
RESULTS AND DISCUSSIONS
CHAPTER IV

After reprocessing non-stabilized and stabilized HDPE sample from Thai 
Polyethylene Co., Ltd. (TPE) and Bangkok Polyethylene Co., Ltd. (BPE) for study 
the effect of antioxidants on processability or processing stability as mentioned in 
chapter III. Quantities that use for determine processability is melt flow index 
value (MFI).

4.1 Properties of Commercial Grade HDPE from TPE and BPE Compare to 
Virgin or Non-stabilized HDPE from TPE and BPE

Table 4.1 Properties of commercial grade HDPE from TPE and BPE compare to 
virgin or non-stabilized HDPE from TPE and BPE.

Property Unit Commercial 
grade HDPE 

of BPE

Commercial 
grade HDPE 

of TPE

Reactor 
grade HDPE 

ofBPE

Reactor 
grade 

HDPE of 
TPE

Name - 5000S H56905 - -

MFI* g/10 min 0.8g 0.9 0.62 0.83d
Density g/cm3 0.954 0.957 0.954 0.957

*2.16kg/190°c
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Table 4.1 shows a comparison between properties of virgin grade HDPE 
and commercial grade HDPE. The data in Table 4.1 the significantly differences 
in melt flow index. Thus the first suspected results after reprocessing of non
commercial grade both stabilized and non-stabilized HDPE must be different from 
each other. The differences in melt flow index properties between commercial 
grade HDPE and Reactor grade HDPE because commercial grade HDPE was 
already compounded with stabilizer and additive but reactor grade has none.

4.2 Processability of Virgin HDPE and Antioxidants Stabilized HDPE 
Observed by Melt Flow Index

Processability or processing stability is the one important factor for 
service properties of HDPE. Of which a plastic material can be processed in the 
desired part. Processability of this work was observed in MFI. The MFI (190° 
C/2.16 kg) of stabilized and non-stabilized HDPE from BPE and TPE were 
reprocessed for 7 passes as presented in Figure 4.1, Figure 4.2, Figure 4.3 and 
Figure 4.4. Figure 4.1 is represented as HDPE of TPE stabilized by antioxidants 
from Ciba specialty chemical CO., ltd. Figure 4.2 is represented as HDPE of TPE 
stabilized by antioxidants from EONIAN. Figure 4.3 is represented as HDPE of 
BPE stabilized by antioxidants from Ciba specialty chemical CO., ltd. Figure 4.4 is 
represented as HDPE of BPE stabilized by antioxidants from EONIAN.

4.2.1 Assigned Names of HDPE Samples
Because this work involves 22 samples at various ratios of primary 

to secondary antioxidant and each sample name quite long. So the name of each 
sample is assigned in Table 4.3 base on type of antioxidants in Table 4.2. In this 
section main commercial antioxidants are presented together with the 
corresponding symbols used throughout the chapter IV and V. For primary
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antioxidants IrganoxlOlO and Reonox 10, phenols, the symbol AO- is used, for 
phosphite or secondary antioxidants, Irgafos 168 and Reonox 68, P-.

Table 4.2 Class, symbol, and structure of antioxidants.
Class and Symbol Structure

Hydroxyphenylpropionates
AO-1 = Irganox 1010 
AO-2 = Reonox 10 JS-V ÎOH— e  y— (CH2)2— c  — 0 — CH2— — C 

4

P-1 = Irgafos 168 
P-2 = Reonox 68 +ป £ี ° - p

Table 4.3 Abbreviated names of HOPE samples.
Sample by

Overall antioxidants = 0.1%
Shorten name

Virgin HDPE of TPE (0/0) Virgin TPE
Virgin HDPE of BPE (0/0) Virgin BPE
HDPE of TPE + Irganox 1010 (100/0) T PE A O -l
HDPE of BPE + Irganox 1010(100/0) B PEA O -l
HDPE of TPE + Irgafos 168 (0/100) T P E P -l
HDPE of BPE + Irgafos 168 (0/100) BPE P-1
HDPE of TPE + Irganox 1010/Irgafos 
168 ratio = 25/75

TPE_0.025%AO- 1/0.075%P-1

HDPE of BPE + Irganox 1010/Irgafos 
168 ratio = 25/75

BPE_0.025%AO- 1/0.075%P-1

Cont...
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Table 4.3 (Continued)
Sample by

Overall antioxidants = 0.1%
Shorten name

HOPE of TPE + Irganox 1010/Irgafos 
168 ratio = 50/50

TPE_0.05%AO- 1/0.05%P-1

HDPE of BPE + Irganox 1010/Irgafos 
168 ratio = 50/50

BPE_0.05%AO- 1/0.05%P-1

HDPE of TPE + Irganox 1010/Irgafos 
168 ratio = 75/25

TPE_0.075%AO- 1/0.025%P-1

HDPE of BPE + Irganox 1010/Irgafos 
168 ratio = 75/25

BPE_0.075%AO-1/0.025%P-1

HDPE of TPE + ReonoxlO (100/0) TPE AO-2
HDPE of BPE + Reonox 10(100/0) BPEAO-2
HDPE of TPE + Reonox 68 (0/100) TPE P-2
HDPE of BPE + Reonox 68 (0/100) BPE P-2
HDPE of TPE + Reonox 10/Reonox 
68 ratio = 25/75

TPE_0.025%AO-2/0.075%P-2

HDPE of BPE + Reonox 10/Reonox 
68 ratio = 25/75

BPE_0.025%AO-2/0.075%P-2

HDPE of TPE + Reonox 10/Reonox 
68 ratio = 50/50

TPE_0.05%AO-2/0.05%P-2

HDPE of BPE + Reonox 10/Reonox 
68 ratio = 50/50

BPE_0.05%AO-2/0.05%P-2

HDPE of TPE + Reonox 10/Reonox 
68 ratio = 75/25

TPE_0.075%AO-2/0.025%P-2

HDPE of BPE + Reonox 10/Reonox 
68 ratio = 75/25

BPE_0.075%AO-2/0.025%P-2
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Figure 4.1 MFI of HDE of TPE samples when increase processing history: virgin 
HDPE of TPE represented by; 4, HDPE of TPE stabilized by AO-1 represented 
by; B, P-1; A3 0.025%AO-1/0.075%P-1; x, 0.050%AO-1/0.050%P-1; *, and 
0.075%AO-1/0.025%P-1; *.

Figure 4.2 MFI of HDE of TPE samples when increase processing history: virgin 
HDPE of TPE represented by; 4, HDPE of TPE stabilized by AO-2 represented 
by; ■ 3 P-2; A3 0.025%AO-2/0.075%P-2; x3 0.050%AO-2/0.050%P-2; *3 and 
0.075%AO-2/0.025%P-2; •.
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From Figure 4.1 and Figure 4.2, the results show that almost MFI of 
HDPE samples from TPE samples, which stabilized by antioxidants from Ciba 
special chemical CO., ltd. (Figure 4.1) and stabilized by antioxidants from Eonian 
(Figure 4.2), seem to be constant all processing range. Because HDPE is low 
sensitive to oxidation especially in twin screw extruder poor oxygen to generate 
oxidation reaction. Practically, MFI of HDPE material must not change from the 
original MFI so much, count from 1st pass of extrusion. For this case MFI of each 
sample is MFI ± 0.2 g/10 minutes. From objective of this thesis the best 
composition of antioxidants is the lower change in MFI from original MFI. 
However, if the data analysis consider by the original value of MFI from virgin 
HDPE at 1st extrusion. The acceptance for macroscopic scales of performance of 
antioxidant formulas are any formula both HDPE of TPE, which stabilized by 
Ciba’s antioxidants and Eonian antioxidants but except a HDPE sample, which 
stabilized Irgafos 168. HDPE of TPE, which stabilized by Irgafos 168 from 
Figure 4.1 has difference in MFI when compare to another HDPE samples. That 
is Irgafos 168 made HDPE sample cross-linking or reduces MFI of HDPE sample. 
This result agree with the results from Figure 4.2, HDPE of TPE stabilized by 
Eonian antioxidants, which is all antioxidants formula and virgin HDPE of TPE 
except HDPE of TPE sample stabilized by Irgafos 168. Figure 4.2 MFI values of 
all samples, which at all processing range are stay with in 0.87 to 1. By 
assumption, the results of Figure 4.1 and Figure 4.2 must show the similar results 
or the same trend. In contrast with actual results, HDPE of TPE, which stabilized 
by Irgafos 168. It was show the significantly change in MFI value from 
conventional MFI of virgin HDPE.

Although, the formula of primary and secondary antioxidants, which used 
in this thesis have the same structure and the same physical properties as presented 
in Table 4.4 for primary antioxidants and Table 4.5 for secondary antioxidants.



30

Table 4.4 Physical properties of primary antioxidants used.
^ Hi Iigan in  1010 Reonox 10
Melting range (°C) 110-125 110-125
Molecular weight 1178 1178

ะะ: B B
Acetone 47 46
Chloroform 71 71
Ethylacetate 47 47
n-Hexane 0.3 0.3
Methanol 0.9 0.9
Water < 0.01 <0.01

Table 4.5 Physical properties of secondary antioxidants used.
hgafos 1*8 Reonox 68

Melting range (°C) 110-125 110-125
Molecular weight 646.9 647

—
solution

t r g ^ S | | |u Reonox 68

Acetone 1 1
Chloroform 36 36
Ethylacetate 4 4
n-Hexane 11 11
Methanol <0.01 <0.01
Water <0.01 <0.01
Methylene chloride <36 <36
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4.3 Determination of The DSC melting-Peak for Comparison of 
Antioxidants by Using Netzsch DSC 200

The different results between Figures 4.1 and 4.2 can described by 
differential scanning calorimetric analysis (DSC). This method was based on the 
fact that small amounts of impurity in the sample broadens its melting range and 
lowers the final melting point from To, the melting point of the infinitely pure 
material, to a lesser temperature, Tm. An example of this effect which use to 
compare DSC melting peak is shown in Figure 4.3 for the DSC curves of benzoic 
acid of three different purities. As the impurity content increase (97.2%), the 
melting point decreases and the range of melting broadens. Very small impurity 
levels have a marked effect on the melting point and the melting range (98.6% 
primary standard).

temperature of benzoic acid.
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When composition of impurity increase, peak width and peak height was 
changed. So this criteria was used for purity of antioxidant and DSC-melting peak 
behavior.

