
C H A P T E R  II

T H E O R Y  AN D  E I T E R A T U R E  R E V IE W S

2.1 Theoretical background

2.1.1 Miscibility of polymers

The m is c ib ility  between po lym ers is determ ined b y  a balance o f  

en tha lp ic  and en trop ie  con tr ibu tions  to the free energy o f  m ix in g . W h ile  fo r small 

m olecu les, the en tropy is h igh enough to ensure m is c ib ility ; fo r po lym ers the entropy  

is a lmost zero, causing en tha lpy to be decis ive in de te rm in ing  m is c ib ility . The change 

in  free energy in m ix in g  (AGmjx) is w ritten  as

AGmix = AHmix - TASmjx, (2 .1)

where, A H  11, is the en tha lpy o f  m ix in g  (J), A ร  111 is the en tropy change o f  m ix in g  (J /K )  

and T  is the absolute temperature (K ). Polym ers are o n ly  m isc ib le  when the G ibbs  

free energy o f  m ix in g  is negative. N o rm a lly , the most po lym e r blends are im m isc ib le  

because m ix in g  is endo therm ic and the entrop ie con tr ib u tio n  is small due to the h igh  

m o lecu la r we igh ts o f  the constituen t po lym ers (B rydson , 1998).

2.1.2 Phase morphology of immiscible polymer blends

M ost im m isc ib le  po lymers fo rm  coarse m ix tu res w ith  com para tive ly  

large dom ain sizes and sharp in terface, as a resu lt o f  the h igh in te rfac ia l tension
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between the components, w h ich  fu rthe r leads to poor in tc rfa c ia ! adhesion. The  

properties o f  a b lend not o n ly  depend on the m echanica l behav io r o f  the in terface, but 

also on the size o f  the respective po lym e r phases. The phase m o rpho logy  o f  

im m isc ib le  blend from  tw o  po lymers, fo r example, when po lym e r A  and po lym e r B 

arc blended together. In case that there is a lo t more o f  p o lym e r A  than po lym e r B, 

po lym e r B separates in to  lit t le  spherical globs. The spheres o f  p o lym e r B w i l l  be 

separated from  each o the r by the m a trix  o f  p o lym e r A , as shown in F igure 2.1. เท th is  

case, po lym e r A  is ca lled  a m a jo r component and po lym e r B is a m ino r component. 

W hen more po lym ers B is put in to  the im m isc ib le  b lend system , the spheres w i l l  get 

b igger u n til they become jo in ed  together and arc the domains o f  p o lym e r A . In th is  

case, po lym e r B is ca lled a co -continuous phase o r a reg ion o f  phase invers ion . 

M oreove r, the po lym e r B is put more ove r than the co -con tinuous phase u n til the 

po lym e r B becomes the m a jo r phase o r the m a trix  phase, and po lym e r A  becomes the 

m ino r phase o r the disperse phase.

Polymer A Co-continuous Polymer A

Polymer B Polymer B

Figure 2.1 Phase m o rpho logy  o f  im m isc ib le  po lym e r blends (Fayt, H ad jiandreou and 

Teyssie, 1998).

It is know n that s im p le  blends o f  tw o im m is c ib le  po lym ers u sua lly  

have large discrete dispersed phases and weak in te rfac ia l adhesion, resu lting  in poor 

mechanica l properties coup lin g  between phases. There fore , com pa tib ilize r is required  

to enhance in te rfac ia l adhesion between the phases o f  im m is c ib le  po lym ers.
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G enera lly , an e ffe c tive  com pa tib iliz e r should reduce the in tc rfa c ia l tension between  

the tw o  phases lead ing to a fin e r d ispers ion o f  one phase in another, enhance adhesion  

by coup lin g  the phases together, and s tab iliz in g  the dispersed phase against 

coalescence (Paul and Newm an. 1978). B lock and g ra ft copo lym ers represent the 

most extensive use as com pa tib ilize rs  fo r the s tab iliza tion  o f  phase structure. 

