error

The International Standard ISO 1101 for rolling bearings defined circularity
error as the radial distance between two concentric circles separated by minimum
possible distance and containing all the measurement points on the given profile as
shown in Figure 2.38 a) (Samuael and Shunmugam, 2003). However, sphericity
evaluation is to be done with reference to two.coneentric spheres containing all points
of the data set and having.the-minimum'separation;-as shown in Figure 2.38 b). Once
such assessment feature 1s esiablished, the circularity or sphericity error is evaluated

with reference to these assessment features as:

Circularity error / Sphericity effof . = = €max — Emin (2.23)

Where, emax and emin are thie maximum and hﬁiﬁimum deviations of the data points

from the assessment feature; respectively.

In evaluating the circularity error usﬁg :coordinate data, the assessment circle
is established with (%o, ¥ 0) as center and kad'ﬁjs' Ip as.shown in Figure 2.39 a). The
normal deviation of 7a point (X, i) on the profile from the assessment circle is

determined as given below:
e (B Te6 - X of il HY o)1 6 o (2.24)

Also;ithe normalsdeviation| formula «in Egquation 2:250f a point from the
assessment sphere with center (X'o, Y o, Z o) and radius ro as shown in Figure 2.39 b) is
used to evaluate sphericity error.

12

€i = [ =X 0)*+ (Vi =Y 0)* + @~ 20T —1o (2.25)
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Circularity error 1/
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“

Sphericity error

b) Sphericity error

Figure 2.38 Minimum zone evaluation for a) Circularity error and

b) Sphericity error (Samuael and Shunmugam, 2003)



55

y Assessment circle ] .
X/ Point on a circular

feature (Xi, ;)

€j

Point on a spherical
feature (Xi, Yi, Zi)

- =
€ . o o/
AN IRIRTINGAY
Figure 2.39  Assessment circle and sphere using coordinate data: a) Circularity error
and b) Sphericity error (Samuael and Shunmugam, 2003)

2.5.2 Assessment Circles

Assessment circle and sphere have to be first determined for circularity error
and sphericity error calculation in the coordinate system. Dhanish and Mathew (2006)
concluded the four different criteria illustrated in Figure 2.40. The minimum zone
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criterion has been adopted for definition of form error by most standards including the
ISO. According to this criterion, two concentric circles enclose all the measured
points, and the distance between the two circles is a minimum. This is equivalent to
determining a circle called the minimum zone circle (MZC). However, determination
of the MZC is not easy: therefore, the least squares criterion was generally used in
stead, called the least squares circle (LSC). The sum of the squares of the distances of
the individual points from this circle Is minimized. Another assessment circle is the
minimum circumscribed circle (MCC) having.migimum radius such that all the points
are included within the girele. While;-the maximum inscribed circle (MIC) is the

circle with maximum radius such.that all the points are outside the circle.

a)'Leastsquare-circle b)-Minimum-zone circle

¢) Maximum inscribed circle  d) Minimum circumscribing circle

Figure 2.40 Different criteria for circular substitute features: a) Least square circle,
b) Minimum zone circle, c) Maximum inscribed circle,

d) Minimum circumscribing circle (Dhanish and Mathew, 2006)
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2.5.3 Spherical Measurement Techniques

There have been many techniques in measuring roundness, circularity error,
and sphericity error of machined parts for 2D and 3D. For 2D measurement, radial
method schematically shown in Figure 2.41 was introduced in the traditional manner
as presented by Kanada (1997) for ball bearings. A cross-sectional profile on an
equatorial plane, which is a plane with the maximum diameter, is measured using a
roundness measuring system in which a radial method is used to measure a rotating
specimen. The cross-sectional profile is det€smined using a stylus placed in contact
with the specimen with a.contact force-of 70-miN.-Fhe stylus tip diameter is 1.6 mm.
In the 1S0 standard, the deviaionfrom spherical form (Sphericity) is measured in two

or three equatorial planes ai#90%1o each other.

Dete__c_tor R

Stylus

Spherical specimen

Measured
Cross
section

_‘-_..,_—J-Radial

deviation

l\]‘LeveIing

Three balls spot

i -
T’ Alignment
Rotating (\____)

table Rotation

Figure'2.41 Specimen and measuring schematic of radial method (Kanada, 1997)

The above sphericity evaluation method is based on 2D measurement data, but
sphericity evaluation based on 3D measurement, which is currently in great demand.
Song and Wang (2007) presented the novel non-contact optical 3D measurement
method - Shape From Shading (SFS). SFS is a visual inspection method dealing with
the recovery of shape from a gradual variation of shading image formation. This
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technique differs from other vision techniques because it can visualize the 3D-data of
an object by measuring only one image. Figure 2.42 illustrated spherical featue
captured by CCD camera. All the coordinate data can also be used to evaluate
sphericity error via the common analysis of assessment sphere including least square

sphere, minimum circumscribed sphere, maximum inscribed sphere, and minimum

/// Assessment sphere

Spherical feature

zone solution.

Z (mm)

i ) i/ f_ 7 -
\ —‘,.J
Figure 2.42 SpherWraaerized by Shape From
1.

Shading FS) (Song and Wang 2007)

ounl UHIDENTWEIDD. g

(CMM) has been recently used in alitomated inspection for bothithe on-line and off-
line m@a&ﬁ Qfa ﬁn@ ﬁ%ﬁ ']t'}% Elsf] @n&a’sure roundness
errors by collecting a large number of sampling points from the profile of the rounded
parts for 2D and 3D (Gadelmawla, 2010). The CMM has been proven to be reliable
and flexible. Laser scan, probe, and optical camera can be used to examine
dimensional accuracy of the parts. Also, coordinate points and images of a specimen
are captured and then analyzed by image processing tools. High precision parts such
as ball bearings are widely measured for sphericity error via CMM as demonstrated
by Samuael and Shunmugam (2003); Dhanish and Mathew (2006).
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2.6 Machining Force Monitoring

The monitoring of machining tool conditions such as chatter, tool wear and
fracture, and built up edge has been increasingly applied for a few decades. There has
been a dramatic rise in demand for more sophisticated and precise parts resulting in a
need for more intelligent machine tools. Therefore, monitoring the machining process
is considered to be the most imperative (Cho et al., 1999). Many indicators
representing the machining states included cutting forces, torque, vibration, acoustic
emission, temperature variation of the cutting.iool,and power or current consumption
of spindle (Sarhan et al.,-200%). Time and frequeney-domain was used to pinpoint the
exact nature of changes on the-signals due to alteration of the machining conditions.

For machining forge monitoring, force signal data (Fi1, Fo,...,Fn) in a time
series recorded fromwarigus Kinds. of ferce sensors could be quantified in terms of
Root Mean Square (RMS) as expressed'in Equation 2.26 which was used in some
research developed by Kwakand Song (200i); Sun et al. (2004); Salgado and Alonso
(2006) 54

= ‘
Frus = - z F2 (2.26)
N =

Where N is the numbér of sample

In frequency domain, to demonstrate an intensity of the machining force at a
specified frequency, spectral "density was carried- out. Discrete Fourier Transform
(DFT) algorithmigenerally used to transform time series data to frequency domain is
primarily concernedhwith-thesddentification of.the-different frequency:components of a
given signal (Hearn and Metcalfe, 1995). The coefficients (a; and b;) of least squares
estimates expressed in Equation 2.27 and 2.28 were used in periodogram (l;)
estimation in Equation 2.29 at a fourier frequency (f;) illustrated in Equation 2.30. The
periodogram was smoothed and scaled by 1/(4x) to form the spectral density, and the
specified frequency (f,) in Hertz (Hz) was calculated from Equation 2.31 according to

the sampling theorem early developed by Shannon (1949).
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N
a, = %Z F, cos(f,i) (2.27)
2 N
b, = —>"F,sin(f,i) (2.28)
N i=1
1, = (a F0?) (2.29)
27t
t N (2.30)
f, = f %M (2.31)

Fori=1,2,. Ngandt =12, .. N/?2"

Where i is the sample number inthe time domain, N'is the number of samples, and t is
the number of cycles within the sequence of length N.

In the previous research, time domain analysis was‘also incorporated with the
information from frequency domain revealing the characteristics of the machining
process effectively. Choic=et al. (2008) dllustrated thrust force in drilling steel
AISI11045 witha 10.mm diameter of high speed steel (HSS) tool in time domain and
found that high"thrust force dispersed from 1,200 up to 7,600 N came out in drill
failure’ as shown Figure 2:43"a) remarkably different from that steble around 1,400 N
in a normal tool stage as shown in Figure 2.43 b). Sarhan et al. (2001) studied the
relationship between tool wear and cutting force variation in end milling process in
frequency domain. It could be observed from spectral density that the cutting force
(FRR) of about 250 N at the peak frequency (Freq.) of 46.875 Hz for the high flank
wear width (VB) of 0.22 mm of defect tool in Figure 2.44 a) was higher than that of
about 150 N for no flank wear width (VB) of 0.0 mm of normal tool in Figure 2.44 b).
Correspondingly, Kalvoda and Hwang (2010) indicated that the higher amplitude of
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the acceleration signal could result in high tool wear as demonstrated in their
investigation of a cutter tool monitoring in turning.

However, the materials being cut could affect the signal patterns in frequency
domain as well. Sze et al. (2006) indicated that distinctive patterns of frequency
distribution were observed in power spectral density plots of the main cutting forces
of polycrystalline aluminum, copper, and copper nickel with different textures in the
single point diamond turning as shown in Eigure 2.45, 2.46, and 2.47, respectively.
For straight rolled textures, the peak frequeney at 50 Hz was illustrated for turning
aluminium and copper and-was shifted-to 25 Hz fer turning copper nickel. For cross
rolled texture, the peaks Tor_turning aluminium, copper, and copper nickel were 200
Hz, 50 Hz, and 225 Hz, respectively. From their study, it could be concluded that
different rolling textures for varigus materials resulted in‘a variation of signal patterns
despite turning with the same depth-of but, cutting speed, feed rate, and tool rake

angle.
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2.7 Summary

The literature reviews in this chapter summarized the backgrounds of porous
materials and the concepts and features of various machining processes including the
conventional grinding process, machining porous materials, spherical grinding
techniques along with the previous research studying the effects of various grinding or
cutting parameters on cutting forces, material removal rate, specific grinding energy,
surface roughness, and sphericity error; The techniques and methodologies in
spherical measurement were also revealed; which was used for finished specimen
inspection to examine dimensional accuracy. ii-addition, the research in the field of
monitoring machining processes.was reviewed to demonstrate in-process controlling
for tool wear, breakages, and failures directly affecting the machined part quality
through the vibration and cutting force signals.

The concepts of vertical sphericai‘-grinding technique with a grinding groove
for dense materials namely lapping and‘rrh-agnetic fluid grinding were applied to
integrate the spherical grinding system for 'p'or'ous polyurethane foam as developed in
this research. The V-groove for a conventib’;ﬁa! lapping of steel and ceramic balls was
redesigned to be a circular groove pad in orﬁeflf'io increase the ground surface area to
form a spherical specimen. Betause of restricted grinding area in the V-groove, a
specimen will not be-premeted-to-change- its-own previcus position to encounter the
grinding wheel around’it during grinding path. This may resulted in a cone finished
shape after grinding. On the other hand, the circular groove pad used having larger
grinding area @s compared-with the) \/-groove pad caused, the specimen changes its
previous orientation and hence spherical part formation.

However, proper_grinding conditions. such_as grinding.Speed, cross head
speed, and'also abrasive grit size used in the sphérical' grinding-porous polyurethane
foam should be examined to form the spherical finished specimen with a minimal

circularity error and required finished size diameter.



Chapter 111

Materials and Methods

In this chapter, materials, equipment, and methods to be used in the spherical
grinding experiment for porous polyurétjﬁl e_foam via circular groove pad were
represented. Material characterizations in tert ,Qfaphysical and mechanical properties
were illustrated. Besides,-experimenta-l-’equibme—rﬁjset up, experimental procedures,

and experimental plan to/'f/?)’r”m{

3.1 Materials
3.1.1 Porous Palyu
Porous polyuret

'rica\shape were described.

ry —

= o
o 4 o

t
€jo

ane Foa :
'in‘-:Figg(;e 3.1 was introduced as the material in the
spherical grinding experiment. lts pore S|Z§S were seemingly closed to those of about

200-700 um (Jordan, 1999) used fpﬂlf"éomrﬁé?él;_al orbital implants although mechanical

A il e

et P
strengths were quite different. However, the price of porous polyurethane foam was
L et : :
reasonable for the firslt attempt in the spherr’cé’r'f'ormmg c?nsumlng several specimens

for all grinding canditions—in-order—tofi ind infiuentia jgrinding factors affecting

i * P
grinding responses. T

Figure 3.1 Porous polyurethane foam
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3.1.2 Abrasive

Silicon carbide (SiC) sand paper in Figure 3.2 having diameter of 125 mm was
the abrasive in the spherical grinding system. Two abrasive grit sizes of 20 and 53 um
were used to grind porous polyurethane foam from as received cube specimen to be

spherical finish shape.

3.2 Material Characte
Porous polyurdﬂane 0 as tf@'naterial in this research was
characterized in terms ofphysical and mechanical properties.

AULINYNINEING

3.2.1 Pore Size

PR AT ST e o

microstructure analysis via scanning electron microscopy ( magnification
of 50 and 100.
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3.2.2 Bulk Density and Porosity

Dimensional measurements for width, thickness, and length of as received
specimens before grinding were performed by digital vernier caliper having accuracy
of 0.01 mm. Volume of the specimen could be calculated from its dimensions, and
mass was measured by digital balance with accuracy of 0.001 g. The volume and
mass of the specimen were then used to calculate bulk density following ASTM D
1622-03 Standard Test Method for Apparenat Density of Rigid Cellular Plastics in
Equation 3.1. Additionally, porosity of porous pelyurethane foam was determined
from Equation 3.2. The.theoretical dénsity-of-pelyurethane foam is 1.2 Mg/m?
(Gibson and Ashby, 1988)

8D = | (3.1)
V
po =  =2Pi100% 4 (3.2)
D, -
Where
BD = Bulk density-{Mg/m?)
PO = Porosity (%)
= Mass (Mg)
= Volume (m°)
D, = Theoretical density (Mg/m®)

3.2.3 Mechanical Property Characterizations

Accarding 4o, mechanicalproperties of'porousipolyurethane foam, flexural and
compressive ‘strength were investigated. Three point bending” was carried out to
examine flexural strength following ASTM D 790-03 Standard Test Methods for
Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials. The specimen was prepared by saw blade cutting for various sizes having
thickness from 4 to 8 mm, width from 8 to 13 mm, and length of about 55 mm. Each
specimen was tested on multi-purposes testing machine, SHIMADZU
SERVOPULSER, MODEL: SFL 50kN as shown in Figure 3.3. The radius of loading

nose and supports were set to be 0.25 mm, and supporting span was 40 mm. Cross
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head speed used in testing could be calculated by Equation 3.3. The three point
bending schematic was shown in Figure 3.4. Maximum forces applied on the
specimen and deflection data were collected for calculating flexural strength as

expressed in Equation 3.4.

2

R - 4 (3.3)
Where

R =

L =

d = ickness of 'specimen, mn

Z = l:'\\\n r, mm/mm/min. (Z shall be

O = (3.4)
Where - 7

Y
Om = m
P

nglmum load at the mid span, N

ﬂu&r@%mw 8InN3

Width of specd,men mm.

@WWG@F’I@@N@M’WWBWGB



40 mm

Figure 3.4 Three point bending schematic
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In compression, the testing procedures following ASTM D 1621-04a Standard
Test Method for Compressive Properties of Rigid Cellular Plastics was carried out to
examine compressive strength of porous polyurethane foam specimen. The specimen
for compression test was prepared by saw blade cutting to have dimensions of 20 mm.
in width and length with 15 mm. thickness. Each specimen was placed on the testing
apparatus as schematically shown in Figure 3.5 and was tested with constant cross

head speed of 2.5 mm/min on t ’ ing machine as flexural strength testing.
Forces applied on the en d used to calculate compressive

speci
strength as expressed in &5. vV —

i

s@wematic
AUYINENINGINT

|
I%ure 3.5 Compressive testing

CsS = ¢ . 'Y (3.5)
AN IUNRINAY

CS = Compressive strength, MPa

P, = Load at yield point, N

A = Initial cross-sectional area of the specimen, mm?
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Additionally, weibull distribution function shown in Equation 3.6 widely used
to evaluate variation of strength for porous materials was conducted to examine
characteristic flexural strength and spread of flexural strength and compressive

strength for porous polyurethane foam specimen.

VB
Fx) = 1- e{“j (3.6)
Where
F(x) = Weibull-eumulative distribuiion (Probability of failure)
X = Flexural sirength at a given F(x)
= Beta'(VWeibull'shape parameter or Weibull modulus)
a = Alpha (Weibull characteristic strength)

]

3.3 Experimental Equipment Set Up
Equipment used i the sphérical gnr]dlng system installed and integrated with
multi-purposes testing machine; SHIMADZU SERVOPULSER, MODEL: SFL 50kN
shown in Figure 3.6 was composed of fou_ﬁna;in units as following, circular groove
pad, cross head speed contrrroﬁl-runit, grindiﬁé_ épeed control unit, grinding force

measurement unit.
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|
AR

L=

e

0o

Figure 3.6 Experimental equipment components: 1.Personel computer, 2.Controller, 3.Hydraulic pump, 4.Drive shaft,
5.Lower flange, 6.Upper flange, 7.AC motor, 8.Inverter with user interface, 9.Dynamometer, 10.Charge amplifier,

11.0scilloscope, 12.Grinding Wheel, 13.Circular groove pad, 14.Testing machine

=7
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3.3.1 Circular Groove Pad

A circular groove pad made from stainless steel grade 304 was designed to be
used as a mold to form spherical parts. It was attached on dynamometer in the
spherical grinding system as shown in Figure 3.7. Dimensions of the groove were
illustrated in Figure 3.8. The V-groove for a conventional lapping of steel and ceramic
balls was modified to be the circular groove in order to increase the ground surface
area to form a spherical specimen in: thf fe rch. From the preliminary V-groove
grinding test of porous polyurethane foam; und that a specimen could not be
moved to change its own-p#ewous posi'tlon toeﬂseunter the grinding wheel around

the groove because 0@ J

received cube specimen iously transformed to be a finished cone shape.

d grinding area of the V-groove. As a result, as

Therefore, the circula 'av_in‘g larger grinding area was applied to promote

the changes in specim ation-during grinding and spherical part formation.
5 | 4

Figure 3.7 Circular groove pad attached on dynamometer
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1120 =00

0,00

13800

Unit: mm

Figure 3.8 " | - 'wﬂ)llar groove pad

trol

-\h \\. e circular groove pad for
control it components were illustrated in Figure
[ orking with Gluon software and controller in

erate hydraulic pump in Figure 3.9

To generate

material removal, cro

c) with rated power of 5.5 g@&‘af ) 380 V and rated speed of 1440 rpm to
generate cross head speed of the “flange, which was connected to the drive shaft

Fo

of the testing machine as shown'in Figure 3.

AU INENINYINS
AN TUNN NN Y
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a) Personal computer \' , // b) Controller

-

Wy

! :--'i.."‘J A )
Fy 4 ,? 4 ower flange and drive shaft
At

e

Figure 3.9 Cross head speec gqp’gg-i_fuﬁi;; Personal computer, b) Controller,
¢) Hydraulic pump-.%_png%mnd drive shaft

’
L F

N »
a Yy
3.3.3 Grinding Speed Control Unit ;,J
|
Grinding speed control unit

ised of@pper flange, AC motor 240
Watt with rated torque 0f.0.81 N-m and rated speed of 2790 rpm, grinding wheel

having diameﬂ oﬂ%]m’@ﬁcﬂw%tﬁv&w %Jar’}uﬂf@ The AC motor was

coupled with thé'upper flange of the E:testing machine, and its spindle was connected to
=

T T IR T T e e

3.11 was connect otor to adjust specified grinding speeds in the

spherical grinding experiment.



Upper flange

AC motor
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Grinding wheel
attached with
Silicon carbide
sand paper
:-gr = ’d!
Figure 3.1( o rflé@e; C motor, and grinding wheel

Figure 3.11 Inverter with user interface
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3.3.4 Grinding Force Measurement Unit

Grinding force measurement unit including Kistler dynamometer type 9257B,
Kistler charge amplifier type 5070A, and Yokogawa oscilloscope type DL750 were
illustrated in Figure 3.12. During grinding, piezoelectric sensors in Kistler
dynamometer in Figure 3.12 a) produced a charge varied linearly with the load acting
on the sensor and was sent to charge amplifier in Figure 3.12 b) via connecting cable.
The charge was then convertedto\g\\pfl e si nal, and outputs were illustrated and
recorded on oscilloscope in@_@ 3.1 &itivity of the charge amplifier as
shown in Table 3.1 for the-three force -@mp@n“fﬂws set as regarded to calibration

certification. In additio 18 fqr_won in oscilloscope was set to
f L "1\_ .7-‘-
D f I; “-

NS YL sl Lz

¢) Oscilloscope

Figure 3.12 Force measurement unit: a) Dynamometer, b) Charge amplifier,

c) Oscilloscope
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Table 3.1 Sensitivity for three force components

Force component | Calibrated range (N) | Sensitivity (pC/N)

Fx 0-500 -7.950
Fy 0-500 -7.951
Fz 0-100 -3.701

3.4 Experimental Procedures

Experimental methods of spherical grinding perous polyurethane foam were as

follows,

1.

Prepare cube specimen of porous polyurethane foam with the dimensions of
21 x 21 x 21 mm shewa'ia Figure 3.13 using saw blade cutting.

Examine volume, mass; and bulk density of as received specimen.

3. Attach SiC sandpaper on the grinding wheel.

10.

Put an as received clibe specimen. into the circular groove pad as shown in
Figure 3.14. 4

Set initial head distance {Hi} of 313‘0 mm and expected final head distance
(Hf) between circular groove pad an.t_i'g.f-inding wheel as shown in Figure 3.15
from Gluon seftware installed in the b’éi‘ébhal computer of the testing machine.
Set grinding speed (\s) from the user interface of the inverter motor and
upward cross head speed (f) from the Gluon software installed in the personal
computer of the testing machine.