3.5 Irganox 1010 -
Reonox 10

/
antioxidant 
Irganox 1010 1st 
test........Pure primary
antioxidant 
Irganox 1010 2nd 
test------ Pure primary

! \ antioxidant
,11 Reonox 10 1st
1 1 testPure primary 

antioxidant

I t
Reonox 10 2nd

'ระะะ:

0
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Temperature (๐ C)

Figure 4.4 DSC melting-peak of pure primary antioxidant Irganox 1010 and 
Reonox 10.
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-------- Pure secondary
antioxidant Irgafos 
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-------- Pure secondary
antioxidant R eon ox  
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----- - Pure secondary
antioxidant R eon ox  
6 8  2 nd test
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- 1 Temperature (°C)

Figure 4 .5  D S C  m e ltin g -p ea k  o f  pure seco n d a ry  an tiox id an t Irgafos 168  and  
R e o n o x  6 8 .

C o m p a riso n s o f  D S C  m e ltin g -p ea k  o f  ea ch  an tiox id an t, fro m  figu re  4 .4  
D S C -p e a k  o f  R e o n o x  10 se e m  to  b e  sh ift h igh er than Irganox 1 0 1 0  an d  a lso  sh ift  
to  r igh t h an d  s id e  o f  th e  graph. T h e m a x im u m  en d o th erm ic  tem perature for  
R e o n o x  10 is  1 1 7 .2 5  an d  Irganox 1 0 1 0  is  122 .5 . H o w ev er , en th a lp y  o f  m e ltin g  is  
n o t d ifferen t so  m u ch  b e tw e e n  Irganox 1 0 1 0  and R e o n o x  10, eq u a l to  2 .5  m W /m g  
(m ea su red  fro m  b a se  o f  p eak  to  top  o f  p eak ). T h is  tech n iq u e  a lso  u se  for  
d escr ib in g  F igu re  4 .5  too . M eltin g  range o f  R e o n o x  6 8  an d  Irgafos 168 are a lso  
th e sa m e range b u t d ifferen ces  in  th e en th a lp y  o f  m e ltin g  fo r  Irga fos 168 is  eq u al
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to  4 .7  m W /m g  an d  R e o n o x  6 8  is  eq u al to  4 .0  m W /m g . A s  c o m p a r iso n  a b o v e , It 
ca n  so lv e  th is  th es is  p ro b lem  that w h y  p ro cess in g  b y  u se  th e sa m e ty p e  o f  p o ly m er  
b ut d ifferen t in  ty p e  o f  a n tiox id an t sh o w n  th e  in co m p a tib le  e f fe c t  o n  M F I w h e n  
in crea sin g  p r o c e ss in g  h istory .

In  contrast w ith  H D P E  o f  B P E , w h ic h  s ta b iliz ed  b y  C ib a  sp ec ia lty  
ch em ica l an d  E o n ia n  an tiox id an ts. T h e resu lts are sh o w n  th e  s im ila r  trends as  
p resen ted  in  F igu res 4 .7  and 4 .8 . T h e  resu lts from  F igu res 4 .7  an d  4 .8  ch a in  
sc is s io n  is  d o m in a tin g  and agree w ith  referen ce  b o o k  b y  G ach ter  an d  M ü ller  1990 . 
F igu re 4 .6  sh o w s  th e  resu lt o f  th is  b o o k , w h ic h  w a s  stu d ied  p r o c e ss in g  sta b ility  o f  

Z e ig le r -H D P E  in  m u ltip le  ex tru sio n  at 2 6 0 ° c  and sc rew  sp e e d  at 1 00  rp m .(b ase  
sta b iliza tio n  0 .0 5 %  C a  sterate +  0 .0 1 3 %  h in d ered  p h e n o lic  a n tio x id a n t (F igu re  
4 .6 ). Z ie g le r -H D P E  that w a s  n o t sta b ilized  b y  an tiox id an ts se e m s  to  b e  d e c e a se  in  
M F I v a lu e s  at h ig h  d ecrea sin g  rate. H in d ered  p h e n o lic  an tio x id a n t sta b ilized  
Z ie g le r -H D P E  at 0 .0 2 %  พ /พ  con cen tration  w a s  d ecrea sed  a  little  b it  rate o f  M F I 
ch a n g in g  an d  sh ift  u p  M F I v a lu e  m ore than n o n -sta b iliz e d  Z ieg ler -H D P E . 
H o w ev er , th e  b est  s ta b iliz in g  sy s te m  b e lo n g  to  th e  co m b in a tio n s o f  p h o sp h ite s  and  
p h e n o lic  an tiox id an ts. It w a s  sh o w n  m ore e ffe c tiv e  th an  u s in g  o n ly  prim ary  
an tiox id an t b e c a u se  it can  retain  M F I v a lu e  fo r  a ll p r o c e ss in g  range.
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25 า

vo20 ”

—♦ — V irgin Z ieg ler  H D P E

-■ -Z ieg ler  H D P E  w ith  0.02%  hindered phenol primary 
antioxidant

—A— Z ieg ler  H D P E  w ith  0.02%  hindered phenol primary  
antioxidant +  0 .05%  phosphonite secondary antioxidant

3
N um ber o f  passes

F ig u r e  4 .6  P ro cess in g  stab ility  o f  Z ie g le r  H D P E  ; m u ltip le  ex tru sio n  at 260°c 
and 1 00  m in ' 1 (b a se  stab iliza tion  : 0 .0 5 %  C a  stearate +  0 .0 1 3 %  h in d ered  
p h e n o lic  antiox id an t).

T o  d eterm in e th e b est  p erform an ce o f  an tiox id an t ratios an d  ty p es , 
sta tistic  a n a ly sis  w a s  u sed . B y  u s in g  standard d ev ia tio n  o f  M F I v a lu e s  an d  d elta  
m a x im u m -m in im u m  o f  M F I .

B y  d efin it io n  (A p p en d ix  A )

w h ere  ท  =  nu m b er o f  data
X  =  data v a lu e

D e lta  o f  M F I =  M F I m a x im u m  -  M F I m in im u m  o f  th e  sa m e  sa m p le
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F ig u r e  4 .7  M F I o f  H D E  o f  B P E  sa m p les w h e n  in crease  p r o c e ss in g  history: 
v irg in  H D P E  o f  B P E  rep resen ted  b y; * ,  H D P E  o f  T P E  sta b iliz ed  w ith  A O -1  
rep resen ted  by; ■ 5 P -1 ; A, 0 .0 2 5 % A O -1 /0 .0 7 5 % P -1 ; x, 0 .0 5 0 % A O -1 /0 .0 5 0 % P -1 ;  
* 5 and  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1 ; *.

F ig u r e  4 .8  M F I o f  H D E  o f  B P E  sa m p les w h e n  in crease  p r o c e ss in g  h isto ry  : v irg in  
H D P E  o f  B P E  rep resen ted  by; ", H D P E  o f  T P E  sta b ilized  w ith  A O -2  rep resen ted  
b y; \  P -2 ; A, 0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 ; x, 0 .0 5 0 % A O -2 /0 .0 5 0 % P -2 ; *, and  
0 .0 7 5 % A O -2 /0 .0 2 5 % P -2 ; •.
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T h e  resu lts o f  p r o c e ss in g  stab ility , w h ic h  a n a ly zed  b y  a  u s in g  statistic  
a n a ly sis  rep resen ted  in  F igu re 4 .9 , F igure 4 .1 0 , F igure 4 .1 1 , an d  F igu re  4 .1 2 .

P ro p o rtio n  o f  p r im a r y /se c o n d a r y  a n tio x id a n t fr o m  o v e r a ll  
c o n c e n tr a tio n  =  0 . 1 %

Figure 4.9 T h e e ffe c t  o f  prim ary to  seco n d a ry  an tiox id an ts from  C ib a  in  H D P E  
o f  T P E  during m u ltip le  ex tru sion  o n  M F I variation.

F rom  resu lts in  F igure 4 .9 , at first À M FI at con cen tra tio n  o f  prim ary  
a n tiox id an t Irgan ox  1 0 1 0  lo w e r  or equal to  0 .0 5 %  se e m  to  b e  sh o w  a  h ig h  
variation , ap p ro x im a te ly  th e  sa m e v a lu e  o f  n o n -sta b iliz ed  H D P E  o f  T P E  (À M F I =
0 .1 8 ) . T h e  b est p erform an ce o f  th is ca se  is  the c o m p o s itio n  that c o m p o se d  b y  
Irgan ox  1 0 1 0 /Irg a fo s  168 at ratio 7 5 /2 5  from  0 .1 %  o v er  a ll an tiox id an ts  
con cen tra tion . F or  standard d ev ia tio n  o f  resu lts qu ite  n o t ou tsta n d in g  fo r  th is  
a n a ly sis  b e c a u se  it  is  le s s  than  0 . 1 % , n o  sign ifican t.
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Standard deviation o f stabilized HDPE o f TPE by Eonian

P ro p o rtio n  o f  p rim ary a n tio x id a n ts  fro m  o v e r a ll  
c o n c e n tr a tio n  =  0 . 1 %

Figure 4.10 T h e  e ffe c t  o f  prim ary to  secon d ary  an tiox id an ts fro m  E o n ia n  in  
H D P E  o f  T P E  during m u ltip le  ex tru sion  in  term  o f  M F I variation .

