CHAPTER 11

THEORY
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2.1 Polyethylene //
o .
= 2 o

Polyethylene is 2 con 'odili plastic with large consumption and
great versatility. ﬁ:‘aon include  packaging, film-sheet for

agricultural purpose,

' sew&res wire and cable covering, bottles,
containers, pipes and fifting 'Otheriapphcatlons which require high heat

resistance and streng ay: ause .uc;rosslmked polyethylene (XLPE).

ché:mxcaﬂi;, flt does not dissolve in many
.:_- "“ 4
solvents.  Polyethylene has—good :_E‘mstance to acids and alkalis.

"1 a-

However, it may §well shghtly when it is 7e)€posed to benzene or

Polyethylene is very in

carbontetrachlonde@: high temperature. -.:J

Currently,qthere ateqthree kinds of | polyethylene, namely the low
density polyethylene, linear low density polyethylene and high density
polyethyleng. | Iny the: same aspect; (there) aré (derived) from ethylene
monomers, however, each has a different structure that bring about
different properties. The property and the structures of polyethylene are

shown in Table 2.1 and Figure 2.1 respectively.
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2.1.1 Low Density (Branched) Polyethylene: (LDPE)

The first commercial ethylene polymer was long branched-
polyethylene. Polymerization was performed at high pressure between
1,000-3,000 atm (15,000-45,000 psq) and the polymerization temperature
1s as high as 250° C. /{:f

2.1.2 Linear Lo;vf;

. Fl'. J I‘“‘!. b & 4
Linear low de}ﬂ{ ' {
— it

lycthylene has short chain branching. It is
produced by random "eriZatipri‘ with minor amounts (8-10%) of
& ifd

one or more alpha-olefins vinyl moﬁémer) such as 1-butene, 1-hexane,

l-octene, and 4-methyl | pcntehe P" erization are carried out at low

pressure, which is similar to Th_at for H?P‘E The extended chains could
be made by addgx;g more comonomer fo; prqdi{lglng very low-density
polyethylene (VLEE;E) or ultralow-density polyéjnglene (ULDPE) which
their density 1s less than 0.915 g/em’. The LLDPE’s form stronger and

tougher filmsthan thosefrom EDPE’s-of équivalent density .

2.1 35 High Dénsity“(Linear) Polyéthylerie; (HDPE)

Linear polyethylene was produced by low pressure process with
the pressure of about 100 psi. The polymerization temperature is about
50 to 75 °C. Commercially, the coordinate polymerization was utilized
by using catalyst an alluminium alkyl and TiCl, catalyst in a solvent such
as heptane. The HDPE formed is white powder. It is insoluble in several

solvents. The slurry was filtered, centrifuged, washed and dried. The
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linear polyethylene has enhanced properties superior to the branched

structure as shown in Table 2.1.

Table 2.1: The properties of polyethylene.

Density range, g/cm’
Approximate % crysta
Branching, equivalent

groups/1000 carbon @
Crystalline melting poi
Hardness, Shore D
Tensile modulus, psi
Tensile strength, psi
Flexural modulus, psi
Elongation (%)

| E
Commercial produc: L0
ﬁ 'J - -

Linear low High density
density
0-0.92 0.918-0.935 | 0.941-0.965
) 53,\ 154-63 65-90
BN N 5-15 15
N 20-130 130-136
50-56 60-70
\ 8-0.75x10° | 0.6-1.8x 10°
900-4000 3100-5500
0.6-1.15x 10° | 1.0-206x 10
100-950 200-1000
0.5-2.0
60-88
<0.01

LOPE

Figure 2.1: The sketch of molecular chains of low-density polyethylene

(LDPE),

high-density polyethylene (HDPE).