Operate, grinditig system including- cross thead) speetk, control unit, grinding
speed control unit, and grinding force measurement unit after setting all
grinding-conditions.correctly:

Stop grinding system“and"record ‘voltage-values-of grinding forces in card
recorder of the oscilloscope.

Characterize finished specimens in terms of shape, circularity error, and
diameter after each grinding experiment finished.

Examine material removal rate, grinding forces, grinding force ratio, and

specific grinding energy.



AULINENTNEINS
AN TUNN NN Y

82



83

? Grinding wheel speed (Vs), m/s

- s -
[ : Grinding wheel I

As-rocewved
cuhe specitnen

Spherical fimishe
SPECITEDN

&

rinding wheel speed (Vs), m/s

+=H

r'ff" o
A 5‘ speed (f), mm/min

"h
m b) Final head distance (Hf) ’J

Auansfishenns

Figure 3.15" Spherical grlndlng schematic at: a) Initial head dlstance (Hi) and
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84

3.5 Finished Specimen Characterizations

Finished specimens after grinding were characterized for their shape,
circularity error, and finished diameter. Shape of each finished specimen was initially
examined by visual inspection and categorized into four types namely egg, sphere,
partial sphere, and squircle shape. For more precise measurement of the finished
specimen, Mitutoyo Vision Measuring Machine (VMM) with magnification of 0.5X
and resolution of 0.0001 mm |IIustf'a\elj, igure 3.16 was carried out to measure
circularity error and flnlshed_ﬁkameter %lle of the specimen as shown in
Figure 3.17 was automati used and nto X, Y, and Z coordination

2d | to |mage K:smg software to calculate
lanes for each finished specimen were measured

system which were t
circularity error and diam

as shown in Figure 3.1

Figure 3.16 «Vision measuring machine

awwa\aﬂm 191N IR Y
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Figure profile ished specimen

o

Figure 3.18 Four planes for circularity error and finished diameter measurement
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3.6 Grinding Response Examination
After grinding, responses in terms of material removal rate, grinding forces,

grinding force ratio, and specific grinding energy were examined.

3.6.1 Material Removal Rate

Material removal rate in the spherical grinding system was estimated by
means of the volume of material removed per unit time and could be expressed in
Equation 3.7. In addition, as received cubespecimen volume and finished specimen

volume were expressed in-Equation 3.8-and 3.9, respectively.

MRR = VA& (3.7)
J &
Vi = Wl x H (3.8)
Ay 3
4 D

V = XX 3.9

F = ( 5 j (3.9)

Where

MRR = Material removal rate, mm®/s
Va = As received cube specimen volume, mm?®
Ve = Finishedspecimenivelume, mm®
T = Grinding time, s
W = Widthof-asreceived,cube specimen, mm
L = LLength'of as received cube ‘specimen, mm
H = Height of as received cube specimen, mm
D = Finished diameter measured from vision

measuring machine, mm
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3.6.2 Grinding Forces

Voltage signal values of Fy, Fy, and F, caused by loads acting on piezoelectric
sensors in the dynamometer on X, Y, Z axis were collected in the card recorder of the
oscilloscope in CSV (Comma-separated valued) file. These voltage values could be
converted to grinding forces by multiplying Force Generator Scale Factor (FGSF)
having value of 10 N/V as expressed in Equation 3.10 to 3.12. Force components in
the spherical grinding system were shown inFigure 3.19. Tangential force (Ft) acting
in the direction of cutting was the resultant of ¥ _and F, force component and could be
calculated from Equation-3:13.-Normal force (Fn)-normal to cutting direction was
presented as F, force component.as shown in Equation 3.14. Subsequently, all data of
the tangential and normal fercewere calculated in terms of Root Mean Square (RMS)

as expressed in Equation 3.45 foreach experiment run.

Fx = V X FGSF (3.10)

Fy = V, % FGSF (3.12)

F, = V, xFGSE (3.12)
Where

Fx, Fy, Fz = Grinding force component in X, Y, Z axis, N

Vx, Vy, Vz - Voltage value in X,-Y, Z axis, V

FGSF = Force ‘Generator Scale Factor, 10 N/V
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Fz=Fn (Normal force) " 0" Ft(Tangéntial force)

L

Ft (3.13)

Fn (3.14)
Where

Ft al force, N

Fn

Fr, Fy, Fr |3 55X, Y, Z,N

‘a o/ ,
Frms) FJI u El ’J 1" HW Ell] n i (3.15)
NG

e HIASNTUYAANHAY
" AN NI A
ﬂRMS) = rinding force root mean squar'e, N

i = Sequence of data from 1 to n

Fi = Grinding force at i

n = Number of all data
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3.6.3 Grinding Force Ratio
The ratio of tangential force and normal force was expressed in Equation 3.16
generally used as the indicator to evaluate machining difficulty of materials meaning

to the cutting ability of grinding wheels.

R 3.16)
Where /‘/// )

R g 'Qio

Ft rms jential force root mean square, N

Fn rus al force ean square, N

3.6.4 Specific

Specific grindin portant characteristics in material
removal processes, defin ] per unit volume of material
removal (Malkin and Hwang, 199 lated by Equation 3.17

u 3.17)
Where

Specmc grinding Qergy, Im?

MR

aterial remioval rate, m’/s &/

aﬁﬂaﬂmmu Ve ey
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3.7 Experimental Design

To study the effects of three grinding factors including grinding speed, cross
head speed, and abrasive size on circularity error, finished diameter, material removal
rate, tangential and normal force, grinding force ratio, and specific grinding energy,
grinding conditions were set up as illustrated in Table 3.2 based on the initial study of
spherical grinding for porous polyurethane foam via circular groove pad presented by
Chaopanich et al. (2007). The grinding facters were set at 7 levels (a) for grinding
speeds (Vs) from 1.41 to 5.18 m/s, 3 levels (v) for cross head speeds (f) of 1.0, 3.0,
and 5.0 mm/min, and 2.levels (c) fer abrasive-grit sizes (A) of 20 and 53um.
Meanwhile, the initial head distance (Hi) and final head distance (Hf) were fixed at
31.30 and 19.50 mm, respectively. The linear grinding speeds indicated were
examined from Equation 2:1 in Chapter: 1l with rotational speeds from 300 to 1,100
RPM and the diameter.@f circular'groeve éf 90 mm.

Experimental plan for fixed effect":_gae;‘neral full factorial design was shown in
Table 3.3 and randomly run. The two expérim‘ental replications (n) for each grinding
condition were conducted because of timér':’cgn_sumption in collecting grinding force
data and in examining circularity error ar:td:ﬁnished diameter measured from the
Vision Measuring Machine (VMM). o

Table 3.2 Grinding conditions for spherical grinding porous polyurethane foam

Grinding condition Value
1.Grinding speed-(\/s) 1244, 2:36y 2:88, 3.30,3+77:4.24,5.18 m/s
2.Cross head speed (F) 1,.3, 5 mm/min
3.Abrasive grit size (A) 20, 53 um
4.Initial head distancey(Hi) 32.30/mm:
5.Final head distance (Hf) 19.50 'mm.
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Table 3.3 Experimental plan

Abrasive grit size (A)
20 pm 53 um

L.Omm/min | 3.0 mm/min | 5.0 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
141 m/s| 58 39 63 27 79 23 57 21 81 3 69 36
2.36m/s| 78 28 65 1 71 7 73 2 80 33 50 19
2.83m/s| 64 6 53 13 54 22 43 20 51 31 49 37
3.30m/s| 46 34 52 29 77 41 84 4 68 40 76 9

3.77mls| 82 25 70 .74 60 30 66 38 55 26 44 12
4.24m/s| 75 18 48 15 59 35 83 10 62 11 74 14
5.18 m/s| 56 8 45 24 47 16 67 5 61 42 72 32

Cross head speed (f)

Grinding
speed (Vs)

Remark:
1,23..,8 = Experiment run number
R1, R2 - Experiment replication 1,2

3.8 Statistical Analysis

3.8.1 Effects of Grinding Factors on Grinding Responses
Analysis of variance (ANOVA) in Table 3.4 was carried out to investigate the
effects of grinding factors in terims of grinding’l’épeed, cross head speed, abrasive grit

size, and their interactions onthe following responses.

Circularity-error (CE)

Finished diameter (D)

Tangential force<(Ftgms)

Normal‘force (FN rus)

Grinding force ratio (R = Ft rms/Fn rus)
Material removal rate (MRR)

Ny o A W

Specific grinding energy (u)

Significance level (o) was set to be 0.05 because it is a feasible level at which
to do research work having a fair chance of picking up those effects which are large
enough to be of scientific interest (Bross, 1971). In addition, many researchers in the
field of steel and ceramic machining used the significance level mentioned in their

work to see which parameters have a significant effect on the surface roughness
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(Bagci and Aykut, 2006). Experimental results for all responses above were analyzed

by Minitab R14 statistical software to investigate their effects.

Table 3.4  Analysis of variance table for the three factors fixed effect general full

factorial design

Degree of Freedom Sum of Mean

Source (DF) Square (S3) | JSguare (MS) F Ratio % Contribution
Vs a-1 SSvs MSys MSys/MSEg MSys/MSotal
f b-1 SS; NS¢ MS#/MSg MS#/MSotal
A c-1 SSa MSa MSA/MSg MSA/MSrq
Vs*f (@a-1)(b-1) SS¥s#t M Sy MSys+/MSg MSvys+#MSotal
Vs*A (@-1)(c-1) SSyjedn MSys a MSysa/MSg MSysa/M S
f*A (b-1)(c-1) SSta MS#a MS¢a/MSg MS#a/MStotal
Vs*f*A  (a-1)(b-1)(c-1) SS\ &+ ren MSy s fea MSys#a/MSE  MSygrpa/MStoral
Error abc(n- 1) SSe - MSg
Total aben -1

Remark: a = the number of grinding speed level b, = the number of cross head speed level

¢ = the number of abrasive'gritsize level “n = the number of experimental replications
MS = SS/DF MSqs = Sum of MS

3.8.2 Regression Analysis

Experimental results from the general full factorial design as planned in Table

3.3 were alsolused to generate regression, model (Second ‘order model) to predict

grinding responses in terms of grinding factors in the form of full quadratic equations.

Analysis, of warianee (ANOVA).was eanried out to, investigate the significance of the

model, and "R-Square” was “also “indicated. 'Furthermore, ‘model~reduction was

conducted through stepwise regression technigque to remove insignificant terms from

the regression models by using significance level (o) of 0.05.
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Grinding conditions of a new experimental plan were set up for model

validation as shown in Table 3.5 and Table 3.6. Single replicate experiment with

random order was run. The actual results of all grinding responses were paired wise

compared with the estimated results from the regression models. The two results were

tested for difference with significance level (o) of 0.05.

Table 3.5 Grinding conditions for confirmation

Grinding conditions

-

Values

1.Grinding speed (Vs)
2.Cross head speed (f)

2.83,3.30, 3.77 m/s
1, 3, 5 mm/min

3.Abrasive grit size (A) 20, 53 pm
4.Initial head distance (Hi) 31.30 mm.
5.Final head distance (Hf) U 4 1950 mm.
.
Table 3.6 Experimental plan for confirmation
.
j,Ab_r,qsive grit size (A)
: 20.um _ : 53 um
10 | 30 5.0 10 30 50
Cross head speed (f) mm/min mm/min mm/min mm/min mm/min mm/min
283mfs [ 1 3 2 9 8 5
Grinding
speed 3.30 m/s 110 18 12 4 11 13
(Vs)
3.77 m/s 6 7 4 17 15 16
Remark: 1423,....18 Experiment run number



Chapter IV

Experimental Data Analysis

Experimental data including (circularity error, finished diameter, grinding
forces, material removal rate, and specific grinding energy from various grinding
conditions were analyzed by means of descriptive statistics. Moreover, grinding force
characteristics of the spherical griﬁding process developed were in depth
demonstrated for tangential@andmnormal force in time and frequency domain.

4.1 Circularity Error and Finished Diameter Data Analysis

Finished specimens after grindingi‘ run were measured in terms of circularity
error (CE) and finished diameter-(D) V|a Vision Measuring Machine (VMM).
Measured data were reported in Appendlx D and averaged values were shown in
Table 4.1 and 4.2 for each grinding condn;lpn It was seen that the minimum
circularity error of 0.46 mm was ground wTh the grinding speed of 3.30 m/s, cross
head speed of 1.0 mmi/min, and abraswe grit S|ze of 93 um for Replication 2.

In addition, descrlptlve statistics of circularity error and finished diameter for
all grinding conditions were summarized in Table 4.3. Circularity error was reported
in average of 0.83 + 0.41 mm with 95% confidence interval between 0.74 and 0.92
mm, while the®mean value of finished diameter was 19.25 * 0.58 mm with 95%
confidence ranged from 19.12 to 19.37 mm. Distribution of the data were illustrated
in histograms as'showniin‘Rigure'4.1 and 4.2.
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Table 4.1 Circularity error (CE, mm) for various grinding conditions

Abrasive grit size (A)

20 pm 53 um

1.0 mm/min | 3.0 mm/min | 5.0 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min

Cross head speed (f)
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2

141m/s | 169 | 1.36 | 1.77 | 198 | 1.87 | 1.75 | 1.20 | 1.11 | 149 | 149 | 193 | 1.71

2.36m/s | 060 | 0.51 | 0.67 | 0.65 | 1.30 | 1.26 | 0.47 | 0.57 | 0.68 | 0.60 | 0.89 | 1.43

Grinding | 283m/s | 053 | 051 | 0.62 | 0.64 | 0.67 | 0.75 | 055 | 0.53 | 0.63 | 0.62 | 0.76 | 058

speed | 3.30m/s | 0.55 | 0.50 | 0.48 | 0.61 | 0.54 | 0.62 | 0.47 | 0.46 | 0.61 | 0.62 | 0.73 | 0.57

(Vs) 3.77m/s | 0.47 | 0.64 | 0.59 | 0.59 | 0.54 4 0:60 | 0.49 | 0.52 | 0.56 | 0.63 | 0.60 | 0.62

424m/s | 0.60 | 0.59 | 0.64 | 0.49 | 0574 061 | 0.64 | 0.88 [ 0.62 | 0.68 | 0.63 | 0.65

518m/s | 1.35 | 0.68.| 0.77 | 0.70 | 1.21 |»4°05 | 0.77 | 0.78 | 1.81 | 1.70 | 0.83 | 1.01

Remark: R1,R2 = Experimentél replication 1, 2

Table 4.2 Finished diameter(D; mm) for various grinding conditions

* " Abrasive grit size (A)

20 um — 53 um

1.0 mm/min | /3.0.mm/min 50 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min

Cross head speed (f) :
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2

141 m/s |19.93|19.86 | 20.03 |.19.61 19.3_4 119.94 | 19.85| 19.64 | 19.57 | 19.67 | 19.84 | 19.71

236 m/s | 19.49 | 19146 | 19.38 | 19.81 | 19.72 | 19.64 | 19.44 | 19.40 | 19.23 | 19.27 | 19.51 | 19.76

Grinding | 283 m/s | 19.48 | 19.42/19.37:146.27 | 19.36 |-19.18 | 19.35 | 10.38 | 10.20 | 19.26 | 19.24 | 19.22

speed 3.30m/s | 19.37 | 19.40 | 19.81°}'19.28| 19.34 | 19.30 | 19.36 | 19.40 | 19.18 | 19.26 | 19.21 | 19.23

(Vs) 3.77m/s |19.38|19.35| 19.38 | 19.25 | 19.26 | 19.18 | 19.33 | 19.33 | 19.18 | 19.24 | 19.24 | 19.15

4.24m/s | 19.37 | 19.35| 1929 19.31.f 19.23 | 19.29 [49.30 | 18.52 | 19.21 | 19.20 | 19.21 | 19.13

518 m/s | 18.21| 19.19 [ 19.09 | 19.36 | 18.94 | 19.06 | 15.74 | 16149 | 18.17 | 18.68 | 19.02 | 18.97

Remark: R1, R2+= Experimental replication 1, 2

Table 4.3 Descriptive statistics summary for circularity error (CE) and finished

diameter. (D) for.all grinding conditions

Min. Mean Max. SD Cv 95% C.I. N
CE (mm.) 0:46 0.83 1.98 0.41 ' 49.4% [[0.74;0.92 ] 84
D (mm.) 15.74 19.25 20.03 0.58 3.0% [19.12,19.37] 84
Remark: Min. and Max. = Minimum and Maximum value
SD = Standard deviation
Ccv = Coefficient of variation
C.I = Confidence interval

N

Number of specimen
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4.2 Grinding Force Data Analysis

4.2.1 Root Mean Square of Tangential and Normal Force and Grinding

Force Ratio

Root mean squares of tangential (Ft rms) and normal (Fn grus) force were
calculated from all data collected by recorder in the grinding system and reported for
each grinding conditions in Table 4.4 and 4.5. The ratio of tangential and normal
force expressed as a grinding force ratioWwas also summarized in Table 4.6. To
analyze data of root mean-sguare of tangential-and-noermal force as well as grinding
force ratio, statistical resulis.in“Table 4.7 and also histograms in Figure 4.3, 4.4, and
4.5 were demonstrated. Tangential force was reported in average of 0.18 + 0.08 N
with 95% confidence nterval between 0.17 and 0.20 N, and the mean value of normal
force was 0.17 = 0.09 N with 95% __f:onfidence ranged from 0.15 to 0.19 N.
Additionally, grinding ferce ratio was iIIstfated to be 1.14 in average, having 95%

confidence interval between 1.08'and 1.20‘:7-'27-'

s 7
I |F A

Table 4.4 Root mean square tangential forée;('_Ft rvs, N) for various grinding

conditions ~t gl

Abrasive grit size (A)
20 pm 53 um

1.0 mm/min | 3.0mm/min | 5.0 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
Rl | R2 R1 R2 R1 R2 Rl | R2 R1 R2 R1 R2
141m/s | 0.32 | 0294%0.28 | 0.35 | 0.31.4{' 043 | 0.19 | 0.22 | 0.36 | 0.36 | 0.44 | 0.22
2.36 m/syf 0147 |"0.26' | 0.27 || "0.29%| 0.24%|"0.28"|.0.15/| .0.157;0.15 | 0.19 | 0.28 | 0.21
Grinding | 2.83 m/s | 0.127/70:20 |70.16 " '0:20 | 0.16"| 0.24 1=0.12"|"0.14 1" 0.18 | 0.20 | 0.24 | 0.20
speed | 3.30m/s 7012 | 0.22 | 0.18 | 0,20 [ 0.15 | 0.17 | 0.11 | 0.11 | 0.11 | 0.15 | 0.26 | 0.13
(V8) A3.77mis+, 044 | 0.18+] 022440164 0414|016+ 010 [#041+ 040 [50:10 | 0.19 | 0.11
4.24'm/s |10.09 (%0.18 | 0154 017.f./0.147] 0214 0.11 |/ 0.41 | 014 | 0.12 | 0.19 | 0.19
5.18m/s | 0.11 | 0.15 [ 0.10 | 0.14 | 0.09 | 0.16 | 0.10 | 0.14 | 0.09 | 0.10 | 0.11 | 0.09

Cross head speed (f)
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Table 4.5 Root mean square normal force (Fn rms, N) for various grinding

conditions
Abrasive grit size (A)
20 um 53 um
1.0 mm/min | 3.0 mm/min | 5.0 mm/min | 1.0 mm/min [ 3.0 mm/min | 5.0 mm/min
Cross head speed (f)

Rl | R2 | R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
141m/s | 0.30 | 0.33 | 0.27 | 0.32 | 0.38 | 0.45 | 0.20 | 0.28 | 0.39 | 0.37 | 0.46 | 0.22
236m/s | 020 | 0.28 | 0.27 | 0.28 | 0.24 | 0.26 | 0.15 | 0.16 | 0.16 | 0.20 | 0.27 | 0.18
Grinding | 2:83m/s | 0.14 | 0.23 | 0.16 | 048 | 0.18 | 0.23 | 0.12 | 0.12 | 0.21 | 0.21 | 0.20 | 0.19
speed 3.30m/s | 010 | 0.22 | 0.21 | 0.20 | 017 [40.20 | 0.12 | 0.11 | 0.12 | 0.12 | 0.22 | 0.13
(Vs) | 377m/s | 011 | 0.16 |0.23 | 013 | 0.4 {#0.18+ 0.07 | 0.08 | 0.09 | 0.09 | 0.20 | 0.10
424m/s | 007 | 0.16 | 0444 0.13 [;0.12 |-0:48 | 0.08 | 0.05 | 0.10 | 0.08 | 0.18 | 0.13
5.18m/s | 0.07 | 0.09 | 0.08+°0.11 | 0.06 | 0.08 | 0.06 | 0.09 | 0.05 | 0.09 | 0.07 | 0.06

Table 4.6  Grinding forge raiio (R) for various grinding conditions

. "Abrasive grit size (A)
20/pm v 53 um
1.0 mm/min | 8.0 mm/min. { 5.0 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
Cross head speed (f)

R1 R2 R R2 R1 R2 R1 R2 R1 R2 R1 R2
141m/s | 1.07 | 0.88 | 1.01. 1.67 | 0.83 [°0.96 | 0.93 | 0.80 | 0.94 | 0.97 | 0.96 | 0.97
2.36m/s | 0.86 | 0.94 | 403 | 4.04 | 099 | 1.08 | 1.03 | 0.98 | 0.93 | 0.94 | 1.02 | 1.18
Grinding | 2.83m/s | 0.89 | 0.88 |"1.01 1 1.09 | 093 | 4,04 | 1.02 | 1.15 | 0.88 | 0.92 | 1.23 | 1.07
speed | 3.30m/s | 1.12 | 0.99 | 0.86_| 0.96 | 0.86 | 083 | 0.87 | 0.99 | 0.91 | 1.26 | 1.16 | 1.05
(V$) | 3.77mss | 1.02 | 1.10 | 093 | 2:20 | 0.80 | 092 | 1.45 | 1.30 | 1.22 | 1.13 | 091 | 1.02
424m/s | 1199 145 | 1.39 | 131 | 117 | 119 | 145 | 215 | 141 | 152 | 1.09 | 1.48
518 m/s | 1.67 «+.1.66 | 123 1 125 | 149 | 199 L 159 =160 | 2.02 | 1.14 | 1.56 | 1.53

Table 4.7 Descriptive statistics summary for root mean'square tangential force (N)

and-normal-force (N),and grinding-force ratio fer all grinding conditions

Min. Mean Max. SD Cv 95% C.I. N
Ft rms<(N) 0.09 0.18 0.44 0.08" . 43.2%... [.0717, 0.20] 84
Fn rms (N) 2:05 0.17 046 0.09 | 528% | [0.15,0.19] 84
R 0.80 1.14 2.15 028 245% [1.08,1.20] 84
Remark: Min. and Max. = Minimum and Maximum value

SD = Standard deviation

Ccv = Coefficient of variation

C.I = Confidence interval

N = Number of specimen
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4.2.2 Time and Frecuency Doma{‘.in’Analysis for Grinding Force Signals

In this section, tangential.. and hQ{.mal force signals were investigated to
examine their characteristics for th.é.'selecféd;\{arious grinding conditions in Table 4.8
in time domain and frequency doriain. 1n @-’homain, location of the grinding force

signals was analyzed via the stope of linear estimation. In frequency domain, spectral

density of the grindi-n’é,mmﬁjignawmmm_ J

Table 4.8 Selected grihding conditions for grinding force signal analysis

Abrasiye grit size (A)
20 pm 53 um

L.Omm/min | 3.0 mm/min | 5.0 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
141.m/s o8 39 63 27 79 23 517 21 31 3 69 36
Grinding| 12.83 m/s 64 6 53 13 54 22 43 20 51 31 49 37

speed 3.30 m/s 46 34 52 29 77 41 84 4 68 40 76 9

(Vs) 3.77m/s 82 25 70 17 60 30 66 38 55 26 44 12
5.18 m/s 56 8 45 24 47 16 67 5 61 42 72 32

Cross head speed (f)

Remark: 58, 64, 82, 56, 39,...,12, 32 = Experiment run number
R1, R2 Experimental replication 1, 2
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4.2.4.1 Time Domain Analysis

One way to quantify a change in location over time is to fit a straight
line to the data set. If there is no significant drift in the location, the slope parameter
should be zero (National Institute of Standards and Technology, 2010: online).
Therefore, tangential (Ft) and normal (Fn) force signals for the selected various
grinding conditions were plotted versus grinding time (t) in second as illustrated in
Appendix E from Figure E-1 to E-12. As can be observed from those graphs, slightly
upward trends for Ft performed at the lowest.grinding speed of 1.41 m/s for all cross
head speeds and abrasive.grit-sizes. In-€ontrast; the-trends of Ft were more stable for
grinding speeds between 2.83-and 3.77 m/s and had a downward trend at the highest
grinding speed of 5.18 m/s. For Fn, the trends were also increased at the lowest
grinding speed of 1.44"m/sébut slightly decreased as increasing grinding speeds from
2.83 10 5.18 mis. .