A lm o s t  M F I varia tion  resu lts fo r  th is exp erim en ta l se c t io n  d ecrea se  b y  
in crea sin g  ratio  o f  prim ary antiox idant. F or F igure 4 .1 0  th e b e s t  ratio  o f  prim ary  
a n tio x id a n t to  seco n d a ry  an tiox id an t is  at 0 .7 5 . P ractically , u se a b le  ratios are 0 .5 ,
0 .7 5 , and  1. A n ta g o n ism  e ffe c t  w a s  fo u n d  in  F igure 4 .1 0 , w h e n  ad d ed  o n ly  
seco n d a ry  an tiox id an ts at 0 .1% . A n ta g o n ism  e ffe c t  from  H D P E  (first p o in t o f  A  
M F I lin e )  that w a s  sta b ilized  b y  seco n d a ry  an tioxidant, it w a s  sh o w n  d e lta  M F I  
m o re  th an  n o n -sta b iliz e d  H D P E  or v irg in  H D P E . Further m ore, sy n e r g ism  e ffe c t  
w a s  o ccu rred  in  F igu res 4 .9 , 4 .1 0 , and  4 .1 1 . S y n erg ism  e ffe c t  fo r  th is  a n a ly sis  is  
th e p o in t that sh o w n  b etter sta b ilized  in  M F I than ad d ed  o n ly  prim ary an tiox id an t, 
n o rm a lly  sy n e r g ism  p o in t m u st b e  th e sam e p o in t at th e b e s t  fo rm u la  o f  
a n tiox id an ts ratio. S y n erg istic  p o in t and an tagon istic  p o in t o f  e a c h  graph  is  sh o w n  
in  T a b le  4 .6 .
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Standard deviation o f stabilized HDPE o f BPE by Ciba's antioxidants

P ro p o r tio n  o f  C ib a 's  p rim ary  a n tio x id a n t fr o m  o v e r a ll  
a n tix o id a n ts  c o n c e n tr a tio n  =  0 . 1 %

Figure 4.11 T h e  e f fe c t  o f  prim ary to  seco n d a ry  an tiox id an ts fro m  C ib a  sp ec ia lty  
ch em ica l in  H D P E  o f  B P E  du rin g  m u ltip le  ex tru sion  o n  M F I variation .

Table 4.6 T h e  sy n erg istic  p o in t and an tagon istic  p o in t o f  e a c h  graph.
A n ta g o n istic  p o in t Synergistic poirtt

4 .8 R atio  =  0 .5 R atio  =  0  75
4 .9 R atio  =  0 R a tio  =  0 .7 5

4 .1 0 - R atio  =  0 .5
4 .1 1 - -
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0  0 .2 5  0 .5  0 .7 5  1
P ro p o rtio n  o f  p rim ary  E o n ia n 's  a n tio x id a n t fro m  o v e r a ll  

c o n c e n tr a tio n  o f  a n tio x id a n ts  =  0 . 1 %
Figure 4.12 T h e e ffe c t  o f  prim ary to  seco n d a ry  an tiox id an ts from  E o n ia n  in  
H D P E  o f  B P E  during m u ltip le  ex tru sion  o n  M FI variation.

F in a lly , th e  b est  p erform an ce o f  an tiox id an ts form u la  m u st h a v e  lo w e s t  
standard d ev ia tio n  and lo w e s t  in  À M FI as p resen ted  in  F igure 4 .9 , F igu re 4 .1 0 ,  
F igu re 4 . 1 1, and F igu re 4 .1 2  seq u en tia lly .

4.4 Oxidative Induction Time of Stabilized and Non-stabilized HDPE

O x id a tiv e  in d u ctio n  tim e, is  th e m eth o d  that u se  fo r  q u a lity  co n tro l and  
te stin g  o f  p o ly m er  in  h ig h ly  o x id a tiv e  en v iron m en t, to  d eterm in e  therm al 
o x id a tiv e  sta b ility  o f  p o lym er. T h e o x id a tio n  exo th erm  o b ta in ed  fro m  a  standard  
sca n n in g  m o d e  D S C  curve o f  th e sam p le , in  an o x y g e n  a tm osp h ere , at a n  e lev a ted  
tem perature. T h is  tech n iq u e  o ffers th e ad van tage o f  shorter a n a ly s is  t im es  for  
w e ll-s ta b iliz e d  H D P E , w h ere  th e e ffe c t  o f  th e  an tiox id an t w o u ld  b e  v e iy  p ersisten t  
during th e iso th erm al and p u re ly  o x y g en a ted  en v iron m en t. T h e  resu ltin g  D S C  
trace w a s  ch aracterized  b y  a  b r ie f  p eriod s during w h ic h  therm al eq u ilib r iu m  w a s



41

esta b lish ed  fo l lo w e d  b y  a  flat, stab le  b a se lin e  during th e  iso th erm al in terval u n til 
th e o x id a tio n  ch a in  reaction  c o m m e n c e d  to  p rod u ce  an  exoth erm .

Figure 4.13 O x id a tiv e  in d u ctio n  tim e cu rves for  p o ly e th y le n e  sa m p les  co n ta in in g  
(a ) n o  stab ilizer , (b ) 0 .0 0 5 % , (c )  0 .02% , (d ) 0 .0 5 %  Irganox 1010 .

T h e  re s id e n c e  tim e o f  th e  resin  at 200°c prior to  th e o n se t  o f  th e  exo th erm  
is  referred  to  as th e  o x id a tiv e  in d u ctio n  tim e. T hus, th is te st w a s  interpreted  as a 
titration  o f  th e  su rface  an tiox id an t w ith  o x y g e n  g a s u s in g  th e  D S C  as a therm al 
in d ica tor  tech n iq u e  in  F igure 4 .1 2 , sam p le  w e ig h ts  w e r e  5 ±  lm g . F rom  a  b o o k  o f  
“th erm al a n a ly s is” that ed ited  b y  W en d lan d t (1 9 8 6 ) , p resen ted  that p o ly e th y le n e  
sa m p les  co n ta in in g  variou s am ou n ts o f  an tiox id an t a d d itiv es are co m p a red  w ith  
ea ch  o th er u s in g  th e O IT

F rom  F igu re  4 .1 3  th e  n o n -sta b ilized  resin  fa iled  to  e sta b lish  a  b a se  lin e  
and ex h ib ited  im m ed ia te  ex o th erm ic ity . T h e  in d u ction  tim e  g en era lly  in crea sed  as  
th e a n tiox id an t con cen tra tion  in crea sed  for  th e sta b ilized  sam p les.

T h e  resu lts o f  th is part b a sed  o n  A S T M  D 3 8 9 5  -  9 2  standard test m eth o d  
fo r  o x id a tiv e  in d u ctio n  tim e o f  p o ly o le f in s  b y  d ifferen tia l sca n n in g  ca lor im etry , as  
p resen ted  in  ch ap ter m .  It is  a p p licab le  to  p o ly e th y le n e  an d  p o ly p r o p y le n e  resin s
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that are in  a  fu lly  sta b ilized /co m p o u n d ed  form . S o m e tim e s  th e  o x id a tiv e  
in d u ctio n  tim e  is  an  a cce lera ted  therm al a g e in g  test an d  as su ch  ca n  b e  m islea d in g .  
O IT  resu lts are o ften  u se d  to  se le c t  resin  form u la tion  c h o ic e s . V o la tile  
an tiox id an ts m a y  gen erate  p o o r  O IT  resu lts e v e n  th ou gh  th e y  m a y  b e  ad eq u ate  at 
their in ten d ed  u se  tem perature, n orm ally  at a tm osp h eric  am bient.

W h e n  th e  sam p le  w a s  te st in  D S C , th e se t tem perature h a s b e e n  reach ed  
from  3 5  to  200°c, d isco n tin u e  p rogram m ed  h ea tin g  an d  eq u ilib rate  th e  sa m p le  for  
5 m in u tes at n itro g en  fu lly  en v iron m en t. T h en  N e tz sc h  D S C  200 sw itc h e d  i t s e l f  
to  o x y g e n  fo r  e x c e e d in g ly  6 0  m in u tes, tim e  s in ce  sw itc h e d  n itro g en  to  o x y g e n  sa y  
o x id a tiv e  in d u ctio n  tim e. T h e c y c le  o f  run from  start to  en d  ex p er im en t is  
p resen ted  in  F igu re 4 .1 4 .

T im e  (m in u te s )

Figure 4 .1 4  E va lu ation  o f  o x id a tiv e  in d u ction  tim e; (A )  d y n a m ic  p er io d  in  
n itrogen ated  en v iron m en t, (B )  isoth erm al p eriod  in  n itrogen ated  en v iro n m en t, (C )  
iso th erm ฟ  p er io d  in  o x y g en a ted  en viron m en t.

A c c o r d in g  to  m eth o d s o f  o x id a tiv e  in d u ction  tim e  ca lcu la tio n  or  therm al 
a n a ly sis , th e data  is  p lo tted  w ith  th e h eat f lo w  sign a l o n  th e y -a x is , versu s  tim e  o n  
th e x -a x is . T h e  x -a x is  sh o u ld  b e  exp a n d ed  as m u ch  as p o ss ib le  to  fac ilita te  
a n a ly sis . E x ten d  th e record ed  b a se lin e  b e y o n d  the o x id a tiv e  rea ctiv e  exoth erm .
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E xtrap olate  th e  steep est lin ear  s lo p e  o f  th is exo th erm  to  in tercep t th e  ex ten d ed  
b a se lin e  ( s e e  F igu re  4 .1 5 ) . T h e  o x id a tiv e  in d u ctio n  tim e  is  m ea su red  to  w ith in  ±
0 .1  m in  fro m  zero  tim e to  th e  in tercep t p oin t. T h e se le c t io n  o f  th e  appropriate  
tan gen t to  th e  ex o th erm  s lo p e d  lin e  m a y  b e  d ifficu lt i f  th e  ex o th erm ic  p ea k  h a s a  
lea d in g  ed g e . E x o th erm ic  p ea k s w ith  lea d in g  e d g e s  m a y  o ccu r  i f  th e  o x id a tio n  
rea ctio n  is  s lo w . In  so m e  ca se , i f  th e  se le c t io n  o f  th e  appropriate b a se lin e  is  n o t  
o b v io u s  u s in g  th e  tan gen t m eth o d , try th e o f fs e t  m eth od . D ra w  a  se c o n d  b a se lin e  
p ara lle l to  th e  first b a se lin e  at a  d ista n ce  o f  0 .0 5  m W /m g  a b o v e  th e  first b a se lin e . 
T h e  in tersec tio n  o f  th is  se c o n d  lin e  w ith  th e ex o th erm  sig n a l is  d e fin e d  as th e  
o n se t o f  ox id a tio n . T h e  tim e  from  th is in tersection  to  zero  tim e  is  n o t O IT.

