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The thermooxidative stability of various low density polyethylene (LDPE) film formulations was 
investigated using the technique of micro oxygen uptake measurement following multiple extrusions. The 
results show that the micro oxygen uptake technique is more sensitive than conventional test methods. 
High molecular weight hindered phenolic stabilizers are more effective in reducing gel formation during 
polymer film production than are lower molecular weight species such as butylated hydroxytoluene (BHT). 
The antioxidant 2,2'-ethylidene-bis-(4,6-di-tert-butylphenol) is an effective stabilizer, but it forms a highly 
coloured complex with transition metal impurities. The hindered phenol/organic phosphite system, com- 
prising a combination of 0.008% (wt/wt) octadecyl-3-(3,5-di-tert-butyl)-4-hydroxy-phenol propionate and 
0.032% (wt/wt) tris-(2,4-di-tert-butyl)phenyl phosphite, is effective in suppressing the formation of coloured 
products but does not provide adequate thermal stability. 
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INTRODUCTION 

The current trend towards higher rates of production 
and greater use of reclaimed materials has meant that 
low density polyethylene (LDPE) is subjected to increased 
thermal and shear stresses. This creates the need for 
improved processing stability of LDPE 1. Various high 
molecular weight film grades of LDPE are particularly 
susceptible to thermal instability during processing which 
can cause irregularities in the film. These irregularities 
are known as 'gels' or 'fisheyes' and are particles of 
loosely crosslinked polymer 2. Cross-linking and subse- 
quent gel formation are a result of oxidation during 
polymer processing at temperatures of the order of 
200°C. In particular, gels originate from the extrusion 
process, where pockets of the polymer are trapped in 
circulating 'dead-spots' or 'hang-ups' in the flow path of 
the extruder. Polymer 'hang-ups', which occur near the 
extruder die, can cause film irregularities that are aligned 
in the machine direction and are termed 'arrowheads' 
due to their characteristic chevron shape 3. Flow instability 
in the recirculating polymer melt, which can result from 
shear-thinning and chain-scission processes, may lead to 
crosslinked particles being torn away and swept back 
into the mainstream of flow. This causes the formation 
of gel 'showers' and 'haze bands' in the blown film. The 
oxidized gel particles may create localized film distortion 
and can produce film haze and reduction in gloss. 
Furthermore, the particles create stress concentrations 
which lower the tensile and impact strength of the film 4. 
More effective means of thermal stabilization are currently 
being investigated in order to minimize gel formation in 
polymers. 

The generally accepted scheme for the oxidative 
degradation of polyolefins was proposed originally by 
Bolland and coworkers 5. Free radicals can be formed in 
a variety of initiation processes such as mechanical shear, 
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the decomposition of hydroperoxides, hemolytic cleavage 
of the polymer chains or direct reaction of the polymer 
with oxygen. The thermooxidative degradation of 
polymers begins slowly with an increase in concentration 
of the hydroperoxide species up to a critical level during 
the induction period 6-s. This is followed by the auto- 
catalytic stage in which the hydroperoxide concentration 
decreases as hydroperoxyl radicals initiate other chain 
processes which ultimately result in a maximum rate of 
oxidation. A reduction in the rate of reaction occurs as 
the polymer begins to crosslink. During thermal oxidation 
in air the hydroperoxyl radicals in the polymer have a 
lifetime of about 10-2 s, compared with the much shorter 
lifetime ofmacroalkyl radicals 9 (~ 10-s s). Therefore, the 
reaction between hydroperoxyl radicals and the polymer 
will proceed at a slower rate than that which occurs 
between oxygen and the macroalkyl radicals. This is 
consistent with the observed increase in the concentration 
of hydroperoxides during the induction period. However, 
due to high shear in the extruder many more macroalkyl 
radicals are formed and they have longer lifetimes because 
there is a limited amount of oxygen present. As a conse- 
quence, higher equilibrium concentrations of macroalkyl 
radicals can arise 1°. Similarly, lower equilibrium concen- 
trations of hydroperoxides are expected to be formed 
during extrusion. 

