
RESULTS AND DISCUSSIONS
CHAPTER IV

4.1 MMA Grafted HDPE' Characterization

4.1.1 MMA Grafting Yield Measurement

Experiments were performed in Barbender batch mixer. With DCP as 
an initiator, reactions involving MMA and HDPE were occurred. Besides in 
situ copolymer of MMA grafted HDPE, poly(methyl methacrylate) (PMMA), 
was anticipated to form by simple radical polymerization of the methacrylate. 
Therefore, refluxing with o-dichlorobenzene and acetone extraction were used 
to purify the products in order to obtain HDPE and modified HDPE (in situ 
copolymer), see Scheme (1). However, the modified polymer was completely 
homogeneous and infrared (IR) spectra of the modified HDPE after repeated 
precipitation from hot o-dichlorobenzene with nonsolvent (acetone) showed 
no change after the first precipitation. The product appeared to be a graft 
copolymer of the methyl methacrylate to HDPE.
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In Figure 4.1, theTR spectra for pure HDPE and for.MMA grafted 
HDPE after purification were reported. The band at 1730 cm'1 clearly 
indicated the presence of carbonyl group (Siemann et al., 1989). There was 
no absorption peak seen at 1730 cm'1 for pure HDPE. In contrast, these peak 
was present for MMA grafted HDPE. In order to prove grafting reaction, 
attempts were made to prepare HDPE/PMMA blends. Separation of the 
mixture of two polymers under conditions where HDPE-g-MMA was not 
separated would be a good indication of grafting. It was shown that PMMA

could be easily separated from HDPE, as a result the same IR spectra as pure 
HDPE was expected.

Figure 4.1 FT-IR spectra of modified HDPE and HDPE.

The reaction Scheme, equation (2)-(12) described some of the reactions 
taking place there and might be considered to be responsible for grafting and 
crosslinking.

DCP ^  2RO • (2)



15

The primary free radical (R O ) produced by thermal decomposition of 
DCP abstracts a hydrogen atom from HDPE backbone. It has been shown that 
when an initiator was added to HDPE, there were two possible reactions, P- 
scission and crosslinking of PE chains (รนท et al., 1995). In case of (3-scission, 
PE chain was broken (Scheme 3.1) and the macroradical of PE was ready to 
react further. The product of crosslinked PE was gel (Scheme 3.2) which 
potentially influenced the product properties.

RO • + PE -------- ร*-
PE* -------- >

PE • + PE • -------- >

ROH + PE* (3)
PE + PE* (3.1)
PE-PE (crosslinked PE) (3.2)

The resulting PE • macroradical react with a MMA molecule yielding a 
PE-MMA • macroradical which undergoes chain transfer generating again a 
PE • macroradical (Scheme 4-6). The adding of MMA molecules produced a 
propagating PE-MMAn.

PE • + MMA --------------- > PE-MMA • (4)
PE-MMA* + PE ---------------- > PE-MMA + PE • (5)

PE-MMA • + nMMA -------- > PE-MMAn+1 (6)

The free radical may be terminated by several reactions
2RO • -----------------> Products

PE • + RO • ---------> Products
PE* + PE-MMA* ---------ร*- PE-MMA-PE

2PE-MMA • ---------> PE-MMA-PE
PE-MMAn • + MMAm • 

MMAn • + MMAm •
PE-CO-MMA

(7)
( 8) 

(9)
( 10)

(11)
( 12)PMMA
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FTIR analysis of grafted HDPE did not provide any evidence for the 
presence of double bond. Therefore, termination by disproportionation of PE 
• and PE-MMA • macroradical does not occur to a significant extent.

In most cases, efficiency of grafting was monitored by comparing the 
carbonyl absorbance of grafted monomer to the methyl group absorbance of 
HDPE. The extent of reaction was defined in term of 2 parameters, the 
percentage of grafting (PG) and total reaction efficiency (TE). The percentage 
of grafting is the percent weight of MMA grafted on HDPE backbone, while 
total reaction efficiency is percent weight of total MMA converted.

PG = Weight of MMA grafted on HDPE / Initial weight of MMA X 100 
TE = Weight of MMA converted / Initial weight of MMA X 100

Grafting reaction were carried out at the same condition for different 
initial MMA and DCP concentrations. The results of grafting reaction are 
summarized in Table 4.1.