linear low-density polyethylene (LLDPE) and
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The degree of crystallinity of polymers depends on the 1;ate of
cooling during solidification and the chain configuration. The
crystallinity greatly effects the density and the mechanical properties of
polymers. The density of a crystalline polymer will be greater than that of
the amorphous one for polymer of the same material and molecular
weight. For linear polymers, crystal‘!;z}mn 1s easily achieved because
there are virtually no restrictions 50 prevcfif chain alignment. Any side

branches interfere with,mystallization such-that branched polymers are
never highly crystalhﬂ./ Infact, Excesswe branching may prevent any

crystallization. / 7/ %Y

|-‘I 'I

Other molecu charao‘&enstlcs such as molecular weight,

.-'.f‘ ¥

may influence the mec nlcal behgylors The mechanical strength
increases with molecular v%i_gllt Anveiample of, the physical state of

polyethylene as a function of the wpércent crzrfr_stalhnlty, density and
n

. Y -
molecular weight i
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Figure 2.2: The relationship between crystallinity and molecular weight

tor polyethylene.
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2.1.4 High and Ultrahigh Molecular Weight Polyethylene

In general, linear polyethylene has a weight averaged molecular
weight (My) in the range of 100,000-200,000. However, the other types
of polyethylene consist of higher imolecular weight, these are the high
molecular weight polyethylene (HMVfP_E)J_and the ultrahigh molecular

weight polyethylene (UHMWPB) éommercially they are used

= n
extensively. - “
= |

E

-
High Moleculay\//ght Pone;thylene (HMWPE)
.5‘

The HMWPE h Mg n the range of 300,000-500,000. The

processing conditions of MWPI: are’*-rhe same as those for processing
il
linear-polyethylene. They have nnpmyea environmental stress-cracking

‘\-—-

resistance, 1mpact apd tensﬂe strength HMWPE ﬁnds applications in the

area of pipes, ﬁlmsd_gd large blow molding contaénérs.

Ultrahigh Melecular Weight, Rolvethylene(UHMWPE)

UHMWREhas ayM;,«in| the gange of 3;000,000:6:000,000. Its
extraordinary properties, when compared with those of the normal
polyethylene, are high abrasion and impact resistance. With their low
coetficient of friction, they are used for bearing, sprockets, gaskets, valve
seats, conveyor-belt parts, and other high wear resistance application. In
processing, UHMWPE could not melt or flow at the normal condition of
polyethylene. UHMWPE is processed mainly by compression sintering

and ram extrusion into sheet and rod. Recently, the gel spinning of
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UHMWPE into filaments have resulted in fibers with high tensile strength

and low density.
2.1.5 Crosslinked Polyethylene: (XLLPE)

Polyethylene can be converted Eé/fgrm crosslinked structure. It is
-
an interesting material due to its low cost-and case of processing. A large
number of propertiesf;'cén be imﬂroved such as the heat deformation,
|

abrasion resistance, chemieal resis&ance and stress cracking resistance.

The impact and the tensil "'%xrgﬁgthé are increased [14]. Mold shrinkage

of polyethylene is” degredsed. _AISd low temperature properties are

improved. The applications, of,XLIls}f. are focusing on cable and pipe
production. The techniqu of msshnﬁng can be performed on all grades

of polyethylene by radlatlon peromdema sﬂane crosslinking technique.

14“ -

A
2.2 Polymer Addit%s

g 2V
X

Additives are substances,incorporated.inte an erganic polymers to
improve their basic mechanical, physical and chemical properties. The
additives areravailable imacbroad rangejof fimetions) Some additives may
be used for more than one function. For example, plasticizers are added
to enhance the flexibility of the finished product but they tend to also

reduce the polymer melt viscosity during processing.

The additives may be completely miscible or immiscible with the
organic polymer. Generally fillers and reinforcements are immiscible.

Some additives, e.g. antioxidants or ultraviolet, are usually applied at very
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low concentration, while fillers or fibers are added at high concentration
upto 50 % by weight. The applications of additives for polymers are
illustrated in Table 2.2.

Table 2.2: Additives for polymer

Plasticizer uv
stabilizer

lowing Impact
ents retardan nodifier

7 rekiaplasties
ABS . _‘ ‘\

Acetal <
Acrylic

Cellulosics

Nylons (polyamide)
Polycarbonate
Polyester
Polyethylene
Polypropylene
Poly(phenylene oxide)
Polystyrene
Poly(vinyl acetate)
Poly(vinyl chloride)

L] . L] . L] . .

Epoxy
Phenolic
Polyester
Polyurethane

21 e HEI NENTNEINT
A RS0 ALY ., .