Termination reactions involving macroradical recom- 
bination are primarily responsible for crosslinking and 
gel formation. The extent of crosslinking as a result of 
these reactions is dependent on the oxygen concentration, 
because macroalkyl radical recombination competes 
with the formation of peroxyl radicals at lower oxygen 
concentrations. During extrusion the concentration of 
available oxygen is low 11 and thus the rate of reaction 
between macroalkyl radicals and oxygen is much lower 
than the rates of the radical recombination reactions 12-14. 

Transition metal impurities are known to catalyse the 
oxidation of polyethylene in the melt during extrusion15 



These impurities may be residues of polymerization 
catalysts, such as titanium and aluminium ions, or may 
be species incorporated into the polymer during processing 
due to diffusion into the melt of iron and copper ions 16. 

The amount of oxygen taken up per unit weight of 
polymer and the rate of autooxidation increase with the 
increasing number and size of chain branches. Tertiary 
hydrogen atoms at the branch points are more susceptible 
to abstraction and are more likely to take part in chain 
propagation reactions than methylene hydrogen atoms 17. 
It is the enhanced reactivity of tertiary carbon-hydrogen 
bonds which makes LDPE less stable than high density 
polyethylene (HDPE), and leads to a higher degree of 
gel formation in LDPE at a given processing temperature. 

Hindered phenols, such as 2,6-di-tert-butyl-4-methyl- 
phenol, (otherwise known as butylated hydroxy toluene 
or BHT), compete with the polymer substrate for peroxyl 
radicals and thus terminate the propagation reaction by 
readily transferring the labile hydrogen atom from their 
hydroxyl group. A phenoxyl radical is formed and it can 
undergo further radical scavenging ls'19. 

The relatively low molecular weight of BHT results in 
good mobility within the polymer, but also leads to high 
losses during processing z°'2~. This high volatility is 
believed to be the cause of gel formation, because small 
quantities of polymer trapped in 'hang-ups' in the 
extruder will have their supply of BHT rapidly depleted. 
Other defects in films, such as bubbles and surface etch 
marks, can be formed by the migration of BHT to the 
surface where it evaporates to form small irregularities 22. 
Extrusion losses of phenolic antioxidants cannot be 
compensated for due to the following reasons: the 
compatibility of low molecular weight additives with 
LDPE is considerably lower than with other poly- 
olefins23; high concentrations of hindered phenolics can 
actually promote oxidative degradation as a result of the 
pro-oxidant effectZ4; and excessive discoloration of the 
polymer substrate can occur. 

The problem of high volatility may be overcome by 
modifying the antioxidant structure. The incorporation 
into the molecule of a long aliphatic chain, such as that 
present in octadecyl-3-(3,5-di-tert-butyl)-4-hydroxyphenol 
propionate 25, increases retention and solubility in the 
polymer matrix. The polar functional groups of the fatty 
acid chain are believed to cause stronger interaction 
between the polymer and stabilizer, leading to better 
compatibility and permanence 26. On the other hand, 
bridging of two hindered phenolic rings with an alkylidene 
bond, as in the case of 2,2'-ethylidene-bis-(4,6-di-tert- 
butylphenol), imparts low volatility to the relatively 
low molecular weight antioxidant 27. In addition, this 
stabilizer has twice the radical scavenging functionality 
of monocyclic antioxidants such as BHT. 

Hindered organic phosphites decompose hydroper- 
oxides and can preserve the colour of the polymer by 
interaction with the stilbene-quinone dimer or other 
coloured conversion products of phenolic stabilizers28,29. 
Sterically unhindered organic phosphites, such as tris- 
nonylphenyl phosphite, do not act as inhibitors but 
are mainly used to reduce discolouration 3°. A major 
drawback of most organic aliphatic phosphites is that 
they are quite susceptible to hydrolysis, which causes a 
gradual reduction of their effectiveness and the evolution 
of volatile products during extrusion. Aromatic phos- 
phites, such as tris-(2,4-di-tert-butyl)phenyl phosphite, 
are inherently more resistant to hydrolysis than their 
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aliphatic counterparts a~. Synergistic effects have been 
observed by using combinations of radical scavengers 
and hydroperoxide decomposers, such as organic phos- 
phite co-stabilizers. This synergism has been explained 
in terms of the interruption of chain propagation and 
chain-branching reactions 32. Synergist systems also have 
the advantage of reducing processing discolouration and 
are generally cheaper than systems containing phosphite 
stabilizers alone 33. 