T im e  (m in u te s )

Figure 4.15 D eterm in ation  o f  O IT  fro m  F igu re 4 .1 4  th e v a lu e  o f  O IT  eq u a ls  to  
4 5 .6 3 -1 4 .1 3  = 3 1  m in u tes.

T h e  resu lts fo r  o x id a tiv e  in d u ctio n  tim e o f  H D P E  sa m p le  w e r e  p resen ted  
in  F igu re 4 .1 6 , F igu re 4 .1 7 , F igure 4 .1 8 , and  F igure 4 .1 9 .
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S w itc h e d  to  o x y g e n

-Virgin HOPE o f TPE  
-TPE 0.1% AO-2 
•TPE 0.1% P-2
- TPE 0.025% AO-2/0.075% P-2
- TPE 0.05% AO-2/0.05% P-2 
TPE 0.075% AO-2/0.025% P-2

2 0  4 0
T im e (m in u te s )  /

Figure 4 .1 6  T h e  D S C  resu lts o f  H D P E  o f  T P E  stab ilized  b y  C ib a  an tiox id an ts.

Virgin HOPE o f TPE  
TPE 0.1% AO-2 
TPE 0.1% P-2
TPE 0.025% AO-2/0.075% P-2 
TPE 0.05% AO-2/0.05% P-2 
TPE 0.075% AO-2/0.025% P-2

4 0
T im e (m in u te s )

6 0 8 0

Figure 4.17 T h e D S C  resu lts o f  H D P E  o f  T P E  sta b ilized  b y  E o n ia n  an tiox id an ts.
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S w itc h e d  to  o x y g e n

Virgin HOPE o f  BPE 
BPE 0. l% AO -l

----------BPE 0.1%P-1
--------- BPE 0.025%AO-1/0.075%P-1
----------BPE 0.05%AO-1/0.05%P-1

BPE 0.075%AO-1/0.025%P-1

4 0
T im e  (m in u te s )

F ig u r e  4 .1 8  T h e D S C  resu lts o f  H D P E  o f  B P E  sta b ilized  b y  C ib a  an tiox id an ts.

S w itch ed  to  oxygen Virgin HDPE o f BPE 
BPEO. l%AO-2 
BPE0.1%P-2
BPE 0.025%AO-2/0.075%P-2 
BPE 0.05%AO-2/0.05%P-2 
BPE 0.075%AO-2/0,025%P-2

4 0
T im e (m in u tes)

F ig u r e  4 .1 9  T h e  D S C  resu lts o f  H D P E  o f  B P E  sta b ilized  b y  E o n ia n  an tiox id an ts.

A s  th e resu lts a b o v e , ea ch  lin e  o f  ev ery  graph w a s  ca lcu la ted  fo r  o x id a tiv e  
in d u ctio n  tim e  b y  o n se t m eth od . T ab le  4 .7  and T ab le  4 .8  w a s  p resen ted  th e v a lu es  
o f  o x id a tiv e  in d u ctio n  tim e  o f  ea ch  sam p le.
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T a b le  4 .7  O x id a tiv e  in d u ctio n  t im es  o f  H O P E  o f  T P E  sa m p les.
S a m p le R a tio s O IT  1 O IT  2

V ir g in  H D P E  o f  T P E ( 0 / 0 ) 0 .5 0 .5
T P E  0 .1 % p - l ( 0 / 1 0 0 ) 0 .9 0 .9
T P E  0 .0 2 5 % A O -1 /0 .0 7 5 % P -1 (2 5 /7 5 ) 2 . 6 3 .2
T P E  0 .0 5 % A O -1 /0 .0 5 % P -1 (5 0 /5 0 ) 5 .7 6 . 1

T P E  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1 ( 7 5 /2 5 ) 9 .7 14 .3
H D P E  w ith  0 .1 % A O -1 ( 1 0 0 / 0 ) 3 2 .1 2 9 .1
T P E  0 . l% P -2 ( 0 / 1 0 0 ) 0 .7 0 .7
T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 (2 5 /7 5 ) 4 .4 6 . 1

T P E  0 .0 5 % A O -2 /0 .0 5 % P -2 (5 0 /5 0 ) 4 .9 8

T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 ( 7 5 /2 5 ) 1 0 .4 9 .1
T P E  w ith  0 .1 % A O -1 ( 1 0 0 / 0 ) 2 0 . 6 2 3 .6

T a b le  4 .8  O x id a tiv e  in d u ctio n  tim es  o f  H D P E  o f  B P E  sa m p les.
S a m p le s R a tio s O IT  1 O IT  2

V ir g in  H D P E  o f  B P E ( 0 / 0 ) 0 .5 0 .5
B P E  0 .1 % p - l ( 0 / 1 0 0 ) 0 .9 0 .9
B P E  0 .0 2 5 % A O -1 /0 .0 7 5 % P -1 ( 2 5 /7 5 ) 15 .5 1 7 .4
B P E  0 .0 5 % A O -1 /0 .0 5 % P -1 ( 5 0 /5 0 ) 3 1 .7 3 7 .2
B P E  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1 ( 7 5 /2 5 ) 6 .4 5 .4
H D P E  w ith  0 .1 % A O -1 ( 1 0 0 / 0 ) 1 6 .6 2 6 .7
B P E  0 .1 % P -2 ( 0 / 1 0 0 ) 1 .5 2 1 .5 2
B P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 ( 2 5 /7 5 ) 1 8 .6 1 3 .9
B P E  0 .0 5 % A O -2 /0 .0 5 % P -2 ( 5 0 /5 0 ) 17 1 3 .9
B P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 ( 7 5 /2 5 ) 9 9 .1
B P E  w ith  0 .1 % A O -1 ( 1 0 0 / 0 ) 3 1 .2 2 7 .3
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All data above are plotted in Figures 4.20 and 4.21 for compare
performance of each sample.

—♦ — 1st run stab ilized  H D P E  o f  T P E  stab ilized  by C ib a
antioxidants ____ ______

— 1st  run stab ilized  H D P E  o f  T P E  stab ilized  by E onian

Proportion o f  primary antioxidant to  secondary antiox idant o f  
overall concentration  =  0 . 1 %

Figure 4.20 E ffe c t  o f  an tiox id an ts o n  o x id a tiv e  in d u ctio n  tim e  o f  H D P E  o f  T P E  
sa m p les  b y  va ry in g  ratio  o f  prim ary a n tiox id an t to  seco n d a ry  an tiox id an t.

— 1st run stabilized HDPE o f  BPE stabilized by Ciba antioxidants 
1st run stabilized HDPE o f  BPE stabilized by Eonian

Proportion o f  primary antioxidant to secondary antioxidant o f  overall
concentration =  0 . 1 %

Figure 4.21 Effect of antioxidants on oxidative induction time of HDPE of BPE
samples by varying ratio of primary antioxidant to secondary antioxidant.
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F rom  F igu re  4 .2 0 , th e  resu lts illustrated  that w h e n  crea sin g  am ou n t o f  
prim ary an tiox id an t, in crea sin g  in  o x id a tiv e  in d u ctio n  tim e. T h e  trends o f  H D P E  
o f  T P E  sta b iliz ed  b y  C ib a  an tiox id an t graphs w ere  sh o w n  th e sim ilar  trend o f  
H D P E  o f  T P E  sta b ilized  b y  E o n ia n  an tiox id an t graphs. F rom  F igu re 4 .2 1 ,  w h e n  
sta b ilized  H D P E  o f  B P E  sa m p les  w e r e  in crea sed  am ou n t o f  prim ary an tiox id an ts, 
o x id a tiv e  in d u ctio n  tim e is  in crease . S p ec ifica lly , sy n erg istic  e f fe c t  w a s  fo u n d  
during th is  exp erim en t. H D P E  o f  B P E  sam p le  w h ic h  w a s  sta b iliz ed  b y  C ib a  
a n tiox id an ts h a v e  sh o w e d  th e  u n ex p ec ted  o x id a tiv e  in d u ctio n  tim e  at the  
co m p o s it io n  o f  prim ary to  seco n d a ry  an tiox id an t eq u a l to  0 .5 . T h e  o x id a tiv e  
in d u ctio n  tim e  at that c o m p o s itio n  is  h igh er than o x id a tiv e  in d u ctio n  tim e o f  
H D P E  o f  B P E  sa m p les  that s ta b ilized  b y  o n ly  prim ary an tiox id an t ab ou t 15.1 to
19 .8  m in u tes. A b o u t sy n erg istic  e f fe c t  in  F igure 4 .2 1  fo r  C ib a  an tiox id an ts  
s ta b iliz ed  H D P E  o f  B P E , there is  n o  s in g le  ex p la n a tio n  o f  sy n erg ism  v a lid  fo r  all 
co m b in a tio n s o f  p h e n o lic  an tiox id an ts w ith  o rg an op h osp h ite  an tiox id an ts. 
S y n erg ism  p u b lish ed  so  far regard as p resen ted  in  chapter n e sse n tia lly  th e  
red u ctio n  o f  th e  rates o f  th e  in itia tin g  and ch a in -b ran ch in g  step s  b y  th e  
h y d ro p ero x id e  d e co m p o ser  to  b e  resp o n sib le  for  th e en h a n ced  e ffe c tiv e n ess .  
S y n erg ism  a lso  b e  o b serv ed  w ith  co m b in a tio n s o f  p h e n o lic  an tiox id an ts. T h e  
rea ctio n  eq u a tio n s 4 .1 , 4 .2 , 4 .3 , and 4 .4  are illustrated  m ech a n ism  o f  seco n d a ry  
an tiox id an ts w h ic h  co o p era tiv e  w o rk s w ith  prim ary an tiox id an ts. I f  A H  is  h ig h ly  
h in d ered  p h e n o l an d  A T I a  le s s  h in d ered  p h en o l, h y d ro g en  ab straction  b y  p ero x y l 
rad ica ls (rea c tio n  4 .1 )  is  particu larly  fa st w ith  A T I  T h e p h e n o x y  rad ica l A ' is  
rather rea ctiv e  an d  m a y  particu late in  ch a in  transfer reaction s su ch  as (4 .2 )  and
(4 .3 )

p o ]  +  A H  — > P O O H  +  À (4 .1 )

A 9 +  P H  — »  A H  +  P * (4 .2 )

Al * +  P O O H  —»  A H  +  P O * (4 .3 )
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a ' *  +  A H  — > A H  +  À  (4 .4 )
In rea ctio n  (4 .3 ) , th e  eq u ilib r iu m  is  d isp la ced  to  th e  r igh t-h an d  sid e, 

b e c a u se  th e  h ig h ly  h in d ered  p h e n o x y  rad ica l A* is  le s s  rea ctiv e  th an  th e  le s s  

h in d ered  p h e n o x y  rad ica l A ' *. S o  co m b in a tio n  b e tw e e n  prim ary an d  seco n d a ry  
a n tiox id an t is  m o re  e ffe c tiv e  th an  add o n ly  prim ary an tiox id an t in  H O P E .

