
CHAPTER I I

THEORY

During World War I I ,  new p la s t ic  compounds and improved 
molding methods, to g eth er  with th e  use o f g la s s  f ib e r , produced a 
new f i e ld  o f s tru c tu ra l products. Yarns, stran d s, mats, and 
c lo th s  made from g la s s  f ib e r  were u n ited  w ith  various r e s in s  to  
g iv e  a m aterial with c h a r a c te r is t ic s  o f very high stren g th  
and impact r e s is ta n c e , l ig h t  w eigh t, and dim ensional s t a b i l i t y .  
R esins with FRP co n tr ib u te  m echanical stren g th , determ ine 
e le c t r i c a l ,  chem ical and thermal perform ance, and prevent 
abrasion of f ib e r s  by keeping them sep a ra ted . By varying r e s in  
in g red ien ts and th e ir  treatm ent, many d if f e r e n t  m a teria ls  are  
produced for a wide range o f a p p lic a t io n s .

Two main c la s s e s  o f r e s in s  are used  in  re in fo rced  p la s t ic  
products. Therm osetting r e s in  system s become hard when cured or 
heated , and fu rth er  h ea tin g  w il l  not s o f te n  them -  the hardening 
i s  ir r e v e r s ib le . Therm oplastic r e s in s  become s o f t  when heated  
and hard when co o led  -  t h is  c y c le  i s  rep ea ta b le . At p resen t, 
th erm oplastic  r e s in s  are used in r e in fo r c e d  p la s t ic  in d u str ie s  
in  sm all q u an tity  because they  req u ire  more complex equipment 
and procedure than th erm osettin g  r e s in s .

2 .1  Unsaturated P o ly e ste r  R esins

P o ly ester , th e  workhorse o f th e  in d u stry , accounts fo r  
about th r ee -fo r th s  o f th e  th erm osettin g  r e s in s  used in industry
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and about 90% or more o f th e  r e s in s  used  in  th e  re in fo rced  
p la s t i c  products (1 6 -1 8 ). Because o f th e  v e r s a t i l i t y  o f  
p o ly e s te r s  and th e ir  c a p a b ili ty  to  be m odified  or ta i lo r e d  during 
th e ir  chem ical co n stru ctio n , they have alm ost u n lim ited  range 
o f u ses  in  nearly every typ e o f a p p lic a t io n s  which requ ire good 
m echanical property, chem ical and e l e c t r i c a l ,  ลร w ell as 
dim ensional s t a b i l i t y  , low c o s t  and ease  o f h an dlin g .

I n i t i a l l y  one can c la s s i f y  p o ly e ste r  r e s in s  in to  two 
major ty p es  ะ

1. The general purpose res in  i s  a lo w -co st p o ly e ste r ,  
w ith  good e le c t r i c a l ,  mechanical p ro p er tie s  and reasonab le good 
co rro sio n  r e s is ta n c e . These r e s in s  a lso  f in d  wide use in  
r e in fo r c e d  p la s t ic  luggage, tr a y s , boxes, fu r n itu r e , autom otive  
components, and boat h u l ls  -  a l l  a p p lic a t io n s  which do not 
req u ire  outstanding corro sio n  r e s is ta n c e . The major drawback w ith  
th e s e  r e s in s  i s  th a t th ey  shrink during cu rin g  making i t  
d i f f i c u l t  to  obtain  smooth su r fa c e s . E x cess iv e  shrinkage can 
cau se poor weathering r e s is ta n c e .

2. S pecia l purpose p o ly e ster s  are th o se  r e s in s  which 
have been s p e c ia l ly  form ulated to  meet some p a r tic u la r  end-use  
requirem ent with r e sp ec t to  performance. G en erally , th e se  
p o ly e s te r s  can be d iv id ed  in to  f iv e  major c la s s e s  as fo llo w s  
(19) ะ

2 .1  F le x ib le  r e s in s  and s e m i-r ig id  r e s in s  ะ These 
r e s in s  are tough r e s in s ,  good impact r e s is ta n c e ,  h igh f le x u r a l  
s tr e n g th  and low f le x u r a l modulus, which f in d  wide use in  
machine covers and guards, s a fe ty  helm ets, b o a ts , e tc .

2 .2  L ig h t-s ta b le  and w ea th er -re s is ta n t r e s in s  ะ 
These r e s in s  a lso  f in d  wide use in s tru c tu r a l p a n e ls , sk y lig h tin g  
and g la z in g  -  a l l  a p p lic a t io n s  which do req u ire  r e s is ta n t  to
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weather and u l t r a v io le t  degradation.
2 .3  C h em ica l-resistan t r e s in s  ะ These r e s in s  have 

h ig h est chem ical r e s is ta n c e , e x c e l le n t  acid, r e s is ta n c e  and f a i r  
in a lk a l ie s .  These r e s in s  a lso  f in d  wide use in  co rro s io n  
r e s is ta n t  a p p lic a t io n s  such as p ipe, tan k s, d ucts and fume s ta c k s .

2 .4  F la m e-resista n t r e s in s  ะ These r e s in s  are r ig id ,  
s e lf -e x t in g u is h in g  and a lso  fin d  wide use in b u ild in g  p an els  
( in t e r io r ) ,  e l e c t r i c a l  components and fu e l  tank s.

2 .ร R esin s w ith high heat d e f le c t io n  tem perature ะ 
These r e s in s  are r ig id  and can se r v ic e  up to  500°c , so  major 
work i s  to  be used  in  a ir c r a f t  p a rts .

2 .2  Other M a ter ia ls  Used in  th e Unsaturated P o ly e ste r  R esin s

1. F i l l e r s
F i l l e r s  and. pigments are added to  molding r e s in s

to  reduce sh rin k age , minimize craz in g , lower m ateria l c o s t s ,
impart c o lo r  or o p a c ity , and improve su rfa ce  f in is h in g .  Calcium  
carbonate, diatom aceous ea r th s , and c la y s  are commonly used  
as f i l l e r s .  Noncompact m a teria ls  such as c o l lo id a l  s i l i c a ,  
b en to n ite , mica p la t e l e t s ,  or sh o r t-len g th  f ib e r s  o f a sb e s to s  or 
g la s s  can be used w ith  p o ly ester  r e s in s  to  produce a flo w
c h a r a c te r is t ic s  known as th ixo trop y . The p r a c tic a l a p p lic a t io n  
of th ix o tr o p ic  agen ts i s  to  permit th e  use o f r e s in  system s on 
v e r t ic a l  su r fa c e s  w ithout e x c e ss iv e  drain  or run o f f .