C om pa tib iliz c rs  arc usua lly  in a fo rm  o f  b lock  o r g ra ft copolym ers. They may be 

added separate ly o r fo rm ed du ring  com pound ing , m astica tion o r po lym e riza tion  o f  a 

m onom er in  the presence o f  another po lym e r. The copo lym e r com pa tib iliz c rs  o ften  

con ta in  segments, w h ich  are e ither chem ica lly  s im ila r to those o f  b lend components  

(non -reactive  com pa tib ilize rs ) o r m isc ib le  o r adhered to one o f  the components in the 

blend (reactive com pa tib ilize rs ). In case o f  reactive copo lym e r com pa tib iliz c rs , the 

segments o f  the copo lym e r are capable o f  fo rm ing  strong bonds (cova len t or io n ic )  

w ith  at least one o f  components in the blend. In the non-reactive  copo lym e r  

com pa tib ilize rs , the segments o f  the copo lym e r are m isc ib le  w ith  each o f  b lend  

components. The proposed con fo rm a tions o f  com pa tib ilize rs  molecules at the 

in terface o f  a heterogeneous po lym e r b lend are shown in  F igure 2.2.

INTERFACE

Figure 2.2 Loca tion  o f  b lock  and g ra ft copo lym ers at phase interfaces (Cor, M a rtin ,

Chris tophe and Robert, 1998).
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2,1.3 Log additivity ru le  model

G enera lly , the flo w  behavio r o f  a hom opo lym er depends on the flo w  

geometry and processing cond itions such as the temperature, shear rate, tim e o f  flo w , 

etc. C on tra ry to the po lym e r blends where the How behav io r becomes more com p lex  

and is in fluenced by add itiona l factors like  the m is c ib ili ty  o f  the system , the 

m orpho logy, in tc rfa c ia l adhesion, and in tc rfa c ia l th ickness. The m e lt v iscos ity  o f  

po lym e r blends shows three types o f  behav io r as fo llow s  (U tra ck i, 1989).

(1 ) Positive dev ia tion  behav io r (P D B ) where b lend v iscos ities show  a 

h igher value than the log  a d d it iv ity  va lue.

(2 ) Negative dev ia tion  behav io r (N D B ) where b lend v iscos ities show  a 

low e r value than the log  add iv ity  value.

(3) Positive-negative dev ia tion  behavio r (P N D B ) where the same 

blend exh ib its  both pos itive  and negative dev ia tion  behavio r, 

depending on the com pos ition , m o rpho logy  and processing  

conditions.

where Tjhienci and ๆI are the shear v iscos ity  o f  the b lend and that o f  the phase i and X is 

the we igh t fra c tion  o f  the phase /'.

The log  a d d it iv ity  ru le is an ind ica tion  o f  strong o r weak in te ractions

(2.2)

between the phases o f  the b lend. The im m isc ib le  blends show  a negative dev ia tion
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behavio r due to the heterogeneous na tlire  o f  components. Thus, the observed negative  

dev ia tion  is due to the in com pa tib ility  between the phases and in te rla ye r s lip  as a 

resu lt o f  the decreasing v iscos ity  o f  the system. A lso , the com patib le  b lends lead to a 

pos itive  dev ia tion  in rheo log ica l properties, such as the increasing v iscos ity .

2.1.4 Graft copolymerization
For g ra ft copo lym eriza tion , side chains o f  the backbone po lym e r are 

fo rm ed b y  attachment o f  m acromolecules w ith  d iffe re n t chem ical com pos itions . The  

s im p lest case o f  g ra ft copo lym e r can be represented by the model as shown in F igure  

2.3 where a sequence o f  m onom er un its (A )  is re ferred as the m a in chain o r backbone, 

a sequence o f  B un its is the side chain o f  a g ra ft and X  is the g ra ftin g  pos itio n  on the 

po lym e ric  backbone (Bayer, 1992). G ra ft copo lym e riza tion  can thus be de fined as a 

post po lym e riza tion . The v in y l monomers, such as styrene, a c ry lo n itr ile , and male ic  

anhydride arc n o rm a lly  used to  g ra ft on the backbone.

AAAAAAAAAAAXAAAAAAAAAA
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F ig u re  2.3 M ode l o f  g ra ft copo lym er (Bayer, 1992).

2.1.5 Reactive extrusion
Reactive extrus ion invo lves the synthesis o f  m ateria ls b y  a m e lt phase 

reaction in an extruder. The advantages o f  syn thes iz ing p o lye th y le n e -g ra ft-M A H  by  

reactive extrusion as opposed to a lte rna tive  techno log ies inc lude lit t le  o r no use o f
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solvents, a s im p le  p roduct iso la tion , short reaction times, a con tinuous process and 

re la tiv e ly  low  in fras truc tu re  costs. Some po ten tia l d isadvantages w ith  reactive  

ex trus ion  are the h igh reaction temperatures necessary to  fo rm  a po lym e r m e lt and the 

exten t o f  po lym e r degradation o r c ro ss lin k ing  that may accom pany processing (M oad, 

1999). A n  add itiona l p rob lem  is o ften that unrcacted g ra ftin g  com ponent must be 

removed du ring  o f  pos t-g ra fting  process.