T h e  b a s ic  m e c h a n ism s  o u t lin e d  a b o v e  h a v e  b e e n  su p p le m e n te d  
r e c e n t ly  to  e x p la in  th e  s p e c ia l  p h e n o m e n a  in  F ig u re  4 .2 1 .  In  fa c t , fo r  so m e  
p o ly p h e n o ls  su c h  a s  Ir g a n o x  1 0 1 0  or  R e o n o x  10, th e  m a in  s ta b iliz a t io n  
r e a c tio n s  s e e m  to  b e  d o n a tio n  o f  h y d r o g e n  a to m s to  p e r o x y  ra d ica ls . A s  a 
c o n s e q u e n c e , th e  c h a in  term in a tio n  r e a c tio n  in v o lv e s  d isp r o p o r tio n a tio n  o f  
tw o  p h e n o x y  r a d ic a ls  lo c a te d  o n  th e  sa m e  a n tio x id a n t m o le c u le  to  y ie ld  
q u in o n e  m e th id e  a n d  r e g e n e r a ted  h in d e r e d  p h e n o l.

4.5 Thermogravimetric Analysis

4 .5 .1  T h erm a l D e c o m p o s it io n  o f  H D P E  S a m p le s
T h e  th erm a l a n a ly s is  te c h n iq u e  in  th is  s e c t io n  is  o n e  in  w h ic h  

th e  c h a n g e  in  sa m p le  m a ss  (m a ss  lo s s  or  g a in )  is  d e te r m in e d  a s a  fu n c t io n  o f  
tem p era tu re  a n d  tim e . T h ree  m o d e s  o f  th e r m o g r a v im e try  are c o m m o n ly  u se d ,  
a s illu s tr a te d  in  F ig u re  4 .2 2 :  (a )  iso th e r m a l th erm o g ra v im etry , in  w h ic h  th e  
sa m p le  m a ss  in  re c o r d e d  a s  a  fu n c t io n  o f  t im e  at co n sta n t tem p era tu re; (b )  
q u a s i- iso th e r m a l th e m o g r a v im e tr y , in  w h ic h  th e  sa m p le  is  h e a te d  to  c o n s ta n t  
m a ss  at e a c h  o f  a  se r ie s  o f  in c r e a s in g  tem p eratu res; a n d  fo r  th is  th e s is  w o r k  (c )  
d y n a m ic  th e r m o g r a v im e try , in  w h ic h  th e  sa m p le  is  h e a te d  at a  lin e a r  rate.

T h e  T G  cu rv e  o f  a ll H D P E  sa m p le s  w e r e  g e n e r a te d  th e  cu rv e  in  
fo rm  ( c )  (m u lt i s ta g e  r e a c tio n s ) , b u t o ccu rred  in  s in g le  s ta g e  n o n iso th e r m a l  
r ea c tio n . T e s t in g  th e  th erm al s ta b ility  o f  H D P E  is  b a se d  m a in ly  o n  th e  m a jo r

In the presence of a more hindered phenol AH, A' * can also enter the
exchangereaction (4.4).
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d e g r a d a tio n  p r o c e s s  o f  H D P E , i .e . e lim in a t io n  o f  e th y le n e  g a s , w h ic h  le a d s  to  
w e ig h t  lo s s ,  ty p ic a l  fo r  H D P E . T h e  F ig u res  4 .2 3 ,  4 .2 4 ,  4 .2 6 ,  a n d  4 .2 6  are T G  
c u rv e  o f  H D P E  sa m p le s .

( c )
Figure 4.22 T h e  g e n e r a l fo r m s  o f  T G  c u r v e s  (  a  ) iso th e r m a l, ( b )  q u a s i-  
iso th e r m a l, a n d  (  c  ) d y n a m ic .

- v ir g in  H D P E  o f  T P E  - A -  T P E  0 .1 %  A O - 1
T P E  0 .1 %  P -1  - a -  T P E  0 .0 2 5 % A O -1 /0 .0 7 5 % P -1

- * - T P E  0 .0 5 % A O -1 /0 .0 5 % P -1  - • — T P E  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1

4 0 0  4 1 0  4 2 0  4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  4 9 0  5 0 0  5 1 0
T em p era tu re  (°C )

Figure 4.23 T G  cu rv e  o f  H D P E  o f  T P E  s ta b iliz e d  b y  C ib a  a n tio x id a n ts .
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T h e  e f f e c ts  o f  a n tio x id a n ts  o n  H D P E  that is , it  c a n  r e d u c e d  rate  
d e c o m p o s it io n  tem p era tu re  a n d  red u c e  rate o f  d e c o m p o s it io n . T a b le  4 .9  is  
p r e se n t  th e  m a x im u m  rate o f  d e c o m p o s it io n  o f  H D P E  sa m p le  th at a f fe c te d  b y  
ra tio s  o f  p r im ary  to  se c o n d a r y  a n tio x id a n t.

T P E  0 . l% P -2  T P E  0 .1 %  A O -2
- A -  V ir g in  H D P E  o f  T P E  T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2

T P E  0 .0 5 % A O -2 /0 .0 5 % P -2  - • -  T P E  0 .0 7 5 % A O -2 /0 .0 7 5 % P -2

4 0 0  4 1 0  4 2 0  4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  4 9 0  5 0 0  5 1 0  5 2 0
T em p era tu re  in  (°C )

F ig u r e  4 .2 4  T G  c u r v e  o f  H D P E  o f  T P E  s ta b iliz e d  b y  E o n ia n  a n tio x id a n ts .
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V ir g in  H D P E  o f  B P E  
- * - B P E  0 .1 % p - l

B P E  0 0 5 % A O - 1 /0 .0 5 % P -1

—♦ -B P E  0 .1 % A O -1
B P E  0 0 2 5 % A O - 1 /0 .0 7 5 % P -1 

- • - B P E  0 0 7 5 % A O -1 /0 .0 2 5 % P -1

T em p era tu re  (°C )
Figure 4 .2 5  T G  cu rv e  o f  H D P E  o f  B P E  s ta b iliz e d  b y  C ib a  a n tio x id a n ts .

■ Virgin H D P E  o f  B P E
■ BPE 0. l% P -2
■ BPE 0 .0 5 % A O -2 /0 .0 5 % P -2

■ BPE 0 .1% A O -2
■ BPE 0 .0 2 5 % A O -2 /0 .0 7 5 % P -2
■ BPE 0 .0 7 5 % A O -2 /0 .0 2 5 % P -2

T em p era tu re  (๐C )

Figure 4 .2 6  T G  cu rv e  o f  H D P E  o f  B P E  s ta b iliz e d  b y  E o n ia n  a n tio x id a n ts .
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T G  c u rv e  fr o m  F ig u r e s  4 .2 3  to  4 .2 6  w a s  a n a ly z e d  th e  v a lu e s  o f  rate o f  
d e c o m p o s it io n  b y  ta n g e n t m e th o d  A y /A x  o f  e a c h  p o in t  o n  th e  T G  c u rv e  o f  
e a c h  H D P E  sa m p le .

T a b le  4 .9  M a x im u m  d e c o m p o s it io n  ra tes o f  H D P E  sa m p le s .
S a m p le s M a x im u m  rate o f  d e c o m p o s it io n  

(W e ig h t% /m in u te )
V ir g in  H D P E  o f  T P E 6 3 .8 1

T P E  0 .1 % A O -1 6 2 .3 8
T P E 0 .1 % P -1 5 0 .2 9
T P E  0 .0 2 5 % A O -1 /0 .0 7 5 % P -1 5 5 .0 5
T P E  0 .0 5 % A O -1 /0 .0 5 % P -1 4 5 .9
T P E  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1 5 4 .6 7
T P E  0 .1 % A O -2 5 7 .7 1
T P E  0 . l% P -2 5 5 .4 3
T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 5 5 .0 5
T P E  0 .0 5 % A O -2 /0 .0 5 % P -2 3 9 .5 2
T P E  0 .0 7 5 % A O -2 /0 .0 2 5 % P -2 5 4 .2 9
V ir g in  H D P E  o f  B P E 5 6 .8 6
B P E 0 .1 % A O -1 5 1 .6 2
B P E  0 .1 % P -1 4 2 .1
B P E  0 .0 2 5 % A O -1 /0 .0 7 5 % P -1 4 2 .1
B P E  0 .0 5 % A O -1 /0 .0 5 % P -1 4 5 .9
B P E  0 .0 7 5 % A 0 1 /0 .0 2 5 % P - 1 4 5 .9
B P E  0 . l% A O -2 4 9 .3 3
B P E  0 .1 % P -2 4 5 .9
B P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2 4 6 .3 1

C o n t . ..
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T a b le  4 .9  (C o n tin u e d )
S a m p le M a x im u m  rate o f  d e c o m p o s it io n  

(W e ig h t% /m in u te )
B P E  0 .0 5 % A O -2 /0 .0 5 % P -2 4 1 .7 1
B P E  0 .0 7 5 % A O -2 /0 .0 2 5 % P -2 4 7 .0 5

F ro m  T a b le  4 .9 ,  th e  lo w e s t  rate o f  d e c o m p o s it io n  o f  e a c h  s e t  o f  sa m p le  
is  th e  b e s t  ra tio  o f  a n tio x id a n t fo rm u la . F o r  H D P E  o f  T P E  s ta b iliz e d  b y  C ib a  
a n tio x id a n ts  is  a  ra tio  th at h a v in g  c o m p o s it io n  o f  p r im ary  to  se c o n d a r y  
a n tio x id a n t e q u a l to  0 .0 5 % /0 .0 5 % . H D P E  o f  T P E  s ta b iliz e d  b y  E o n ia n  
a n tio x id a n ts  is  0 .0 5 %  p rim ary  a n tio x id a n t to  0 .0 5 %  se c o n d a r y  a n tio x id a n t. 
In c r e d ib le  r e su lts  fo r  H D P E  o f  B P E  s ta b iliz e d  b y  o n ly  p r im ary  a n tio x id a n t and  
at ra tio  o f  p r im ary  to  se c o n d a r y  a n tio x id a n t e q u a l to  0 .0 2 5 % /0 .0 7 5 % , th at it 
c a n  m in im iz e d  rate o f  d e c o m p o s it io n . A s  a  c o n se q u e n t, th e  ra tio  o f  p r im ary  to  
se c o n d a r y  a n tio x id a n t at 0 .0 5 % /0 .0 5 %  o f  H D P E  o f  B P E  s ta b iliz e d  b y  E o n ia n  
a n tio x id a n t is  s h o w  th e  b e s t  r e d u c e d  rate o f  d e c o m p o s it io n  o f  H D P E  sa m p le s  
fo r  F ig u re  4 .2 6 .