The resulis of slope for tahdéntial (Ft) and normal (Fn) force versus
grinding factors including @rinding-speed (-Vs)f, cross head speed (f), and abrasive grit
size (A) were concluded in Table*4.9 and-’;'!gjrgphically illustrated by means of main
effect plots of data mean in Figure 4.6 and;4.'l,7:, respectively. The slopes for Ft was
5.21 x 10 N/s at the lowest grinding speed of 1.4%-m/s and stable around 0.28 x 10
to 0.89 x 10™* N/s at gfinding-speeds-between-2:83-and-3:77 m/s, then dropping to
-2.36 x 10™ N/s at the highest grinding speed of 5.18 m/s. Increasing cross head speed
resulted in a slight increase in the slope of Ft. While, the large abrasive grit size of 53
pm contributed:tora llaw: leveliof slope/than thel small~oneyof:20 um. For Fn, slopes
were also decreased from 12.49 x 10 t0'0.42 x 10"N/s as increasing grinding speeds
from 1.41 t0.5.18 m/s. At.the grinding between®2:83 and 3.77 my/s,.slopes gradually
decreased from 9.08'x 10™ to 7.41 X'10"* N/s. On the other-hand, a substantial increase

in slope performed with increasing cross head speeds from 1.0 to 5.0 mm/min.
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Table 4.9 Slope of tangential (Ft) and normal (Fn) force signal data from selected
grinding conditions

Grinding conditions Slope (x 10“N/s) forR1  Slope (x 10*N/s) for R2
Vs (m/s) f (mm/min) A (um) Ft Fn Ft Fn

1.41 1 20 441 5.09 2.80 5.37
53 1.30 3.93 2.15 5.46

3 20 3.03 8.83 5.58 7.86

53 5.67 15.04 6.24 11.73

5 20 9.85 22.40 11.73 24.19

58 6.18 28.15 3.85 11.89

2.83 1 20 0.57 2.97 0.42 421
53 0.30 2.30 -0.15 2.18

3 20 =0.43 8.28 2.77 7.53

53 -0.81 10.28 -0.68 12.40

5 20 2.34 13.73 3.11 15.72

a8 246 15.58 0.82 13.74

3.30 1 20 0.54 0.21 1.19 4.36
53 -0.19 1.89 0.38 1.87

3 20 0.84 10.70 2.92 7.81

53 -0.14 6.28 -1.30 5.67

5 20 1.18 14.69 -1.30 14.01

53 -0.65 18.45 -0.10 9.58

3.77 1 20 0.40 '3 0.97 3.06
53 -0.13 0.55 0.16 1.60

3 20 3.21 13.28 2.77 6.99

53 -0.44 4.65 -0.41 5.28

L 20 0.63 11.68 -0.22 13.84

53 2.86 18.03 -0.82 7.82

5.18 1 20 -1.29 -0.66 -0.77 0.28
53 -2.04 “0:74 213 -1.13

g 20 -2.98 0.21 20,13 4.32

53 -3.48 -1.15 -1.80 1.29

5 20 -3.71 0.05 -0.50 2.54

53 -6.78 -1.35 -2.74 1.36
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4.2.4.2 Frequency Domain Analysis

In frequency domain, spectral density of the grinding force signal was
applied to show how the intensity of grinding force was at a specified frequency and
also to distinguish the characteristics of the spherical grinding process for various
conditions. Time domain data can generally be changed to frequency domain using
Discrete Fourier Transform (DFT). The spectral densities of tangential (Ft) and
normal (Fn) forces versus frequency (fz) were shown in Appendix E from Figure E-
13 to E-24. Table 4.10 summarized peak fregueneies in the spectral densities for the
selected grinding conditions. It was seen that at the-dlowest grinding speed of 1.41 m/s
peak frequencies were at about 2:6 Hz and 2.4 Hz in average for tangential (Ft) and
normal force (Fn), respectively: For the grinding speed of 2.83 m/s, peak frequencies
were located at about5.3 Hz for Ftiand at 5.3 and 9.4 Hz for Fn. At the grinding speed
of 3.30 m/s, the peakswerg apound 6.2 I_;tz for Ft and 6.2 and 7.5 for Fn. Moreover,
peak frequencies performed at approximafg:l)y 7.1 Hz for Ft and 5.8 and 7.1 Hz for Fn
at the grinding speed of 3.77-m/s. At fhe’-‘highest grinding speed of 5.18 m/s,
distinctive peak frequencies did not occur'{’nf@he spectral densities for all conditions.
However, it was also observed-from the t'-anzéfential force spectrum that increasing
grinding speeds (Vs).from1.41to 3.77 m/s restlted-in a shift of peak frequency from
2.6 to 7.1 Hz for all cress-head-speeds-(f)-and-abrasive-grit Sizes (A).
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Table 4.10 Peak frequency of tangential (Ft) and normal (Fn) force signal data from
selected grinding conditions

Grinding conditions

Peak Freg. (Hz) for R1

Peak Freq. (Hz) for R2

Vs (m/s) f (mm/min) A (um) Ft Fn Ft Fn
1.41 1 20 25 2.5 2.6 2.5
53 2.6 2.6 2.6 2.6
3 20 2.6 2.3 25 2.3
53 2.9 2.3 2.5 2.5
5 20 2.6 - 2.6 2.2
53 2.6 - - -
2.83 1 20 5.8 5.3,9.5 5.2 52,95
53 5.4 5.4,9.3 5.4 53,93
3 20 53 B 5.4 5.4,9.3
53 58 - 53 9.5
5 20 - o - 5.1
53 5.4 5.4,9.3 - -
3.30 1 20 6.3 6.3, 7.6 6.2 6.2,7.5
53 6.2 6.2, 7.5 6.2 6.3,7.5
3 20 6.2 6.2 6.2 6.2,7.5
53 6.2 6.2,7.5 6.2 6.3,7.5
5 20 - - 6.2 59,76
53 - - - -
3.77 1 20 7.l S .1 7.1 5.8,7.1
53 TE 5.9 7.1 5.8,7.1
3 20 7.1 e, 2 7.1 5.8
53 7.0 5.9 7.1 5.8,7.1
5 20 7.1 5.8 7.0 6.9
53 T 5.9 7.1 5.8
5.18 1 20 < - - -
53 - - - -
3 20 - - - -
53 - - . -
5 20 - - - -

53
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4.3 Material Removal Rate Data Analysis

Material removal rate (MRR) data for all grinding conditions calculated from
Equation 3.7 to 3.9 were illustrated in Table 4.11. Descriptive statistics and
distribution of the data were concluded in Table 4.12 and illustrated in histogram as
shown in Figure 4.8, respectively. The average value of material removal rate in the
spherical grinding system was reported 25.71 + 14.10 mm®/s with 95% confidence
interval between 22.65 and 28.77 mm°/s.

Table 4.11 Material removal-rate (MRR, min’/s)-forvarious grinding conditions

Abrasive grit size (A)
20 ym 53 um

LOmm/min | 3.0 mm/min | 5.0 mm/min_ | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
R1 R2 R1 R2:- R R2 R1 R2 R1 R2 R1 R2
1.41m/s | 7.58 | 803 (122,78 22.06 | 38.08 | 36.39 | 8.05 | 8.77 | 23.94 | 24.44 | 42.02 | 40.86
2.36m/is | 8.024] 8.32'| 22,52 | 24774 | 41.02 | 89.31 | 9.05 | 8.99 | 24.95| 25.13 | 45.35 | 38.42
Grinding | 2-83m/s | 7.95 | 895 |125.42 12528 44.16 | 40.59 | 8.44 | 8.26 | 26.23 | 26.84 | 46.36 | 42.96
speed 3.30m/s | 8.04 [#8.75 | 24.85 | 2550 | 42.02 | 41.69 | 9.27 | 8.54 | 26.33 | 25.86 | 44.50 | 44.90
(Vs) 377m/s | 820 | 858 | 25.57 | 25.67 | 41.62 |42.83 | 851 | 9.06 | 2591 | 27.60 | 45.02 | 43.14
424m/s | 815 | 874 | 24.50 2435 | 44.13 | 41.07 | 8.89 | 9.92 | 27.79 | 25.62 | 43.38 | 45.96
5.18m/s | 9.22 | 9.02 | 25:93{ 26.20 | 47.91 ;43.82 12.30 | 10.72 | 30.33 | 28.93 | 47.07 | 43.56

Cross head speed (f)

Table 4.12 Descriptive statistiés summary for material rémoval rate (MRR) for all
grinding conditions

Min. Mean Max. SD Cv 95% C.I. N
MRR (mm3/s) 7.58 25.71 479101410 54.8% [22.65,28.77] 84
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4.4 Specific Grinding Energy Data Analysis

Specific grinding energy (u) daia, t_h_g product of tangential force (Ft), grinding
speed (Vs), and material removal’ rate (MB_R), calculated from Equation 3.17 was
shown in Table 4.13 for all'grinding conditions and expressed in descriptive statistics
in Table 4.14. Moreover, distribution of th;_-rd'ata was demonstrated in histogram as
shown in Figure 4.9:7The specific grinding energy for the spherical grinding system
was 29.57 + 19.73 Md/m” in average with 95% confidence-interval between 25.29 and
33.86 MJ/m®.

Table 4.13  Specifi¢ grinding energy (U, MJ/m®) for various grinding conditions

Abrasive.grit size (A)
200pm 53 pm

LO'mm/min | 310 mm/min’ {+'5.0 mm/mingf 1.0 mm/min | 3:0 mm/min | 5.0 mm/min
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
141m/s| 59.7 | 51.7 | 17.2 | 223 | 11.7 | 16.7 | 326 | 36.1 | 215 | 209 | 148 | 75
236m/s| 51.1 | 73.7 | 28.7 | 28.1 | 13.7 | 16.8 | 39.1 | 405 | 142 | 175 | 146 | 12.7
Grinding [ 283m/s | 43.7 | 643 | 183 | 22.1 | 10.5 | 16.4 | 39.9 | 47.2 | 19.6 | 20.7 | 146 | 13.1
speed |3.30m/s| 47.7 | 81.2 | 23.7 | 254 | 115 | 133 | 375 | 41.7 | 141 | 185 | 19.0 | 9.9
(Vs) 377m/s| 49.6 | 776 | 31.7 | 228 | 9.9 | 142 | 458 | 445 | 152 | 141 | 155 | 9.2
424m/s| 452 | 88.0 | 25.8 | 30.2 | 139 | 21.8 | 52.0 | 488 | 21.2 | 199 | 19.0 | 17.7
5.18m/s | 61.8 | 858 | 20.6 | 285 | 10.1 | 18.6 | 43.3 | 66,5 | 16.0 | 18.8 | 12.3 | 10.9

Cross head-speed (f)
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Table 4.14 Descriptive statistics summary for specific grinding energy (u) for all

grinding conditions

Min. Mean Max. SD Ccv 95% C.I. N
u (MJ/ms) 7.50 29.57 88.00 19.73  66.7%  [25.29,33.86] 84
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Chapter V

Experimental Results

This chapter illustrated the research results in terms of material
characterizations of porous polyurethane foam, experimental results, and statistical
analysis from the spherical grinding system. Firstly, physical and mechanical
properties of the material.were reported: In addition; experimental results as follows,
finished shape, circularity errer, #inished diameter, grinding forces, material removal
rate, and specific grinding.energy \were demonstrated. For further investigation, the
effects of grinding faCtors‘on grinding. responses were performed via analysis of
variance. Regression analysis was also éonducted to construct effective models for

grinding response estimation. Finally; confjrmation results were represented.
5.1 Material Characterizations -1

5.1.1 Pore Size - YIS

From Scannifg—Electron—ivitcroscope (SEivi) fesults, pore structures for
magnification of 50X and 100X were depicted in Figure 5.1 a) and b), respectively.
Pore diameter of porous polyurethane foam specimen was approximated to be 200 -
400 pm.

5.1.2.Bulk Density.and Porosity

Results of bulk density and-porosity of as received-specimens.were detailed in
Appendix A. Table 5.1 summarized average, standard deviation, and coefficient of
variation of bulk density and porosity for 84 specimens.
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a) 50X b) 100X
Figure 5.1 Pore structures gipolyurethane foam: a) Magnification 50X and
b) Magnificatien 100X

Table 5.1  Summarized data for bulk density and poresity of porous polyurethane

foam
Bulk density (g/cm®) Porosity (%)
Average 0.125- 89.6%
Standard deviation 0.014 1.2%
Coefficient of variation 1Y o= 1.3%
Number of specimen 84 84

5.1.3 Mechanical Property Characterizations

Experimental tested.results for flexural and compressive strength in Appendix
B and Appendix C analyzed by Weibull statistics were concluded in Table 5.2 to
represent characteristic strength (Alpha, « ) and Weibull modulus (Beta, ) indicating
variation of the material strength. Furthermore, linear regréssion plots between
In(In(1/15F(x)))) and In (Strength) for flexural and compressive strength having R-
square of 0.90 and 0.91 respectively were demonstrated in Figure 5.2. From the plots,
the slope was the Weibull modulus of the material. Also, failure probability plots for

flexural and compressive strength were shown in Figure 5.3.
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Table 5.2 Mechanical properties: Flexural and Compressive Strength

Properties Characteristic strength, o Weibull modulus, /3
(MPa)

Flexural strength 2.14 4.52

Compressive strength 1.05 7.88

*
=2 . “
gz 0.3 -0.2 112 13
ﬁ' al strength
A
Figure 5.2 Li —“_—__\J X)))) and In (Strength)

ﬂumwﬂmwmm
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Figure 5.3  Failureprobability plot for flexural and compressive strength
5.2 Finished Specimen Characterization Fiésults

5.2.1 Finished Shapg and“Circularity. Error (CE)

After grinding run, finished shapeé of the ground specimen were visually
inspected and could_be categorized inio fOUr'ty'pes: egg,.sphere, partial sphere, and
squircle as shown in Figure-5.4.TFable-5:3-sumimarized-various finished shapes from
all grinding conditionsand found that egg shapes were formed at the lowest grinding
speed of 1.41 m/s. Meanwhile, grinding speeds from 2.83 to 3.77 m/s contributed to
sphere shapesforall crass head, speedsiand abragive-grit-sizes. At the highest level
grinding speed,of 5.18 m/s, ‘partial ‘sphere ‘and squircle” shapes were formed. In
addition, for._grinding speeds.of 2.36.and 4.24 m/s, egg, sphere,“and partial sphere
shapes emerged at'same levels oficross headispeeds and abrasive grit sizes.

Aside from finished shape consideration, averages and standard deviations of
the circularity error from the two replications for all grinding conditions as previously
shown in Table 4.1 in Chapter IV were plotted versus grinding speeds with various
cross head speeds for abrasive grit sizes of 20 and 53 pum in Figure 5.5 and 5.6. It
could be seen from the graphs that large circularity errors greater than 0.8 up to 1.8
mm performed at grinding speeds of 1.41 and 5.18 m/s. Minimal circularity errors

approximately 0.50 mm could be achieved for grinding speed run between 2.83 to
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3.77 m/s with cross head speed of 1.0 mm/min for both abrasive grit sizes. Faster
cross head speeds contributed to high levels of circularity errors. While, the minimum
circularity error of 0.47 mm in average was reported at the grinding speed of 3.30 m/s,
cross head speed of 1.0 mm/min, and abrasive grit size of 53 um.

Furthermore, to categorize various shapes by circularity error, dot plot in
Figure 5.7 was depicted and found that circularity errors below 0.625 mm contributed
to all sphere shapes formed, discrimina{iﬁ%zmere shape from the others. Sphere,

partial sphere, and squircle shapes ¢o fbe formed for circularity errors

approximately above 0.625:40-0.:75 mm: In additi—a; ‘partial sphere, squircle, and egg

shapes could occur with ('Z-I-F{f— ity errors above 0.75102.0 mm.

Descriptive statisti terms. of minimum, mean, maximum, standard

deviation, coefficient*of variati h.i.ahd;cgnfidence interval of circularity error for
various shapes were @demonstrated +|_q ;ablg 5.4. The ground sphere shape of 54
specimens (64% of all sy i
0.59 + 0.07 mm, and also

mm.

Speci éng)j provided the lowest average circularity error of

Figure/5i40Various finished:shapes: @) Egg; b), Sphere; ¢) Partial sphere,
and d) Squircle



Table 5.3 Results of finished shapes after grinding
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Abrasive grit size (A)
20 pm 53 um
Cross head speed (f) 1.0 mm/min | 3.0 mm/min | 5.0 mm/min | 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
1.41 mis E E E E E E E E E
2.36 m/s '
Grinding 2.83 mis
speed 3.30 m/s
V) 1377 s
4.24 m/s
5.18 m/s
Remark: , 2

ﬂ‘IJEI’JVIEWlﬁWEI’lﬂ‘ﬁ

S

SQ

amaﬁﬂimum'gwmaa

Sphere

Squircle
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1.0 A
0.8 -
0.6 —o—f=1.0 mm/min
0.4 - i

0.2 1 ——f=5.0m
0.0 ;

CE (mm)

424 471 518

Figure 5.5 Relation jetween circularity )and grinding speed (Vs)

with ra5|ve size (A) of 20 um

CE (mm)

Figure 5.6 Relationship between circularity error (CE) and grinding speed (Vs)
with various cross head speeds (f) for abrasive size (A) of 53 um
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Figure 5.7+ Deot plot of cirdularity error for various shapes
Table 5.4 Descriptive statistics summary for circularity error (mm) for
various shapes =
Shape Min. Mean"~=Max. . SD" ~ €V 95% C.1. N (%)
Egg 0.89 1.51 198 032 208%  “[1.351.68] 16 (19%)
Sphere 0.46./ 059 076 007 120% - [0.57,0.61] 54 (64%)
Partial sphere  0.64 1.08 1.81 040 372% , [0.81,1.35] 11 (13%)
Squircle 0.77 0.78 078 001  0.9% [0.76,0.79 ] 3 (4%)
84 (100%)
Remark Min. and Max. = Minimum and Maximum value
SD = Standard deviation
cV = Coefficient of variation
C.l = Confidence interval

N = Number of specimen
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5.2.2 Finished Diameter (D)

Averages and standard deviations of the finished diameter from the two
replications for all grinding conditions shown in Table 4.2 in Chapter IV were
graphically illustrated versus grinding speeds with various cross head speeds for
abrasive grit sizes of 20 and 53 um in Figure 5.8 and 5.9. From the graphs, finished
diameters decreased from around 20 to 16 mm as increasing grinding speed from 1.41
to 5.18 m/s. Rapid changes in finished diameter for grinding speed ranges of 1.41 to
2.83 m/s and 4.24 to 5.18 m/s were demonstrated. High variation of finished
diameters performed at the-lowest and-highest grinding speeds of 1.41 and 5.18 m/s,
respectively. On the other hand,.a gradual decrease in finished diameter from around
19.40 to 19.20 mm occurred when grinding speeds were between 2.83 and 4.24 m/s
for both abrasive gritsizes#Grinding with faster cross head speeds did not show any
obvious indications onsfinished diameteré; while increasing abrasive grit size seemed
to give smaller sizes of finished specimen§:._ ’

Furthermore, dot plot in-Figure 5. 10 indicated that the finished diameter of
sphere shape had a small range than those-of egg partial sphere, and squircle shape.
Descriptive statistics in terms of m|n|mum mean maximum, standard deviation,
coefficient of variation, and confidence mterval of finished diameter for various
shapes were illustratett-in-Fable-5:5:- it was found that the finished diameter of sphere
shape specimens was in average of 19.30 + 0.09 mm, and the 95% confidence interval
with the range of 19.28 and 19.32 mm.
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with various cross head speeds (f) for abrasive size (A) of 53 um
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Sphere

Partial Sphere
Squircle

Egg

Figure 5.10° Dot plot of finished diameter for various shapes

Table 5.5 Descriptive statistics summary for finished diameter (mm) for

various shapes

SD

Shape Min. Mean Max: CVv 95% C.I. N (%)
Egg 19.34 19.73 20.03" V40Ee 0.9% [19.63,19.82] 16 (19%)
Sphere 19.13 19.30 19.49 0.09 0.5% [19.28,19.32] 54 (64%)
Partial sphere 18.17 18.86 19.36 0.41 2.2% [18.58,19.20] 11 (13%)
Squircle 15.74 1711 19.09 1.76 10.3%  [12.74,21.47] 3 (4%)
84 (100%)
Remark Min.jand Max. | = Minimum and Maximum value

SD = Standard deviation

CVv = Coefficient ofvariation

C.l = Confidence interval

N = Number of specimen
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5.3 Grinding Force Results

5.3.1 Tangential Force (Ft)

Tangential force data in Table 4.4 from Chapter IV for all grinding conditions
were averaged and plotted against grinding speeds with various cross head speeds for
two abrasive grit sizes of 20 and 53 pm in Figure 5.11 and 5.12. From the graphs,
tangential forces were ranged between 040 and 0.37 N and slightly decreased as
increasing grinding speed from 1.41 to 5.18-m/s« In addition, grinding with a low

cross head speed tended to-give low tangential-foreesfor all grinding conditions.