A variety of test methods are used to evaluate the 
overall performance of melt and heat stabilizers 34. An 
accelerated test such as oven ageing for assessing the 
effectiveness of long-term heat stabilizers is unsuitable as 
an indicator of processing stability because it does not 
expose the polymer to the combined effects of temperature 
and shear. More suitable techniques involve the measure- 
ment of certain physical or chemical changes in the 
polymer as functions of the number of passes through 
an extruder. Examples include the change in the melt-flow 
index 35-37, the extent of yellowing 38, oxidative induction 
time (OIT) 39~'2, oxygen uptake 43'44, tensile strength 45-47 
and carbonyl content 4s'49. Multi-pass extrusion simulates 
the behaviour of commercial processing operations. 
However, laboratory scale extruders operate at lower 
shear rates than commercial extruders. Furthermore, 
slight differences in the extrusion conditions between 
passes tend to have cumulative effects which may distort 
the overall result. 

Oxygen uptake measurements have been used 
previously to determine relative oxidative stabilities 
of polymeric formulations subjected to elevated tem- 
peratures 5°'51. These tests commonly measure only the 
induction time prior to the auto-oxidation stage because 
of the low sensitivity of mercury manometers. However, 
the rate of thermal oxidation during the induction period 
can be determined by using a sensitive differential 
pressure transducer (DPT) to record the decrease in the 
partial pressure of oxygen in the sample cell 51-55. 

The oxygen uptake and OIT measurements should 
yield comparable results. However, identical results are 
not obtained and this reflects differences between the two 
methods. Some important advantages of oxygen uptake 
measurements over OIT determinations are: oxygen 
uptake measurements use larger samples which give more 
representative results; OIT measures the stability of the 
melt and the results cannot be extrapolated accurately 
to lower temperatures56-59; OIT results may not be 
reproducible 6° due to problems associated with the 
accumulation of volatile oxidation products on the 
thermocouple sensors and/or poor thermal contact which 
is due to warping of the sample; greater sensitivity of 
pressure transducers allow the detection of oxidation 
during the induction period; OIT measurements for 
different formulations are made at different test tem- 
peratures to obtain results in a reasonable time and 
consequently the absolute induction times cannot be 
compared. 

This paper describes a modified version of the oxygen 
uptake cell which was used previously for photo- 
oxidation studies 61. Effectiveness of four melt stabilizing 
systems for LDPE was determined using the modified 
cell. In particular, a comparison is made between the 
oxygen uptake data and other conventional test methods 
with a view to determining the applicability of oxygen 
uptake measurements as a means of assessing the 
effectiveness of stabilizer systems. 
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EXPERIMENTAL 

The physical properties of the LDPE materials used in 
this study are listed in Table 1. The density values were 
measured in accordance with the ASTM method D792- 
66. The stabilizers used were: octadecyl-3-(3,5-di-tert- 
butyl)-4-hydroxyphenol propionate (AO-1), 2,6-di-tert- 
butyl-4-methylphenol (AO-2), tris-nonylphenyl phosphite 
(AO-3), 2,2'-ethylidene-bis-(4,6-di-tert-butylphenol) (AO-4) 
and tris-(2,4-di-tert-butyl)phenyl phosphite (AO-5). 

Master batches of the formulations were prepared by 
tumble blending LDPE(1) resin with melt stabilizers for 
20 min and compounding them on a Haake laboratory 
extruder. Each of the master batches was added to the 
LDPE(2) resin at a loading of 4% (wt/wt) to produce 
samples with final stabilizer concentrations as shown in 
Table 2. 

The multi-pass extrusions were performed on a 2.5 inch 
Telford-Smith extruder with a screw L/D ratio of 25:1 
and a screw speed of 60 rpm. The temperature profile 
was: 170°C in the hopper, 180 and 190°C in the extruder 
barrel, and 200°C in the die. The compounds were 
extruded through a four-lace die, quench cooled and 
chopped into pellets. After a single pass through the 
extruder a 20 kg sample of the chopped polymer was 
retained and the remainder of the polymer was passed 
again through the extruder. This process was repeated 
nine times and samples were retained after every second 
pass. 