2.2 Literature reviews

พ น !๒ , Takashi and Takah iro , 2005 studied a mechanochem ical method  

o f  p reparation o f  m a le ic anhyd ride -g ra fted -po lyp ropy lene . The preparation was 

perfo rm ed by  ba ll m il lin g  o f  po lyp ropy lene  pow de r w ith  m a le ic  anhydride (M A H ) in  

the presence o f  benzoyl peroxide. The F T -IR  spectra, the g ra ftin g  degree and the 

m orpho logy  were investigated. I t  was found that the b a ll-m ill method induced M A H  

g ra ftin g  on the backbone o f  pp  chains. The new absorptions w h ich  appeared at 1863 

cm "1 (asym m etric  c=0  stre tch ing ) and 1786 c m '1 (sym m etric  c = 0  stre tch ing ) in the 

spectra o f  the resultant samples arc the characte ris tics o f  m a le ic  anhydride-g ra fted -  

po lye thy lene . The g ra ftin g  degree increased fast w ith in  the M A H  concentration o f  1 

phr, beyond w h ich  it increased s low ly , and showed a m ax im um  at 3 phr. The ba ll m il l  

changed the pp  powder to a Hake m o rpho logy , and some partic les were sm a lle r w h ile  

some o ther were much larger.

Hongbo, W e ib ing , Hanyang, Zheng fa , S h ijun  and Q iusheng, 2004 studied  

the preparation and characte riza tion o f  po lye thy lene  m od ifie d  w ith  g ra ftin g  M A H  

m onom er on its backbone at firs t. Then tw o  k inds  o f  nanocomposites, po lye thy lene  

(PE )/o rgan ic m on tm o rillo n ite  (O rg -M M T ) and m a le ic  anhyd ride -g ra fted -po lye thy lene
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(P E -g -M A H )/O rg -M M T  nanocompositcs were prepared. The FT-1R spectroscopy, X -  

ray d iffra c tom c try  (X R D ), transm ission electron m ic roscopy (T E M ), d iffe re n tia l 

scanning ca lo rim e try  (DSC ) and th c rm og ra v im c tr ic  analysis (T G A ) o f  the  

nanocomposites were investigated. It was found that the FT-1R spectra o f  P E -g -M A H  

showed the characteris tic bands o f  succ iny l anhydride rings bonded to  PE w h ich  

proved the successful g ra ftin g  reaction. The X R D  and T E M  m icrog raphs showed that 

an in tercala ted structure w ou ld  be acquired on m ix in g  the PE and O rg -M M T  and an 

almost e x fo lia ted  system w ou ld  be obta ined by  m ix in g  the P E -g -M A H  and O rg -  

M M T . The DSC  and T G A  therm ogram  showed that bo th  nanocomposites had a 

h igher therm al decom pos ition  temperature and a h ighe r c rys ta lliza tio n  temperature  

when compared to the o r ig in a l m a trix .

Machado, Covas and Van  D u in , 2001 stud ied the e ffe c t o f  p o ly o le fin  

structure on m a le ic  anhydride g ra fting . A  series o f  p o ly o le fin  w ith  d iffe re n t 

ethene/propene ra tios was grafted w ith  M A H . The M A H  g ra ft con ten t and the degree 

o f  b ranch ing /c ross lin k ing  o r degradation were determ ined b y  F T -IR  and rheom etry . It  

was found that the M A H  gra ft content was low  fo r p o ly o le fin  w ith  a h igh propene  

content and h igh  when the propene content was be low  50 w t% . The  

b ranch ing /c ross lin k ing  occurred fo r p o ly o le fin  w ith  the lo w  propene content, w h ile  

degradation was the main side reaction fo r p o ly o le fin  w ith  the h igh propene content.