Polymer composites are mu
produced by adding one or more dispersing phase such as a filler or
reinforcing fiber into the continuous polymer matrix. Composite systems
may use different kinds and shapes of fibers or particle fillers. Possible

arrangements are shown in Figure 2.3.
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Particulate Random chopped Mixed fibre Floke
fibre particulate
g S S
Plain

Twill

Woven fibre

Interpenetrating

;:'i network

Particle ﬁll ."arq_inert mat re-used mainly to reduce

cost and to 1mprovegrength In thermosettlng paymers the filler is used
¢ o

to reduce shr'PT g] (EJI ﬁ ﬁ llic fillers are also

used in plastloquﬁmcreasc con uctnufﬁy l‘z:]t traarzfer Reduction of

electro hite ccarbon black,
MMy iR e LR )

alluminiu l-coated fibers.

Inorganic fillers often used for thermoplastic polymers are calcium
carbonate, silicates (kaolin, talc or mica), silicas (diatomite, silica gel and
alumina trihydrate) and barium sulfate (barite). They are produced most
commonly by quarrving, crushing, milling. and sizing. However, some

are synthesized to more uniform and finer particle size. Being readily



14
available in large volume and low cost, the mineral fillers are utilized

extensively in large quantity in the plastics and composite industries.

Organic fillers are also used in plastics. Carbon black is used as
primary filler in rubber. Wood r is most wildely used with phenol-
formaldehyde and urea-fi }Sm% mers for composite boards.
Cellulose is commonly used with mﬂn,e -formaldehyde for light-

colored dinnerware. ( m(_)rhmc\ers are indicated in Table

ot ~
\
! - " al
Table 2.3: The typica I composites.
AT \
1. Organic Fillers
A. Cellulosic products i filaments
1. Wood o jlass
2. Comminuted cellulose - f ;,g- lid and hallow glass spheres
3. Fibers (cellulose; -&)tton, jute, rayon) w ;IS
B. Lignin-based L
C. Synthetic fibers { '
1. Polyesters : 4 es
2. Nylon and UHMW‘BE _ 1. Ground fillers (zinc oxide, titania,
3.Aramid (Kevlar@) and Polyacrylommle magnesm, alumina)
Polyvmy oho l(P § =4 rs (alumina, magnesia, thoria,
.- ummmmﬁa
1. Carbon b
2. Lymphlte ers and ﬁlaments l Lunestone
etroleum co
" ‘“‘@‘ﬁ’? a\mm YA AR e
A. Sili
1. Minerals (asbestos, mica, China clay 1. Whiskers (nonoxides) (aluminium nitride,
{kaolinite}, talc) boron carbide, silicon carbide, silicon
2. Synthetic (calcium silicate, aluminium nitrile, tungsten carbide, beryllium
carbide)
silicate) 2. Barium sulfate
B. Silica-Based 3. Banium ferrite
1. Minerals (sand, quartz, diatomaceous 4. Potassium itanate
earth)
2. Synthetic
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2.4.1 Filler Particles

The selection of fillers are primary determined by the particle shape
and particle size distribution. The general classification of fillers are
based on the particle size and th vacc area as presented in Table 2 .4.

Most commonly used ﬁllerg\are hich come from rock or ores.

The grinding of minerals does niform fracture, hence the

resultant particle shﬁ( el

fillers, such as glass s

aﬂy_@ Certain fabrication of
"pit:ited ca cmm carbonates, yields

SIZGS The density and the

Idealized shape class
Particle Class phe Fiber
R g ‘iﬁﬂ ) ﬁzﬁ -
elongated
rthombohedral pmacoxd fibrous
R RINTYNNTINGIY -
Shape
length (L)% 1 4-4 1
width (W) <1-1/10
thickness (T) 1 ~l 1 -<1 ‘/4-1/100 <1/10
Sedimentation
diameter® 1 esd esd esd esd
Surface area
equivalence® 1 1.24 1.26-1.5 1.5-9.9 1.87-2.3
Examples Glass Calcite Calcite Kaolin Wallstonite
spheres Feldspar Feldspar Mica Tremolite
Microspheres Silica Talc Wood flour
Hallow glass Barite Graphite Glass fibers
Nephelite Hydrous Anhydrite
Alumina Fibers

*According to Stokes’ law, esd = equivaent spherical diameter or diameter of sphere having the same volume asthat of particle.
"Equivalent to spherical diameter of 1; an approximation of area when the particle has a volume equivalent to an esd of 1.