4.6 Oven Ageing

4 .6 .1  T e n s ile  T est fo r  D u m b b e ll A g e in g  S p ec im en s
O v e n  a g e in g , is  th e  im portant o n e  fo r  te stin g  p erform an ce o f  

an tiox id an ts. Instead  o f  h o ld in g  a  p o ly m er ic  m aterial in  storage co n d itio n s  or u sed  
co n d itio n s  fo r  a lo n g  tim e fo r  d eterm in e th e d eterioration  o f  p o ly m e r  b y  tim e. 
O v en  a g e in g  w a s  u se d  to  a cce lera ted  tim e o f  p o ly m er  that w a s  o b serv ed  for  
d egrad ation  b eh avior . T h e resu lts o f  o v e n  a g e in g  for  th is part d iv id ed  in  to  tw o  
parts, th e first part is  o v e n  a g e in g  at 105°c and th e se c o n d  part is  o v e n  a g e in g  at
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115 ๐c. T h e  tested  prop erties fo r  o v e n  a g e in g  o f  H D P E  sa m p les  at 105°c are 
stress at zero  s lo p e  p o in t y ie ld s  an d  m elt f lo w  in d ex .

A g e in g  t im e  (d a y s)
Figure 4.27 Y ie ld  stress at variou s a g e in g  tim es o f  H D P E  o f  T P E  sta b ilized  b y  
C ib a  an tiox id an ts.

F or o v e n -a g e in g  at 115°c th e te sted  properties w e r e  stress at zero  

s lo p e  p o in t y ie ld s , m e lt  f lo w  in d ex , an d  fu n ction a l grou p s determ ination .
F or first part o n ly  sta b ilized  and n o n -sta b iliz ed  H D P E  o f  T P E  w a s  

u sed , b ut n o t for  H D P E  o f  B P E . T h e  resu lts o f  ten s ile  at zero  s lo p e  p o in t y ie ld  
p rop erties are reported  o n  F igu res 4 .2 7  and 4 .2 8 .
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A g e in g  t im e  (d a y s)

'•— V irg in  H D P E  o f  
B P E

+— T P E  0 .1 %  A O -2

T P E 0  l% P -2

T P E  0 .0 2 5 % A O -  
2 /0 .0 7 5 % P -2

* — T P E  0 .0 5 % A O -  
2 /0 .0 5 % P -2

Figure 4.28 Y ie ld  stress at v ariou s a g e in g  tim es o f  H D P E  o f  T P E  sta b ilized  b y  
E o n ia n  an tiox id an ts.

F rom  F igu re 4 .2 7  and F igure 4 .2 8 , b o th  H D P E  sa m p les , w h ic h  
s ta b ilized  b y  C ib a  an tiox id an ts and H D P E  sam p les, w h ic h  s ta b ilized  b y  E on ian  
an tiox id an ts w e r e  sh o w n  a g o o d  at in  sta b ilized  a ll a g e in g  p eriod s. T h e  stress at 
z e r o -s lo p e  p o in t y ie ld  w a s  d eterm in ed  b y  ca lcu la ted  th e v a lu es  o f  s lo p e  o f  ea ch  
sam p le , w h ic h  p lo tted  b e tw e e n  stress versu s strain or e lo n g a tio n . T h e  z e r o -s lo p e  
p o in t y ie ld  w a s  ca lcu la ted  fo r  5 tim e and fin d  average va lu e . E x a m p le  o f  
ca lcu la tio n  w a s  sh o w n  in  A p p en d ix .

B y  d efin ition :
Stress =  A p p lie d  fo rce /C ro ss  sec tio n a l area o f  H D P E  sp ec im en  

=  F /A  (F o rce  u n it/A rea  e .g . N /m 2, or M P a)
E lo n g a tio n  =  In crease in  len g th  o f  S p ecim en /O rig in a l len g th  o f  sp e c im e n  

=  AL/Lo (L en g th  u n it/L en g th  unit e .g . m m /m m , or c m /c m )
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A  b ig  fa ilu re fo r  n o n -sta b iliz ed  H D P E  o f  T P E  o ccu rred  after 16 
d a y s o f  a g e in g . T h e  fa ilu res are b rittlen ess, n o -e lo n g a tio n  (e lo n g a tio n  at break  
occu rred ) an d  H D P E  m atter b e c o m e  to  y e llo w ish . In con trast w ith  sta b ilized  
H D P E  o f  T P E , It still retain  g o o d  m ech a n ica l properties, n o -e lo n g a tio n  at break, 
stress at z e r o -s lo p e  p o in t y ie ld  q u ite u n ch a n g ed  and n o  or le s s  y e l lo w is h  m atter in  
m aterial.

A n  extraordinary p h e n o m en o n  w a s  occu rred  in  F igu res 4 .2 7  and  
4 .2 8 . It is  cro ss-lin k in g  o f  H D P E  m aterial b y  h ea t treatm ent or a g e in g . F rom  2 nd 
p o in t o f  e a c h  sa m p le  or  4  d a y s o f  a g e in g  o f  m aterial, te n s ile  strength  is  in crea se  
w h e n  com p are to  first p o in t o f  ea ch  sam p le . Y ie ld  stress o f  a g e in g  sp e c im e n s  w a s  
in crea se  a p p ro x im a te ly  1 M P a  from  n o n -a g e in g  y ie ld  stress v a lu e . T h is  
p h en o m en a  a g ree  w ith  D o n er  and L an g (1 9 9 8 )  w ork , that y ie ld  stress in crease  
ab ou t 15%  o f  or ig in a l or n o n -a g e  sp ec im en s.

T h e  resu lts o f  115°c o f  o v e n  a g e in g  is  p resen ted  in  F igu res 4 .2 9 ,  
4 .3 0 , 4 .3 1 , an d  4 .3 2 .

- ♦ -  V ir g in  H D P E  o f  T P E  
- A -  T P E  0 .1 %  P-1  
—* - T P E  0 .0 5 % A O - 1 /0 .0 5 % P -1

- B -  T P E  0 .1 %  A O - 1
- K -  T P E  0 .0 2 5 % A O - 1 /0 .0 7 5 % P -1
- • - T P E  0 .0 7 5 % A O - 1 /0 .0 2 5 % P -1

Figure 4 .2 9  Y ie ld  stress o f  H D P E  o f  T P E  sa m p les  s ta b iliz ed  b y  C ib a  
an tiox id an ts.
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V ir g in  H D P E  o f  T P E  T P E  0 .1 %  A O -2
—A— T P E  0 .1 %  P -2  - K -  T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2

T P E  0 .0 5 % A O -2 /0 .0 5 % P -2  - • - T P E  0 .0 7 5 % A O - 1 /0 .0 2 5 % P -1

F ig u r e  4 .3 0  Y ie ld  stress o f  H D P E  o f  T P E  sa m p les s ta b iliz ed  b y  E on ian  
an tiox id an ts.

A g e in g  t im e  (D a y s )

V ir g in  H D P E  o f  B P E  
- * -  B P E  0 .1 %  P -1  
- * - B P E  0 .0 5 % A O - 1 /0 .0 5 % P -1

- B -  B P E  0 .1 %  A O - 1 
—H—B P E  0 .0 2 5 % A O -1 /0 .0 7 5 % P -1  
- • - B P E  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1

F ig u r e  4 .3 1  Y ie ld  stress o f  H D P E  o f  B P E  sa m p les  s ta b iliz ed  b y  C ib a  
an tiox id an ts.
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- ♦ -  V irg in  H D P E  o f  B P E  B P E  0.1 % A O -2
B P E  0 .1 %  P -2  - X -  B P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2

B P E  0 .0 5 % A O -2 /0 .0 5 % P -2  B P E  0 .0 7 5 % A O -2 /0 .0 2 5 % P -2

F ig u r e  4 .3 2  Y ie ld  stress o f  H D P E  o f  B P E  sa m p les  s ta b iliz ed  b y  E o n ia n  
an tiox id an ts.