5.3.2 Normal Force(Fn)

Normal force-datain TFable 4.5 from Chapter IV for all grinding conditions
were depicted for average and standard deviation versus various grinding speeds and
cross head speeds for abrasive grit sizes of 20 and 53 pm as shown in Figure 5.13 and
5.14. It was found that the normal force pérfo'rmed downward trends (around 0.40 to
0.07 N) as the same pattern as tangential fdrcg when increasing grinding speed from
1.41 to 5.18 m/s. In contrary, inereasing cri-ossl"'head speed seemingly contributed to
higher normal forces. Y=

5.3.3 Grinding Force Ratio (R)

Grinding force ratio results for all grinding conditions from Table 4.6 in
Chapter 1V were drawn intermsiofiaverage:and standard dewviation in Figure 5.15 and
5.16. As foundyfrom the graphs, grinding force ratios were quite stable around 1.0
when grinding speeds ranged..from 1.41 t0.3,30°m/s.and.then substantially increased
to reach'approximately+1.6 in‘average‘at grinding Speed of.5.18 'm/s for all cross head

speeds and abrasive grit sizes.



121

0.55

0.50 -
0.45
0.40 -
0.35
0.30 -
0.25
0.20 -
0.15
0.10 -
0.05 -

Ft (N)

0.00

3.77 424 471 518
“"'-.

Figure 5.11 Relationshipbe

t) and grinding speed (Vs)

.,__\

braswe size (A) of 20 pm

0.55

with varius €ross head spe ! \

0.50
0.45
0.40

Ft (N)

—o—f=1.0 mmVymin
- —0—f=3.0mm/min
—a—f=5.0 mmymin
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with various cross head speeds (f) for abrasive size (A) of 53 um
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with various cross head speeds (f) for abrasive size (A) of 53 um
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5.4 Material Removal Rate (MRR) Results
Averages and standard deviations of material removal rates from experimental

data from Table 4.7 in Chapter IV were graphically drawn versus grinding speeds

with various cross head speeds for abrasive grit sizes of 20 and 53 pum in Figure 5.17

and 5.18. It was obvious that the material removal rate directly depended on cross

head speed and seemed to perform a small upward trend when increasing grinding

speed. Moreover, there was a hit increased removal rate for a greater abrasive grit

size. The ranges of removal.rate for cross.ngad speeds of 1.0, 3.0, and 5.0 mm/min

were about 7, 25, 43, respectively.

50

40
35 1
30
25 A
20
15 A
10

MRR (mni/s)

45 - —o—f=1.0 mm/min
—0— f = 3.0 mm/min

—A—f=5.0 mm/min

000 047 094 141 188 236 283 330 377 424 471 518

T T T T T T T T T T

Vs (m/s)

Figure 5.17

Relationshipbetween material remaval rate (MRR) and grinding speed

(Vs) with various cross head speeds.(f) for abrasive,size (A) of 20 um
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Figure 5.18 Relationship between'rmatéli’él removal rate (MRR) and grinding speed
(Vs) with various cross hea'g speeds (f) for abrasive size (A) of 53 um
5.5 Specific Grinding Energy (u) Results /.
Specific grinding energy-daia from Table 4.8 in Chapter IV were graphically
demonstrated for averages and standard dev"ré}t’igns versus grinding speed with various

cross head speeds f_dr:':abrasive grit sizes of 20 and 53 um in Figure 5.19 and 5.20.

From the plots, the Specific grinding energy markedly decteased from about 70 to 13
MJ/m? for abrasive grit'size of 20 um and about 60 to 13 MJ/m? for abrasive grit size
of 53 um when, increasing»cross head speed from 1.0 to 5.0 mm/min. Increasing
grinding speed from:1:41 te'5.18 m/s for cross head speed ofg1.0 mm/min from both
abrasive grit sizes resulted in slightly upward trends but likely stable for faster cross

head speeds of 3.0/and,5.0 mm/min.
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5.6 Statistical Analysis Results

5.6.1 Effects of Grinding Factors on Grinding Responses

In this section, analysis of variance (ANOVA) results were illustrated in order
to examine influential spherical grinding factors on responses via general full factorial
design as planned in Chapter Ill. Experimental data in Chapter IV were used in the

analysis.

5.6.1.1 Effeets of Grinding Factors-on Circularity Error (CE)

From analysis«of.wvariance (ANOVA) in Table 5.6, grinding speed
(Vs), cross head speed (1), theipinteraction (\Vs*f), interaction between grinding speed
and abrasive grit size/(Vs*A) Jinteraction between cross head speed and abrasive grit
size (f*A), and interaction among the thrée factors (\VVs*f*A) were significant with P-
value less than 0.05. Gginding speed (V/s) Was indicated to be the most significant
factor affecting circularity efror with 75.7% contribution followed by interaction
between grinding speed and cross head speed (Vs*f) with 8.5% contribution. In
addition, main effects and interaction plots \A}eré‘:shown in Figure 5.21 and 5.22.

Table 5.6 ANOVA fer-circularity-error(CE)

Source DF SS MS F Ratio P-value % Contribution Remark
Vs 6 10.635 10.635 116.12  <.0001 75.7% Significant
f 2 0.715 0.715 23.41 <.0001 5.1% Significant
A ! 0.000 0:000 0.00 1.0000 0.0%

Vs*f 12 1192 1192 6.51 <.0001 8.5% Significant
VS*A 6 0.336 0.336 3.67 0.0051 2.4% Significant
*A 2 0.137 0.137 448 0.0172 1.0% Significant
Vs*f5A 12 1.027 1.027 5.61 <.0001 7.3% Significant
Error 42 0.641 0.015 0.1%

Total 83 14.682
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5.6.1.2 Effects of Grinding Factors on Finished Diameter (D)
Analysis of variance (ANOVA) in Table 5.7 indicated that grinding

speed (Vs), cross head speed (f) and abrasive grit size (A) along with their

interactions (Vs*f, Vs*A, f*A, and Vs*f*A) were significant factors affecting

finished diameter for P-value less than 0.05. Moreover, grinding speed (Vs) was the

most influential factor with 39.6% contribution followed by abrasive grit size (A)

with 23.2% contribution. To graphically ullustrate the effects of grinding factors on

finished diameter, main effects and interaciion plets were shown in Figure 5.23 and

5.24.

Table 5.7 ANOVA for fimshed diameter (D)

Source DF SS MS ,F Ratio P-value % Contribution Remark
Vs 6 121136 2.023 5179 <.0001 39.6% Significant
f 2 0.558 0,277 7.08 0.0022 5.4% Significant
A 1 1488 17188 30.42 <.0001 23.2% Significant
Vs*f 12 5.992 0.499 112.79 <.0001 9.8% Significant
Vs*A 6 2.840 0473 12112 <.0001 9.3% Significant
f*A 2 0.738 0369 . 9.45 0.0004 7.2% Significant
VS*f*A 12 2.916 0.243 6.22 <.0001 4.8% Significant
Error 42 1.640 0.639 L, 0.8%

Total 83 28.004
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5.6.1.3 Effects of Grinding Factors on Tangential Force (Ft)
Analysis of variance (ANOVA) in Table 5.8 showed that main effects

of grinding speed (Vs), cross head speed (f), and abrasive grit size (A) significantly

influenced tangential force with P-value less than 0.05. On the other hand, their

interactions did not perform significant effects at all. In addition, grinding speed (Vs)

was the most significant factor with 55.3% contribution, followed by abrasive grit size
(A) and cross head speed (f) with percent contributions of 16.7% and 16.6%,

respectively. Main effects and Interaction pletswere shown in Figure 5.25 and 5.26.

Table 5.8 ANOVA for tangential force (Ft)

Source DF SS MS F Ratio P-value % Contribution Remark
Vs 6 0323 0.054 26.05 <.0001 55.3% Significant
f 2 0.082 0.016 M8 0.0013 16.6% Significant
A 1 0.016 0.016 7.88 0.0075 16.7% Significant
Vs*f 12 0.019 0:002 0.78 0.6637 1.7%

Vs*A 6 04007 0.001 0.59 0.7379 1.2%

*A 2 0.009 0.004 12.16 0.1283 4.6%

Vs*f*A 12 0.021 0.002 0.83 0.6230 1.8%

Error 42 0.087 0.002 Fin 2.1%

Total 83 0.515
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5.6.1.4 Effects of Grinding Factors on Normal Force (Fn)

Table 5.9 illustrated analysis of variance (ANOVA) for normal force.
It was shown that normal force was influenced by grinding speed (Vs), cross head
speed (f), and abrasive grit size (A) with P-value less than 0.05. In contrary,
interactions had no significant effects. Moreover, grinding speed (Vs) was the most
influential factor with 62.6% contribution. While, percent contributions of abrasive
grit size (A) and cross head speed (f) werg 18.2% and 12.0%, respectively. Main
effects and interaction plots in Figure 5.27 ana'5.28 performed as the same pattern as

tangential force.

Table 5.9 ANOVA for normal force (Fn)

Source DF SS MS ,F Ratio P-value % Contribution Remark
Vs 6 04502 0.084 — 4172 <.0001 62.6% Significant
f 2 0.032 0,016 8.00 0.0011 12.0% Significant
A 1 0.024 0.024 12.14 0.0012 18.2% Significant
Vs*f 12 0.014 0.001 - 0.60 0.8324 0.9%

Vs*A 6 0.009 0:001 0.73 0.6252 1.1%

f*A 2 0.005 0:002 124 0.3008 1.9%

Vs*f*A 12 0.028 0.002 =18 0.3285 1.8%

Error 42 0.084 0.602 Ll 1.5%

Total 83 0.699
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5.6.1.5 Effects of Grinding Factors on Grinding Force Ratio (R)

Analysis of variance (ANOVA) in Table 5.10 demonstrated that
grinding speed (Vs) and abrasive grit size (A) were statistically significant according
to P-value less than 0.05 with percent contributions of 65.4% and 16.9%, respectively.
For the other factors, there was no evidence to indicate significant impacts on
grinding force ratio. In addition, data mean plots of main effects and interactions were
demonstrated in Figure 5.29 and 5.30.

Table 5.10 ANOVA forgrinding force'ratio (R)

Source DF SS MS F Ratio P-value % Contribution Remark
Vs 6 31890 0:648 24.87 <.0001 65.4% Significant
f 2 0.085 0.017 0.67 0.5172 1.8%

A 1 0.16% 0,167 . 6.42 0.0151 16.9% Significant
Vs*f 12 0.482 0.040- — "154 0.1482 4.0%

Vs*A 6 0.222 00370 140 0.2311 3.7%

f*A 2 0.048 0:009 0.34 0.7143 0.9%

Vs*f*A 12 Q8558 0.046 1.78 0.0830 4.7%

Error 42 1.095 0.026 Ll 2.6%

Total 83 6.467
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5.6.1.6 Effects of Grinding Factors on Material Removal Rate

(MRR)

Analysis of variance (ANOVA) in Table 5.11 illustrated that grinding
speed (Vs), cross head speed (f), and abrasive grit size (A) were the significant factors
influencing material removal rate for significant level less than P-value of 0.05. From
the table, material removal rate was directly dependent on cross head speed (f) with
the highest percent contribution of 99.8%. While, grinding speed (Vs) and abrasive
grit size (A) also being significant factors presented a little effect according to percent
contribution less than 1%..Main effect and interaction plots were drawn in Figure 5.31
and 5.32.

Table 5.11 ANOVAfor material removal rate (MRR)

Source DF SS MS ~' F Ratio P-value % Contribution Remark
Vs 6 129:318 24:553 . 71180 <.0001 0.3% Significant
f 2 16479.084 | 8089.517 14442793 = <.0001 99.0% Significant
A 1 49.696 49,696 27420 <.0001 0.6% Significant
Vs*f 12 30,322 2.527 £ 1.38 0.212 0.0%

Vs*A 6 2.850 0.475 ~0.26 0.9523 0.0%

*A 2 6.037 31019 "‘1.65_.-' 0.2039 0.0%

Vs*f*A 12 18.117 =0 -0.83 0.6232 0.0%

Error 42 76.731 1.827 e S 0.0%

Total 83 16492.105
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5.6.1.7 Effects of Grinding Factors on Specific Grinding Energy (u)

Results from analysis of variance (ANOVA) in Table 5.12 indicated
that cross head speed (f), abrasive grit size (A) and their interaction (f*A) were
significant factors. In addition, cross head speed (f) was the most dominating factors
with 83.3% contribution while abrasive grit size (A) and interaction of cross head
speed and abrasive grit size (f*A) had percent contributions of only 10.8% and 4.1%,
respectively. Main effect and interaction plots of grinding factors on specific grinding

energy were demonstrated in.Figure 5.33 and 5:34.

Table 5.12  ANOVA for speeifie grinding energy. (u)

Source DF SS MS F Ratio P-value % Contribution Remark
Vs 6 581.715 83.619 1.13 0.3636 0.6%
f 2 247150776f 12357.888° ¥157.12 . " <.0001 83.3% Significant
A 1 1604.314 J 1604.314s 20.40 <.0001 10.8% Significant
Vs*f 12 594,239 49.520 10.63 0.8049 0.3%
VS*A 6 140:120 24.520 % 0.31 0.9273 0.2%
*A 2 1227. 905 JF ;613888 =7 81 0.0013 4.1% Significant
VS*f*A 12 191,834 15.945 "0.20 0.9976 0.1%
Error 42 3303.435 281653~ vl 0.5%

Total 83 32315.707 et L4
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5.6.2 Regression Analysis

Experimental data were also used to construct regression equations for
grinding response estimation in terms of grinding factors namely grinding speed (Vs),
cross head speed (f), and abrasive grit size (A). Second order models were introduced,
and step wise regression was carried out to eliminate non significant terms from the

equations.

5.6.2.1 Circularity Error (CE)and Grinding Condition Relation

Full quadratic-equation-and analysis-of variance (ANOVA) for the
regression model for circularity error (CE) were illustrated in Equation 5.1 and Table
5.13, respectively. It was feund that theimodel was significant regarding P-value less
than 0.05 with R-Square and R-Square (adj.) of 0.8161and 0.7964. Furthermore, by
applying stepwise regression technique, éome insignificant terms (f*f and f*A) were
cut from the model, and the reduced :"[nadel of circularity error (CE ged) Was
developed as shown in Equation-5.2. Analyéis*-‘of variance in Table 5.14 indicated that
the reduced model were significant with R=';quare and R-Square (adj.) of 0.8144 and
0.7999. However, lack of fit was still sigr;iﬁ::fént with P-value less than 0.05. The
coefficients of both regression models in tér'"rﬁé‘jbf grinding. factors were concluded in
Table 5.15.

CE = 3.23-1.60 Vs + 0.21 f - 0.012 A + 0.22 V/s*Vs - 0.007 f*f - 0.038 Vs*f
+0008 Ms*A+ 0:0004 F5A (5.1)
CE peq. = 3.23-1.60 Vs + 0.18 f £0.011 A + 0.22s*Vs - 0.038 V&*f

+0/003 VsHA (5.2)



Table 5.13 ANOVA of regression model for circularity error (CE)

Source DF SS MS F-Ratio P-value Remark

Model 8 11.982 1.498 41.59 <.0001 Significant
Vs 1 1.921 1.921 53.35 <.0001 Significant
f 1 0.700 0.700 19.43 <.0001 Significant
A 1 0.000 0.000 0.00 1.000

Vs*Vs 1 8.561 8.561 237.73 <.0001  Significant
f*f 1 0.015 0.015 0.41 0.5226
Vs*f 1 0.420 0.420 11.66 0.001 Significant
VSs*A 1 0.308 0.308 8.56 0.0045  Significant
*A 1 0.010 0.010 0.27 0.6038

Residual 75 2.701 0.086

Lack-of-Fit 33 2.060 0.062 4.09 <.0001  Significant

Pure error 42 0.644 0.015

Total 83 14682

R-Square 0.8161

R-Square (adj.) 0.7964
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Table 5.14 ANOVA of regression modelrﬁ)f eircularity error (CE) after removing

insignificant terms

F-Ratio

Source DF S MS P-value Remark
Model 6 11.957 1.993 56.30 <0001 Significant
Vs 1 1.921 1.921 54.28 <0001  Significant
f 1 0.700 0.700 19.77 <.0001  Significant
A 1 0.000 0.000 0.00 1.000
Vs*Vs 1 8.561 8.561 241.87 <.0001  Significant
Vs*f 1 0.420 0,420 11.86 0.0009  Significant
Vs*A 1 0,308 0.308 8.71 0.0042  Significant
Residual 77 2.725 0.035
Lack-of-Fit 35 2.084 0060 3:90 <;0001 Significant
Pure error 42 0.641 0.015
Total 83 14.682
R-Square 0.8144
R-Square (adj.) 0.7999




Table 5.15 The coefficients of grinding factors for circularity error estimation

in full and reduced regression model (CE, CE geq)

Regression coefficients
Term

CE CE Req.
Intercept 3.23 3.23
Vs -1.60 -1.60
f 0.21 0.18
A -0.012
Vs*Vs 0.2:
f*f
Vs*f
Vs*A
f*A

7
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5.6.2.2 Finished Diameter (D) and Grinding Condition Relation

Experimental data from the grinding speed ranged between 2.83 and
3.77 m/s for all cross head speeds and abrasive grit sizes where all sphere shapes were
formed with minimal circularity errors were used to develop regression model. Full
quadratic equation of finished diameter (D) and its reduced equation (D greqg,) after
removing insignificant terms were shown in Equation 5.3 and 5.4, respectively.
Analysis of variance in Table 5.16 and Table 5.17 indicated both models significant
and adequacy to estimate finished diameter.regarding P-value of the models less than
0.05 and also insignificant-dack-of fit. ' addition,-R-Square and R-Square (adj.) were
found to be 0.7285, 6480 Tor the full model and 0.7198, 0.6837 for the reduced model,
respectively. Grinding speed (\/S), cross head speed (f), and abrasive grit size (A) in
linear terms and square terms of cross head speed (T*f) were illustrated in the reduced
model. The coefficienis of /the regressioﬁ models In terms of grinding factors were
indicated in Table 5.18. J-

D =  19.21+0.27V§-0.12f- 0.003A- 0.053 Vs*Vs + 0.012 *f
+0.005 Vs*f + 0.0005 Vs*A - 0.0001 A (5.3)

Dgea = 19.67 - 0.041 Vs - 0.103 1 - 0.002 A + 0.011 i*t (5.4)



Table 5.16 ANOVA of regression model for finished diameter (D)
Source DF SS MS F-Ratio P-value Remark
Model 8 0.175 0.022 9.06 <.0001 Significant
Vs 1 0.009 0.009 3.66 0.0665
f 1 0.112 0.112 46.50 <.0001 Significant
A 1 0.035 0.035 14.46 0.0007 Significant
Vs*Vs 1 0.001 0.001 0.45 0.5072
f*f 1 0.017 0.017 6.97 0.0136 Significant
Vs*f 1 0.000 0.000 0.13 0.7243
Vs*A 1 0.000 0.000 0.17 0.6809
f*A 1 0.000 0.000 0.11 0.7420
Residual 27 0.065 0.002
Lack-of-Fit 9 0.016 0.002 0.64 0.7494
Pure error 18 0.049 0.003
Total 35 0,240
R-Square Q47285
R-Square (adj.) 0.6480.
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Table 5.17 ANOVA of regression model for finished diameter (D) after removing

insignificant terms

Source DF SS MS F-Ratio P-value Remark

Model 4 0.173 0,043 ©19.91 <.0001 Significant
Vs 1 0.009 0.009 4.07 0,0524
f 1 0.112 0.112 51.73 <.0001 Significant
A 1 0.035 0.035 16.08 0.0004  Significant
*~f 1 0.017 0.017 7.76 0.0090  Significant

Residual 31 0.067 0.002

Lack-of-Fit 13 0:018 0,001 0:50 0.8954

Pure error 18 0:049 0.003

Total 35 0.240

R-Square 0.7198

R-Square (adj.) 0.6837




Table 5.18 The coefficients of grinding factors for finished diameter estimation

in full and reduced regression model (D, D geq.)