Polymer films were produced by the blown film method 
with a blow up ratio of 3:1. Fourier transform infrared 
spectra of the bulk LDPE film and gel regions were 
recorded using a Mattson FTi.r. fitted with a micro- 
transmittance attachment. Optical micrographs of gel 
particles were taken on a Heerbrugg Photomicroscope 
M400 at 40 x magnification. 

The melt flow indices (MFI) were measured in accord- 
ance with the ASTM method D1238-7. The OIT measure- 
ments were made using a Perkin-Elmer DSC-2C differential 
scanning calorimeter fitted with a flow-through cover and 
vented sample pan lids. The size of the sample was 
1 0 + l m g  and a sensitivity setting of 10mcals -1 was 
used. An oxygen flow rate of 20cm3min -1 was main- 
tained in each cavity and the samples were maintained 
at 30°C for 10 min whilst flushing the system with oxygen. 
The temperature was raised at a rate of 320°Cmin-1. 

Table 1 Phys ica l  charac ter i s t ics  of the po lymers  

Mw x 10-3  Dispers i ty  Dens i ty  
Mate r i a l  (a.m.u.) (Mw/Mn) MFI2"  ( g c m  -3)  

L D P E ( 1 )  161 4.56 2.5 0.921 
L D P E ( 2 )  228 5.43 0.4 0.921 

" U n i t s :  g / 1 0 m i n s  at  190°C 

Table  2 L D P E  fo rmula t ions  

% Addi t ive  (wt/wt)  

Sample  AO-1 AO-2  AO-3 AO-4  AO-5  SiO 2 

A 0.044 . . . . .  
B - 0.044 0.010 - - 0.200 
C - - - 0.044 - - 
D 0.008 - - - 0.032 - 

The oxidative induction time was determined by extrapo- 
lating the exotherm to the baseline of the trace. 

Colour measurements were made on 3mm thick 
compression moulded plaques. Yellowness index data 
were obtained from transmittance measurements at 
10 nm intervals from 780 to 380 nm using a Varian Series 
634u.v.-visible spectrophotometer fitted with an inte- 
grating sphere. A barium sulphate background plate was 
used as the reference. The tristimulus values were 
evaluated by numerical integration in accordance with 
ASTM method D1925-70. Reproducibility of colour 
measurements was found to be within + 0.5 units. 

The oxygen uptake apparatus consists of a sample cell 
and a reference cell of equal free volume. The cells are 
separated by a differential pressure transducer (DPT) and 
are coupled to nitrogen and oxygen supplies. The original 
apparatus 61 was modified by replacing the quartz sample 
cell window with a stainless steel cover. The apparatus 
was placed in a high temperature bath maintained at 
122-t-0.2°C in order to avoid excessive sample oxidation 
and evolution of volatile degradation products. Each 
sample was equilibrated at the test temperature in a 
nitrogen atmosphere. At the commencement of the 
oxygen uptake experiment the sample cell was purged 
with preheated oxygen at atmospheric pressure. The 
samples were circular, 40#m thick and 3.806cm in 
diameter. These thin films allow unhindered diffusion of 
oxygen. 

RESULTS AND DISCUSSION 

Melt flow index 
Figure 1 shows the MFI value for each of the polymer 

formulations as a function of the number of passes 
through the extruder. Samples A, B and C have relatively 
unchanged values of MFI during processing, showing 
that the stabilizer systems AO-1, the mixture of AO-2 
and AO-3, as well as AO-4 effectively suppress cross- 
linking of the polymer during multiple extrusions. A 
significant decrease in the MFI value of the unstabilized 
control sample shows that extensive crosslinking occurs 
with increased processing. Sample D exhibits poor 

MFI 2 

0.55 

0.50 - 

0 . 4 5  - 

0 . 4 0  - 

0 . 3 5  ' I ' I ' I ' I ' 

0 2 4 6 8 1 0  

n u m b e r  of  p a s s e s  t h r o u g h  e x t r u d e r  

Figure  l Mel t  flow indices as a funct ion of n u m b e r  of ex t rus ions  for 
the L D P E  formula t ions .  O ,  Sample  (A); I I ,  s ample  (B); [1, sample  
(C); A ,  sample  (D); O ,  con t ro l  
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thermal stability which is reflected by its MFI value 
decreasing at approximately the same rate as the 
unstabilized control sample. 