T h e  e ffe c t  o f  in crea sin g  o v e n  tem perature fro m  105°c to  115°c is  
to  m a k e  th e  H D P E  sa m p les d egrad e faster d egrad ation  than th e form er o n e . T h e  
se c o n d  p o in t u p w ard  o f  ea ch  graph se e m s to  b e  h a v in g  m o re  y ie ld s  stress than  th e  
first p o in t o f  e a ch  graph. T h e rea so n  fo r  d escr ib in g  th is  p h e n o m e n o n  is  th e  sam e  
rea so n  as resu lts fo r  o v e n  a g e in g  at 105°c, cro ss-lin k in g  b y  h ea t treatm ent. E ffe c t  
o f  h ea t treatm en t m a d e  p o ly m er ic  m ateria l b e  stiffer  an d  in crea se  in  strength. 
D ifferen t resu lts o f  o v e n  a g e in g  at 115°c to  o v e n  a g e in g  at 105°c is , at 115°c a ll 
H D P E  sa m p les that is  s ta b ilized  b y  seco n d a ry  a n tiox id an t an d  n o n -sta b iliz ed  
b e c o m e  fa ilu re  in  m ech a n ica l properties. T h e fa ilu re o f  H D P E  o f  T P E  sta b ilized  
b y  seco n d a ry  an tiox id an t fa ilu re  in  m ech a n ica l prop erties after 1 0  d a y s  o f  a gein g . 
R efer  to  F igure 4 .2 9  and F igu re 4 .3 0 , y ie ld  stress and a g e in g  tim e  o f  ea ch  F igure  
sh o w  a sim ilar  trend o f  fa ilure, w h e n  com p are sa m p le  to  sam p le , e .g . com p are
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H D P E  o f  T P E  w h ic h  sta b ilized  b y  prim ary an tiox id an t to  seco n d a ry  a n tiox id an t o f  
ea ch  co m p a n y  at sp e c if ic  ratio. It m ea n s that H D P E  o f  T P E  w h ic h , s ta b ilized  b y  
C ib a  an tiox id an ts com p arab le  to  H D P E  o f  T P E , w h ic h  s ta b ilized  b y  E o n ia n  
an tiox id an ts.

F rom  F igu res 4 .3 1  and 4 .3 2 , H D P E  o f  B P E  w h ic h  h a v e  prim ary  
an tiox id an t in  its m atter (0 .0 2 5 -0 .1 %  b y  w e ig h t) , it h a v e  sh o w e d  a  g o o d  at in  
therm al d egrad ation  resistan t an d  sh o w  a  sim ilar  trend o f  m ec h a n ic a l properties. 
N o rm a lly , H D P E  sa m p le  that sta b ilized  w ith  co n ta in  prim ary a n tiox id an t in  its  
m atter ca n  p a y  resistan t o n  stress at ap p rox im ately  2 5 -2 8  M P a. T h is  exp er im en ta l 
part qu ite  n o t  su c c e ss  to  d eterm in e th e en d  p o in t o f  sta b ilized  H D P E  sam p les. It is  
n o  as e a s ily  d etectab le . B u t in  F T IR  exp erim en ta l o n  n e x t  part c a n  b e  so lv e d  the  
en d  p o in t o f  d eterioration  o f  s ta b ilized  H D P E  sam p le. Furtherm ore, th e  d ifferen t  
o f  F igu re 4 .3 1  an d  F igure 4 .3 2  is  H D P E  o f  B P E  sa m p le  w h ic h  is  s ta b iliz ed  b y  
E o n ia n  prim ary an tiox id an t or R e o n o x  6 8  se em s to  b e  m o re  res ist o n  therm al 
d egrad ation  than  H D P E  o f  B P E  sam p le  w h ic h  sta b ilized  b y  Irgafos 168.

B y  o b serv ed  b y  e y e s , at 5 5  d ays o f  a g e in g , partial su rface o f  
d u m b b ell sp e c im e n s  o f  sta b ilized  H D P E  at ratios o f  prim ary to  seco n d a ry  
an tiox id an ts eq u a l to  2 5 /7 5  w a s  b e c o m e  y e llo w in g . F or th is data, w e  ca n  su sp ect  
that, th e  n e x t  fa ilu re H D P E  sa m p les  sh o u ld  b e  th e sa m p les  that h a v e  ratio o f  
prim ary to  seco n d a ry  a n tiox id an t eq u a l to  2 5 /7 5 . U n p red ictab le , F igu re 4 .3 2  is  
rep resen tin g  th e o v e n  a g e in g  data o b ta in ed  w ith  p h e n o lic  an tiox id an ts fo r  Z ieg ler -  
ty p e  H D P E . In F igure 4 .3 2 , it ca n  b e  se e n  that, w ith  tw o  e x c e p tio n s , there is  a 
p ro n o u n ced  in crea se  o f  o v e n  life tim e  or am b ien t life tim e  w ith  p rim ary an tiox id an t  
con cen tration .

4 .6 .2  M F I o f  O v e n  A g e d  H D P E  sa m p le
M e lt  f lo w  in d ex es , w h ic h  determ in e in  th is part, is  d ifferen t from  

th e to p ic  m e lt  f lo w  in d e x e s  e ffe c te d  b y  p ro cessin g . T h e  d ifferen ces  o f  M F I d u e to  
o v e n  a g e in g  and M F I d u e to  p ro cess in g  are sh o w n  in  T a b le  4 .1 0 .
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T a b le  4 .1 0  T h e  d ifferen ces  o f  M F I d u e to  p ro cess in g  and o v e n  a g e in g .
O b serv ed  qu an tities O v e n  a g e in g P ro cess in g
A m o u n t o f  o x y g e n F u lly  fe e d  b y  am b ien t O n ly  in  th e in itia l o f  

p r o c e ss in g  ( fe e d in g  
z o n e )

Shear A ll t im e  during  
p r o c e ss in g

T em perature 1 1 5 ° c  an d  1 0 5 °c 1 6 5 -2 0 5 °c
R eten tio n  tim e 1  m o n th  and 2  m on th s A n  h ou r/b atch

H D P E  p e lle ts  w a s  sa m p lin g  o u t w h e n  tim e o f  a g e in g  rea ch  to  4 , 8 , 
16, and 3 2  d a y s o f  a g e in g  for  a g e in g  at 105°c. F or a g e in g  at 115°c H D P E  
sa m p les  w ere  carried o u t to  te st M F I w h e n  a g e in g  tim e  reach  to  4 , 6 , 10, 2 4 , 4 6 , 
an d  5 5  d a y s o f  ag e in g . T h e resu lts o f  ch a n g in g  o f  M F I d u e  to  o v e n  a g e in g  are 
reported  o n  F igu res 4 .3 3  and 4 .3 4  o v e n  a g e in g  at 105°c. T h e o th er  are reported  

o n  4 .3 5 ,4 .3 6 ,  4 .5 7 , and  4 .3 8  fo r  o v e n  a g e in g  at 1 15°c.
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- ♦ -  V ig in  H D P E  o f  T P E  - « -  T P E  0 . 1 % A 0 - 1
T P E  0 .0 3 3 % A O -1 /0 .0 6 7 % P -1  - * - T P E  0 .0 5 % A O -1 /0 .0 5 % P -1  

- * - T P E  0 .0 7 5 % A O -1 /0 .0 2 5 % P -1
F ig u r e  4 .3 3  M F I variation  o f  H D P E  o f  T P E  sta b ilized  b y  C ib a  an tiox id an t at
105°c o f  o v e n  tem perature.

- • -  V ig in  H D P E  o f  T P E  T P E  0 . l% A O -2
- A -  T P E  0 . l% P -2  T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2

T P E  0  0 5 % A O -2 /0 .0 5 % P -2  - ^ -  T P E  0 .0 7 5 % A O -2 /0 .0 2 5 % P -2

Figure 4.34 MFI variation of HDPE of TPE stabilized by Eonian antioxidant at
105°c of oven temperature.
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F rom  F igu re 4 .3 3  an d  F igu re 4 .3 4 , th e resu lts o f  v aria tion  o f  M F I 
in d ifferen t fro m  ten s ile  resu lts in  se c tio n  4 .6 .1 . B o th  H O P E  o f  T P E , w h ic h  
s ta b iliz ed  b y  C ib a  an tiox id an ts and H O P E  o f  T P E , w h ic h  s ta b iliz ed  b y  E o n ia n  
an tiox id an ts, are sh o w n  sim ilar  trend in  M F I variation . A t 8  d a y s  o f  a g e in g , M F I  
o f  n o n -sta b iliz e d  H D P E  se e m  to  b e  d om in an t, C -H  b o n d  w a s  b reak in g  an d  reacted  
w ith  o x y g e n  in  air, free  rad ica l occurred . A fter  that v irg in  H D P E  o f  T P E  M F I can  
n o t  d eterm in ed , b e c a u se  h ig h ly  cro ss-lin k in g  occu rred  in  p o ly m e r  ch a in  or very  
lo w  M F I, rad ica ls fro m  su ch  reaction s m a y  co m b in e  to g eth er  to  g iv e  cro ss-lin k s  or 
b ran ch in g . In th is  c a se s  (F igu re  4 .3 3  an d  4 .3 4 )  it  s e e m  to  b e  co n s is te n t  to  resu lts  
o f  te n s ile  test. H o w ev er , th e  resu lts from  F igure 4 .3 3  an d  F igu re  4 .3 4  are n o t  
en o u g h  in fo rm a tio n  fo r  se le c t  form u las o f  antioxidant.

-± -T PE  0. r/oP-l -K-TPE 0.025%AO-1/0.075%P-1
— TPE 0.05%AO- 1/0.05%P-1 — TPE 0.075%AO-1/0.025%P-1

Figure 4.35 MFI variation of HDPE of TPE stabilized by Ciba antioxidants at
115°c of oven temperature.
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T im e  (d a y s )
- • -  V ir g in  H D P E  o f  T P E  T P E  0 .1  % A O -2
- A -  T P E  0 . l% P -2  T P E  0 .0 2 5 % A O -2 /0 .0 7 5 % P -2

T P E  0 .0 5 % A O -2 /0 .0 5 % P -2  - • -  T P E  0 .0 7 5 % A O -2 /0 .0 2 5 % P -2

F ig u r e  4 .3 6  M F I variation  o f  H D P E  o f  T P E  sta b ilized  b y  E o n ia n  an tiox id an ts at 
115°c o f  o v e n  tem perature.