Regression coefficients
D D Red.
Intercept 19.21 19.67
Vs 0.27 -0.041
f
A
Vs*Vs
f*f
Vs*f
Vs*A
*A

Term

[V
)
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5.6.2.3 Tangential Force (Ft) and Grinding Condition Relation

The full regression model for tangential force (Ft) expressed in
Equation 5.5 was indicated to be significant referred to P-value less than 0.05 with R-
Square and R-Square (adj.) of 0.7478 and 0.7209 as shown in the analysis of variance
in Table 5.19. In addition, the terms as following, linear terms of grinding speed (Vs),
cross head speed (f), abrasive grit size (A), square terms of grinding speed (Vs*Vs),
interactions of grinding speed and cross head speed (Vs*f), and interaction of cross
head speed and abrasive grit.size (f*A) were significant. After removing insignificant
terms (f*f and Vs*A), the reduced model of tangential force (Ft req) Was developed in
Equation 5.6 and found to be.sigaificant regarding P-value less than 0.05 as shown in
Table 5.20. R-Square and R=Square (adj.) were 0.7447 and 0.7249, respectively. Lack
of fit of the reduced model regarding P-value of 0.9284 was not significant. This
meant that the reducedmaodel could-be éffectively used to estimate tangential force
through grinding factors: The coefficientéf_ ca>-f the full and reduced regression model

were shown in Table 5.21.

#

Ft = 0.475 - 0.138 Vs +0.029 f - 0.0025 A + 0.015 Vs*Vs - 0.0016 f*f
- 0.0063 Vs*f+0.6002'V/s*A +0.0004 f+A (5.5)
Ftre = 0.465 - 8:132 Vs + 0.019 f - 0.002 A + 0.0154-\/s*V's - 0.0063Vs*f

+ 0.0004f*A (5.6)
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Table 5.19 ANOVA of regression model for tangential force (Ft)

Source DF SS MS F-Ratio P-value Remark
Model 8 0.385 0.048 27.80 <.0001 Significant
Vs 1 0.273 0.273 157.83 <.0001  Significant
f 1 0.032 0.032 18.25 <.0001  Significant
A 1 0.016 0.016 9.42 0.0030  Significant
Vs*Vs 1 0.041 0.041 23.82 <.0001  Significant
f*f 1 0.001 0.001 0.42 0.5183
Vs*f 1 0.012 0.012 6.81 0.0109 Significant
Vs*A 1 0.001 0.001 0.48 0.4892
*A 1 0.008 0.008 4.63 0.0346 Significant
Residual 75 0.130 0.002
Lack-of-Fit 33 0.043 0.001 0.63 0.914
Pure error 42 0087 0.002
Total 83 0.545
R-Square 07478
R-Square (adj.) 0.7209

Table 5.20 ANOVA of regression modelrﬁ)f tangential force (Ft) after removing

insignificant terms

Source DF SS MS F-Ratio P-value Remark

Model 6 0.383 0.064 37.44 <0001 Significant
Vs 1 0.273 0.273 160.11 <0001  Significant
f 1 0.032 0.032 18.51 <0001  Significant
A 1 0.016 0.016 9.55 0.0028  Significant
Vs*Vs 1 0.041 0.041 24.16 <.0001  Significant
Vs*f L 01012 0,012 6.91 00104  Significant
f*A 1 0,008 0,008 4.70 0.0333  Significant
Residual 77 0.131 0.002
Lack-Of-Fit 35 0.025 0.001 0.62 0/9284
Pure error 42 0.087 0.002
Total 83 0.515
R-Square 0.7447

R-Square (adj.) 0.7249




Table 5.21 The coefficients of grinding factors for tangential force estimation

in full and reduced regression model (Ft, Ft geq.)

Regression coefficients
Term

Ft Ft Red.
Intercept 0.475 0.465
Vs -0.138 -0.132
f 0.029 0.019
A -0.002¢
Vs*Vs '
f*f
Vs*f
Vs*A
*A

[V
)
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5.6.2.4 Normal Force (Fn) and Grinding Condition Relation

Analysis of variance in Table 5.22 indicated that the full regression
model of normal force (Fn) in Equation 5.7 was significant according to P-value less
than 0.05 with R-Square and R-Square (adj.) of 0.8115 and 0.7914. Linear terms of
grinding speed (Vs), cross head speed (f), abrasive grit size (A), square terms of
grinding speed (Vs*Vs), and interactions of grinding speed and cross head speed
(\Vs*f) were reported to be significant. The ‘reduced model of normal force (Fn geq) in
Equation 5.8 was provided by stepwise regression.technique, having R-Square and R-
Square (adj.) of 0.8034 and-0.7908 as shown-in-Fable 5.23. Model adequacy checking
in terms of lack of fit was found.i0 be not significant (P-value = 0.824), implying the
model able to explain experimental data. In addition, Table 5.24 concluded the

coefficients of the fullfand geduced regression model for normal force estimation.

Fn = 0.504 - 0.142 \/§ +0.026'f - 0:0023 A +0.0182 Vs*Vs - 0.0013 f*f
- 0.005 Vs*f # 0,0001-Vs*A +0.0003 f*A (5.7)
FN e, = 0.466 - 0.137 Vs +0.028f - 0.001A + 0.0132Vs*Vs - 0.005Vs*f  (5.8)
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Table 5.22 ANOVA of regression model for normal force (Fn)

Source DF SS MS F-Ratio P-value Remark
Model 8 0.568 0.071 40.37 <.0001 Significant
Vs 1 0.467 0.467 265.54 <.0001  Significant
f 1 0.032 0.032 17.97 <.0001  Significant
A 1 0.024 0.024 13.85 0.0004  Significant
Vs*Vs 1 0.031 0.031 17.39 <.0001  Significant
f*f 1 0.001 0.001 0.28 0.5951
Vs*f 1 0.007 0.007 418 0.0444  Significant
Vs*A 1 0.001 0.001 0.29 0.5914
f*A 1 0.005 0.005 264 0.1082
Residual 75 0.132 0.002
Lack-of-Fit 33 0.048 0.001 0.72 0.8356
Pure error 42 0:084 0.002
Total 83 0.699
R-Square 0.8115
R-Square (adj.) 0.7914

Table 5.23 ANOVA of regression-modelfor.normal torce (Fn) after removing

insignificant terms

Source DF SS MS F-Ratio P=value Remark
Model 5 0.562 0.112 63.77 <0001  Significant
Vs 1 0.467 0.467 264.8 <0001  Significant
f 1 0.032 0.032 17.92 <0001  Significant
A 1 0.024 0.024 13.81 0.0004  Significant
Vs*Vs 1 0.031 0.031 17.34 <.0001  Significant
Vs*f ' 0,007 0,007 4.3 0:0445  Significant
Residual 78 0.138 0.002
Lack-of-Fit 36 0.053 0.002 074 0.8240
Pure error 42 0.084 0.002
Total 83 0.699
R-Square 0.8034

R-Square (adj.) 0.7908




Table 5.24  The coefficients of grinding factors for normal force estimation

in full and reduced regression model (Fn, Fn geq.)

Regression coefficients
Term

Fn FN Req,

Intercept 0.504 0.466

Vs -0.142 -0.137

f 0.026 0.028

A -0.0023 - -0.001
Vs*Vs 0,01 . . /ﬂ

fxf 100013 _—-_-i.
Vs*f 0.00 , 0.00
Vs*A 0 |

f*A
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5.6.2.5 Grinding Force Ratio (R) and Grinding Condition Relation

The full regression model for grinding force ratio (R) was expressed in
Equation 5.9, and it was found in Table 5.25 that the model was significant according
to P-value less than 0.05 with R-Square and R-Square (adj.) of 0.6042 and 0.5620.
Linear and square term of grinding speed (Vs, Vs*Vs) and linear term of abrasive grit
size (A) were effective in the model. Insignificant terms were removed, and the
reduced regression model of grinding force ratio (R req) Was modified as expressed in
Equation 5.10. R-Square and R-Square (adj.)*Were 0.5826 and 0.5669 as shown in
Table 5.26. Moreover, P-value of lack of fit-was found to be 0.1136, implying
adequacy model for grinding.foree ratio estimation. Additionally, the coefficients of
the full and reduced regiession’ model for grinding force ratio estimation were
illustrated in Table 5.27.

R = 1.112 - 0.236'Vs + 0,022 f - 00004 A + 0,0595 Vs*Vs + 0.0036 f*f
- 0.0128 Vs*f +0.0043'Vs*A - 0,0003 F*A (5.9)

Rpeq. = 1.066 -,0.229 V5 +0.003 A+ 0.0595 V/s*Vs (5.10)



Table 5.25 ANOVA of regression model for grinding force ratio (R = Ft/Fn)

Source DF SS MS F-Ratio P-value Remark
Model 8 3.907 0.488 14.31 <.0001 Significant
Vs 1 2.999 2.999 87.89 <.0001 Significant
f 1 0.031 0.031 0.91 0.3427
A 1 0.167 0.167 491 0.0298 Significant
Vs*Vs 1 0.616 0.616 18.05 <.0001 Significant
*f 1 0.004 0.004 0.11 0.7392
Vs*f 1 0.049 0.049 1.43 0.2358
Vs*A 1 0.049 0.049 1.43 0.2358
*A 1 0.007 0.007 021 0.6447
Residual 75 2.560 0.084
Lack-of-Fit 33 1.465 0.044 1.70 0.0518
Pure error 42 14095 0.026
Total 83 6.467
R-Square 0.6042
R-Square (adj.) 0.5620
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Table 5.26 ANOVA of regression model for grinding force ratio (R = Ft/Fn) after

removing insignificant terms

Source DF SS MS F-Ratio P=value Remark

Model 3 3.767 1.256 37.22 <.0001*  Significant
Vs 1 2.999 2.999 88.89 <.0001*  Significant
A 1 0.167 0.167 4.96 0.0287*  Significant
Vs*Vs 1 0.616 0.616 18.26 <.0001*  Significant

Residual 80 2,699 0:034

Lack-of-Fit 10 0.512 0.051 1.64 0.1136

Pure error 70 2.187 0.031

Total 83 6.467

R-Square 0.5826

R-Square (adj.) 0.5669
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Table 5.27 The coefficients of grinding factors for grinding force ratio estimation

in full and reduced regression model (R, R red.)

Regression coefficients
R R Red.
Intercept 1.112 1.066
Vs
f
A
Vs*Vs
f*f
Vs*f
Vs*A
*A

Term

[V
)
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5.6.2.6 Material Removal Rate (MRR) and Grinding Condition

Relation

The full regression model of material removal rate (MRR) in terms of
grinding variables was expressed in Equation 5.11 and indicated to be significant
according to the analysis of variance in Table 5.28 with R-Square and R-Square (adj.)
of 0.9926 and 0.9918, respectively. After removing insignificant terms, linear terms of
grinding speed (Vs), cross head speed (f), and their interaction (Vs*f) along with
abrasive grit size (A) were in the reduced model of material removal rate (MRR geq.)
illustrated in Equation 5.12.-ln-addition, analysis-ef variance in Table 5.29 reported
the reduced model relevant regarding P-value for lack of fit of 0.783 with R-Square
and R-Square (adj.) 0f 0.9922 and 0.9918, respectively. In addition, the coefficients
of the full and reduced regression model for material removal rate were shown in
Table 5.30. .

-1.163 + 0.399Vs +6.935f + 0.024A - 0.016Vs*Vs + 0.062f*f

MRR =
+0.255Vs*f - 0.001VS*A + o.01ff+A, (5.11)
MRR geg = -2.318.+ 0,252 /s # 7.656  + 0.047 A +.0:255 Vs*f (5.12)



Table 5.28 ANOVA of regression model for material removal rate (MRR)

Source DF SS MS F-Ratio P-value Remark

Model 8 16369.740  2046.220 1254.18 <.0001 Significant
Vs 1 115.902 115.902 71.04 <.0001  Significant
f 1 16177.881 16177.881  9915.84 <.0001 Significant
A 1 49.696 49.696 30.46 <.0001  Significant
Vs*V/s 1 0.047 0.047 0.03 0.8653
f*f 1 1.153 1.153 0.71 0.4031
Vs*f 1 19.441 19.444 11.92 0.0009 Significant
Vs*A 1 0.034 0.034 0.02 0.8860
f*A 1 5.557 5.557 3.41 0.0689

Residual 75 122.364 1.680

Lack-of-Fit 33 45,638 1.383 0:76 0.7944

Pure error 42 16af8T W%

Total 83 16492104

R-Square 0.9926

R-Square (adj.) 09918

Table 5.29 ANOVA of regression-model for material removal rate (MRR) after

removing insignificant terms

Source DF SS MS F-Ratio P-value Remark

Model 4 16362.950 __4090.740 2502.18 <.0001  Significant
Vs 1 115.932 115.932 70.91 <.0001  Significant
f 1 16177.881 16177.881  9895.50 <0001  Significant
A 1 49.696 49.696  30.40 <0001  Significant
Vs*f 1 19.441 19.441 11.89 0.0009  Significant

Residual 79 129,155 1635

Lack-of-Fit 37 52.424 1.417 0.78 0.7830

Pure error 42 76.731 1.827

Total 83 16492.104

R-Square 0.9922

R-Square (adj.) 0.9918
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Table 5.30 The coefficients of grinding factors for material removal rate estimation
in full and reduced regression model (MRR, MRR geq)

Regression coefficients
Term

MRR MRR geg,
Intercept -1.163 -2.318
Vs 0.399 0.252
f 6.935 7.656
A 0.021
Vs*Vs :
f*f
Vs*f
Vs*A
*A

[V
)

AULINENINYINS
AN TUNN NN Y
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5.6.2.7 Specific Grinding Energy (u) and Grinding Condition

Relation

Specific grinding energy in the spherical grinding process for porous
polyurethane foam could be modeled in Equation 5.13 in terms of full regression
equation (u). Table 5.31 illustrated that the full model was significant with P-value
less than 0.05, and R-Square and R-Square (adj.) were 0.8756 and 0.8623,
respectively. Insignificant terms as following,square term of grinding speed (Vs*Vs)
and interaction term between-grinding speed-and-abrasive grit size (Vs*A) were
removed from the model. As.aresult, the reduced model of specific grinding energy
(U req) performed in Equation.5.14 comprising the effective terms of linear, square,
interaction terms of cross head speed (f,.F%f, Vs*f, f*A) and linear terms of grinding
speed (Vs) and abrasive gritsize (A): Anaﬂysis of variance in Table 5.32 indicated that
the reduced model was adequacy with P-\?glhe for lack of fit of 0.9999, and R-Square
and R-Square (adj.) were reported to t?é' 0.8754 and 0.8657, respectively. The
coefficients of the full and reduced regrés:is_ion model for specific grinding energy

dein A

estimation were indicated in Table 5.33.

| el

u = 86.17 +4:89Vs=29.70T=0:65A+0:11Vs*V5+ 3.09 f*f
- 1.15Vs*f - 0.009 Vs*A + 0.14 f*A (5.13)
Uged. = 86.18 + 5.:32/Vs £29.70 f 90168:A & 3.09 f*f+ 1¢15 Ms*f

+ 014 (5.14)



Table 5.31 ANOVA of regression model for specific grinding energy (u)
Source DF SS MS F-Ratio P-value Remark
Model 8 28294.794 3536.850 65.97 <.0001 Significant

Vs 1 397.290 397.290 7.41 0.0081 Significant
f 1 21871.159  21871.159  407.95 <.0001 Significant
A 1 1604.314  1604.314 29.92 <.0001 Significant
Vs*V/s 1 2.242 2.242 0.04 0.8385
fxf 1 2844.617  2844.617 53.06 <.0001 Significant
Vs*f 1 391.037 391,087 7.29 0.0085 Significant
Vs*A 1 2.263 2.263 0.04 0.8378
f*A 1 1182.202 1182.202 22.05 <.0001 Significant
Residual 75 4020.913 53.612
Lack-of-Fit 33 717448 21.742 0.28 0.9999
Pure error 42 3303.435 781653
Total 83 32315.707
R-Square 0:8756
R-Square (adj.) 0.8623

Table 5.32  ANOVA of regression model-f@f‘slpecific grinding energy (u) after

removing insignificantterms

F-Ratio

Source DF 5SS MS P-value Remark
Model 6 28290.289 4715.050 90.192 <£.0001 Significant
Vs 1 396.961 396.961 7.59 0.0073 Significant
f 1 21871.159  21871.159 418.36 <.0001 Significant
A 1 1604.314 1604.314 30.69 <.0001 Significant
*f 1 2844617 2844.617 54.41 <.0001 Significant
Vs*f 1 391:087 391.037 7:48 0.0077 Significant
*A 1 1182202 1182.202 22,61 <.0001 Significant
Residual 77 4025.418 52.278
Lack-of-Fit 35 721.983 20.628 0.26 0.9999
Pure error 42 3303:435 78.653
Total 83 32315.707
R-Square 0.8754
R-Square (adj.) 0.8657
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Table 5.33 The coefficients of grinding factors for specific grinding energy

estimation in full and reduced regression model (U, U geq.)

Term Regression coefficients
u U Red.
Intercept 86.17 86.13
Vs 4.89 5.32
f
A
Vs*Vs
f*f
Vs*f
Vs*A
*A

AULINENINYINS
AN TUNN NN Y
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5.6.3 Summary of Statistical Results

From the analysis of variance of general full factorial design, significant
factors and their interactions affecting various grinding responses were concluded in
Table 5.34. Grinding speed (Vs) was the most influential factor affecting circularity
error (CE), finished diameter (D), tangential force (Ft), normal force (Fn), and
grinding force ratio (R=Ft/Fn) with 75.7%, 39.6%, 55.3%, 62.6%, and 65.4%
contribution, respectively. While, cross head speed (f) was found to be the most
significant factor for material removal rate (IMRR) and specific grinding energy (u)
with 99.8% and 87.2% contribution, respectively.

Furthermore, the regression models developed from stepwise regression
technique used for grinding response estimation in terms of grinding factors were
summarized in Table5.354AlF'the/models except finished diameter could be used to
estimate grinding responses for grindiné* speeds between 1.41 and 5.18 m/s, cross
head speeds between 1.0"and 5.0 mm/mih, énd abrasive grit sizes of 20 and 53 pm.
For finished diameter, thesmaodel could bei-use'd for grinding speed between 2.83 and
3.77 m/s, cross head speed between"1.0 and“:%.o_mm/min, and abrasive grit sizes of 20

dein A

and 53 pm. —
Table 5.34 Conclusions-of significant grinding factors and percent contribution on

grinding' responses

Grinding responsés

3.CE 2D 3t 4Fn; A 5R=FtfFn | 6.MRR 7u

1Vs (a0t | 6%+ |sasken | lezewt || bskwd | 03w | 0.60%

2 f Toe | saws c166% | 120%* | 180% | 99.0%* | 833w

2 3A 0:00% 2% . 2% oF 44 0% 10.8%*
& [avert | 1850 " '9.8%*%-' J ?Igﬁ qo%v %‘ﬁz’ ! ﬁcl:% 0.30%
£ lsvea 24%* | 93%* | 120% | 110% | 370% | 000% | 0.20%
s lora 10%* | 72%* | 460% | 190% | 090% | 000% | 4.1%*
7VsA | 78%* | 48%* | 180% | 180% | 470% | 000% | 0.10%
Eror 010% | 080% | 210% | 150% | 260% | 000% | 0.50%

Remark: * = Significant



Table 5.35 Regression equations for grinding response esti
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] R-Square
Response variables R-Square ]
(adj.)
1. Circularity error (CEReq) = 3.23-1.60V // 1 A 0 , -0.038 Vs*f + 0.003 Vs*A 0.8144 0.7999
2. Finished diameter (Dre) = 19.67-0.04 Illile A\ +0. LQ\ 0.7198 0.6837
3. Tangential force (Ftre) = 0.465-0.1 // - 0700 ; 7 “&& .0063Vs*f + 0.0004f*A 0.7447 0.7249
il i il " ' %
4. Normal force (Fngre) = 0.466-0.137 Vs #0.0 %‘,f ?:423@1 +0.01. s - 0.005Vs*f 0.8034 0.7908
- ;a __.ﬂ'. - u
5. Grinding force ratio (R Reg) = 1.066 - 0.229 Vs + 37 IS*Vs 0.5826 0.5669
Z A
6. Material removal rate (MRR geg) = -2.318 + SfSZ Vs 7. 6’56“f"-if 0.047 A 0.9922 0.9918
7. Specific grinding energy | (Urg) = 86.13+ 0.14 f*A 0.8754 0.8657

Remark: CE Red.» Ft Red.» Fn Red.» R Red.» MRR Red.»
D req. Equation used for the range of V!

’QW’W@Nﬂ‘iﬂJ UANAINYA Y

b ittt

€97
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5.6.4 Confirmation results

Confirmation results of finished shapes run by the experimental plan in
Chapter 111 were illustrated in Table 5.36. It was found that sphere shapes of the
ground specimen were formed for all grinding conditions corresponded to the results
as illustrated in Table 5.3.