Nakason, Kaesaman and Supaasanth itiku l, 2004 stud ied the g ra ftin g  o f  

m ale ic anhydride  on to  natura l rubber (N R ). G ra ft copo lym ers o f  NR  and M A H  were  

prepared in a to luene so lu tion  and benzoyl perox ide was used to in it ia te  the free 

radica l g ra ft copo lym e riza tion . E ffects o f  the m onom er and in it ia to r  concentra tions
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together w ith  the in fluence o f  reaction temperature and tim e  o f  the g ra ftin g  reaction  

were studied. The quan tif ica tion  o f  the grafted M A H  on the N R  m olecu les were  

determ ined by  titra tio n  w ith  the standard K O H  so lu tion  and the es tim a tion  o f  the 

gra fted M A H  leve l was perform ed using IR  absorbance ra tio  o f  the peaks at 1780- 

1784 cm "' p lus 1854 cm "1 to 835 cm "1. It was found tha t quan tities o f  the grafted  

M A H  on N R  molecules increased w ith  the increasing m onom er and in it ia to r  

concentrations. The increases o f  reaction tim e  and reaction temperature also caused 

the increasing leve l o f  g rafted M A H . The Tg values also increased w ith  increasing the  

m onom er concentra tions in  the g ra ftin g  reaction.

Chaoq in , Y ong  and Y in x i,  2003 studied the g ra ftin g  o f  m a le ic  anhydride  

onto low -dens ity  po lye thy lene /p ropy lenc blends by  m e lt ex trud ing  in  the presence o f  

d icum y l perox ide . The m e lt v iscos ities o f  the grafted blends were measured b y  a 

cap illa ry  rheom eter and the g ra ftin g  degrees were determ ined by a back titra tio n  

method. The characteris tic groups o f  M A H  in the grafted products were measured by  

FT -IR . It was found that the m e lt v iscos ities o f  M A H  grafted LDPE /PP  decreased 

w ith  increasing pp  content w h ile  the g ra ftin g  degree was lit t le  changed. The  

characte ris tic bands o f  M A H  in  the M A H  grafted LDPE /PP  were located between that 

o f  the M A H  gra fted LD P E  and M A H  grafted pp.

H a iyun , Zhangb in , L i fang, A iguan  and Zhcngp ing , 2006 stud ied  

m orpho logy , therm al s ta b ility  and flam m ab ility  p roperties o f  A B S -g -M A H /c la y  

nanocomposites by  m e lt b lend ing. I t  was found that F T IR  spectra con firm ed  that the 

M A H  was successfu lly grafted onto butadiene chains o f  the A BS  backbone in  the 

m olten state using d icum y l pe rox ide  as an in it ia to r and styrene as the com onom er and
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the re la tive  g ra ftin g  degree increased w ith  increasing load ing  o f  M A H . T E M  images 

ind icated that the size o f  the dispersed rubber domains o f  A B S -g -M A H  increased and 

the d ispers ion was more u n ifo rm  than the neat A B S  resin. X R D  and T E M  showed  

that in te rca la ted /ex fo lia ted  structure was form ed in A B S -g -M A H /O M T  

nanocomposites and the rubber phase in tercala ted in to  the c lay layers. T G A  showed  

that the in te rca la ted /ex fo lia ted  s ta ic tu re  o f  A B S -g -M A H /O M T  nanocom positcs had 

better ba rr ie r properties and therm al s ta b ility  than d id  the in terca la ted ones o f  

A B S /O M T  nanocomposites. The Tg o f  A B S -g -M A H  resin was unchanged compared  

to  the neat A B S  but the add ition  o f  c la y  cou ld  im prove  Tg o f  A B S -g -M A H /O M T  and 

the Tg o f  A B S -g -M A H /O M T  nanocompositcs was h ighe r than that o f  the neat 

A B S /O M T  nanocomposites. The cone ca lo rim e tr ic  measurement showed that A B S -g -  

M A H /O M T  nanocomposites e xh ib it reduced fla m m ab ility  compared to A B S /O M T  

nanocompositcs at the same c lay content. The chars o f  A B S -g -M A H /O M T  

nanocompositcs were tigh te r, denser, more in tegrated and fewer surface m icrocracks  

than those o f  the A B S /O M T  nanocompositcs.

M e i- lin g , Y ong -lia n g , Hoe, John, K im  and Lee, 2007 stud ied the 

m is c ib ility  and com pa tib iliza tio n  o f  p o ly (tr im e th y lcne  te reph tha la te )/a c ry lon itr ile -  

butadiene-styrene (P T T /A B S ) b lends by  m e lt processing w ith  and w ith o u t epoxy o r 

styrene-butad iene-m ale ic anhydride copo lym e r (S B M ) as a reactive com pa tib iliz c r.  