Table 4.1 Efficiency of grafting reaction.
% M M A D C P :M M A In tegal R atio % w t o f  M M A a P G T E

C rude P u rified G rafted C o n verted

5 1 :60 2 .6 7 4 9 1 .3 4 5 8 1 .44 2 .8 7 2 8 .8 4 5 7 .3 3

5 1:40 3 .0 1 2 8 1 .6 2 2 4 1 .74 3 .2 3 3 4 .7 7 6 4 .5 7

10 1 :60 6 .1 1 2 3 5 .2 2 8 6 5 .6 0 6 .5 5 5 6 .0 3 6 5 .5 0

10 1 :40 7 .4 4 9 8 5 .4 4 9 8 5 .8 4 7 .9 8 5 8 .4 0 7 9 .8 3

15 1:60 8 .3 1 8 4 5 .5 1 2 1 5 .91 8 .91 3 9 .3 8 5 9 .4 3

15 1:40 8 .3 4 3 5 5 .7 7 1 4 6 .1 8 8 .9 4 4 1 .2 3 5 9 .6 0

2 0 1:60 9 .8 1 5 6 6 .0 1 1 6 .4 4 1 0 .5 2 3 2 .2 1 5 2 .5 9

2 0 1:40 1 0 .4 6 5 9 7 .6 8 7 5 8 .2 4 11 .2 2 4 1 .1 9 5 6 .0 8

a calculated from calibration curve as mention in chapter III.
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The influence of initial MMA concentration on the percentage of 
grafting and reaction efficiency was shown in Figure 4.2. Increasing amounts 
of MMA led to an increase in the percentage of grafting and total reaction 
efficiency. The percentage of grafting and total reaction efficiency 
approached a maximum value at initial MMA concentration about 10 % by 
weight. When the initial MMA concentration was higher than 10 % wt, both 
percentage of grafting and total reaction efficiency dropped. This was 
probably due to the problems of incorporation a large amount of liquid 
monomer into the polymer melt (Gallucci et al., 1982).

Initial MMA concentration (%)

Total MMA react 
DCP:MMA = 1:60
Total MMA react 
DCP:MMA= 1:40

—9— MMA grafted on PE 
DCP:MMA= 1:60

■ B— MMA grafted on PE 
DCP:MMA = 1:40

Figure 4.2 Influence of MMA concentration on the percentage of grafting and 
reaction efficiency.

As shown in the same figure, no grafting was observed without DCP 
and grafting could be accomplished using monomer with stabilizer. At the 
equivalent level of MMA, the higher DCP concentration gave more efficiency 
than lower DCP concentration. This was due to increased concentration of
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free radicals in the system. However, very high levels of DCP did cause 
crosslinking and chain degradation.

4.1.2 Chain Degradation of MMA Grafted HDPE

GPC analysis result, for the sol fractions of extraction by o- 
dichlorobenzene was reported in Table 4.2. Figure 4.3. showed that the 
averaged molecular weight drastically dropped when the initial MMA 
concentration increased and was almost constant value at high level of MMA 
concentration. This result implied that chain degradation occurred in all cases 
of these studies and chain degradation due to p-scission increased when the 
DCP and MMA concentration increased.

Table 4.2 GPC results of MMA grafted HDPE at various MMA and DCP 
concentration.

% MMA DCP:MMA Mn(g/mol) Mw(g/mol) Polydispersity
0 0 12750 154870 12.15
5 1:60 7567 97259 12.85
5 1:40 9142 61124 6.69
10 1:60 8521 67855 7.96
10 1:40 9441 42103 4.46
15 1:60 3321 32114 9.67
15 1:40 1962 20145 10.27
20 1:60 2114 25886 12.25
20 1:40 3019 22147 7.34
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Initial MMA concentration (%)
Figure 4.3 Influence of initial MMA concentration on weight average 
molecular weight of sol fraction of MMA grafted HDPE.

4.1.3 Crosslinking of MMA Grafted HDPE

Figure 4.4 showed the influence of MMA concentration on MFI of 
grafted products. The same as chain degradation, crosslinking of HDPE 
occurred in all case of study as indicated by the dramatically decrease of melt 
flow index (MFI) and the presence of gel content in MMA grafted HDPE. In 
presence of MMA, MFI of HDPE after reaction dropped significantly with 
increasing amount of MMA and reached to the zero value when MMA 
concentrations increased to 15 % wt. The reduction of MFI was due to the 
coupling of PE and PE-MMA macroradicals during grafting . In addition, the 
interpolymer polar interaction between carbonyl groups in MMA grafted 
HDPE could play some part in the decrease of MFI reaction (Lui et al., 1990). 
The influence of DCP on MFI was shown in the same figure. At the same 
level of MMA concentration, higher DCP concentration gave the lower MFI 
products because increasing DCP concentration resulted in increased amount
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free radicals and macroradicals in the system and thus the crosslinking 
reaction was dominant.