2.  C ro sslin k in g  Agents
Styrene i s  th e  id ea l monomer and th e most commonly 

used monomer in p o ly e ste r  r e s in  system s because i t  i s  abundantly  
a v a ila b le , low in  c o s t ,  has good, so lv e n t c h a r a c te r is t ic s  
and rea c ts  r e a d ily  w ith  unsaturated  p o ly ester  during th e  curing
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r e a c tio n . The a d d itio n  o f  styren e  a lso  has some d isadvantages  
such as: fib er  p attern  i s  more d i f f i c u l t  to  h id e . Adding sty ren e  
a ls o  tends to  in c r ea se  th e  exotherm ic tem perature, thus th e  
p o s s ib i l i t y  o f cra z in g  in  r e s in  r ic h  s e c t io n s  i s  in creased . 
I t  has been proposed th a t  th e  sty r e n e -sty r e n e  linkage in th e  
cro ss lin k ed  p o ly ester  system  i s  su b jected  to  breakdown ill much 
th e  same fash ion  as s t r a ig h t  p o lysty ren e. Higher con cen tration  
o f styren e  w il l  a d v erse ly  a f f e c t  th e  stren g th  p rop erties (19-211.

Use o f some methyl m ethacrylate (MMA) r e s u lt s  in  
con sid erab le  improvement in  th e  weathering c h a r a c te r is t ic s  o f  
p ol5'e s te r s . However, when used by i t s e l f  as th e  c r o ss lin k in g  
a gen t, i t  has poor r e a c t iv i t y  w ith  unsaturated  acid s in th e  
p o ly ester  chain lea d in g  to  slow  cure. MMA can a lso  be used  
to  improved th e  transp aren cy c h a r a c te r is t ic s  o f the f in is h e d  
lam inate (22 -2 4). Optimum g la s s  r e te n tio n  i s  a lso  obtained  a t  
a r e s in  ะ styrene ะ MMA o f r a t io  60 : 20 : 20. S p e c if ic a tio n s  o f  
sty ren e  and MMA were shown in  Table 2 .1 .

Table 2 .1  S p e c if ic a t io n s  o f styren e  and methyl m ethacrylate
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3. C a ta ly s ts
Organic p eroxid es are w idely  used, to  c a ta ly z e  

p o ly ester  r e s in  system  and to  i n i t i a t e  th e  cop olym erization  
re a c tio n . Because most organ ic p eroxides e x h ib it  good s o lu b i l i t y  
in  styren e  and do not r e le a s e  gaseous by-products on cure and 
some can be induced to  decompose to  r e le a se  fr e e  r a d ic a ls  a t  
lower tem perature, th ey  are p referred  over th e  azo in i t ia t o r s  
(2 5 ). In a d d it io n , th e  u se o f organic peroxides f a c i l i t a t e s  
con tro l o f th e  r ea c tio n  (tim e o f g e la t io n  and cu re ). The most 
common c a t a ly s t s  used are methyl e th y l ketone p eroxide, benzoyl 
peroxide and cumene hydroperoxide.

4. In h ib ito r s
In h ib ito r s  are added in p o ly ester  r e s in s  to  enhance 

th e ir  sto ra ge  s t a b i l i t y .  Hydroquinone i s  commonly used as 
in h ib ito r  fo r  preven ting  polym erization  u n t i l  i t  i s  consumed, 
by some o f th e  fr e e  r a d ic a ls  from th e  c a t a ly s t .

5. A cce lera to rs or promoters
A cce lera tors are u su a lly  added to  p o ly ester  r e s in  

to  i n i t i a t e  or speed th e  g e l l in g  a t room tem perature by 
a cc e le r a tin g  th e  decom position  o f th e  c a ta ly s t  to  fr e e  r a d ic a ls  
(2 4 ). Commonly used, a c c e le r a to r s  are co b a lt naphthenate, d ie th y l  
a n ilin e  and dim ethyl a n i l in e .  Ketone peroxides and sev era l 
hydroperoxides r ea c t r e a d ily  in th e  presence o f sev era l metal 
s a l t s ,  e s p e c ia l ly  th o se  o f c o b a lt , by an o x id a tio n -red u ctio n  
rea c tio n  (25-27) ะ

ROOH + CoZ+ ---------» Co3+ + RO' + 0H~
* Co2+ + RDO' + H+ -----Co2+ + RO' + 0° + H+ROOH + Co
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An ex cess  o f th e  co b a lt compound o ften  r e s u lt s  in  a red u ction  in  
th e  r e a c t iv i t y .  However, i f  a r e s in  i s  cured in  th e  p resence  
of a ir ,  an e x cess  o f cob a lt compound may prevent th e  cure  
in h ib it io n  caused by th e  oxygen in th e  a ir  (2 4 ).

6 . Mold r e le a s e
Zinc s te a r a te  or p ara ffin  wax are added to  th e  r e s in  

mix in  order to  f a c i l i t a t e  th e  removal o f th e  part from th e  mold 
a fte r  com pletion  o f th e  curing c y c le .

7 . Other a d d it iv e s
Other m a ter ia ls  may be added to  th e  r e s in  mix e ith e r  

by th e  r e s in  su p p lier  or th e  molder to  impart s p e c ia l  performance. 
Examples o f th e se  su bstances are u l t r a v io le t  absorbers which are  
added to  r e s in  mixes su b jected  to  exposure to  u l t r a v io le t  
rays in natural su n lig h t or f lu o r e sc e n t l ig h t .  Flam eproofing  
su b stan ces, such as antimony t r io x id e  or c h lo r in a te d  waxes, 
are added, to  ach ieve a f ir e -r e ta r d a n t property .