They were investigated by DSC, dynam ic m echanica l analysis (D M A ) , ca p illa ry  

rheometer, and scanning e lectron m ic roscopy (SE M ). I t  was found tha t the P TT  was 

pa rtia lly  m isc ib le  w ith  ABS . Bo th  epoxy and S B M  showed com pa tib iliza tio n  effects  

on the P TT /A B S  blends, w h ich  led to a sh ift in the co ld  c rys ta lliza tio n  and grass 

trans ition  temperatures o f  the PTT  phase to h ighe r temperatures. The P TT /A B S
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blends exh ib ited  typ ica l pseudop lastic flo w  behavior. The rheo log ica l behav io r o f  the 

epoxy com pa tib ilized  P TT /A B S  blends showed an epoxy content-dependence. In  

contrast, when the S B M  content was increased from  1 w t%  to 5 w t% , the shear 

v iscos ities o f  the blends increased and exh ib ited  much clearer shear th in n in g  behav io r 

at the h ighe r shear rates. The SEM  showed a fin e r m o rpho logy  w h ich  supports the ir 

com pa tib iliza tio n .

N ikos , D im itr io s  and Joannis, 1996 studied the blends o f  po ly (e thy lene  

terephtha la te) (PET) w ith  unm od ifie d  and m a le ic anhydride gra fted a c ry lo n itr ile -  

butadiene-styrene te rpo lym e r by  m e lt b lend ing. The blends were exam ined at up to  

25w t%  content o f  A B S , tensile , dynam ic mechanica l, therm al p roperties, and 

m orpho logy  were investigated. It was found that PET /AB S  blends quenched from  the 

m e lt showed good tensile p roperties at low  A BS  contents, w h ich  were deteriorated  

du ring  storage at room  temperature. A t elevated m e lt temperatures, m is c ib ili ty  at the 

component in terface was pred icted. However, at am bient temperature, the phase 

separation was pred icted by s o lu b ility  parameter theory , and the m ism atch o f  

components expansive ly led to  poor adhesion and pa rtic le  debond ing du ring  storage. 

The g ra ftin g  o f  A B S -g -M A H  onto PET s tab ilized  the b lend m o rpho logy  and 

m echanica l properties due to  the anchoring o f  A B S -g -M A H  onto the m a trix . The  

op tim um  content o f  the m od if ie d  A BS  was 5w t% .

T igan is , B um , D av is and H il l ,  2002 studied the thermal degradation o f  

acry lon itr ile -bu tad iene -s ty rene  due to  ag ing at elevated temperatures (>80  °C). It was

found that the degradation o f  the b u lk  po lym e r d id  not occur due to the lim ite d  

oxygen d iffu s ion . For the aged A BS  under an imposed stress, m icrocracks were
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in itia ted  from  the e x is tin g  flaw s in the degraded po lym e r surface layer. W hen the 

degraded laye r reached a depth o f  0.08 m m , the cracks were su ff ic ie n tly  large enough  

to propagate in to  the b u lk  o f  the po lym e r causing an abrupt m echanica l fa ilu re . The  

m ic ro inden ta tion  measurements suggested that an increased in Y ou n g ’ s m odu lus in  

th is layer prom oted b r it t le  behavior. The degradation o f  the e lastomeric po lybu tad icne  

(P B ) phase was in it ia te d  b y  hydrogen abstraction from  the carbon attached to the 

unsaturated bonds. The rm o -ox ida tive  degradation in  the PB phase at the surface 

caused an increased in  po lym e r density, stress harden ing and modulus. The thermal 

degradation o f  the s ty rene -ac ry lon itr ile  (S A N ) phase also occurred b y  phys ica l ag ing  

and the rm o -ox ida tive  degradation, bu t had o n ly  a m ino r con tr ibu tion  to the 

de te rio ra tion  o f  mechan ica l properties in  A B S . The most c r it ic a l degradation process 

in A B S  was the rm o -ox ida tive  degradation o f  the PB phase; perform ance was 

dependent on adequate leve ls and d is tr ibu tions  o f  the s tab ilize rs fo r the spec ific  

tempera ture app lica tions.

M a rild a  and Len i, 2008 studied the m o rpho logy  and environm en ta l 

resistance o f  H D P E /LD P E  and H D P E /LLD P E  blends. The measurements o f  

c ry s ta ll in ity  and dynam ica l mechanica l studies were investigated. I t  was found that a 

s ig n if ica n t im provem ent in  the stress c rack ing  resistance o f  I ID P E  based materia ls  

cou ld  be achieved by  b lend ing  w ith  LD P E  and LLD P E . The best results were found  

fo r  the com b ina tion  o f  HDPE  w ith  L LD P E  due to the coc rys ta lliza tio n  and the degree 

o f  m o b il i ty  in the amorphous phase, as measured by tan Ô, in d ica to r o f  the po lym e r  

resistance to  stress crack ing.
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