0 5 10 15 20 25
Initial MMA concentration

Figure 4.4 Influence of initial MMA concentration on melt flow index of 
MMA grafted HDPE.

Gel content data were summarized in Table 4.3. It could be observed 
that no significant gel content was observed at low MMA concentration. For 
a given MMA concentration higher than 10 % wt, the gel was observed and its 
amount increased with increasing MMA and DCP concentrations. The results 
suggested that to the minimize formation of gel, low concentrations of MMA 
and DCP peroxide should be used in a reactive blending process.

Table 4.3 Gel content (% wt) of MMA grafted HDPE at various concentration 
of MMA and DCP.

DCP:MMA Initial MMA concentration (% wt)
0 5 10 15 20

1:60 0.00 0.00 0.00 0.00 2.64
1:40 0.00 0.00 0.00 0.25 5.11
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4.2 H D P E /P V C  B lend C haracterization

4.2.1 M orpholog ical C haracteristic  o f  H D P E /P V C  B lends

T he m orphology o f  the final b lends w as in vestig ated  by  scanning 
electron  m icroscope. SEM  m icrograph o f  cryofracture  su rface for 90:10 
H D P E /P V C  blends w as show n in  F igure 4.5a. It revels typ ical m orphology  of 
an incom patib le  b lend having PV C  as a d ispersed  partic le  (dark) in a 
continuos H D PE  m atrix  (w hite). T he PV C  dispersed  dom ain  has a large size 
and no adhesion  betw een tw o phases. PV C  partic les are em bedded  in  thin 
w all cham bers o f H D PE. For 90 :10  M M A  grafted  H D PE /PV C , the 
m orphology  is largely  m odified. As show n in F igure  4 .5b, the presence of 
M M A  in H D P E  m atrix  leads to a decrease in the size o f  PV C  dispersed  phase. 
W hen the m agnification  o f  F igure 4 .5b  w as increased , the p resence  o f  phase 
adhesion be tw een  PV C  nodule and M M A  grafted  H D P E  m atrix  w as observed 
as show n in F igure 4.6.

Figure 4.5 SEM  m icrographs o f  (a) 90 :10 H D P E /P V C  blends (b) 90:10 
M M A  grafted  H D PE /PV C  blends (m odified  w ith  5 % M M A  and D C P/M M A  
= 1/60).
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F igure  4 .6  SEM  m icrograph  o f  90:10 M M A  grafted H D P E /P V C  blends at 
h igh  m agn ification  (x  10,000).

R esults o f  SEM  w ith  vary ing  H D PE /PV C  ratio  w ere show n in F igure
4.7. F igu re  4 .7 a  represented  the incom patib le phase  behav io r o f  70:30 
H D P E /P V C  blends. It confirm s that H D PE /PV C  blends have large PV C  
d ispersed  partic les and no adhesion betw een  tw o phases. H ow ever, the phase 
m orphology  w as changed  to  finely d ispersed and show  som e adhesion  
be tw een  tw o  phases in 70:30 M M A  grafted  H D PE /PV C  blends as show n in 
F igure  4.7b.

F igu re  4.7 SEM  m icrographs o f  (a) 70:30 H D PE /PV C  blends (b) 70:30 
M M A  grafted H D P E /P V C  blends (m odified  w ith  5 %  M M A  and D C P /M M A  
= 1/60).
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S im ilar resu lts w ere obtained from  50:50 H D P E /P V C  and M M  A 
grafted  H D P E /P V C  blends as show n in F igure 4.8. T he d ispersed  PV C  phase 
had larger size as am ount o f PV C increases. T he reduction  o f  d ispersed  phase 
and be tter adhesion  w ere seen in M M  A grafted  H D PE /PV C  blends.

Figure 4 .8  SEM  m icrographs o f  (a) 50:50 H D PE /PV C  blends (b) 50:50 
M M  A  grafted  H D P E /P V C  blends (m odified  w ith  5 % M M  A  and  D C P /M M A  
=  1/60).

E ffect o f  M M A  content in M M A  grafted  H D PE  on  the m orphology  o f 
final b lends w ere also  studied. F igure 4 .9  show s the in fluence o f  in itial M M A  
concen tration  in  grafted  H D PE  on final b lends. It cou ld  be seen that the 
better-com patib ilized  system  w as obtained w hen the in itial M M A  
concen tration  w as increased. The sam e trend w as observed  in 70 :30  and 
50:50 M M A  grafted  H D PE  blends as show n in F igure 4 .10-4 .11 .
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Figure 4 .9 SEM  m icrographs o f 90:10 M M A  grafted  H D P E /P V C  blends (a) 
m odified  by  5 % M M A  and (b) m odified  by  10% M M A .