Table 2.5:

General properties of fillers.
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or Keviar@

Filler Chemical composition Density Tensile Modul Hardi Form Particle size
o formula _(glem) (N/mm’) (N/mm’) (Mohs) or medial (um)
Naturally occurring CaCO, 2.7 3 prismatic 1-15
calcium carbonate
(chalk, limestone,
marble)
Synthetically CaCO, 2125 prismatic 0.004-0.07
precipitated calcium
carbonate
Natural silica up to 7-7.5 aggregate of 50-75
(sand, quartz) spherical
partical
Synthetically silica spherical 240
(gel, precipitate)
Talc flake-shaped 10-60
Dolomite flake-shaped 1-15
Mica K;0.A1;04.5i0,.H,0 flake-shaped 100-325
Kaolin flake-shaped 25
Wood flour coarse grined up to 200
10 short fibers
Wallastonite fibrous 50-1250
Carbon black spherical Channel black:
20-30 nm
Furnance black:
Alumina trihydrate 2.5-3.5 flake-shaped <1-100
Barium sulphate >10
Syenite
Metal oxides:
aluminium oxide spherical 1-50
titanium oxide spherical 0.3-3
Metal powder:
aluminum u spherical to depends on
- a1l ﬂ:[l,ﬁ, NI -
Glass fibers ‘ fibrous 5-24
(E-glass) ilicate glass
Glass mi 5-50
| Qil“muw |rM||E] |ﬁ':E| e
Cellulose ﬁhenq Sulphite cel 20-25
or cotton cellulose 220-650
Whiskers Mineral single crystal, 3.9 19000 422000 2.898 needle-shaped
c.g..AhO;
Carbon fibers 92-99 % graphite (C) 1.75 2.800-3,000 240000-280000 fibrous 6.4-7
Graphite fibers up 10 9.9 % graphite 1.8 2,100-2,300 350,000-420,000 7-8
Boron fibers Tungsten fiber +approx. 2.65 3.100 400,000 fibrous 100
12 pm boron coating
Carbon fiber +
boron coating 22 4,200 380,000 fibrous
Aramid fibers Poly (p-phenylenc 1.45 4,000 130,000 fibrous 12
tetephthalamide)
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2.4.2 Surface Properties

The surface of some mineral fillers consists of Si atoms with
reactive groups. Usually, they are silanol groups (-Si-OH) which allows

turther surface treatment with ling agents. The structure of the

reactive groups of silica is s ' 2.4. The silanol groups can
| form hydrogen bondin it cc!'wa‘éhence many particles may

202 o UHANENTNEINS
AMANIUNAI VA .

measurement of Mohs scale is related to the abrasiveness index which

reflects the ability to be scratched with a knife or a file. The hardness of

mineral fillers are reported in Table 2.6.
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Table 2.6: The Mohs scale of hardness for fillers.

Value Materals
Softest 1 talc, vermiculite 1.5
2 fingernail

sum, tin, mica 2-2.5

i bestos 2.0-5.0
. copper, gold,
anhyi -,

Hardest

Calcium carba;a

Calcium carbonate can'be manufactured as fine particles with the parlicle

sizeraning ol Gk %ﬂnﬂﬁ chénbical précipiation. But more

commonly, it 1s produced by crushing and.subsequent fine grinding of

calcite hnbborc ook | |t Wbt Brbedsesilds ke propertes

such as good color characteristics and high purity. Upon heating to about
800-900°C, CaCO; decomposes , CO, is evolved and CaO is formed. The

ﬁ extender or a filler.

properties of CaCOs are shown in Table 2.7.
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Table 2.7: The properties of calcium carbonate.