In addition, actual results including circularity error, finished diameter,
tangential force, normal force, grinding fdrﬂ;,ratio, material removal rate, and specific
grinding energy from the confirmation expérlmg_’mrwere found out and compared with
the estimated results calculated from the reduced 'fégression equations as previously
developed in Table SI;B/T"IE;@ wthe téble, there were no statistical indications to

indicate significant difference --betweerx the values from experiment and the values

from estimation for all respons sf.e‘ixcep‘_t for finished diameter according to P-value
less than 0.05. - 3'
nloda
a

Table 5.36  Summarized restits offéénﬁrmation experiment

/ = ‘ ";ii—:bst}rlasive grit size (A)
“=20pm é—"' 53 um
Cross head speed (f) | 1.0 mm/mir] 3.0 mm/min | 5.0 mm/min 1.0 mm/min | 3.0 mm/min | 5.0 mm/min
Grinding il 'Fi 3 > _—_}‘ﬁ 9 .
speed | 330mis [0S s S S
V) [ 377ms | s S s |Ws S s
Remark : S = Sphere shape



Table 5.37 Comparisons between actual and estimated values of grinding responses for various grinding parameters

Grinding conditions

Grinding response

. Cross . Circularity Finished Material Tangential Normal Grinding Sp_eci.fic

Exp. | Grinding head Abrasive | orror; CE diameter;.D removal rate; force; Ft force; Fn force ratio; grlndlr)g

No. run speed; speed: f grit size; (mm) (mm) MRR (mm®/s) (N) (N) R = Ft/Fn energy,su
number | Vs (m/s) (mm/m’in) A (um) (MJ/m°)

A E A, g/l \ A E Al E|A|E]|A]|E]|A E
1 1 2.83 1 20 060 | 053 [ 4941 | 4948 | 821 | 770 | 048 | 018 | 017 [ 018 | 1.03 | 0.95 | 61.4 | 60.4
2 3 2.83 3 20 0.60 | 0.68"| 19:83 | 4931 | 26.91 | 2446 | 018 | 0.20 | 0.13 | 0.21 | 1.00 | 0.95 | 135 | 24.8
3 2 2.83 5 20 063 | 082 (#1922 | 1928 | 4165 | 4122 | 024 | 022 | 0.25 | 0.23 | 0.94 | 0.95 | 162 | 13.9
4 9 2.83 1 53 0.66 | 048 | 19:38/| 4936 | 963 | 924 [ 010 | 013|012 | 014 | 081 | 1.04 | 295 | 425
5 8 2.83 3 53 0.48 | 063 [/19.25 |719.24 | 26:78"| 26.00 | 0.22 | 0.17 | 019 | 0.17 | 1.15 | 1.04 | 23.7 | 16.1
6 5 2.83 5 53 077 | 072 1923 || 1921 | 4703 | 42.76 | 027 | 0.22 | 0.25 | 0.20 | 1.09 | 1.04 | 16.3 | 143
7 10 3.30 1 20 0.46 | 0.43 | 49.36 | 1941 | 880 | 795 | 022 | 0.16 | 020 | 0.15 | 1.08 | 101 | 82.3 | 62.4
8 18 3.30 3 20 061 | 054 | 1028 | 19.29 | 2661 | 2494 | 010 | 0.18 | 009 | 0.17 | 1.05 | 1.01 | 12.1 | 25.7
9 12 3.30 5 20 0.60 | 065 | 19.25 [19.26 | 40.53 | 41.94 | 024 | 0.19 | 025 | 020 | 0.96 | 1.01 | 19.7 | 137
10 14 3.30 1 53 053 | 043 | 19.32 | 4934 | 941 | 948 | 011|011 [ 008|012 | 1.32 | 1.10 | 37.8 | 445
11 11 3.30 3 53 049 | 054 | 19.20- | 1992 | 2687 | 2648 | 0.15 | 0.15 | 0.12 | 0.14 | 1.21 | 1.10 | 182 | 17.0
12 13 3.30 5 53 0.69 | 065 19.14 | 19.19 | 4452 | 4348 | 029/ 0.18 | 0.18 | 0.16 | 1.11 | 1.10 | 144 | 14.1
13| 6 3.77 1 20 [ 050 | 043+~19:32|19:39 | 902|818 {013 0.15 | 0.09 | 0.13 | 151 | 1.10 | 551 | 64.4
14 7 3.77 3 20 068 | 050, | 1925 | 19.27 | 27.39 | 25.42 | 008 [ 0.16 | 0.08 | 0.15 | 0.99 | 1.10 | 11.3 | 26,6
15 4 3.77 5 20 051 | 0.58/| 19.21 | 1924 | 4323 | 42.66 | 0.28 | 0.16 | 0.26 | 0.16 | 1.11 | 1.10 | 24.7 | 135
16 17 3.77 1 53 046 | 048 | 1929 | 1932 | 914 | 972 | 015 | 0.0 | 0.10 | 0.09 | 1.52 | 1.19 | 615 | 4655
17 15 3.77 3 53 057 | 055 [ 1848 | 19.20 | 24.63.] 26.96 | 0.12 | 013 | 0.10 | 0.11 | 1.27 | 1.19 | 185 | 17.9
18 16 3.77 5 53 0:60 | 0.68 | 19.12" | 1917 | /4294 | 4420 |'0.17/{ 0116, | 0.14 | 0.13 | 1.18 | 1.19 | 145 | 14.0
Avg | 058 [ 0577 1926 | 1929 | 26.24 | 2571°| 0.17°| 0.16 | 0.16 | 0.16 | 1.13 | 1.07 | 295 | 296
) 009 | 011 | 008 | 008 | 14.47 | 1431 | 006 | 0.03 | 0,06 | 0.04 | 0.19 | 0.08 | 21.2 | 1856

P=valye 0.779 01004 2% 0.157 0567 0.85 0.08 0.97

Remark: A = Actual value from confirmation experiment, E = Estimated value from reduced model, *** = Significant
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Chapter VI

Discussion

In this chapter, the results from, the spherical grinding system for porous
polyurethane foam ground with the circular groove developed were discussed in terms
of finished shape, circularity error, finished-diameter, grinding forces, grinding force

ratio, material removal rate, and.specific grinding energy.

6.1 Finished Shape, Cireulapity Error (CE), and Finished Diameter (D)

From the experimenial ‘results “and analysis of variance in the previous
Chapter, grinding speed (Vs) played a vital role in sphere shape formation with
percent contribution ofé75.7% for circularity error and 39.6% for finished diameter,
dominating any other variable such as cros_s_,'h-'éad speed (f) and abrasive grit size (A).
Circularity error of 0.61 mm according to“;iljpp_er confidence interval level could be
indicated to be the critical valug for sphé_ré_shape confirmation. Grinding with
grinding speed between 2.83 and 3.77 m/s ah& cross head speed of 1.0 mm/min for
both abrasive grit sizes of 20 and 53 um contributed to sphere shapes with minimal
circularity errors. Figure 6.1 summarized averaged circularity errors (CE) and finished
diameters (D) by finished shapes. The averages of D and CE of the sphere shape were
19.30 and 0.59‘mm, respectively. Accaording to'egg-shape; D and CE were large being
19.73 and 1.51"mm. On the other hand, partial sphere and squircle size regarding
finished diafeters:0f 18.86 and 17.11°mm were smallér thanthaSe of 'sphere and egg
shape, while circularity errors were quite high at 1.08 and 0.78 mm.

In spherical surface generation mechanism, it was observed from the
experiment that the specimens ground with the low grinding speed of 1.41 m/s and
2.36 m/s for various cross head speeds and abrasive grit sizes did not rotate across
their own axes but just orbited and plowed around the groove with low speeds. As a
result, egg shapes with large finished diameter and high circularity error occurred. On

the other hand, the specimens ground with the grinding speed between 2.83 and 3.77
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m/s were induced to skid across their axes and to change their positions while rotating
around the groove, promoting more ground surface area with random positions and
consecutively resulting in sphere shape formation with minimal circularity errors. At
the higher grinding speed above 4.24 m/s, the ground specimens were induced to
rotate around the groove too fast to change their positions randomly in the contact
between specimen, circular groove, and grinding wheel. This resulted in partial sphere
and squircle shape formation with small fipished sizes and high circularity errors.
Reduction in finished diameters resulting from.increasing grinding speed can be
explained by Archard’s..wear equation that-material removal rate is directly
proportional to sliding speed.of an abrasive process (Liu and Li, 2001). In addition,
larger abrasive grit size used eontributed to more penetrating depth of cut causing
small finished diameters. ,

The greater thesgrinding area; thé higher possibility of forming sphere shape
corresponded to the previous work from Léé et al. (2006) and Stolarski (1999) who
stated in lapping process that 0 receive the roundness ball, the motion of a ball should
be random, and the orientation of the ball being ground should be different to its
previous orientation. For most-previous fése]érch in spherical grinding processes
especially in magnetic fluid grinding and' \/-groove. lapping that circularity errors
lower than 1 pum weré required;-grinding speed-in-terms Of rotational shaft speed was
also indicated to be the'influential variable to generate rounded balls.

Table 6.1 showed characteristics of various spherical grinding processes as
developed in the previous-research farsmagnetic fluidigrinding and lapping process
compared withthe work done in this research.” It"'was found that to grind different
materials baving different properties particularly .pore  structures ,and strengths,
grinding' techniques, grinding-geometry, and grinding speed 'were 'varied. And, the
results in terms of surface roughness and circularity error were markedly different
between dense and porous materials.

Storlarski and Tobe (1997) and Child et al. (1995) who researched in magnetic
fluid grinding and lapping for spherical grinding brittle ceramic balls stated that
minimal circularity errors could be achieved for grinding with small abrasive grit
sizes. This is because small grit depth of cut by using small grit size led to more

surface grinding area and contributed to effective spherical surface generation and
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surface damage reduction. Brittle and porous materials in general are inevitably prone
to surface deterioration by machining; therefore, care should be taken in process
parameter design. In the spherical grinding system developed, there was no significant
effect of abrasive grit size on circularity error from the statistical analysis. However,
to reduce the risk of crack damages, the smaller abrasive grit size maybe

recommended.

22.0
20.0 A
18.0 1 1711
16.0 | |
14.0 -
w—~ 12.01
Z» E 10.0 @b
8.0 1 B CE
6.0
4.0 q
2.0 0.78
0.0
Squircle
3 L
Figure 6.1 Summarry i i : Jrjd finished diameter (D)
o

for various finished shapes *‘

A A
L -

Table 6.1 Comparisons of-characteristics«of vaniqus spherical-grinding processes

Magnetic fluid Circular groove

Process grinding V-groove lapping grinding

Material Silicon nitride Silicon nitride Rolyurethane

Bulk density'(Mg/m?’) 8.16 3.6 0.125

Porosity (%) Dense Dense ~90%

Fracture toughness 53-6.6 5.3-6.6 -

Hardness (GPa) ~16 ~16 -
Grinding conditions

Rotational speed (rpm) 1,000 - 10,000 50 600 - 800
Grinding results

Load (N) 1 10 <1

Finished diameter (mm) ~13 ~13 ~19

Surface roughness (nm) 4 4 -

Circularity error (um) 0.15-0.25 1-32 460 — 760
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6.2 Grinding Forces (Ft and Fn)

6.2.1 Relationship between Grinding Factors and Grinding Forces

Grinding forces in terms of tangential (Ft) and normal (Fn) force were mainly
affected by grinding speed (Vs) according to the percent contributions of 55.3% and
62.6% in the analysis of variance results in Chapter V. Both tangential and normal
force were slightly decreased as increasing grinding speed corresponded to much
previous research for conventional surface grinding of ceramics developed by Malkin
and Hwang (1996); Yui-and- Lee (1996); Ramesh-et-al. (2001); Shen et al. (2002);
Tang et al. (2009); Yallese~et-al. (2009). This can be explained in the power
dissipation equation for grinding process (Marineseu et al., 2004) that grinding speed

is inverted to tangential foree as shown in Equation 6.1.

P = FVs | (6.1)
Where ‘

P = Power, Watt or N*m/s

Ft = Tangential force, N

Vs = Grinding-speed; m/s

In addition, the cross head speed (f), another significant parameter in the
spherical grindingsystem,couldibe equivalent to workitablesspeed or feed rate in the
conventional grinding conveying specimens to encounter grinding wheel. Increasing
cross head.speed resulted.in higher grinding, forces, conformed to the results from the
work developed by'Liuvet al. (200%) for'surface grinding dense ceramic materials and
Pei and Starsbaugh (2002) for vertical grinding silicon wafers.

Grinding with the smaller abrasive grit size (A) contributed to greater grinding
forces, which was different from the results from the research presented by Liu et al.
(2001); Qi et al. (1997); Plaskos et al. (2003) for dense materials. In general, larger
abrasive grit size leads to larger depth of cut and contact stress between the grit and
the work piece, resulting in greater grinding force per grit (Liu et al., 2002). The

contradict result for porous material grinding in this research could be explained that
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inhomogeneous microstructures and mechanical properties may give high variation in
grinding forces. The more porosity, the less strength properties and consequently the
less grinding force as stated by Kalpakjian and Schmid (2001) that not only grinding
conditions such as cutting speed, feed rate, and depth of cut but also strength of

materials being ground can affect grinding force for material removal processes.

6.2.2 Relationship between Grinding Force Signal Characteristics and
Spherical Forming

From the grinding-force profiles illusirated-in Chapter 1V for grinding force
signal analysis in time domain,_ihe slope of linear estimations was investigated for
various finished shapes in the spherical forming. Table 6.2 and 6.3 summarized the
slopes and root mean squares of tangential (Ft) and normal (Fn) force, finished
diameter (D), circularity egror (CE); and' finished shape resulting from the selected
grinding condition for Replication 1 and 2 respectively. The relation among the
slopes of tangential and narmal force signais, finished shape, and circularity error was
graphically illustrated via matrix piots in‘Figure 6.2 to 6.4. It was found that the
slopes of finished sphere shapes-generated fro}h the grinding speed range of 2.83 to
3.77 m/s were obviously distinguished and between.those. of partial sphere, squircle
and egg shapes. The-lower siopes-contributed to-partial Sphere and squircle shape
formation. On the other hand, the higher slopes gave finished egg shapes for all
grinding conditions.

In additiony summarized statistics in;Table6.4-and-average values of the slope
graphically shown in Figure 6.5 could give an obvious distinction of grinding force
signal characteristics for various finished shapes. The slopes_ of tangential and normal
force signal for finished sphere shape‘from all conditions.were reported in average of
0.64 x 10 N/s and 8.2 x 10™* N/s, respectively. While, the 95% confidence intervals
were 0.19 x 10 N/s and 1.1 x 10™* N/s for tangential force and 6.3 x 10 N/s and 9.9
x 10™* N/s for normal force. It could be observed from the tangential force (Ft) profiles
that stable forces applied on the specimen according to the slope nearly zero
contributed to the finished sphere shape formation. Storlarski and Tobe (1997) stated
that lapping loads applied remarkably affected roundness errors of the silicon nitride

ball, but they did not illustrate any indications of grinding force patterns. In this
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research, the attempt of studying grinding force profiles in spherical forming was in
depth investigated.

Aside from time domain for grinding force signal analysis, frequency domain
was also investigated in terms of spectral density meaning to the grinding force
intensity at various frequencies. Table 6.5 and 6.6 illustrated the peak frequencies and
root mean squares of tangential (Ft) and normal (Fn), finished diameter (D),
circularity error (CE), and finished shape from the selected grinding condition for
Replication 1 and 2, respectively. It was’ obsgived that the peak frequencies of
tangential force (Ft) were-about 5.3, 6:2, and-/.4-Hz at the grinding speed of 2.83,
3.30, and 3.77 m/s respectivelywinere the finished sphere shapes were formed.

For normal force (Em), ihe peak frequencies were located at about 5.3 and 9.4
Hz for the grinding speed of 2:83 m/s, 6.2 and 7.5 Hz for the grinding speed of 3.30
m/s, and 5.8 and 7.1 Hz for the grinding speed of 3.77 m/s. At the lowest grinding
speed of 1.41 m/s wheres egg shapes \;\}ere formed, the low peak frequency
approximately 2.6 and 2.4 Hz for tangential “force (Ft) and normal force (Fn) were
represented. For the partial sphere and squwcle shape ground with the highest
grinding speed of 5.18 m/s, peak frequencnes dld not obviously appear for all grinding
conditions. o

Summary of grnding foree signal-characteristics in terms of the average slope,
the peak frequency, and the average root mean square of grinding forces for various
finished shapes under the selected grinding conditions for grinding force signal
analysis was tlustrated| inTablen6.7./The #finished~sphere=shape having average
diameter (D) ofsaround™19.27 to 19.31 mm and circularity error (CE) of about 0.57 to
0.62 mm were_formed.at.the.average.slopes from*0.28 x 10:* t0.0.89 x 10 N/s for
tangential force (Ft)'and 7.41x 204t6'9.08 x 10" N/s for-normal'fdrce (Fn) whereas
the average root mean squares were between 0.14 and 0.18 N for Ft and 0.13 and 0.18
N for Fn. In addition, the obvious peak frequencies in the spectral densities of the
finished sphere shape for tangential force (Ft) were between 5.3 and 7.1 Hz at the
grinding speed between 2.83 and 3.77 m/s. For normal force (Fn), the peak
frequencies performed at 5.3 and 9.4 Hz, 6.2 and 7.5 Hz, and 5.8 and 7.1 Hz for the
grinding speeds of 2.83, 3.30, and 3.77 m/s for all cross head speeds and abrasive grit

sizes, respectively.
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From the frequency domain results of the tangential force (Ft), the shift of the
peak frequencies from 2.6 to 7.1 Hz was performed as increasing grinding speeds
(Vs) from 1.41 to 3.77 m/s corresponded to the work of Girardin et al. (2010) for tool
wear detection in milling operation and the work developed by Fang et al. (2009) in
the study of cutting force vibration for turning an aluminum alloy. In the past
research, grinding or cutting force signals in time and frequency domain was applied
for cutting tool failure monitoring under various working conditions particularly in
metal cutting as presented by Kalvoda and-Hwang (2010); Sarhan et al. (2001) and
etc. Besides, An et al. (1997) demonstrated the patierns of the cutting force signals in
the frequency domain affecting surface roughness of the finished specimen for diverse
cutting tool materials andsgeometries In turning glass fiber reinforced plastics. In
contrary, this research"woik presented grinding foree monitoring for the attempt of
investigating spherical sugface formingi for porous materials in the presence of

polyurethane foam.
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Table 6.2 Slope and root mean square of tangential (Ft) and normal (Fn) force,
finished diameter (D), circularity error (CE), and finished shape from
selected grinding conditions for Replication 1

Grinding conditions Slope (x 10°NJs) ggj;r'\e"af:)‘ 5 o
Shape
Vs f (mm)  (mm)
(mis)  (mm/min) A (um) Ft Fn Ft Fn
141 1 20 411 5.09 0.32 0.30 19.93 1.69 E
53 1.30 BI0P 0,49 0.20 19.85 1.20 E
3 20 3.03 8.83 0.28 027 2003 177 E
53 5Y6+- 15.04 036 0.39 19.57 1.49 E
5 20 9:85 22.40 Ondel 0.38 19.34 1.87 E
53 0.8 3845 0.44 0.46 19.84 1.93 E
2.83 1 20 057 2.97 012 014 1948 053 S
o 0430 2.30 03 0.12 19.35 0.55 S
3 20 -0M43 8.28 0.16 0.16 19.37 0.62 S
58 40.81 10.28 0.18 0.21 19.20 0.63 S
5 20 2:34 13y 3% Y0.16 0.18 19.36 0.67 S
53 2.46 1558 024 020 1924 0.76 S
3.30 1 20 054 02899 0.2 0.10 19.37 0.55 S
53 -0.19 189/, 011 012 1936  0.47 S
3 20 0,84 10 765=0440. 18 0.21 19.31 0.48 S
53 -0-44 628 0.11 0.12 19.18 0.61 S
5 20 118 14:69/ =205 0.17 19.34 0.54 S
58 -0.65 18.45 0.26 0.22 19.21 0.73 S
3.77 1 20 0.40 2.13 011 o1 19.38  0.47 S
53 -0.13 0.55 0.10 6:07 19.33 0.49 S
3 20 3.21 1328 022 023 1938 0.59 S
53 -0.44 4.65 0.10 0.09 19.18 0.56 S
5 20 0:63 11.68 0:14 0.14 19.26 0.54 S
53 2.86 18.03 0.19 0.20 19.24 0.60 S
5.18 1 20 -1.29 -0.66 0.11 0.07 18.21 1.35 PS
53 -2.04 -0.74 0:10 0.06 15.74 0.77 SQ
3 20 -2.98 0.2% 0.10 0.08 19.09 0.77 SQ
53 -3.48 -1.15 0.09 0.05 18.17 181 PS
5 20 -3.71 0.05 0.09 0.06 18.94 121 PS
53 -6.78 -1.35 0.11  0.07 19.02  0.83 PS

Remark: E =Egg, S = Sphere, PS = Partial sphere, SQ = Squircle
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Table 6.3 Slope and root mean square of tangential (Ft) and normal (Fn) force,
finished diameter (D), circularity error (CE), and finished shape from
selected grinding conditions for Replication 2

Grinding conditions Slope (x 10°NJs) ggj;r'\e"af:)‘ 5 o
Shape
Vs f (mm) (mm)
(mis) (mm/min) A (um) Ft Fn Ft Fn
1.41 1 20 280 « 587, 029 033 198 136 E
53 215 5464 4022 028 1964 111 E
3 20 5.58 786 035 032 1961 198 E
53 624  11.73 086" 037 1967 149 E
5 20 1473 2419 043 045 1994 175 E
53 985 ;1189 022 022 1971 171 E
2.83 1 20 042 // 421 020 023 1942 051 S
53 015/ -218 014 042 1938 053 S
3 20 2.7, 758 020 018 1927 064 S
53 068 . 1240 020 021 1926 062 S
5 20 341 (18§26 024 4023 1918 075 S
53 082 .. 1374 020 019 1922 058 S
3.30 1 20 149 436 % 022 022 1940 050 S
53 0.38 187/ 011 011 1940 046 S
3 20 2.92 781 10200 020 1928 061 S
53 130 567 015 012 1926 062 S
5 20 21300 1401 047 020 1930  0.62 S
53 010 958 043 W0.18 1923 057 S
3.77 1 20 097306018 ~0i6 1935 064 S
53 0.16 160 011 008 1933 052 S
3 20 2.77 699 016 013 1925 0.9 S
53 041 528 010 009 1924 063 S
5 20 022, , ~13.84-". 0,16 , .0.18. ..19.18 060 S
53 082" |7.82! J01r 010 1915 062 S
5.18 1 20 077 028 015 009 1919 068 PS
53 213% -113 044 009 1649' 078 SQ
3 20 013 | “ 432" " 014 o1l 1986 - 070  PS
53 180 “129° 010 " 009 1868 170  PS
5 20 050 254 016 008 19.06 105  PS
53 274 136 009 006 1897 101  PS

Remark: E =Egg, S = Sphere, PS = Partial sphere, SQ = Squircle
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signal, circularity errors (CE), and finished shapes for cross head speed