2 .3  C ro sslin k in g  Mechanism

A fter a d d itio n  o f th e  v in y l monomer, c r o ss lin k in g  b eg in s  
on in trodu cin g  a c a t a ly s t .  The curing p rocess s t a r t s  as soon as 
th e  c a ta ty s t  breaks d.owri in to  a c t iv e  fr e e  r a d ic a ls .  T his i s  most 
freq u en tly  accom plished by heating th e  system  to  th e  tem perature 
a t which th e  c a t a ly s t  decomposes a t a f a i r ly  rap id  r a te . I t  can 
a lso  be accom plished a t lower tem perature by th e  u se o f 
a c c e le r a to r s  or promotors which serv e  to  decompose th e  c a t a ly s t  
to  fr e e  r a d ic a ls  more rap id ly  than thermal decom position . 
C rosslin k in g  occurs v ia  fr e e  ra d ica l p olym erization  (3 ,1 6 ,1 7 ) .  
In th e  common sty ren a ted  p o ly e ster , th ree  ty p es  o f r a d ic a ls  are
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formed ะ th o s e  o f  fum arate, o f s ty ren e , and o f th e  c a t a ly s t  as  
shown in  F igu re 2 .1 . In order to  obtain  a h ig h -q u a lity  product, 
i t  i s  d e s ir a b le  th a t  th e  sty ren e  and fumarate r a d ic a ls  r ea c t  
e ith e r  a l t e r n a t iv e ly  or in th e  proportion e x is t in g  b efo re  
c r o ss lin k in g  occu rs (2 4 ). This s o -c a lle d  " g e la tio n  tim e" i s  
d efin ed  as th e  p eriod  between th e  ad d ition  o f th e  a c c e le r a to r  to  
th e l iq u id  r e s in  and th e  appearance o f a s o f t  in tr a c ta b le  g e l ,  
where 1-2% o f th e  polymer has been cro ss lin k ed . The g e la t io n  
tim e sh ou ld  be c o n tr o lle d  by varying th e  a cce lera to r  con ten t and 
not be a lt e r in g  th e  amount o f c a t a ly s t .  C rosslin k in g  proceeds  
rap id ly  and e s ta b l is h e s  th e  s tru c tu re  o f th e th ree  d im ensional 
network in  which polymers and monomer are im m obile. As 
c r o ss lin k in g  and copolymer form ation a c c e le r a te , h eat i s  
generated  (exotherm ic rea c tio n ) and a r ig id  p la s t i c  form s. 
This s o - c a l le d  "curing tim e (hardening tim e)" i s  d e f in e d  as th e  
tim e from th e  s e t t in g  o f th e  r e s in  to  th e  p oint when th e  r e s in  
i s  hal'd enough to  a llow  th e  molding or lam inate to  be withdrawn 
from th e  mold. As th e  mass b eg in s to  heat up, th e  hardness 
in crea ses ra p id ly  and other p h y sica l c h a r a c te r is t ic s  d evelop  
q u ick ly  as w e l l .  The cro ss lin k a g e  network i s  95% com plete a f te r  
the heat d is s ip a t e s  from th e  mass ; further h ea tin g  cp o stcu r e) 
at h igher tem perature d r iv es  th e  rea ctio n  to  com p letion . This 
so -ca lled , "maturing time" ; i t  may be hours, se v e r a l days or 
even weeks depending on th e  r e s in  and curing system , and i s  
the tim e taken for th e  molding or laminate to  p ostcu re  to  
acquire i t s  f u l l  hardness, chemical r e s is ta n c e  and s t a b i l i t y .  
Maturing w il l  ta k e  p lace a t room temperature or i t  can be 
a cc e ler a te d  by p ostcure (2 8 ). Without p ostcu re, th e  p la s t i c  
e x h ib its  a d i s t in c t  sty ren e  odor, which may p e r s is t  fo r  weeks.
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(1)

F igure 2 .1  The nature o f cured p o ly ester  r e s in s .
(1) S tru ctu res p resen t in p o ly ester  r e s in  ready for  

lam inating ะ
(a) low m olecular weight unsaturated  

p o ly e s te r  m olecules
lb) r e a c t iv e  d ilu e n t  (styren e) m olecules 
1C) i n i t ia t o r  (c a ta ly s t )  m olecules

(2) S tru ctu res p resen t in  cured p o ly ester  r e s in . 
C ro sslin k in g  v ia  an a d d itio n  copolym erization  
r e a c tio n . The va lu e o f ท ~  2-3 on average in  
gen era l purpose r e s in s .
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2 .4  G lass F iber

Glass has been one o f man’s  most u se fu l m a ter ia ls . I t s  
u se d ates back as fa r  as 2500 B .c .  in  i t s  most fa m ilia r  forms 
such as windows, d ish e s , e tc .  I t  i s  u s u a lly  used by not regard  
to  stru ctu ra l which b r i t t le n e s s  and easy  fra ctu re . Although  
i t  i s  strong in  com pression, i t s  t e n s i l e  stren gth  in bulk form 
i s  only on th e  order 10,000 to  20,000  p s i  w h ile  g la s s  in  f ib e r  
form has a v ir g in  t e n s i l e  s tren g th  o f  100,000 to  800,000 p s i .  
Because o f th e ir  h igh  stren g th , h igh  performance c a p a b i l i t i e s ,  
g la s s  f ib e r s  are cu rren tly  used a s re in fo rc in g  agen ts in  
stru c tu re  com posites such as ro ck et, motor cases and a ir c r a f t  
p a rts . Today g la s s  f ib e r s  are produced in  a v a r ie ty  o f forms by 
sev era l major corp ora tion s.

2 .4 .1  G lass Compositions

G lass i s  an amorphous m ataria l th a t i s  n e ith er  
s o l id  nor liq u id s  ; i t  does not p o sses  e ith e r  th e c r y s t a l l in e  
stru ctu re  o f s o l id s  or th e  flow  c h a r a c te r is t ic s  o f l iq u id s .  
Chem ically, g la s s  i s  composed p r im a r ily  o f a s i l i c a  (S i0 2 ) 
backbone in th e  form o f an (-S iO i1- )  polymer. The th r ee  
dim ensional network o f s i l i c a  te tr a h e d ra  i s  th e  b a s is  o f th e  
variou s and unusual p ro p erties  o f g la s s .  By ad d ition  o f m odifying  
in g red ien ts  such as m e ta ll ic  o x id es which may become part o f th e  
s i l i c a  network or d isru p t i t .  The p r o p e r tie s  o f th e  g la s s  can be 
varied  and ad ju sted  to  various l e v e l s  o f  performance (20) as
shown in Table 2 .2 .
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Table 2 .2 T ypical p ro p erties  o f E, ร, and D g la s s

Property E Class ร Glass D Glass
Physical Properties*

Specific gravity 2.54 2.49 2.16
Mechanical Properties*Virgin tensile strength at 72"F 500.000 psi 665.000 psi 350.0๓ psi