Properties Calcite Aragonite Dolomite

Chemical composition CaCO; CaCOs; CaCO;-MgCO;
most stable form converts to calcite (45% MgCO; by
wt)
Specific gravity 2.92-2.94 2.80-2.90
Hardness, Mohs 3.5-40 3.5-4.0
Solubility, g/100 parts water 0.0019 0.032
at 18°C
Solubility in aq. CO, e above 100 time above
Melting point p. 825°C decomp. 730-
760°C
Formation
2.6 TALC
Talc i1s natural minera westum silicates with the

theoretical formula o 3MgO 4510, H20 It consists of 31.7 % MgO,

63.5 % SiO, ﬂxw @%W@Wﬁf}tﬂﬁm of talc is oxide

and hydroxide of magnesium, which are sandw1ched bet en two sheets

ot RGP BN BIELS) ) Brtin o

layers are weakly bonded force. The fracture structure between this layer

are often separated to form plate on flake shape.
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TALC PLATE

Table 2.8 : Tlawﬁwglw%% ﬁgs,t

i = o/
4 W1 A AR 1A
b b

9 Talc 3MgO 4Si0, H,O

Anthophyllite 7MgO 8Si0, H,O

Calcite CaCO,

Chlorite A.le] 5 5MgO ’ 38102 ’ 4H20

Diopside Ca0O MgO 2810,

Dolomite CaCO,; MgCOs4

Magnesite MgCO,

Serpentine 3MgO 2810, 2H,;0

Termolite 2Ca0 " 5MgO 8810, H,0
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2.7 Carbon Black

Carbon black are usually desired for coloring a wide range of
thermoplastic and thermosetting. The enhanced properties of the finished
product are improved electrical conductivity, thermal protection and
effective stability under UV \‘If ications of carbon black can
be found in computer t@e er ble insulation, containers
| ca “B'luk by about 2-3 % can

and fittings. A sm of ¢

increase the service |
outdoor products.

function on carbon

coorsosf W) VBN BT T e

carbonyl

"R SN ITRN Y™

Figure 2.6. The active functional groups on carbon black surface.

Carbon black can be produced by incomplete combustion of
natural and artificial gases or liquid hydrocarbons. Carbon black can be

manufactured by many processes such as furnace black, channel black.
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thermal black, lampblack and acetylene black process. The furnace

process 1s commonly suitable for worldwide production.

Furnace Black Process

Highly aromatics oi \%‘L’# g injected into the heated

combustion of gas or d oil is vaporized and

decomposited into cazbe / The: 18 stopped by cooling with
. .

water sprays. Carbo ‘gas stream by filtration.

Channel Black (Inip

In this process, many | flames of natural gas alone or with oil
flames are impinged on ¢! ande?_m

A

,.f

({non the meta

metal cylinders. The carbon
1S ;hen scraped off and

black is supporte

collected.

Thermal flack I‘raess EJY]%JW EJ r] ﬂ ’j
mm ATV e 5011

chamber. The hydrocarbon is decomposed to give carbon and hydrogen.

Carbon black 1s then collected and the process is repeated.



Lampblack Process

Oils are burned in metal pots with natural air draft. Carbon black

deposited on metal pots and collected in settling chambers.

I ]

Acetylene Black Process // ,:;

-

The decomposit@‘

black. It is an exothe

“ctyleile at high temperature forms carbon

reaction.

The properties g/h type bff"carbon black produced by the
& idd

(GGt - T
Table 2.9: Chemical and physical properties of carbon black produced by
Bl -
various_processes. £ )
S -l
Yy )
= Channel b
Properties Furnace (impingement) Thermal Lampblack Acetylene
blck black black black
Mean particle diam. (A) 13-70 10-30 150-500 50-100 350-500
Surface area (N,) (M7g) 20-950 10041125 6-15 26-100 60-70
Stff paste oil absorption 0.65-2.0 1.0-5.7 0.3-0.5 1.0-1.7 3.0-3.5
(cclg)
pH 3095 30-6/0 7.0-8 30470 50-7.0
% Volatiles 0.34.0 3.0-17.0 04-0.5 0.3-10.0 0.3-0.4

2.8 Coupling Agents

Coupling agents are applied to enhance the molecular bonding at
the interface between inorganic or organic fillers and polymer matrix.
The improved adhesion at the interface is believed to increase properties

such as modulus of elasticity, tensile strength, abrasive resistance and
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such as modulus of elasticity, tensile strength, abrasive resistance and
compression set. The two types of commercially available coupling

agents are silane and titanate coupling agents.