(f) of 1.0 mm/min with various grinding speeds (Vs): a) Abrasive grit

size (A) = 20 um and b) Abrasive grit size (A) =53 um
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signal, circularity errors (CE), and finished shapes for cross head speed

(F) of 5.0 mm/min with various grinding speeds (Vs): a) Abrasive grit

size (A) = 20 um and b) Abrasive grit size (A) =53 um
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Table 6.4 Summarized statistics for slope of Ft and Fn by finished shapes

Slope of Ft (x 10 N/s) Slope of Fn (x 10 N/s)
Shape N
95% C.I. Avg SD 95% C.I. Avg SD
Egg [3.3,7.2] 5.2 3.1 [7.2,17.7] 12.5 8.3 12
Sphere [0.19,1.1] 0.64 1.3 [6.3,9.9] 8.2 54 36
Partial sphere | [-4.0, -0.75] -2.4 2.1 [-0.68, 2.2] 0.74 1.9 9
Squircle [-3.7,-1.1] -2.4 05 [-2.3,1.2] -0.55 0.69 3
Remark: C.l. = Confidence interval, Avg = Average; SD =Standard deviation,
N = Number of specimen
25.0 - B o e
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20.0 . O Slope Fn
15.0 - i
= 12.5
#Z 10.0 A
o
—
X
% 501 5.2 i
o
»
0.0
.
50| -2.4
-10.0 e —
Egg Sphere Partial sphere Squircle
Shape

Figure 6.5. Averaged slope values of-FtiandiFn for various finished shapes
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Table 6.5 Peak frequency and root mean square of tangential (Ft) and normal (Fn)
force, finished diameter (D), circularity error (CE), and finished shape

from selected grinding conditions for Replication 1

Grinding conditions Peak Freg. (Hz) ggﬁ;g?ﬁg 5 CE
Shape
Vs f (mm)  (mm)
(mis)  (mm/min) A (um) Ft Fn Ft Fn
141 1 20 2.5 215 0.32 0.30 19.93 1.69 E
53 2.6 29 019 0.20 19.85 1.20 E
3 20 2.6 23 028 0.27 20.03 1.77 E
53 2.5 2.3 036  0.39 19.57 1.49 E
5 20 2.6 - 031 0.38 19.34 1.87 E
53 20 \ 044  0.46 19.84 1.93 E
2.83 1 20 3.3 S8, A5 N0 M, T4 19.48 0.53 S
53 4 54,93 012, "042 19.35 0.55 S
3 20 243 5.3 0.16 . 0.16 19.37 0.62 S
53 .3 = O8N, UR1 19.20 0.63 S
5 20 ] 5% M Y0.16 " \0.18 19.36 0.67 S
58 5.4 04,83 024, 020 19.24 0.76 S
3.30 1 20 63 6.37.8 % 0.12 0.10 19.37 0.55 S
53 6.2 62435, 011 0.2 19.36 0.47 S
3 20 6.2 6.2 0.18 0.21 19.31 0.48 S
53 6:2 62,75 011 0.2 19.18 0.61 S
5 20 2 3 045 017 19.34 0.54 S
53 - o 026 0.22 19.21 0.73 S
3.77 1 20 T 58,71 011 011 19.38 0.47 S
53 e 5.9 0.10  6:07 19.33 0.49 S
3 20 7.1 58,71 022 023 19.38 0.59 S
53 7.0 5.9 0.10 0.09 19.18 0.56 S
5 20 1 5.8 0:1% § ~0.14 19.26 0.54 S
53 7.4 5.9 019 @ 0.20 19.24 0.60 S
5.18 1 20 - - 0.11  0.07 18.21 1.35 PS
53 - - 010 _ .0.06 15,74 0.77 SQ
3 20 i - 0.10 |/ 0.08 19.09 0.77 SQ
53 - - 0.09  0.05 18.17 1.81 PS
5 20 - - 0.09 0.06 18.94 1.21 PS
53 - - 0.11  0.07 19.02 0.83 PS

Remark: E =Egg, S = Sphere, PS = Partial sphere, SQ = Squircle
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Table 6.6 Peak frequency and root mean square of tangential (Ft) and normal (Fn)
force, finished diameter (D), circularity error (CE), and finished shape

from selected grinding conditions for Replication 2

Grinding conditions Peak Freg. (Hz) ggﬁ;g?ﬁg 5 CE
Shape
Vs f (mm)  (mm)
(mis)  (mm/min) A (um) Ft Fn Ft Fn
1.41 1 20 2.6 215 029 033 19.86 1.36 E
53 2.6 29 0,22 0.28 19.64 1.11 E
3 20 2.5 2.3 035 0.32 19.61 1.98 E
53 2.5 2.5 036 0.37 19.67 1.49 E
5 20 2.6 2.2 043 0.45 19.94 1.75 E
53 7 \ 022 . 0.22 19.71 1.71 E
2.83 1 20 72 SR ARNN0 M, U3 19.42 0.51 S
53 94 58 93" 014, "042 19.38 0.53 S
3 20 o 5.4 9;3% 10.20" 4,0.18 19.27 0.64 S
58 °.3 9.5 020 0.21 19.26 0.62 S
5 20 ; oML M \0.24 "\0.23 19.18 0.75 S
58 F T 0.200. 0.19 19.22 0.58 S
3.30 1 20 6:2 G2 0.20\ %, 0.22 19.40 0.50 S
53 6.2 o348, 018 "0.11 19.40 0.46 S
3 20 6.2 6.2, 7.5 70200 0.20 19.28 0.61 S
53 62 63,75 015 012 1926 0.62 S
5 20 6.2 59,76--017 0.20 19.30 0.62 S
53 - - 0.13 013 19.23 0.57 S
3.77 1 20 T 581018 0.16 19.35 0.64 S
53 7.1 58,71 011 008 19.33 0.52 S
3 20 7.1 5.8 0.16 0.13 19.25 0.59 S
53 7.1 58,71 010 0.09 19.24 0.63 S
5 20 70 6.9 0:16 ; ~0.18 19.18 0.60 S
53 7.1 5.8 014 | 0.10 19.15 0.62 S
5.18 1 20 - - 0.15 0.09 19.19 0.68 PS
53 - - 014 _ 0.09 16.49 0.78 SQ
3 20 { - 014 | 0.11 19.36 0.70 PS
53 - - 0.10  0.09 18.68 1.70 PS
5 20 - - 0.16 0.08 19.06 1.05 PS
53 - - 0.09 0.06 18.97 1.01 PS

Remark: E =Egg, S = Sphere, PS = Partial sphere, SQ = Squircle
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Avg. Peak freq.

Avg. Root mean

- - - -4 ..
Grinding conditions Avg. Slope (x 107N/s) (H2) square (N) AD (Tns% XE (Trsn% FIT:Shed
Vs(mis) f(mm/min) A (um) Ft Fn Ft En Ft Fn V= Ve = shape
Egg
141 1.0,3.0,50 20,53 5.2 4% 246 24 0.31 0.33 19.75+£0.19 1.61+£0.28 u
Sphere
2.83 1.0,3.0,5.0 20,53 0.89 9.08 58 '{5.3‘,-'9.4 0.18 0.18 19.31+0.10 0.62 +0.08 D
, Sphere
3.30 1.0,3.0,50 20,53 0.28 7.96 6.2 6275; 0.16 0.16 19.30 £ 0.07 0.56 £ 0.08 D
I Sphere
3.77 1.0,3.0,50 20,53 0.75 74 7l 5.8,7.1 0.14 0.13 19.27 +0.08 0.57 £0.06 D
Partial sphere
5.18 1.0,3.0,50 20,53 -24 0:74 - - 0.12 0.08 18.85+0.41 1.15+£041 D
Squircle
5.18 1.0,3.0 20, 53 2.4 <0.55 - - 0.11 0.08 17.11+£1.76 0.77 £0.01 D

181
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6.3 Grinding Force Ratio (R)

Grinding force ratio (R = Ft rms/ Fn rus), the proportion between tangential and
normal force, may be used to describe the machining difficulty of materials during
grinding, meaning to the cutting ability of grinding wheels (Chen et al, 2009). From
the experimental results, grinding force ratio was between 0.80 and 2.15 according to
Table 4.6 and slightly increased as increasing grinding speed (Vs) being the most
significant parameter with 65.4 % contripution. The grinding force ratio from the
spherical grinding system for porous pelyurethane foam performed as the same
pattern as those from the.weork presented by -Yin-et al. (2005); Agarwal and Rao
(2008); Chen et al. (2009) fer zirconia and silicon nitride in conventional surface
grinding. At a high speed grinding, the ratio of tangential and normal force was higher
than those of a conventional speed grinding. However, the grinding force ratio range
from this research wasfrevealed to be mérkedly higher than those from the previous
work as mentioned.

Compared with the high-speed surface grinding of dense ceramics developed
by Huang et al. (2001) in Figure 6.6, the"élqpe (0.8218) of the linear line from all
experimental results of the spherical grindfingj"'system in Figure 6.7 was obviously
higher than the slope (0.29145) of the pferOUS work,..implying high machining
ability. This could be-expiamned-that porous-materiais have very low strength due to
their pore structure matrixes resulting in susceptible material removal and a high
grinding ability.

From the results in“Figure 515 /and;5:16, dt \was -observed during experiment
run that when'increasing grinding Speed above 3.77 m/s, the ground specimen was
induced.to float.and.orbit above the bottom of the circular. groove.pad to encounter the
grinding wheel. Therefore, the'interface areas between the-specimen.and the grinding
wheel were larger than those between the specimen and the circular groove, leading to
low normal forces acting on the dynamometer and consequently a high grinding force
ratio.

Aside from indicating machining ability, the grinding force ratio in the
spherical grinding could imply the spherical formation as well. In Figure 6.8, the root
mean squares of tangential (Ft) and normal (Fn) force for various finished shapes

from the selected grinding conditions for signal analysis were plotted versus each
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other. Linear estimation with no interception and R-Square were illustrated for each
finished shape. From the plot, it was found that the estimated grinding force ratio (the
slope of linear equation) around 1.42 to 1.51 could give squircle and partial sphere
formation with the R-Square of 0.491 and 0.1972, respectively. The estimated ratio of
0.99 with the R-Square of 0.792 contributed to finished sphere shapes formed, and at
the ratio of 0.95 with R-square of 0.8847 egg shape came out. However, to quantify
the grinding force ratio for various finished shapes summarized statistics in terms of
95% confidence interval, average, and standard deviation were demonstrated in Table
6.8. The finished sphere-shape -was greund with-the average grinding force ratio of
1.03 + 0.15 with 95% confidence interval between 0.98 and 1.08. The average
grinding force ratios of thesother shapes were 0.95 + 0.08 for egg shape, 1.44 + 0.18
for squircle, and 1.59°% 0,29 for partial sphere. Variation in grinding force ratio for
each shape could be affected by the varia;tion of pore structures of the material being
ground that normally infitence the mechanricaél strengths and grinding forces.

12 —-
Y= 0:87754 +0.29145x

R-Square = 0.9664

Tangential force (N)
o)
|

-~

0 5 10 20 25 30 35
Normal force (N)

Figure 6.6 Relationship between specific tangential and normal force for high speed

surface grinding of dense ceramic (Huang et al., 2001)
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| force for spherical grinding

Figure 6.8 Relationship between tangential (Ft) and normal (Fn) force for selected

various finished shapes
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Table 6.8 Summarized statistics for grinding force ratio by finished shapes

Grinding force ratio (R = Ft gps / FN ruis)
Shape
95% C.I. Avg SD N
Egg [0.90, 1.00] 0.95 0.08 12
Sphere [0.98, 1.08] 1.03 0.15 36
Partial sphere [1.40, 1.78] 1.59 0.29 9
Squircle [1.23, 1.65] 1.44 0.18 3

Remark: C.l. = Confidence interval, Avg = Average, SD =Standard deviation,

N = Number of specimen

6.4 Material Removal Rate (MRR)

As can be seenfrom the results in Chapter V/, material removal rate was
remarkably affected by ciosshead speed '(f')' of circular groove pad that was dependent
on different time consumption for each xrjead speed used. Total distance of circular
groove pad from initial"(31:30,mm.) to final (19.50 mm.) head distance was fixed to
be 11.8 mm for all grinding €onditions. As a-'result, the faster cross head speed, the
lesser time consumed and the higher remoil;al'-l‘n_'{slte. Interval time spent for each cross
head speed to reach the same distance of 11,.§_ mm. was shown in Table 6.9.

In addition, grinding speed (\/s) and ébrasive grit'size (A) were also declared
to be statistically significant according to P — value less-than 0.05 in spite of low
contribution of 0.3% and 0.6% in Table 5.11. This could be discussed that increasing
grinding speed resulted in finished diameterreduction as explained by Archard’s wear
equation and consecutively. affected material removal rate. Also, because of more
penetrating depth of cut, larger abrasive grit size used led to small finished diameters

and high removal rates.

Table 6.9 Time consumption for various cross head speeds

Cross head speed; f (mm/min) Time; T (min)
1.0 11.80
3.0 3.93

5.0 2.36




186

6.5 Specific Grinding Energy (u)

Specific grinding energy is one of the most important characteristics in
material removal processes, which is defined as the energy expended per unit volume
of material removal (Malkin and Hwang, 1996). Specific grinding energy in the
spherical grinding porous polyurethane foam was ranged from 7.5 to 88 MJ/m®.

From the statistical results, cross head speed (f) was the most influential
parameter with 83.3% contribution. The main effect plot in Figure 5.33 showed that
the specific grinding energy substantially decreased when increasing cross head
speeds. This is well agreed-with-much’ previous-werk both in conventional surface
grinding for dense materials~and in orthogonal cutting for porous materials that
specific grinding energy decreased as ' increasing material removal rate, which is
directly related to increasing cross head.speed and depth of cut. Malkin and Hwang
(1996) stated that specific grinding energy was inverted to material removal rate. Tso
(1995) presented a downward trend of speciﬁc grinding energy in surface grinding for
Inconel 718 with increasing feedrate of the work piece material. Plaskos et al. (2003)
concluded that specific cutting energy for't‘jor}e cutting decreased for the increase of
depth of cut. And, Song et al-{2009) pi;esél’hted the inverse relationship among
specific grinding energy, depth of cut and feed rate of dental cutting for leucite-
reinforced glass cerarate—Although-having no-expheitimpact, increasing grinding
speed seemingly contributed to a higher specific grinding energy as illustrated from
experimental results in Figure 5.19 and 5.20 corresponding to the work of Yin et al.
(2005) for surface grinding of alumina;

From ‘much™ previous research, SpecifiC™ grinding energy was strongly
dependent_on the material to. be ground .as.well .as grinding.conditions such as
grinding wheel speed, work piecetspeed, and depth of'.cut. The higher strength of
materials the higher energy required for chip formation. In ductile regime grinding
used to reduce crack damages and to improve surface integrity for brittle materials,
high specific grinding energy occurred when increasing grinding wheel speed and

reducing work piece speed and depth of cut.



187

In this research, the magnitude of specific grinding energy reported from 7.5
to 88 MJ/m* was very low when compared with that from approximately 8,000 to
98,000 MJ/m® for surface grinding of alumina investigated by Huang and Liu (2003).
This is because alumina has distinguished strength properties than polyurethane foam
comprising pore structures resulting in low mechanical strength. Besides the material

structures, atomic bond is one of the possible reasons influencing material strength

v /ing energy as stated by Ramesh et al.

and consequently the variations i
(2001).
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Chapter VII

Conclusions

This chapter summarized the outcomes from this research work for spherical

grinding porous polyurethane foam. ‘In jaddition, future research work, and

suggestions were also propesed to further enhanece the spherical grinding technique

more relevant and precise.

7.1 Conclusions

1)

2)

3)

4)

Porous polyureihang foam used a;s a specimen in this research had Pore size
between 200 andi400 um, Bulk dénas-ity of 0.125 Mg/m?, Porosity of 89.6%,
Flexural strength of 2.14 MPa and Compressive strength of 1.05 MPa with
Weibull modulus of 4.52 and 7.88, 'réspectively.

Grinding speed (Vs), cross head spééd (f), interaction between grinding speed
and cross head speed-(V/s*f); interaction between-grinding speed and abrasive
grit size (Vs*A), interaction between cross head speed and abrasive grit size
(f*A), and interaction of the three parameters (Vs*f*A) significantly affected

circularity error:(CE), of thergreundsspecimen

All grinding. parameters, including, grinding speed (\/s), cross head speed (f),
abrasive ‘grit size (A), and’ their “interactions | (\Ms*f,) Vs*A, f*A, Vs*f*A)
significantly influenced on the finished diameter (D). In addition, the gradual
decrease in finished diameter occurred at the grinding speed between 2.83 to
4.24 m/s.

Finished shapes after grinding found were 4-types which were egg, sphere,
partial sphere, and squircle.



5)

6)

7)

8)

9)

189

The finished sphere specimen could be formed with the range of 95%
confidence interval for the circularity error (CE) between 0.57 and 0.61 mm
and the finished diameter (D) between 19.28 and 19.32 mm.

Grinding speed (Vs) between 2.83 and 3.77 m/s could form the spherical work
pieces whereas the grinding speed of 3.30 m/s, cross head speed (f) of 1.0
mm/min, and abrasive grit size /(A) of 53 um provided the minimum

circularity error of 0.47 mm.

Tangential force (Ft) and.normal force (Fn) were influenced by grinding speed
(Vs), cross head speed (f), and abrasive grit size (A), and also were markedly
decreased with" ingreasing, grinding speeds. Grinding force ratio (R) was
significantly afiected hy grinding speed (V/s) and abrasive grit size (A) and

was increased with increasing grinding speeds.

Material removal rate (MRR) was s'tétistically affected by grinding speed (Vs),
cross head speed (f), anid-abrasive girit size (A) and obviously increased with
increasing crass head Speeds from 1.0 t0 5.0 mm/min.

Cross head speed (f), abrasive grit size (A), and their interaction (f*A)
significantly influenced on the specific grinding energy (u) which was reduced

by increasingjthe crossthead speeds:

10).Grinding, speed. (\V/s).was, the, most influential factor in“spherical forming

porous polyurethane foam.“The-circularity-error (CE), finished diameter (D),
tangential force (Ft), normal force (Fn), and grinding force ratio (R) were
contributed by 75.7%, 39.6%, 55.3%, 62.6%, and 65.4%, respectively.

11) Cross head speed (f) mainly affected on the material removal rate (MRR) and

specific grinding energy (u) with the contributions of 99.9% and 83.3%,

respectively.
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12) From the time domain analysis of the selected grinding conditions, the slopes
of tangential and normal force signals in linear estimation were in average of
0.64 x 10* N/s and 8.2 x 10™ N/s, respectively at the grinding speeds (Vs)
between 2.83 and 3.77 m/s for all cross head speeds and abrasive grit sizes

where the spherical formation was performed.

13) From the frequency domain analysis.of the selected grinding conditions, the
peak frequencies of. the finished sphere: specimens formed were ranged
between 5.3 and 7.4 -Hz at the grinding speed between 2.83 and 3.77 m/s for
tangential force signalyand were 5.3 and 9.4 Hz, 6.2 and 7.5 Hz, and 5.8 and
7.1 Hz at the grinding.Speeds of 2.83, 3.30, and 3.77 m/s respectively for
normal force signal.for.all cross head speeds and abrasive grit sizes.

14) Grinding force ratio (R = Ft gys/ FnJ-RMS) in average of 1.03 = 0.15 with 95%
confidence intervalbetween 0.98 ant .08 could indicate spherical formation
in the spherical grinding-system dé\zgloped at the grinding speeds between
2.83 and 3.77 m/s for all'erass head s;peé'as and abrasive grit sizes.

7.2 Future ResearchWork
After this research work conducted for the spherical grinding system of porous
polyurethane foam, there were some interesting research topics which could be further

studied in the field:of machining perousmaterials as following;

1) The effect_of .material properties. such-as. bulk. density .and mechanical

strengthslon grinding forces‘andspherical forming-should'be investigated.

2) Other abrasive grit sizes and types could be carried out to improve surface
integrity and circularity error of the ground specimen. Also, efficiency and

machining cost should be studied.
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Further study of precise spherical measurement such as Coordinate Measuring
Machine (CMM) may be used to measure finished diameter and circularity
error. However, measuring methods should be carefully selected because

pores of the material can lead to error in measurement.

Proper grinding conditions in terms of grinding speed, cross head speed, and
abrasives for other porous material parts such as commercial hydroxyapatite
implants for eye ball surgery should be further investigated via the spherical
grinding system -as-developed~in order-to~improve dimensional accuracy,
reduce shape variations,.and reduce risk of Crack damages resulting from
conventional hand.griading. This could minimize time consumption and

product prices:

7.3 Research Suggestions

Suggestions in terms of grinding téchniques to form wide ranges of finished

sizes and a sphere shape of gther materials'i}si‘ng the spherical grinding system in this

research work were proposed as fetows,

1)

2)

3)

To form a bigger-finished size-of sphere thafi 19.30 mm in average as
illustrated in this research, a bigger as received cube specimen and also the

new circular groove could be required.

The smaller “finished size of sphere could be obtained from the spherical
grinding.system. proposed.with. the circular. groove size of 11,30 mm in radius
and as received cube specimen of 21 mm by adjusting the final head distance
(Hi) below 19.50 mm.

As received specimen nearly sphere shape produced from various porous
material fabrication techniques could contribute to shorter processing time
than that from as received cube specimen as proposed in this research for
spherical forming.
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4) A stand alone machine of the spherical grinding with the circular groove
system could be equipped with the adjustable grinding speed and cross head
speed control unit, grinding force measurement, and in process monitoring

system.