Oxidative induction time 
The results of the OIT experiments are shown in Figure 

2. A different test temperature must be used for each 
antioxidant system and, therefore, the induction times 
for different samples cannot be directly compared. 
However, the percentage decrease in the OIT value for 
a given antioxidant system serves as a useful indication 
of its relative effectiveness. 

Samples A and C both show reasonable oxidative 
stability during processing, with sample A being slightly 
better. Sample B exhibits the smallest percentage decrease 
in the induction time during processing and, as such, 
appears to have the highest oxidative stability. However, 
after multiple extrusions this formulation produces exten- 
sive gel formation resulting in film of poor optical quality. 
On the other hand, the largest decrease in oxidative 
induction time occurs in the case of sample D which 
indicates that this antioxidant system does not retard 
oxidation during processing. This result is consistent with 
the MFI data which show that this stabilizer system fails 
to prevent crosslinking. 

Yellowness index 
The yellowness index data are shown in Figure 3. The 

unstabilized control sample shows only minor discolor- 
ation after processing which can be attributed to the 
formation of conjugated bonds along the polymer back- 
bone 62. Sample A exhibits a very slight yellow discolor- 
ation after processing which is believed to be due to 
conjugated oxidation products 63. This is in contrast to 
sample B which was slightly yellow prior to the multi-pass 
extrusion and a grey colour after processing. This 
significant colour change can be attributed to the 
formation of stilbene quinone oxidation products which 
are formed by the dimerization of phenoxyl radicals 
under extrusion conditions 64'6s. 

Sample C displayed a pronounced brown-orange dis- 
coloration after multi-pass processing. The antioxidant 

OIT (rains) 

1 5.0 

12.0 

8.0 

4.0 

i - .  

] 
l l l i  
control 
(170 °C) 

D pass #1 

B pass #9 

dl 
sample (A) sample (B) sample (C) sample (D) 

(190°C) (190 °C) (200°0) (100 °C) 

Figure :Z Oxidative induction times of the LDPE formulations (test 
temperatures are shown below each sample) 
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YELLOWNESS 
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Figure 3 Yellowness index of the LDPE formulations 

AO-4 has a bis-phenol structure which prevents it from 
forming stilbene quinone dimers. The discoloration in 
this case may be attributable to a phenolate complex 
formed between the stabilizer and transition metal 
impurity ions 66-71. Sample D demonstrates the highest 
resistance to discoloration, indicating that the combination 
of a hindered phenol and a phosphite stabilizer is an 
effective system for decomposing stilbene compounds. 
However, the results of the MFI and OIT experiments 
indicate that this system does not provide a high degree 
of melt stability for LDPE. 

Film quality 
Figure 4a is an optical micrograph of an 'arrowhead' 

defect in the LDPE control film. The gel particle is aligned 
in the machine direction as indicated by the die-lines. 
Figure 4b is an optical micrograph of a 'fisheye' defect 
in the control sample which also shows a 'shower' of 
micro gel particles that are smeared out along the 
machine direction. 

Samples A and C show excellent film appearance with 
high clarity and gloss and very few gel particles. The 
control sample and sample D display deteriorating film 
quality with increasing number of passes. The films 
produced from these two samples exhibit poor clarity 
and high haze due to a large number of very small gels. 
The extent of gel formation in films of sample B increases 
significantly with the amount of processing, despite the 
fact that the MFI value remains relatively constant. This 
may be attributed to loss of the highly volatile AO-2 
stabilizer from those parts of the polymer that have 
increased residence time in the extruder and thus a more 
severe thermal history. This leads to oxidative cross- 
linking in the regions of the polymer from which the 
antioxidant had been depleted. 

The infrared spectrum of the bulk LDPE film (Figure 
5a) shows that no significant oxidation has occurred. 
Figure 5b is a microtransmittance spectrum of a gel 
particle. The intense 1090cm -1 peak indicates the 
presence of transverse ether bonds which are largely 
responsible for crosslinking and gel formation in polymers 
such as high density polyethylene 72'v3. In addition, the 
increase in the 3380cm-1 band is due to formation of 
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Figure 4 Optical micrographs of gel particles at 40 x magnification: 
(a) 'arrowhead' defect and (b) 'fisheye' defect 

hydroxyl groups which occur as a result of polymer 
oxidation. 