2.8.1 Silane Couplm@
Sy,

Silane couplmg ve-a gmmula as R-Si-X;. In this
molecule. R is an orga ' : an‘ alkoxyl group (-OCH3)

which can be hydrol

surtace. In use, the

R-8i-X; + 3R‘- dQH p— R—Sl—X + 3RX (D

. ﬂummmwmm
Ho-éx-OH HO-$i~0H
LLRER NN %@maé@

7 _ 7

Iigure 2.7: The reaction of silane coupling agents on inorganic fillers

surface.
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2.8.2 Titanate Coupling Agents

Titanate coupling agents are specially designed molecule. Which
are more complicated than those of the silane coupling agents. The
general chemical formula is (R—O)m-Tl-(O -X-R?- Y),. They can be
formed as monomolecular layers on moé/}natenals such as metals, metal-

oxides, carbonates, sulfates, chiromates, sxlmeous materials, carbon black,

graphite, Kevlar@, disﬁ;d'

j€s, organic pigments and so on.

The R-O group ¢ H}élyizgd to react with free proton (-H) on

the inorganic/organic s “The f}eé' proton often comes from either

&d

on ‘the ﬁ]iens The free water is present in

1(:::111}'h bondég by absorbtion on filler surface.

J_ 5'..-;—-¥

The reaction of titanate c011pr_g ageﬁ'forms monolayer on inorganic

IJ‘

free water or reactive porti

chemical bonding and phy

surface as shown in Figure 2. 2 v
‘ j A

O
S Q a
Q O O
D
Q

Q Q
- - O Q

D organic

OH + R 3 o titanium

d inorganic
O o O

o

organic
titanium

Figure 2.8: The reaction of titanate coupling agents on an inorganic filler

surface.
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The hydrolysis reaction occurs at room temperature (25°C) but an

accelerated rate of reaction is achieved at temperature between 60-80 °C.

The X group in the titanate coupling agent chemical formula may
be alkylate, carboxyl, sulfonyl, pho(sghate, pyrophosphate or phosphite
group. It improves properties sud]{_/_,/f’ corrosive protection, acids

resistance, antioxidant or flame retardant. .

The R? group aj "hatjc o& aromatic group. They enhances the
'l :

pllaSth'JJand mineral fillers by promoting
Wdal’s type.

A -J‘J_

] f}::a #

* o

_gtoup 1s£§b}md with thermosetting such as
# ﬂ_-'ﬂ'_" - # £ j

s e g

compatibility betwee

secondary bonding of Va

The function of th

A
-

EE,

) ‘ £

— o

amino, acrylic mercapto and ITy;iroxy]g!o_up.
el e ey o

283 Meth&d/ of for titanate coupling agenﬁ‘gipplication

A AF
- —r

The methods of surface treatment | aré “very, dthportant for fiber
reinforcement 9or fillers.  Proper application will provide uniform
distributiofi fof small “amotmt:(<1%] based ‘on ‘filler| by Mieight) of liquid
titanate Coupling agents on the large filler surface area. The general
methods of application are dry blending. slurry blending and in-situ

surface treatment.



Dry blending surface treatment

The filler is placed in a mixing chamber of ribbon blender or high

speed mixer. The liquid titanate coupling agent is added to a solvent to

increase its volume. The coupling agent solution is fed to the filler by

‘ %lvent evaporates.

Slurry blending( mej St

solvent. It is then poured | r e\ m chamber equipped with a

stirrer. The filler is a W, J ontinuously stirring for complete

- d j"‘,’""_.-a'-,, ;l,:,‘\

L -
B Vs

In-Situ surfa,‘cd_‘g'_treatmentf

All matenals su:h as the titanate couplingmgcnt, the polymer and

the filler are ﬁm;ﬁmeﬁl{jﬂ blending is done
when all maﬁl niformly” dispersed. , the pre-blend is

st S ERTTIRI U M AN A Y




2.9 Factonal Designs

2.9.1 Prnciples

In general, factorial design;is most useful and effective for
experiments in which sm{ﬂ\%e to be studied and several
experimental runs are féquired. One ¢an désign the conditioning frame

for each experiment. Fa volves the study of two

or more factors at ach variable factor. For

example, if there are “b” levels of factor B,

then each replicate co mbinations as shown in

Table 2.10.