Yield strength at 1000”F 120.000 psi 275.000 psi
Ultimate strength at 1000°F 250.000 psi 350.000 psi 7.5๓.0๓ psiModulus of elasticity at 72°F 10.500.000 psi 12.400.000 psi
Modulus of elasticity at.72°F 12.400 000 psi 13,500,000 psi

(after heat compaction)
Modulus of elasticity at 1000°F II .8๓.0๓ psi 12.900.000 psi

(after heat compaction)
Elastic elongation at 72'F 4.ร'’,, - e o'T9T4 4.7“,,

Thermal Properties**Coefficient of thermal expansion 2.ร in/in /’F X 10” l.6in/in/°F X 10“ 1.7 m/in/'F X 10
Specific heat at 75'F 0.192 0.176 0.175
Softening point 1.555’F 1778”F 1.420
Strain point 1.140'F 14๓" F S90
Annealing point 1.215‘F 1490"F 970

Electrical Properties**
Dielectric constant at 72'F. I0 Hz 5.80 4.53 3.56
Dielectric constant at 72“F, 1010 Hz 6.13 5.21 4.00
Loss tangent at 72"F. 106 Hz 0.001 0.๓2 0.0๓5
Loss tangent at 72"F. 1010 Hz 0.0039 00068 0.0026

Acoustical Properties*
Velocity of sound (calculated) 
Velocity of sound (measured)

17,500 ft/sec 
18.000 ft/sec

19.2๓ ft/sec 16.0๓ ft/sec
Optical Properties**

Index of refraction 1.547 1.523 1.47
• Properties measured on glass fibers. *" Properties measured on bulk glass.

As compared to  th e  other g la s s e s ,  E g la s s  i s  found 
to  be more s a t is fa c to r y  chem ically  and draws w ell in to  strong  
f ib e r s .  This g la s s  was found adaptable and h ig h ly  e f f e c t i v e  in 
a g rea t v a r ie ty  o f p rocesses and products ranging from d eco ra tiv e  
to  s tr u c tu r a l a p p lic a t io n s . E g la s s  does not have a s in g le  
com position  but may vary in com position w ith in  th e  range g iven  in 
Table 2 .3 .  changes w ith in  th e  in d ica ted  ranges do not 
s i g n i f i c a l l y  in flu en ce  i t s  e le c t r i c a l  or m echanical p ro p er tie s . 
Each g la s s  producer can th ere fo re  t a i lo r  th e  com position  to  h is  
raw m ateria l economics and production p ro cesse s .
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Table 2 .3  Compositions o f  E g la s s

Composition Range (°/o by weight)

S i0 2 52 -  56
* t ° 3 12 -  16
CaO 16 -  25
MgO 0 - 6
B 0 8 - 1 32 3

Na20 and K20 CO1O

T i02 0 -  0 .4
Fe 0 0 .0 5  -  0 .42 3
F 0 -  0 .52

2 .4 .2  G lass F iber Forms

G lass f ib e r s  are supplied  in  sev era l b a s ic  
forms. These forms a llo w  fo r  f l e x i b i l i t y  ir  c o s t ,  stren g th  and 
ch o ice  o f process (2 0 ).

1. Roving
Roving i s  a c o l le c t io n  o f p a r a l le l ,  continuous  

stran d s or f ila m en ts . C onventional rovings are produced by 
winding togeth er  th e  number o f s in g le  stran d s n ecessary  to  
ach ieve th e  required  y ie ld .  S in g le -s tra n d  rov ing , as th e name 
im p lie s , c o n s is t s  o f a s in g le  strand  of g la s s  f ib e r  fila m en ts .
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2. Woven roving
Many rovings are woven in to  a heavy, coarse  

weave fa b r ic  fo r  a p p lic a t io n s  th a t req u ire  rap id  th ick n ess  
b u ild -u p  over larg e  a rea s. This c h a r a c te r is t ic  i s  e s p e c ia l ly  
u se fu l in  th e  manufacture o f various marine products and many 
ty p e s  o f to o lin g .

3. Mats
Mats are made from stran d s ev en ly  d is tr ib u te d  

in  a random p a ttern . Their b a sic  a p p lic a tio n  i s  to  insu re maximum 
u n ifo rm ity  in th e  f in is h e d  lam inate. Strands are h eld  to g eth er  by 
s o lu b le  or in so lu b le  adhesive resin ou s b in d ers or m echanically  
h eld  in  p lace  by "needing". They have lower c o s t  than wovens. 
They can d iv id ed  in to  th ree  types ะ

a. chopped strand mat i s  a nonwoven m ateria l 
where th e  g la s s f ib e r  stran d s are chopped in to  1-2 inch, even ly  
d is tr ib u te d  at random onto a h orizon ta l p lane and bound to g eth er  
w ith  an appropriate chem ical b inder.

b. Continuous strand  mat c o n s is t s  o f m u ltip le  
la y e r s  o f unchopped continuous strands o f g la s s  f ib e r s  d ep o sited  
and in ter lo ck ed  in  a sp ir a l  fa sh ion . T his mat i s  open and 
sp r in g y , but due to  i t s  mechanical in te r lo c k in g  does not requ ire  
much binder for adequate handling stren g th .

c . Surfacing Mat i s  a th in  h ig h ly  porous 
mat from monofilam ents o f c  g la s s ,  arranged in a v e i l - l i k e  
p a ttern . I t  has l i t t l e  re in fo rc in g  s tren g th  but serv es  to  cover  
ir r e g u la r i t ie s  by drawing a s l ig h t  ex cess  o f  r e s in  to  th e  su rfa ce
next to  mold.
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4. Chopped strand
Chopped strand s are produced by c u ttin g

con tin u ou s-fila m en t strands or spun stra n d s. Chopped con tin u ou s-  
filam en t stran d s are used when uniform strandard len g th s  are 
d esired  from 1 /4  inch to  over 3 inch , w h ile  chopped stran d s made 
from roving are not uniform in len g th  and len g th s w i l l  range from 
1/4  to  1 /2  inch .