F igure 4 .10  SEM  m icrographs o f 70:30 M M A  grafted  H D P E /P V C  blends (a) 
m odified  by  5 % M M A  and (b) m odified  by  10% M M A .

Figure 4.11 SEM  m icrographs o f  50:50 M M A  grafted  H D P E /P V C  blends (a) 
m odified  by  5 % M M A  and (b) m odified  by 10% M M A .
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4.2 .2  M echan ical P roperties o f  H D PE /PV C  B lends

F igure 4 .12  S tress-stra in  curve o f  H D PE /PV C  blend  com pared  w ith  M M A  
grafted  H D P E /P V C  blends.

M echan ical p roperties o f  po lym er b lends have been gaining 
considerab le  im portance. In this analysis, m echanical p roperties in term  o f 
m odulus and im pact strength  w ere studied  as a function  o f  in itial M M A  
concen tration  and D C P  concentration . A s seen in  F igure 4 .12, H D P E  w as 
so fter and tougher than PV C , how ever their b lend show ed low  value o f  stress 
and elongation  at break. F or M M A  grafted  H D PE  /P V C  blends, m echanical 
p roperties o f  final b lends increase bo th  in stress and e longation  at break.

T able 4 .4  sum m arizes the m echanical p roperties o f  final blends. There 
is rem arkable  im provem ent in m echanical p roperties w hen M M A  grafted 
H D PE, a com patib ilizer, is present. T he results w ere consisten t w ith  the 
m orphological resu lt as m entioned before.

1 ' I e! 32? ๆ
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T able 4 .4  M echan ical p roperties o f  final blends.
HDPE/PVC

Ratio
Initial MMA

conca.
Modulus
(MPa)

Stress @ break 
(MPa)

Strain@break
(%)

Impact strength 
(KJ/m2)

90:10 0 1,072 17.9 10.7 4.35
5 1,152 18.6 46.5 9.08
10 1,216 18.6 38.5 8.63

70:30 0 1,324 21.4 2.9 3.15
5 1,416 22.2 4.7 4.97
10 1,472 23.4 3.5 4.88

50:50 0 1,586 20.2 1.3 2.53
5 1,618 21.6 2.3 3.88
10 1,677 21.5 2.0 3.53

a .D C P:M M A  ratio  used in  this case is equal to 1:60

T he m odulus o f  final blends are show n in F igure 4.13. It w as seen that 
m odulus sligh tly  increased  w ith  increasing  initial M M A  concen tration  and 
high D C P  level. H ow ever, m oduli o f  final products d ropped  at h igh level o f 
in itial M M A  and D C P  concen tration . T he decrease in  m odulus o f  the final 
b lends related  to the presence o f gel in M M A  grafted  H D PE  com ponent. T he 
gel h indered  M M A  in teraction  w ith  PV C  during m ixing (V alenza  et a l ,
1993).

T he  im pact p roperties w ere also affected  by m odifica tion  induced  by 
graft reaction  o f  M M A  onto  H D PE . In F igure 4 .14 the Izod  im pact strength 
w as reported  fo r all sam ples. A rem arkable  increase o f  im pact strength  was 
observed  fo r all cases o f  M M A  grafted  H D PE /PV C  blends. For this property  
the reduction  o f  im pact strength w as seen for the b lends w ith  increased initial 
M M A  and D C P  concen trations. T his w as due to the crosslink ing  effect in 
M M A  grafted  H D PE  com ponent.
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Figure 4 .13  E ffect o f  in itial M M A  concentration  on the m odulus o f  M M A  
grafted  H D P E  and PV C  blends.

5 10
Initial MMA concentration (%)

Figure 4 .14  E ffect o f in itial M M A  concen tration  on the Izod im pact strength 
o f M M A  grafted  H D PE  and PV C blends.
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4.2 .3  T herm al P roperties o f  M M A  G rafted  H D PE

T he m elting  tem perature (Tm) from  D SC  m easurem ent o f  H D PE /PV C  
blends and M M A  grafted  H D PE blends w ith  vary ing  in itial M M A  
concen tration  are g iven in T able  4.5. In H D P E /P V C  blends, depression  in 
m elting  poin ts d id  not occur. For M M A  grafted  H D P E /P V C  blends, The 
m elting  poin ts w ere  slightly  shifted to the low er tem perature . It w as also 
observed  that the sh ift in  m elting tem perature  w as m ore p rono unced  in  blends 
conta in ing  h igh  level o f in itial M M A  concen tration  than those o f  the blends 
conta in ing  low  M M A  concentration . T his is due to the fo rm ation  o f  m ore 
M M A  grafted  chain  in the blends h indering  the crystallization .