5) To form other porous materials in sphere shape, the ranges of grinding speed
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Appendix A
Table A-1 Bulk density and porosity of porous polyurethane foam
No Width Thickness  Length Mass (g) Volume deBr:Jiniiy Porosity
" (mm) (mm) (mm) (x 10°m?) (Mg/m®) (%)
1 21.24 21.32 20.39 1.169 9.231 0.127 89.4%
2 21.05 21.06 20.20 1.119 8.951 0.125 89.6%
3 21.04 21.33 20.33 1.127 9.124 0.124 89.7%
4 21.02 20.33 20908 1.096 8.989 0.122 89.8%
5 21.12 21.26 20.39 1447 9.153 0.125 89.6%
6 21.31 21.29 20.19 13986 9.156 0.123 89.7%
7 20.19 21.30 Pl 1’36 9.158 0.124 89.7%
8 21.31 20.89 p il 1.466 9.404 0.156 87.0%
9 21.49 21.27 21.08 a.535 9.629 0.159 86.7%
10 21.50 21433 21.26 : 1.534 9.747 0.157 86.9%
11 20.86 21.39 2141 1.488 9.549 0.156 87.0%
12 21.06 21.08 21.44 1.534 9.518 0.161 86.6%
13 20.95 21.33 2145 1.480 9.449 0.157 86.9%
14 2121 2123 0 2099 1536 9449 0163  86.5%
15 20.95 20.89 2105 1195 9.208 0.130 89.2%
16 2113 21.19 2026 < 1178  9.069 0130  89.2%
17 21.15 20:83 20.98 1.173 9.238 0.127 89.4%
18 21.04 24.03 20.89 1.254 9:237 0.136 88.7%
19 20.86 2%.06 21.18 1.359 9:300 0.146 87.8%
20 19.94 21.23 21.17 1.205 8.958 0.135 88.8%
21 20.87 20.97 20.80 1.244 9.101 0.137 88.6%
22 20.65 21.04 21.43 1.150 9.306 0.124 89.7%
23 2434 21419 20.31 11152 9.180 0.125 89.5%
24 20.74 21112 2110 1.070 9.236 0.116 90.3%
25 21.31 21.10 21.07 1.222 9.472 0.129 89.2%
26 20.59 21.44 20.91 1.166 9.226 0.126 89.5%
27 20.82 21.45 21.79 1.139 9.729 0.117 90.2%
28 21.30 20.93 21.22 1.115 9.458 0.118 90.2%
29 20.88 21.38 21.08 1.013 9.406 0.108 91.0%
30 21.20 21.44 20.84 1.036 9.468 0.109 90.9%
31 21.33 21.61 20.85 1.021 9.611 0.106 91.1%
32 20.87 21.09 21.62 1.016 9.514 0.107 91.1%
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. . Bulk .
e I O
33 21.13 20.81 20.99 1.001 9.227 0.108 91.0%
34 21.75 21.33 20.85 1.043 9.671 0.108 91.0%
35 21.47 21.40 20.85 1.020 9.575 0.107 91.1%
36 20.70 21.19 21.05 1.251 9.233 0.135 88.7%
37 21.04 20.72 A2 W97 9.249 0.129 89.2%
38 21.04 21.12 21.06 121 9.356 0.130 89.2%
39 21.04 21.04 20.96 1.204 9.274 0.130 89.2%
40 21.21 21.08 20 LA 9.434 0.129 89.2%
41 21.21 21707 Pyl 1.278 9432 0.136 88.7%
42 20.93 21815 24 48 1.275 9.369 0.136 88.7%
43 21.20 20,89 20467 71.092 9.057 0.121 90.0%
44 21.47 21.12 20:34 14121 9.223 0.122 89.9%
45 20.71 20499 21.22 1.146 9.218 0.124 89.6%
46 21.37 20.96 20.32 1124 9.097 0.124 89.7%
47 21.23 21.46 28:54 71'.1‘43 9.356 0.122 89.8%
48 21.10 20.15 21.06 1:.11]2: 8.948 0.124 89.6%
49 21.06 20.60 20.67 1109" 8.963 0.124 89.7%
50 19.86 21.65 22.07 1.163 9437 0.123 89.8%
51 22.18 #3740 22.09 1.196 9.650 0.124 89.7%
52 20.18 21,63 21.57 1.163 91411 0.124 89.7%
53 20.25 20.91 21.82 1.107 9.239 0.120 90.0%
54 21,51 20.07 2177 1,162 9.3%4 0.124 89.7%
55 19.93 21.91 21.59 1.201 9.425 0.127 89.4%
56 20.02 21.63 21.96 1.160 9.503 0:122 89.8%
57 2117 20.76 21.24 11228 9.333 0.132 89.0%
58 21.01 21.03 20.66 1.131 9.122 0.124 89.7%
59 21.36 20.38 20.58 1.154 8.955 0.129 89.3%
60 20.81 21.20 21.08 1.170 9.295 0.126 89.5%
61 21.09 20.81 20.87 1.145 9.155 0.125 89.6%
62 21.03 19.85 21.13 1.181 8.818 0.134 88.8%
63 21.17 21.22 20.79 1.174 9.335 0.126 89.5%
64 21.02 21.11 21.03 1.288 9.329 0.138 88.5%
65 21.05 21.01 20.86 1.187 9.221 0.129 89.3%
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Table A-1 Bulk density and porosity of porous polyurethane foam (Cont.)

. . Bulk .
e IR I
66 20.90 20.95 20.93 1.248 9.160 0.136 88.6%
67 21.18 20.94 20.93 1.172 9.280 0.126 89.5%
68 20.90 20.90 21.25 1.176 9.278 0.127 89.4%
69 21.22 20.98 20.94 1.205 9.322 0.129 89.2%
70 21.22 20.87 25 U256 9.406 0.134 88.9%
71 21.38 21.24 20.98 1436 9.527 0.119 90.1%
72 21.37 20.93 21.18 1.080 9.469 0.114 90.5%
73 21.21 21.00 24,18 1.052 9.429 0.112 90.7%
74 21.19 21726 2112 1.143 9512 0.120 90.0%
75 20.63 24461 2881 = 1112 9.496 0.117 90.2%
76 20.90 21.97 Py 105—== .1.150 9.544 0.120 90.0%
77 21.31 21.21 21119 1053 9.573 0.110 90.8%
78 20.92 21400 20.47 0.898 8.986 0.100 91.7%
79 21.12 21.03 20.60 0976 9.150 0.107 91.1%
80 21.17 21.22 A 0960 9.216 0.104 91.3%
81 21.08 20.51 21.00 0976 9.073 0.107 91.1%
82 20.49 21.36 21.03 0.923 9.200 0.100 91.6%
83 20.74 21.36 21.16 0.990 9.367 0.106 91.2%
84 21.12 2055 21.04 0.965 0137 0.106 91.2%
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Appendix B
Table B-1 Flexural strength of porous polyurethane foam

Width Thickness Support Cross head Max.Load Flexural

No. (mm) (mm) span (mm) speeq (N) strength
(mm/min) (MPa)
1 9.56 8.04 40 0.3317 14.63 1.42
2 9.94 7.96 40 0.3352 18.13 1.73
3 9.90 7.26 40 0.3676 16.50 1.90
4 9.76 6.02 40 0.4430 8.63 1.46
5 9.95 5.98 40 0.4459 12.38 2.09
6 12.88 4,94 40 0.5398 9.88 1.89
7 11.43 6.28 40 0.4246 12.00 1.60
8 9.36 7 40 0:3643 16.63 1.99
9 9.74 598 40 0.4459 16.38 2.82
10 9.32 7.48 40 . 0.3591 17.25 2.01
11 9.52 7.26 40 0.3671 24.38 2.91
12 9.07 6474 40 0.3958 19.88 2.90
13 7.90 5.64 40 0.4725 13.25 3.16
14 9.25 74 40,7 0.3599 19.00 2.25
15 8.53 6.82 40 0.3908 18.63 2.82
16 9.37 7.47 40 0.3568 20.25 2.32
17 9.04 7.76 40 0.3435 24.25 2.67
18 8.27 6.96 40 .0.3831 16.00 2.40
19 9.00 7.25 40 0.3680 10.25 1.30
20 9.23 7.35 40 0.3630 10.50 1.26
21 9.50 7.43 40 0.3587 11.88 1.36
22 8.75 7.14 40 0.3733 11.63 1.56
23 8.76 7.29 40 0.3660 15.38 1.98
24 9.02 7:08 40 0.3768 12.88 1.71
25 8.92 6.71 40 0.3976 10.13 1.51
26 8.77 6.67 40 0.4000 10.88 1.68
27 8:18 5:07 40 0.5263 7-Q0 2.00
28 8.75 6.40 40 0.4169 1238 2.07
29 8.82 7.54 40 3.5383 13.25 1.59
30 9.58 4.84 40 5.5058 5.38 1.44
31 9.42 7.71 40 3.4602 16.13 1.73
32 9.30 7.20 40 3.7037 10.00 1.24
33 9.30 7.59 40 3.5149 14.88 1.67
34 10.02 6.05 40 0.4408 12.75 2.09
35 10.03 5.90 40 0.4522 12.88 2.22
36 9.99 5.92 40 0.4502 9.13 1.56
37 9.84 5.95 40 0.4484 11.13 1.92
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Appendix C
Table C-1 Compressive strength of porous polyurethane foam

G Inltlagér;?;iﬁ%tlonal Load at yield point (N) Compre(sl\s/:\éz)strength
1 369.27 335.89 0.91
2 376.09 338.28 0.90
3 372.20 293.40 0.79
4 371.84 0.94
5 384.55 0.85
6 416.56 1.12
7 413.04 1.26
8 415.88 1.23
9 424.07 0.82
10 413.3/ 1.18

U
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Appendix D
Table D-1 Finished diameter and circularity error results from VMM
Experiment D (mm) CE (mm)
run No. |Plane 1|Plane 2|Plane 3| Plane 4| Avg. |[Plane 1|Plane 2|Plane 3| Plane 4| Avg.
58 19.35 | 2043 | 20.52 | 19.41 | 19.93| 1.61 | 191 | 211 | 1.13 | 1.69
78 19.53 | 19.50 | 19.43 [ 19.49 | 19.49| 053 | 0.73 | 0.72 | 0.44 | 0.60
64 19.47 | 19.50 | 19.47 | 19.46 | 19.48| 0.40 | 058 | 0.53 | 0.62 | 0.53
46 19.37 | 19.39 | 19.35 [ 19.38 | 19.37| 051 | 0.62 | 0.47 | 0.63 | 0.55
82 19.36 | 19.35 | 19.41 [19.39/|49.38| 042 | 050 | 0.40 | 0.58 | 0.47
75 19.34 | 19.39 | 19.37 | 1940 | 1937 | 0.74 | 0.76 | 052 | 0.39 | 0.60
56 18.25 | 18.10 | 18.04 | 1843 y18.24'| 0.62 | 1.95 | 182 | 1.00 | 1.35
39 19.22 | 20.35.4.20.25 | 19.62 | 1986 [.0.55 | 1.90 | 2.03 | 0.94 | 1.36
28 19.46 | 19.50+|19:46 | 1942 | 1946|039 | 059 | 0.46 | 0.59 | 051
6 19.45 | 19.40+1"19.43 | 19.42 | 1942 | 049 | 054 | 053 | 046 | 051
34 19.40 | 19.41.4719.40.1 1940 | 1940 | 044 | 047 | 064 | 0.46 | 0.50
25 19.35 | 19.37 j¢#19.84/1/19.34 | 19.35| 0.65 | 0.54 | 0.81 | 0.56 | 0.64
18 19.35 | 19,34 | 49.36/(,19:36 | 19.35| 0.69 | 0.61 | 0.42 | 0.65 | 0.59
8 19.20 | 19.134] 19.16 |.49.28 }19.19| 049 | 0.62 | 1.03 | 0.58 | 0.68
63 19.27 | 2084 | 420447 19.79 { 2003 0.88 | 2.63 | 229 | 1.27 | 1.77
65 19.42 | 19.35/] 19.35.| 19.40 | 19.38| 0.76 | 0.62 | 0.61 | 0.67 | 0.67
53 19.39 | 19.39 | 4983 | 1936} 19.37| 052 | 0.71 | 055 | 0.71 | 0.62
52 19.29 | 1934 J 19.32 | 19,29 1 19.31| 050 | 048 | 042 | 052 | 048
70 19.37 | 19.36 | 19.42 | 1938 [19.38| 060 | 058 | 056 | 0.63 | 0.59
48 19.32 | 19.28 | 49.33.{419.24 {49.29 | 0.71 | 0.62 | 0.66 | 0.59 | 0.64
45 19.06 | 19.05 | '19,10°}°19.16 1 19.09 | 1.12 | 0.74 | 0.61 | 0.63 | 0.77
27 18.46 | 20.17 | 20.28- 19.54 | 1961 | 079 | 274 | 259 | 179 | 1.98
1 19.29 | 19.34 | 19.30 11932 {1931} 0.72 | 0.64 | 0.59 | 0.64 | 0.65
13 19.29 |"49.25 | 19.25 | 19.30 | 19.27 | 0.65. |/0.72 | 0.58 | 0.61 | 0.64
29 19.32 ' 49.26-4-19.29-{-19.25.1.19.28.|.0.57.|1. 0.62 | 0.67 | 057 | 0.61
17 19.25 14928 | 19.22 | 19.25 | 19.25| 0.64 | -0.52 | 0.70 | 0.52 | 0.59
15 19.33 | 19.30 | 19.31 | 19.29 | 19.31| 0.56 | 0.53 | 0.45 | 041 | 049
24 19.35 | 19.37 | 19.37 [ 19.34 | 19.36| 0.78+ 0.81 | 0.42 | 0.81 | 0.70
79 18.80 | 19.61 | 19.78 | 19.17 | 19.34| 0.90 | 191 | 231 | 236 | 1.87
71 191033 120:161%20:20 b 19:49 |=19:72)| 20159+ |«2.82+| 1.81 | 1.00 | 1.30
54 19.34 ), 19.37 |-119.37 || 19.35 |49.36| /0:65 |/ 0.43 | 0.83 | 0.78 | 0.67
77 19185 | 19.34 | 19.36 | 19.31 | 19.34| 046 | 048 | 058 | 0.62 | 0.54
60 19.26 | 19.29 | 19.22 [#19.27 | 19.26 |=0.43 | 0.62 | @055 | 0.54 | 0.54
59 19.22.11 19.22 | 19.22'1| 119/24"| 19281 1050 |'0.52 {,0.55 | 0.72 | 0.57
47 19.100|" 18.87 | 18.72 [[119.08 | 18.94 |£0.56 |..1.92 |11.72"| 0.65 | 1.21
23 19.10 | 20.49 | 20.36 | 19.81 | 19.94| 0.86 | 2.36 | 235 | 142 | 1.75
7 19.08 | 20.12 | 20.13 [ 19.25 | 19.64| 0.72 | 1.67 | 188 | 0.78 | 1.26
22 19.21 | 19.20 | 19.16 | 19.15 | 19.18| 0.61 | 0.75 | 091 | 0.73 | 0.75
41 19.31 | 19.27 | 19.30 | 19.31 | 19.30| 048 | 091 | 0.66 | 0.43 | 0.62
30 19.15 | 19.17 | 19.23 | 19.18 | 19.18| 0,52 | 0.72 | 0.59 | 0.58 | 0.60
35 19.30 | 19.25 | 19.31 | 19.30 | 19.29| 0.68 | 0.67 | 0.66 | 045 | 0.61
16 19.27 | 18.94 | 18.76 | 19.27 | 19.06 | 050 | 1.59 | 1,57 | 0.52 | 1.05
57 19.29 | 20.24 | 20.30 | 19.57 | 19.85| 047 | 1.68 | 1.68 | 0.97 | 1.20
73 19.47 | 1947 | 19.43 | 1940 | 19.44| 038 | 045 | 0.60 | 046 | 0.47
43 1941 ) 1931 | 1935 [ 19.34 | 19.35| 051 | 042 | 0.49 | 0.78 | 0.55
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Experiment D (mm) CE (mm)
run No. |Plane 1|Plane 2|Plane 3[Plane 4| Avg. |[Plane 1|Plane 2|Plane 3| Plane 4| Avg.
84 19.35 | 19.33 | 19.37 | 19.39 [ 19.36| 0.43 | 045 | 055 | 0.46 | 0.47
66 19.34 | 19.35 | 19.31 | 19.31 | 19.33| 044 | 0.42 | 0.44 | 0.68 | 0.49
83 19.32 | 19.23 | 19.30 | 19.33 | 19.30| 0.57 | 0.53 | 0.89 | 0.56 | 0.64
67 15.74 | 15.67 | 15.72 | 15.85 | 15.74| 0.78 | 0.66 | 0.61 [ 1.04 | 0.77
21 19.31 | 19.73 | 19.88 | 19.63 [ 19.64| 083 | 1.36 | 1.26 | 1.00 | 1.11
2 19.32 | 19.44 | 1942 | 19.41,(19.40| 041 | 037 | 0.88 | 0.62 | 0.57
20 19.41 | 19.33 | 19.38| 19.39 |[;19.38| 0.73 | 0.47 | 0.47 | 045 | 053
4 19.40 | 19.38 | 19.39 | 19.43 /49404 0.37 | 0.60 | 0.45 | 0.43 | 0.46
38 19.31 | 19.37 | 19.29 | 19.34 {1983 »0.45 | 050 | 043 | 0.69 | 0.52
10 18.59 | 18.50 | 18:53 | 18.45 | 18.527{" 059 | 1.11 | 1.13 | 0.72 | 0.88
5 17.33 | 16.99 | 15.34-| 16.32 | 16.49| 0.99 | 0.76 | 056 | 0.79 | 0.78
81 18.98 | 20.03 | 19:62+ 19.65 | 1957 | 1.21°| 1.70 | 2.09 | 0.98 | 1.49
80 19.25 | 19.24"| 19722 | 19.23 | 19.23| 0.74 | 0.67 | 045 | 0.87 | 0.68
51 19.22 | 19.184| 19:22 | 49.20 | 19.20 | 0.67 | 0.62 | 0.60 | 0.63 | 0.63
68 19.17 | 19221 | #1947 |/ 19.16 | 19.18 | 0.67 | 0,57 | 053 | 0.68 | 0.61
55 19.20 [ 19.19°] 19.15 | 19.19 [19.18 | 0.67 | 0.47 | 055 | 0.54 | 0.56
62 19.24 | 19719 [119.22 | 49.20.| 19.21| 065 | 0.71 | 052 | 0.59 | 0.62
61 18.74 | 17.7¢| 1744 18.72'| 18.17| 074 | 2.70 | 3.05 | 0.77 | 181
3 19.07 | 20,04 [/20.00 | 19.56 {.19.67| 0.77 | 1.73 | 2.14 | 1.31 | 1.49
33 19.32 | 19.16] 19.33 { 49.28 | 19.27| 060 | 0.67 | 057 | 0.55 | 0.60
31 19.24 | 19.25 | 19.30 | 19.26 | 19.26| 067 | 058 | 0.62 | 0.60 | 0.62
40 19.28 | 19.29 [119.24°1°19.22 119.26 | 0.51 | 069 | 0.75 | 0.54 | 0.62
26 19.24 | 19.24 | 19.21119.26 | 19.24| 064 | 051 | 0.85 | 0.50 | 0.63
11 19.22 | 19.20 | 19.22 | 19.15 { 49.20| 0.85 | 0.66 | 0.45 | 0.77 | 0.68
42 19.21 | 18.09 | 18.21 | 19.23 | 18.68 | 0.63 | 2.68 | 298 | 0.50 | 1.70
69 18.95|.20.32 | 20.50 | 19.60 | 19.84 | 0.89 |/ 211 | 2.46 | 2.27 | 1.93
50 19.24 | 4967 | 19.77 | 19.36 | 1951 062 |+ 1.36 | 1.03 | 056 | 0.89
49 19.29 |19.21 | 19.22 | 19.25 | 19.24| 0.86 -} 0.71 | 0.81 | 0.64 | 0.76
76 19.24 | 19,18 | 19.25 | 19.18 |19.21| 0.72 | 0.82 | 0.57 | 0.80 | 0.73
44 19.24 | 19.24 | 19.24 | 19.23 [ 19.24| 060 | 091 | 0.39 | 0.50 | 0.60
74 19.22 | 19.194»19.23 | 19.21 |19.21| 056 | 0.73 | 0.60 | 0.65 | 0.63
72 19.06/|18.95"| 119.00 '}’ 19.06 1~19:02| ".0:69 ||"*1.1%, | 0.67 | 0.87 | 0.83
36 18.98°20.03 |©20.19 [|-19.63 [19.717] LO:72 1|f 207/ | 244 | 159 | 1.71
19 19111 | 20.33 | 20.25 | 19.36 [ 19.76| 0.89 | 1.75 | 1.96 | 1.13 | 1.43
37 19.27_{ 19.25 [ 19.19 [.19,16 . 19.221°0.59. |. 0.47 [.-0.62. | 0.65 | 0.58
9 19.207 19.22 | 19.24 || 119.25 |/19.23 | |0.54  |-0.44 ["0.67 | 0.65 | 0.57
12 19.147("19.13 | 19.141"19.20 | 19.15| "0.89" | "0.50 | 0.58 | 0.53 | 0.62
14 19.17 | 19.13 | 19.10 | 19.12 [ 19.13| 0.76 | 0.58 | 0.65 | 0.62 | 0.65
32 19.04 | 18.84 | 18.84 | 19.17 | 18.97| 0.68 | 1.26 | 1.46 | 0.63 | 1.01
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Appendix E
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Figure E-1  Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 1.0 mm/min and A = 20 um with various Vs (Replication 1)
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Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 1.0 mm/min and A = 20 um with various Vs (Replication 2)
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Ft=0.0787966 + 0.0001295*t 44 Fn=-0.00606 + 0.0003928*t
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Figure E-3  Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 1.0 mm/min and A = 53 pum with various Vs (Replication 1)
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Figure E-4 Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation
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Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 3.0 mm/min and A = 20 um with various Vs (Replication 1)
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Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 3.0 mm/min and A = 20 um with various Vs (Replication 2)



Figure E-7
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Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 3.0 mm/min and A = 53 pum with various Vs (Replication 1)
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Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 5.0 mm/min and A = 20 um with various Vs (Replication 1)
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Figure E-10  Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation

for f = 5.0 mm/min and A = 20 um with various Vs (Replication 2)
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Figure E-11  Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation
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Figure E-12 Grinding forces (Ft, Fn) versus grinding time (t) with linear estimation
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