m illed  in to  very sh ort f ib e r  len g th , g e n e r a lly  1 /64  to  1 /4  inch. 
They are used, as in er t f i l l e r s  or flow  con tro l a gen ts  fo r  a 
v a r ie ty  o f th erm o p la stic  and th erm o settin g  r e s in s .  A v a r ie ty  o f 
s iz in g  agent on i t s  su rface  to  provide c o m p a tib ility  with  
polymer. They are g en era lly  used to  provide a n tic r a z in g , body and 
dim ensional s t a b i l i t y  to  ad h esieves and. patch ing compounds. 6

which i s  s u ita b le  fo r  use in weaving in to  t e x t i l e  m a te r ia ls . The 
con tinu ou s, in d iv id u a l strand as i t  comes from th e  bushing  
rep resen ts  th e  s im p lest form of th e  t e x t i l e  f ib e r g la s s  yarn and 
i s  re ferred  to  as a "sim ples yarn". In order for  t h i s  yarn to  be 
properly and e f f i c i e n t l y  u t i l i z e d  in  a weaving o p era tio n , 
a d d itio n a l stran d  in te g r ity  i s  in trod u cted  by tw is t in g  i t  
s l i g h t l y  to  u su a lly  le s s  than 1 tu rn /in ch  (40 turns/m ,'. However, 
h eavier yarn can be produced by combining s in g le  stra n d s v ia  
tw is t in g  and p ly in g  op eration s. T y p ic a lly , t h is  sim ply in v o lv es  
tw is t in g  two or more s in g le  stra n d s to g eth er  and su b seq u en tly  
p ly in g . The tw is t in g  and p ly in g  o p era tio n s permit th e  yarn 
stren g th , diam eter and f l e x i b i l i t y  may be v a r ied , and are

5. M illed  f ib e r s
Continuous g la s s  f ib e r  stran d s can be hammer-

6 . Yarns
A yarn i s  an assem blage o f f ib e r s  or stra n d s
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important s te p  in  producing a v a r ie ty  o f fa b r ic s  which 
com posite fa b r ic a to r s  req u ire .

7 . Woven fa b r ic s
A fa b r ic  i s  a m aterial co n stru cted  or 

in te r la c e d  y arn s, f ib e r s  or filam en ts ; u su a lly  o f  planar  
stru c tu r e , and th ey  are manufactured by in te r la c in g  len g th w ise  
and. c ro ssw ise  by yarns on conventional weaving loom s.

2 .4 .3  Surf ace Treatments

An important requirement o f g la s s  f ib e r  r e in fo rc e d  
p la s t ic  i s  good adhesion between th e  g la s s  and th e  p la s t i c  
m atrix. I f  adhesion  i s  weak, s t r e s s e s  w il l  not be e f f e c t i v e l y  
tra n sferred  from f ib e r  to  f ib e r ,  and com plete r e in fo r c in g  
a ctio n  of th e  f ib e r s  w il l  not be r e a liz e d . Good adhesion  i s  
obtained  by th e  a p p lic a tio n  o f coupling agents which r e a c t  w ith  
or bond s tr o n g ly  to  th e  g la s s  su rface  and to  th e  p la s t i c  m atrix . 
Coupling a gen ts  are a p p lied  to  th e  f ib e r s  as a chem ical su r fa ce  
treatm ent in  th e  form of a "size" or a " fin ish " .

There are two general typ es o f s i z e s :  com patib le
s iz e s  used, fo r  rov in g , mat and chopped strand , and temporary 
s iz e s  which a re  used for production yarns and f a b r ic s .  A 
com patible s i z e  t y p ic a l ly  con ta in s a coupling agent, a lu b rica n t  
and a film  form er. Temporary s iz e s  ty p ic a l ly  co n ta in  such  
in g red ien ts  as d ex tr in iz e d  starch  gum, hydrogenated v eg e ta b le  
o i l ,  n on ion ic  em u lsify in g  agent, c a t io n ic  lu b rican t g e la t in  and 
p olycv in y l a lc o h o l) .  They are commonly c a l le d  s t a r c h - o i l  s i z e s  
and they  se r v e  to  p ro tect f ib e r s  and hold stra n d s to g eth er  
during handling and weaving.
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The presence of a s t a r c h -o i l  s i z e  on fa b r ic  i s  
s a t is fa c to r y  fo r  some a p p lica tio n s but i t  i s  not com patib le w ith  
some r e s in s ,  does not wet-out w e ll ,  and g iv e s  poor lam inate wet 
stren g th  r e te n t io n . Consequently, i t  i s  u su a lly  removed and a 
f in is h  i s  then a p p lied . Removal i s  accom plished by b u rn in g -o ff . 
The b u rn in g -o ff process i s  known as heat c lea n in g  (2 9 ,3 0 ) .  I t  
may be batch  or continuous. The b atch -h eat p rocess i s  a c a r e fu lly  
c o n tr o lle d  heat c y c le  reaching a tem perature o f about 600-700°C. 
This s lo w ly  burns o f f  th e  organic m ateria l and produces a c lea n  
g la s s  fa b r ic  w ith  a s l i g h t ly  a lk a lin e  su r fa c e . I t  u su a lly  r e ta in s  
only  about 40-60% o f i t s  o r ig in a l s tren g th  which i s  i t s  major 
d isadvantage to  e a s i ly  damaged, but th e  heat p rocess i s  s im p le , 
inexp en sive  and uniform ity  can be maintained, from batch to  b atch . 
A continuous d e s iz in g  process in v o lv es  p assin g  fa b r ic  through  
a m uffle fu r fa c e  a t  about 1200°F (6S0°C) w ith  a treatm ent tim e  
ranging from 2-20 se c . D esizing  by heat treatm ent a lso  r e l i e v e s  
in tern a l s t r e s s e s  and induces crimp or weave s e t .  Im m ediately  
upon c le a n in g , th e  f ib e r -fa b r ic  should  alw ays be g iven  a f in i s h  
to  p ro tec t th e  su rfa ce . Sometimes s t a r c h -o i l  sized , fa b r ic ' i s  
heated  on ly  enough to  burn o f f  part o f th e  s iz in g  and th e  
remainder i s  caram elized.. This fa b r ic  has a tan  c o lo r  and i s  
s p e c ia l ly  s u ite d  for  melamine r e s in s .

Chemical c lean in g  to  remove th e  s i z e ,  a lthough  
i t  i s  used very l i t t l e  in th e in d u stry , can in v o lv e  u sin g  
d eter g en ts , enzymes or seq u ester in g  a g en ts . Depending on th e  
nature o f th e  c lean in g  bath, tem peratures up to  100°c, are  
employed. The ch em ica lly  cleaned fa b r ic  u su a lly  r e ta in s  as much 
as 0.10% organ ic m aterial which i s  con sid ered  an a ccep ta b le  
l e v e l .  This p rocess i s  expensive and does not heat th e  fa b r ic ,  
but stren g th  lo s s e s  are much l e s s .  Combinations o f th e se  two
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c lean in g  p ro cesses may be found; fo r  example, a tr ic h lo r o e th y le n e  
bath fo llow ed  by a m ild heat c lea n in g  treatm ent, or a 
pretreatm ent w ith  KN03, RbN03, or CsN03 fo llow ed  by h ea tin g  a t  
1000-1200°F for  1 hr appears very prom ising.