T ab le  4.5 T herm al p roperties o f  final blends.
HDPE/PVC

Ratio
Initial M M A

conca. ,5, ?0
Crystallinity(%)

100:0 - 131.6 - 81.54
0:100 - - 81.3 -
90:10 0 130.2 82.1 60.5

5 128.9 - 57.4
10 128.3 - 52.8

70:30 0 130.4 81.5 46.7
5 129.5 80.4 44.3
10 128.0 77.4 41.0

50:50 0 129.7 81.9 35.1
5 128.6 80.6 34.6
10 128.4 78.4 30.9

a .D C P:M M A  ratio  used in  this case is equal to 1 ะ60
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T he percen t crystallin ity  o f final b lends w as also  in fluen ce  by the 
presence o f  M M A  grafted  H D PE. A s show n in  T able  4.5 , the c ry sta llin ity  o f 
final b lends decreased  w ith increasing in itial M M A  concen tration . These 
w ere caused  by  the d ifficu lty  in  po lym er chain  rearrangem en t and restric ted  
m ovem en t o f  po lym er chains.

T ab le  4.5 also  show  the glass transition  tem perature  (Tg) o f  PV C  phase 
in final b lends. T he results show n the sam e tend as T m. T he  decrease  o f  Tg 
bound in  M M A  grafted  H D PE /PV C  blends and the red uction  o f  Tg was 
depended  on  the level o f  M M A  concen tration . T his w as a ffected  from  
specific  in teraction  betw een  PV C  and grafted  products.

4.3 N ature  o f  in teraction  betw een  M M A  grafted H D PE  and PV C

M iscib ility  betw een  M M A  contained po lym er and PV C  is then due to 
the presence o f  specific in teraction  betw een  these tw o po ly m er chains 
(D om pas et al., 1997). T his specific in teraction  occurs be tw een  a -H y d ro g en  
atom  in  PV C  and carbonyl group in M M A  grafted  H D PE  as show n in  F igure 
4.15. T he in teractions is m ore likely to be attractive than rep u lsive  and  can be 
described  as hydrogen  bonding. There is a repulsive force be tw een  chloride 
and carbonyl group w hich  acts to deplete  m iscib ility . H ow ever, i f  there is 
sm all am ount o f  ch loride group, the effect should  be less sign ifican t.

T he  in teraction  o f  M M A  grafted  H D PE  and PV C  in vestig ated  here by 
m ean o f  F T -IR  spectroscopy. Shifts o f carbonyl band  (1730  c m '1) to the 
low er frequencies has been established to be an ind icato r o f  such in teraction , 
w ith the m agnitude o f  the band shift being p roportional to the streng th  o f the 
in teraction  (P arm er et a l ,  1989).
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M M A  grafted  H D PE PV C

Figure 4 .15 H ydrogen  bonding betw een  M M A  grafted  H D P E  and PV C.
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Figure 4 .16  C arbonyl band shifts in M M A  grafted  H D PE /PV C  blends as a 
function  o f  in itial M M A  concentration.
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T he FT -IR  o f  final blends provided  in F igure  4 .16  show ed that the 
M M A  grafted  H D PE  exhib ited  carbonyl band  shifts to lo w er frequencies 
w hen b lended  w ith  PV C. T he shifts to the low er frequencies increased  w ith 
increasing  in itial M M A  and D C P concen trations and led to better 
com patib ilized  system . T hese results w ere in  the sam e line w ith  m orphology 
and m echan ical p roperties as m entioned before.

O n the o ther hand, shifts to the h igher frequencies w ere observed  w ith 
increase  PV C  con ten t in  the final blends. T his w as due to the reduction  o f 
am ount o f  carbonyl groups in  the b lends and the d ipo le-d ipo le  in teraction  
betw een  ch lo rine  group and carbonyl group m ight p lay  a sm all effec t (Lem iex 
et al., 1988). T he high level o f  M M A  in grafted  p roduct and a m in im um  PV C 
conten t w ere  necessary  requirem ent to fav or such specific  in teraction  and 
m iscib ility  o f  M M A  grafted  H D PE  and PV C  blends system .
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