H o w ev er , data from  F igure 4 .3 5  and F igu re 4 .3 6  ca n  a ss is t  to  se le c t  
th e appropriate ratios o f  prim ary to  seco n d a ry  an tiox id an t. F igu re  4 .3 4  illustrated  
that v irg in  H D P E  o f  T P E  an d  H D P E  o f  T P E , w h ic h  s ta b ilized  b y  Irgafos 168  w ere  
lo s t  in  r h eo lo g ica l properties. It w a s  sh arp ly  d egrad ation  s in c e  starting o f  o v e n  
a g e in g  exp erim en t. It w a s  u n ab le  to  h o ld  orig in a l prop erties o f  H D P E . C h a n g e  in  
co lo u r  su ch  as m ilk y  co lo u r  b e c o m e  to  y e l lo w  co lou r. It w a s  b e c o m e  to  th erm oset  
p la stic , b e c a u se  during d eterm in ation  M F I fo r  4  d a y s o f  o v e n  a g e in g , it w a s  n o t  
m elt in  Z w ic k  M F I tester  at 190°c and 2 .1 6  k g  o f  lo a d in g  w e ig h t. A t  that 
co n d itio n s , w h e n  it  w a s  p u sh  o u t from  barrel o f  M F I tester, its lo o k  lik e  sp o n g y . I f  
sp o n g y  lik e  m aterial is  c o o lin g  d o w n , It w il l  b e c o m e  a g g lo m era te  lik e  m ateria l but 
e a s ily  to  separate p e lle t  form  o u t (n o n -stick ). A lth o u g h  v irg in  H D P E  o f  T P E  and  
seco n d a ry  s ta b ilized  H D P E  o f  T P E  u n ab le  to  h o ld  o r ig in a l p rop erties o f  p o lym er, 
v irg in  H D P E  o f  T P E  m a in ly  reacted  b y  cro ss-lin k in g  and seco n d a ry  stab ilized
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HDPE of TPE major reaction is scission. The differences of Figure 4.35 and 
Figure 4.36 are explained following under this paragraph.
1. Secondary antioxidant from Eonian stabilized better than secondary Ciba 

antioxidant, that are secondary antioxidant from Ciba stabilized HDPE of TPE 
lost its properties as well as virgin HDPE of TPE but secondary antioxidant 
from Eonian stabilized HDPE of TPE lost its properties after 6 days of ageing.

2. For compound ratio of primary to secondary antioxidant equal to 0.025% 
primary antioxidant and 0.075% secondary antioxidant, Eonian compound 
seems to be more resist on oxidation than Ciba compound. Ciba antioxidant 
compound lost its properties at 10 days and decrease slowly until the end of 
experiment but Eonian antioxidant compound after 24 days of ageing and 
sharply change in melt flow index until the end of experiment.

3. For ratio of primary to secondary antioxidant that from 0.05-0.1% of primary 
antioxidant Ciba antioxidant compounds comparable to Eonian antioxidants 
compounds. Because of both of compounds can stabilize MFI approximately
0.9-1 for all range of oven ageing time.

More additional experimental data available on Figure 4.37 and 
Figure 4.38. All conditions, antioxidants compound comparable to Figure 4.35 
and Figure 4.36 but different by type of polymer.
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Time (days)
- • -  Virgin HOPE of BPE -■ - BPE 0.1 % AO-1

BPE 0.2%p-l -*■  BPE 0.025%AO-1/0.075%P-1
BPE 0.05 %AO-1 /o .0 5 %p-1 - • -  BPE 0.07 5 %AO-1/0.025 %P-1

Figure 4.37 MFI variation of HOPE of BPE stabilized by Ciba antioxidants at 
115°c of oven temperature.

6.00

60

— Virgin HOPE of BPE 
—Û— BPE 0.1%P-2

BPE 0.05%AO-2/0.05%AO-2

Time (days)
- • -  BPE 0.1%AO-2

^ BPE 0.025%AO-2/0.075%AO-2 
-♦ - BPE 0.075%AO-2/0.025%AO-2

Figure 4.38 MFI variation o f HOPE o f BPE stabilized by Eonian antioxidants at

115°c o f oven temperature.
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Thai Polyethylene Co., Ltd., uses the British Petroleum process to 
produce HOPE. HDPE of TPE was polymerized in a fluidized bed reactor. In 
contrast with HDPE of Bangkok Polyethylene Co., Ltd., is use polymerization 
process in solution licensed by Mitsui Corporation Japan. So when comparing the 
results from virgin HDPE of TPE to results from virgin HDPE of BPE must 
different from each other, because purity of polymer. Figure 4.37 and Figure 4.38 
for virgin HDPE of BPE are shown that most degradation reaction reach forward 
by polymer chain scission. HDPE of BPE, which have stabilized by only 
secondary antioxidant can pay a little bit more resistant on thermal degradation 
and oxidation reaction than non-stabilized HDPE of BPE. Amazingly, HDPE of 
BPE which have content of primary antioxidant more than 0.025% can stay 
original MFI (0.9 g/10min), in contrast with results from Figure 4.35 and 4.36, it 
can not hold rheological properties for along time. For along time, next suspect 
degradation sample should be a HDPE sample, which contain 0.025% 
concentration of primary antioxidant as occurred in HDPE of TPE samples.

4.6.3 Functional Groups Analysis During Degradation Period by Fourier 
Transform Infrared Spectroscopy Technique 
For this section FTIR analysis was used for analyze functional 

groups of HDPE during oven ageing period. All analysis methods is qualitative 
analysis by examining the group frequency region. The degradation of HDPE is 
decided by occurring of aldehydes, ketones, carboxylic acids, and ester (C=0) at 
wave number 1690-1760 cm'1 and occurring of alcohol, ethers, carboxylic acids 
and esters (C-O) at wave number 1050-1300 cm'1.
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Wave numbers (1/cm)

Figure 4.39 Results for FTIR peak of virgin HDPE of TPE.

Due to 250 peak of FTIR were determine from both HDPE of TPE 
sample films and HDPE of BPE sample films. So Figure 4.39, 4.40, 4.41, and
4.42 are some part of FTIR example peak from results of this work. Figure 4.39 
belong to results of oven ageing of non-stabilized HDPE film of TPE. It was 
degrade at since 4 days of ageing. In Figure 4.39, FTIR peak of non-ageing 
HDPE of TPE is completely different from ageing HDPE film by carbonyl groups 
peak at wave number 1690-1760 cm'1 was occurred but not for non-aging HDPE 
film and also wave number 1050-1300 cm'1.
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Wave number (1 /cm)

Figure 4.40 FTIR peak of HDPE of TPE stabilized by 0.1% AO-1 from bottom 
to top are peak at various time 0,4, 6, 17, 33, and 55 days of ageing orderly.

Figure 4.40 illustrated that for concentration of absolutely 0.1% 
primary antioxidant can protect HDPE film on thermal degradation and oxidation. 
Because it has no observed peak at specific wave number as specify above 
occurred.

If only secondary antioxidants were used, Figure 4.41 can confirm 
that why secondary antioxidant is not helped HDPE to stabilized itself for along 
time.
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Wave number 1/cm

Figure 4.41 FTIR peak of HDPE of TPE stabilized by 0.1% P-1 from bottom to 
top are peak at various time 0,4, and 6 days of ageing orderly.

Some set of antioxidant formula can stabilize HDPE films such a 
period of time as present in Figure 4.42. In this case it was shown that at degree of 
degradation increase with ageing time increase. Degradation of HDPE samples 
occurred when lack of primary antioxidant or it was consumed out. For ฟ! 
information about degradation of HDPE sample films both TPE and BPE is 
presented on Table 4.11. Table 4.11 is present about days of first observed FTIR 
peak occurred (1690-1760 cm'1 and 1050-1300 cm'1). In this table it assist us to 
select the right, antioxidant formula, comparison between different antioxidant 
producer, and avoidance criterion.
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unaged
4 days o f ageing

Wave number 1/cm

Figure 4.42 FTIR peak of HOPE of TPE stabilized by 0.025%AO-1/0.075%P-1 
from bottom to top are peak at various time 0, 4, 6, 12 and 18 days of ageing 
orderly.

From Table 4.11 illustrated that, the optimum composition of 
primary to secondary antioxidant are the fonnulas that have concentration of 
primary antioxidant more than 0.05%. Antioxidants from Eonian Co., Ltd., are 
comparable to antioxidants from Ciba specialty chemical Co., Ltd. In some case, 
Eonian antioxidant systems are shown a better in stabilization than Ciba 
antioxidant systems. For example at ratio of primary to secondary antioxidant is 
equal to 50/50. HDPE of TPE which stabilized by Ciba antioxidants at that ratio 
can stand at severe conditions for 12 days, but not for HDPE of TPE which 
stabilized by Eonian antioxidants its can resist on thermal degradation more than 
55 days.
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Table 4.11 Time at first observed FTIR peak (1690-1760 cm'1 and 1050-1300 
cm'1) is occurred.

Sample
(overall antioxidants = 0.1%)

Time (days)

Virgin HDPE of TPE 4
Virgin HDPE of BPE 4
HDPE of TPE + Irganox 1010 >55
HDPE of BPE + Irganox 1010 >55
HDPE of TPE + Irgafos 168 4
HDPE of BPE + Irgafos 168 4
HDPE of TPE + Irganox 1010/Irgafos 168 ratio = 25/75 8

HDPE of BPE + Irganox 1010/Irgafos 168 ratio = 25/75 12

HDPE of TPE + Irganox 1010/Irgafos 168 ratio = 50/50 12

HDPE of BPE + Irganox 1010/Irgafos 168 ratio = 50/50 14

HDPE o f TPE + Irganox 1010/Irgafos 168 ratio = 75/25 >55
HDPE of BPE + Irganox 1010/Irgafos 168 ratio = 75/25 >55
HDPE ofTPE + Reonox 10 >55
HDPE of BPE + Reonox 10 >55
HDPE of TPE + Reonox 68 6
HDPE of BPE + Reonox 68 6
HDPE of TPE + Reonox 10/Reonox 68 ratio = 25/75 20
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Table 4.11 (Continued)
Sample

(overall antioxidants = 0.1%)
Time (days)

HDPE of BPE + Reonox 10/Reonox 68 ratio = 25/75 39
HDPE of TPE + Reonox 10/Reonox 68 ratio = 50/50 24
HDPE of BPE + Reonox 10/Reonox 68 (50/50) >55
HDPE of TPE + Reonox 10/Reonox 68 (75/25) >55
HDPE of BPE + Reonox 10/Reonox 68 (75/25) >55
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