2 .4 .4  S iz in g  Agents Compositions

The s iz in g  agent was composed o f s ix  com p ositions
as fo llo w s ะ

1. Film -form ing agen ts

The film -form in g agents used in  s iz in g  a gen ts  
are members o f a large  group of polym eric su bstan ces th a t  
rnay have a n atu ral o r ig in  or may bave been produced  
s y n th e t ic a l ly . The polymers used as s i z e s  are e ith e r  w ater- 
so lu b le  or may be e a s i ly  s o lu b i l iz e d  by th e  a d d itio n  o f  a m ild  
a lk a l i ,  such as ammonia or sodium b icarb on ate. They p o ssess  on ly  
moderate v is c o s i t y  t.0 enab le some p en etration  o f g la s s  f ib e r s  
to  take p lace (31-32) ะ

-  P o ly (v in y l a c e ta te )  ะ used fo r  genera] purpose
-  Epoxy and/or P o ly e ste r  r e s in s  ะ used, fo r  high performance
-  Polyurethane ะ used fo r  th erm o p la stics

The fu n ction  o f th e  film -form in g  agen ts are t.0 hold th e fila m e n ts  
togeth er  in  th e  stra n d , not on ly  th a t when th e  s i la n e  forms a 
monolayer on th e  g la s s ,  but a' p ortion  o f th e  film -form ing r e a c ts  
with th e  organic segm ents o f th e  s i la n e  and th e  remainder o f th e  
film -form er r e a c ts  w ith  th e r e s in  used in preparing th e  f in a l  
com posite (29 ).
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2. Coupling agen ts

The cou p lin g  agen ts, g en e ra lly  used , c o n s is t  
o f an inorgan ic component r e a c tin g  w ith th e  g la s s  su rfa ce  and an 
organic component r e a c tin g  or a t le a s t  having good c o m p a tib ility  
w ith th e  polymers m atrix . The coupling agen ts between th e  
s i l i c a t e s  or s i l i c a ,  co n ta in in g  th e  s i la n o l  (Si-OH) groups, and 
th e  polymers to  be r e in fo rced  can be roughly subdivided  as 
fo llo w s (3 3 ,3 4 ,3 8 ,3 9 ) ะ

2 .1  Chrome complexes
Chrome com plexes, such as Cavco and Volan, 

were th e  f i r s t  among th e  cou p lin g  agents but today th ey  are  
been la r g e ly  rep laced  by s i la n e s .

2 .2  S ila n e s
The s i la n e s  normally used are  

te tr a fu n c tio n a l m olecu les w ith  a general form ula YR-Si(OR)3 . 
They u su a lly  con ta in  th ree  methoxy or ethoxy groups a t th e  
cen tra l s i l i c o n  atom, which are converted, by h y d ro ly s is  in to  
Si-(O H )3 groups. These s i-(O H )3 groups can bond w ith  th e  s i l i c a t e  
or s i l i c a  su rfa ces  by chem isorption  to  form S i-O -S i ; s i lo x a n e  
lin k ag e. The fou rth  group Y, such as v in y l, epoxy, amine, e t c . ,  
bound to  th e s i  atom can form a. primary v a len ce  bond to  
h ea t-cu rab le  p la s t ic s  and in crea ses  thereby th e  adhesion
between p la s t ic s  m atrix and reinforcem ent ; in th e  case  o f 
th erm o p la stics , t h is  g e n e r a lly  ta k es p lace  by purely p h y sica l 
fo r ce s  (adhesion) (1 ) .  As 'can be seen in  Figure 2 .2 .
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s tep  1 -  Preparation of th e  hydrolyzed s i la n e .

( Ï -m eth acryloxyp ropyD trim eth oxysilane s i la n o l  group

Step 2 -  A p p lication  o f th e hydrolyzed s i la n e  to  a g la s s  
f  ib re .

ilÇ -  CHKo
I

l - œ c
K o
L

OH OH OH 0 0 0
OH OH OH -  Si - 0 -  S i -0 -  S i

g la s s  -  S i -0 -  S i -0 -  s i  - 1 1 1

a ir

g la s s  
s i lo x a n e  linkage

Figure 2.2 Proposed rea c tio n  o f cou p lin g  agent w ith  
g la s s  su rface

The m ethacryloxy group rep resen ted  in  
Figure 2.2 c r o ss lin k ed  w ith unsaturated, p o ly e s te r s  by a 
cop olym erization  rea ction  between th e  double bond in the
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m ethacryloxy group and double bond in u nsatu rated  p o ly e s te r s  
by sty ren e  and/or methyl m ethacrylate (35) to  form f ib e r g la s s  
products as seen  from F igure 2 .3 .

res in

0 0 0
-  S i -0 -  S i -0 -  S i -

F igure 2 .3  Chemical bonding to  p o ly e ster  r e s in  o f g la s s  
f ib e r  tr e a te d  with s i la n e

2 .3  T ita n a tes
Like s i la n e s ,  t i ta n a te s  are te tr a fu n c t io n a l  

compounds. Their mode o f a ctio n  i s  s im ila r  to  th a t o f th e  
s i la n e s .  T ita n a te s  have not y e t been a b le  to  compete
com m ercially w ith  th e  s i la n e s .

2 .4  Other coupling agents
Many o f th e coupling agen ts mentioned in  

th e  p aten t l i t e r a tu r e  are based on e s te r s .  Their mode o f a c tio n  
l i e s  s o le ly  in b e t te r  d isp ers io n  or w ettin g  o f f i l l e r s  or 
rein forcem ents w ith  th e  polymer matrix r e s u lt in g  in th e
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improvement o f th e  m echanical p ro p er tie s .

The various unsaturated  compounds o f  
s i l i c o n  and other elem ents (36) were f i r s t  t e s t e d  as cou p lin g  
agen ts as shovrn in  Table 2 .4 .