-

Table 2.10: A factorial expet without interaction.
A

=
—

1 b
AUEINYIPENE T
am1ashIaiafininiage

The effect of a factor is defined to be a change in the response

produced by a change in the level of the factor. This is frequently called
the main effect because it refers to the primary factors of interest in the
experiment. For the data shown in Table 2.10. The main effect of factor

A can be estimated as the difference between the average response at the
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first level of A and the average response at the second level of A.

Numerically, the main effect is as shown in Equation (2.1)

A =(40+52)/2 - (20+30)12 =21 (2.1)
That is, increasing \%‘# el a, to level a, results in the
average response incr&as&émts the main effect B can be

estimated as shown in

2.2)

For some experi the di ference in. the response between the

level of one factor may be not m& F: ¢ 5 vel of the other factors.
When this occurs, there is“as eraction between the factors. For

;;;;;

he first level of factor B,

the effect 4 is:- D a
qugtnifshiens
and at tta Wﬂfﬁaﬁfﬁfﬁ ﬂeﬁﬁ‘iﬁ ‘m 4 a t
a0 g (2.4)

Since the effect of A depends on the level chosen for factor B, it is

clear that there is an interaction between 4 and B.
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Table 2.11: A factorial experiment with interaction.

Factor B
Factor A b, b,

a, 40

The idea of fa ; in Figure 2.9 (a)

which is a plot of dat able ainst factor 4 for both
level of factor B. | ,’Jv are approximately parallel, this
indicates a lack of interagti cef s Aland B Similarly, Figure
2.9 (b) is a plot of the | 1. The b, and b, line are
not parallel. This indicates tl 'the g nteraction between factors 4
and B L

:z: Ca o I 8,
13 RN iyg
20 P S o/
ﬂ%ﬁﬁ?ﬁ%ﬂq?%
(a) (b)

Figure 2.9: Factorial experiment response and factors for (a) without

interaction and (b) with interaction
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When the interaction is large and the main effect is little such as

the data shown in Table 2.1 1, the main effect 4 can be estimated as

following:-
A =(50+12)/2 - (20+40)2 = 1 (23)

S\
' ti / ' ffect due to 4.
As is apparent in at j 1s no effect due to 4

formation on both factors

i
Fp F - |

——

could be obtained b varying

|
—_——

desirable to maﬂ two or m atiéps at each treatment

combination and esg%te the effects of the factors using average

responses. {u% H w(ﬁj ms%&laﬂaﬁ required in the

experiment.

ARIANTAUUMINGIAY
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Table 2.12: One-factor at a time method.

Factor B
Factor 4 by b,y

If a factorial exper / hac _ rmed, only treatment
 felbborrit
:J‘

ol
.' v

combination, a,b,, would k

two estimates of the A

Similarly, two estlmate of 1l 6B§ § made. These two estimates

of each of the main effec id b > produce the average main

effects that are similar as theﬁo a single-factor experiment, but only
T

four total obse wve efficiency of the

% Y-
o

e to conclude that this relative efficiency of factorial

o 8 I AT o

Figure 2.10.

Q‘W’]ﬂﬁﬂ'ﬁm UAIAINYA Y

Generally, it is possib
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Relative efficiency

=l

the one-factor-at-a-time « cs%iﬁmdm‘@laf arb, and ayb; gave better

W ﬁe that a,b, would be
even better. However, if an inferaction is present, this conclusion may
seriously be in error.f}m example of w 1S sho@n in Table 2.12.

fa L
In sumrﬁrutﬁsl tgtmaﬂimgi wvgjs:lﬁ‘jdvantagcs. They
e more efficient than one-factor-at-a-time 1 S. ql:ElIhermore, a
factonal iﬂﬁeﬂn m&mlmfjﬁ @ t and have

to be taken into account to avoid misleading conclusions. Factorial

responses than albﬁthe logmal'éonc

designs also allow the effects of each factor to be estimated at several
levels of the others, yielding conclusions that are valid over a range of

experimental conditions.