Oxygen uptake profiles 
The oxygen uptake profiles for each of the LDPE 

formulations, measured after one pass and nine passes 
through the extruder, are shown in Figures 6 and 7, 
respectively. The control sample has the fastest rate of 
oxidation, as indicated by the gradient of its oxygen 
uptake profile. This result is consistent with its poor 
performance as shown by the OIT measurements, by its 
decrease in melt flow index after multiple extrusions and 
by its unacceptable film quality. In contrast to this, the 
rate of oxygen uptake for sample A is approximately one 
third that of the control sample. The higher degree of 
processing stability is consistent with the trends found 
in the melt flow index values, OIT and film quality 
assessments. 

After one pass sample C reacts with about half as much 
oxygen as the unstabilized (control) sample. However, 
its stability is not quite as high as that of sample A. This 
may be attributed to the fact that the AO-1 stabilizer in 
sample A possesses a long aliphatic moiety which imparts 
to it a higher solubility in the polymer and thus a greater 
degree of compatibility. The AO-4 antioxidant in sample 
C has a greater hindered phenolic functionality, enabling 
it to donate two labile hydrogen atoms which interfere 
with the propagation steps in the degradative process. 
However, its bulky, bridged polycyclic structure renders it 
less compatible with the polymer matrix and consequently 
reduces its overall effectiveness. 

Sample D shows an oxidative stability which is 
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Figure 5 Fourier transform infrared microtransmittance spectra of a 
LDPE film: (a) bulk film and (b) gel particle in LDPE film. Collection 
conditions: 100 #m aperture, 64 scans, 4 cm- 1 resolution, narrowband 
MCT detector 

consistent with its observed film quality as well as its 
MFI and OIT data. This may be due to the nature of 
the stabilizer system in sample D which consists mostly 
of a hydroperoxide decomposer (AO-5) together with 
a free radical scavenger (AO-1). Consequently, the 
hydroperoxide decomposer is not fully utilized because 
insufficient oxygen in the extruder limits the formation 
of appreciable quantities of hydroperoxides in LDPE TM. 
The slight stabilizing action that is observed may be 
attributed to the presence of the AO-I stabilizer. It 
appears that this system is not particularly useful for 
stabilizing LDPE although the phosphite antioxidant 
(AO-5) reduces discoloration very effectively. 

Sample B which contains a BHT/phosphite antioxidant 
system (AO-2 and AO-3) demonstrates a poor thermal 
stability. The MFI and OIT data for this formulation 
show that little change occurs in the extent of degradation 
or crosslinking during processing. The relatively high rate 
of oxygen uptake may be attributed to the antagonism 
between AO-2 and the SiO2 antiblocking agent in this 
formulation. This antagonism may be due to the acidic 
surface of the silica. The oxygen uptake profiles show 
that the rate of oxidation after one pass is high and 
remains high after nine passes. This suggests that the 
poor stability is due either to the loss of the volatile AO-2 
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Figure 6 Oxygen uptake for LDPE samples after one pass through 
the extruder, (122°C, 1 atm pressure of Oz) 

0 300 600 0 300 600 

time (s) time (s) 
Figure 7 Oxygen uptake for LDPE samples after nine passes through 
the extruder, (122°C, 1 atm pressure of 02) 

during compounding or to the antagonism between the 
additives. 

CONCLUSIONS 

The oxygen uptake apparatus incorporating a micro- 
volume cell is a sensitive tool for monitoring the oxidative 
stability of polymeric formulations. Its performance 
compares favourably with other conventional methods 
for measuring the efficiency of processing stabilizers. 
The results show that higher-molecular-weight-hindered 
phenolic stabilizers such as AO-1 and AO-4 are more 
effective in suppressing gel formation in LDPE than are 
lower molecular weight stabilizers such as AO-2. However, 
the AO-2 and AO-4 stabilizers discolour the polymer 
during processing whereas the AO-1 antioxidant does not 
form appreciable amounts of highly coloured oxidation 
products. The combination of AO-1 and AO-5 was found 
to provide an unexpectedly poor thermal stability, 
although it is effective in suppr,~ssing the formation of 
highly coloured products. 
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