Table 2 .4  R ep resen ta tive  commercial cou p ling  agents

Functional group Chemical structure Name
vinyl CĤ CHSilOCH,), vinyltrimelhoxysilanechloropropyl ClCHïCHïCH2Si(OCHJ)30 chloropropyltrimethoxy.silane
epoxy CaCHCH.OClLCa.Ctt.SiiOCH,);, 3-glycitiuxypropyi tri inclhnxysi laneÇH.,
methacrylate CH,=C—C00CH.CH.CH.Sii0CH,iu J-methacryloxypropy It rimclhuxy silaneprimary amine H,NCH.CH;CHjSilOC,l I.|2 ช-aminopropyltriethoxysilanediamine HîNCHàcHïNHCHjCHjCHjSilOCHjli .V-2aminoethyl-3-aminopropyltrimethoxysilanemercaoto HSCHjCIljCHïSiiOCHjl:, 3-mercaptopropyitrimethoxy3Üanecationic styryl CHî=CHC»H4CH.NHCH-.CH;NHtCH3l;iSiiÜCll|),IICi 3-(iV-styrylmethy 1-2-amino-

ท'7—\
ethylaminoipropyltrimethuxysilanehydrochloridecycloaliphatic X )—CH.CH SilOCH ,(1 /j-(3.4-epoxycyiohexyliethyltrimethoxysilaneepoxide \_/ ru.en-,7CH-,=C

chrome complex rohn o / ๐ Volan
ci- ct: , Cr—Cl/  1 \ | \a  1 ก ' ' 1 Cl11.0 1H H.o

CH,titanate 1 trial melhacryhisoproovl titanateiCH.=C-C0Oi,ๆ

3. Lubricants

The main fu nction  o f th e  lu b rican t i s  to  
p ro tect f ib e r s  from g la s s - a g à in s t -g la s s  abrasion . Furthermore i t  
promotes rapid w ettin g  o f th e  strand o f g la s s  f ib e r s  by th e r e s in  
to  make g la s s  f ib e r s  a tta ch  with p la s t i c ,  so th a t q u a n tity  
o f a ir  bubbles trapped in  products d ecrea se s .
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4. A n t is ta t ic  Agents

Because g la s s  f ib e r s  ten d  to  be s t a t i c a l l y  
charged, i t  i s  freq u en tly  d e s ir a b le , a.nd. i s  in d isp en sa b le  in  some 
c a s e s , to  use an a n t i s t a t ic  agent during th e  manufacturing or 
c u ttin g  s t e p s . A n t is ta t ic  agents can fu n ctio n  e ith e r  by reducing  
th e  charge gen eration  or by in crea sin g  th e  ra te  o f charge 
d is s ip a t io n  or by both mechanisms. The mechanism on th e  charge 
red u ction  or gen eration  i s  not com p letely  understood, however, 
i t  seems l ik e ly  th a t th e  presence o f th e  a n t i s t a t ic  agent a t  th e  
in te r fa c e  w il l  reduce th e intim acy o f  c o n tr a st between su r fa c e s  
and th e re fo r e  th e  net charge tr a n sfe r . E v id en tly  most lu b r ica n ts  
fu n ctio n  t h is  way and. i t  i s  o ften  d e s ir a b le  to  combine a n t i s t a t i c  
a c tio n  w ith  lu b r ic a tio n  (3 7 ). I f  an a n t i s t a t i c  agent i s  employed, 
i t  i s  p o s s ib le  to  d is tr ib u te  th e  g la s s  f ib e r s  uniform ly in th e  
lam ination  or molding com position. However, i f  th e  a n t i s t a t ic  
agent i s  not c o r r e c t ly  chosen, th e  f ib e r s  are caused to  rep el 
from one another by s t a t i c  charges and a non-uniform d is t r ib u t io n  
of g la s s  f ib e r s  occurs in th e  com position  ( 6 ,7 ) .

ร. pH C on troller

Acid or base i s  added to  th e  s iz in g  agen ts to  
a id  in th e h y d ro ly s is  o f th e  Si(OR)3 groups to  Si(OH).3 groups. 
The su rface  i s  then d ried , u su a lly  a t tem perature over 100°c, 
to  promote th e condensation  rea c tio n s  and to  remove e x c e ss  water 
(32). Yet a b a s ic  c h a r a c te r is t ic  o f g la s s  s tr u c tu r e s  i s  th a t t h i s  
network in  s i l i c a t e  g la s s e s ' i s  irreg u la r  and a p er io d ic . From 
th a t , g la s s  may be viewed as having in t e r s t ic e s  in i t .  These 
h o les  are f i l l e d  w ith  ca t io n s  which have been r e la t iv e ly  larg e  
io n ic  r a d ii  and sm all charges and th e se  c a t io n s  which
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s p e c i f i c a l ly  m odify th e  p ro p erties o f th e  g la s s .  The c a t io n s  may 
be devided  in to  two typ es ะ (1) th ose  forming th e  network, such  
as s i l i c o n  and boron and (2) th ose  found in th e  in t e r s t i c e s  where 
they modify th e  f in a l  p ro p erties  such as sodium, calcium  and 
o th ers . Some o f th e  elem ents used in g la s s  are am photeric and may 
enter th e  network or be found in th e  in t e r s t ic e s .  For example, 
one th in k s o f -S i-O -S i-  lin k ages in g la s s ,  but in multicomponent 
com positions co n ta in in g  sodium, -Si-O -N a i s  formed. The p resen ce  
of such m onovalent ca t io n s  in s i l i c a  g la s s  cau ses a breakage o f  
th e s o l id  s tr u c tu r e  in crea sin g  f u s i b i l i t y ,  d ecreasin g  v i s c o s i t y ,  
and reducing chem ical and thermal s t a b i l i t y  (2 9 ). The pH near 
the f ib e r  su r fa c e  w il l  be increased, by sodium ion  e x tr a c t io n .  
Furthermore, a c e t ic  a cid  may be used to  promote th e se  r e a c t io n s .  
Sin ce a c e t ic  a c id  can a lso  ex tra c t calcium  and aluminium
from th e  f ib r e ,  th ere fo re  condensation rea c tio n  o f s i la n o l  
groups and g la s s  proceeds b e tte r  and fa s te r  (3 2 ).