34

2.9.3 The 2" Factorial Design

The two-level full factorial design experiment is the best method to
study the main effect of variable factors and interactions between factors.
The important k factors factorial design are only two levels. These levels
may be quantitative, such as temperatures pressure or time or they may be
qualitative, such as type of machine, operato;'s or types of materials. The
levels of factor are high and iow, and the complete replicate of two levels

factorial design are 2&/ W4 0" &bservatlons Hence, it may be called
2 factorial design. / “ 2,4

— !

The 2% design growdcs thc smallest number of runs when
compared to the k factors snnple expémnent This is because there are
only two levels for each factorand aﬂ:observatlons of 2* design can be

-.‘.j =

covered at any pomt§ of expenment

L 'r.a L S
%

3 ,f

To calculate the estimate effect or to compute the sum of squares

for detecting the effect and the interaction, .a, contrast we must first be

determined. This can be done by using any of the thére methods shown
in Appendix:l.

The estimate effect can be evaluated by using Equation (2.6) as

shown below.

Estimate effect of factor ABC..K = 2k (Contrast ABC. K) (2.6)
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The value of the estimate effect can show the significance of the

effect of each factor or the interaction but the scale of the acceptation is

Wed by using Equations (2.7) to

1 -
Leammige. < @7

arbitrary.

The sums of square can be\

(2.9) as following:-

2 2 2 2
SS, - Z Z Z.Z
a-ib-sc-1 k-in-1

g e ———————————————

The mean squa & sum square as shown

in Equation (2.10). J : m

QUL INENTUINT. o

ABC..K A‘BC- K

ARIANNIUURIAINYIAY

9 for the F distribution
F - (M

ABC---K

)/ MS, (2.11)

SABC. K

T 20HBO 049X
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2.9.4 Indication of the Significant Effect

To search for the significant effect, two methods are available
namely the analysis of variance (ANOVA) if the replication (n) is more

than 2 and the normal probability cumulative plot if n is more than 1. In
f k : :
some cases, the moderate or large num’faé_r.-of factors of 2 factorial design
: : 5 . : :
involves many observations. For example, the 2" factorial design requires

32 treatment combinations-and ot requires 64 treatment combinations,
and so on. The ot rgasons of conductmg a factorial design is that
some experiments gsually Ilm _ted by the number of tests in the
experiment. This y_jbe dqe té; some lhimitations for example the
experiment may involvgfih,e use of vczgy expensive material, only very little
amount of material is avﬁlqlg([_‘é_-;for the t:%§§ or the experiment may involve
very long test time. There- i;only Gjﬁgj—'method that requires only one

single replica and yet it can give stat:stlcally-baﬁed conclusions on the

effect and the 1nter-act10n of the variable parameters This method is
known as the normal probability cumulative plot. The ANOVA method

uses the F distnbution and ‘more than two réplicates ‘are required; i.e. n >

2.

2.9.5 Analysis of Variance for 2* Design

The ratio of the mean sum square of the factor to the mean sum

square of error, i.e. MS /MS_, MS /MS,_, MS ,/MS,....... MS .. /MS,

are distributed as F distribution and shown in Table 2.13.



37

Where (2-1) = vl numerator degrees of freedom

2k(n-1) = v2 denominator degree of freedom

)
¢

AULINYNINYINT
IR TN INGA Y



Table 2.13: Analysis of variance for a 2" design.

Source of Sum of |Degree of| Mean of F,
Variation Squares | Freedom | Squares
k main effects
A SS4 SS4/SSg
B SSp SSp/SSE
K SSg SSx/SSg
two-factor interactio
AB hSS 5 SS 4p/SSp
JK 58 SS ;x/SSg
three-factor interactio
ABC SSupc | SS.pc/SSp
ABD p | 1 | ISS4pp SS 4pp/SSg;
UK LoSSpx | o1 88 $8:5/58;
: i~ ;
ﬂ‘UEJ\ WHW?WH’W?
=Y s
ABCQISN I ﬁ&h 7;14 ;'I M ’] ’J Y] EJA;la S4Bc. k/SSE
Eror | 2&kmn-1) |SSz/2Km-1)
Total SST n2K-1 | SSp/(n2k- 1)
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