6 . Water

Because water i s  th e  main c o n s t itu te n t  o f s i z e  
form u lation s, i t  should be as fr e e  as p o ss ib le  from calciu m , 
magnesium, and iron  s a l t s ,  as w ell as from organic m atter. Hard 
water can be s u c c e s s f u l ly  so ften ed  by th e w ell known tech n iq u e  
of ion exchange. S o ft water i s  th e  most s a t is fa c to r y  fo r  use  
in th e  prep aration  o f s i z e  so lu t io n s  (3 1 ). The fu n c tio n  o f  
w ater is to  h yd ro lyze s i la n e  compounds as mentioned, above.

2 .5  F ab r ica tio n  P rocesses

Many p ro cesses  are a v a ila b le  to  produce th e  d es ir e d  
com bination o f d esig n  performance and economic o f g la s s  f ib e r
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com posites. Each p rocess has i t s  own u se fu ln e ss  th a t can be 
considered  broadly in two c la s s e s :  open mold p ro cesses and 
c lo s e  mold p ro cesses (1 8 ,2 0 ).

Open molds are s in g le  c a v ity  molds, e ith e r  male or 
fem ale, used in  p ro cesses which req u ire  l i t t l e  or no p ressu re. 
They includ e hand lay-u p , spray-up, vaccum bag, pressure bag, 
au toc la v e, fila m en t winding, c e n tr ifu g a l c a s tin g , and continuous 
p u ltru sio n . The p r in c ip a l c h a r a c te r is t ic s  o f th e molded o b je c t  
are ะ

1. Low investm ent due to  th e  need fo r  only one mold and 
lack  o f other equipment. Mold m ateria ]ร can be 
p la s te r  or r e in fo rced  p la s t ic s  (absence o f high  
p r e ssu r e ) .

2. R e la t iv e ly  h igh  labor c o s t .
3. Speedy mold production  and easy d esig n  changing. 

Complex shapes and large o b je c ts  may be formed.
4. R e la t iv e ly  slow  production o f p arts.

C losed molds are tw o -p iece  male and fem ale molds, u su a lly  
made o f m etal. They are m atch-die molding, in je c tio n  molding, 
and continuous lam inatin g. The p r in c ip a l c h a r a c te r is t ic s  o f th e  
molded o b jec t are ะ

1. C on trolled  su rfa ce  f in is h in g  (two s id e  f in is h in g ) .
2. E f f ic ie n t  use o f raw m a ter ia ls .
3. E x c e lle n t reproduction  o f d e ta i l  from part t.0 part

(h ig h est productio
4. H ighest equipment
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2 .6  Hand Lay-up

Hand lay-up or con tact molding i s  th e  o ld e s t  and s im p le st  
g la s s  f ib e r  re in fo rced  p la s t ic  forming p rocess (1 9 ). A c a v ity  
or p o s i t iv e  shaped mold i s  made o f e a s i ly  worked m a te r ia ls , such  
as wood, p la s te r  or re in fo rced  p la s t i c s .  In fa b r ic a t io n  th e  
g la s s  f ib e r s  and r e s in  are p laced  in  or on th e  mold and entrapped, 
a ir  i s  removed w ith  r o l le r s .  Layers o f g la s s  and r e s in  are  
added to  b u ild  up to  th e  desired, th ic k n e ss . I f  a h igh  q u a lity  
su rfa ce  i s  d es ir e d , a g e l coat (pigmented su rfa c in g  r e s in )  
i s  applied, on th e  mold p rior to  lay-up . The lay-u p  normally 
cures a t room temperature but heat may be used  to  a c c e le r a te  
cure. The exposed s id e  i s  g en e ra lly  rough but i t  can be made 
smoother by wiping on cellop han e or other s u it a b le  r e le a s in g  
f i lm s  such as "Mylar" or p o ly (v in y l a lc o h o l) .  R esin s used in  
hand lay-up  are u su a lly  p o ly e s te r s  or e p o x ie s .

2 .7  G lass Freer R einforced P la s t ic s  E ngineering F eatures (38 >

1. High stren gth  to  w eight r a t io  ะ GRP have a higher  
stren g th  to  w eight r a t io  than e ith e r  m ild s t e e l  or aluminum which 
are very w id ely  used as m a ter ia ls  o f c o n stru ctio n .

2. Wide performance range ะ I t  i s  p o s s ib le , by th e  
proper ch o ice  and proportion o f th e  g la s s  f ib e r  rein forcem ents  
and m atrix m a teria ls  t.0 obta in  a wide range o f performance 
ch aracter i s t i c s .

3. Low manufacturing c o s t  ะ Cost o f making re in fo rced  
p la s t ic s  i s  r e la t iv e ly  lower than c o s t  in fa b r ic a t in g  out o f  
other co n stru ctio n  m a ter ia ls . By s e le c t in g  th e  most s u ita b le  
molding method, i t  i s  p o ss ib le  fo r  a u n it t.0 produce i t s  products 
econom ically  in large or sm all numbers.
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4. Superior s t y l in g  ะ The ease w ith  which double  
curvature cou ld  be introduced in molding g iv e s  th e  d esig n  
g rea ter  freedom to  incorp orate superior s t y l in g ,  o th er  standard  
m a te r ia ls  o f co n stru ctio n  do not e a s i ly  tend th em selv es to  t h i s  
p o s s ib i l i t y ,  a t  an econom ical c o s t .

5 . High r e s is ta n c e  to  impact ะ Impact loa d s which would 
n ea r ly  buckle or d is t o r t  a metal component have l i t t l e  or no 
e f f e c t  on g la s s  f ib e r  re in fo rced  p la s t ic s .  When th ere  i s  
rupture due to  a h igh  le v e l  o f impact, th e  damage i s  lo c a liz e d  
and e a s i l y  r ep a ira b le .

6 . R esista n ce  to  corrosion  ะ By th e  proper ch o ice  o f th e  
r e s in  m a te r ia l, i t  i s  p o s s ib le  to  g e t a high co rro sio n  r e s is ta n c e  
to  a wide range o f ch em ica ls.

7 . Good e l e c t r i c a l  c h a r a c te r ic t ic s  ะ By th e  proper 
ch o ice  o f  th e  m atrix m a teria ls , i t  i s  p o s s ib le  to  ob ta in  
e x c e l le n t  e le c t r i c a l  p ro p er tie s  with g la s s  f ib e r  rein forced , 
p a s t ie s .

8 . Heat and sound in su la tio n  ะ G lass f ib e r  re in fo rced  
p la s t i c s  have a thermal co n d u ctiv ity  and good sound deadening  
p r o p e r t ie s .
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