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SYNOPSIS 

An ethylene-octene linear low-density polyethylene (LLDPE) was treated with peroxide 
in a reactive extrusion system. A counterrotating nonintermeshing twin-screw extruder 
(System 2) was contrasted with a corotating intermeshing twin-screw machine (System 1). 
In System 2, the peroxide solution was pumped into the melted polymer, while it entered 
with the polymer pellets in the feed section of System 1. Molecular structure changes and 
the rheological behavior of peroxide-modified resins are similar in both operations but 
System 2 is much more effective. Much lower peroxide levels were needed in System 2. 
However, reactions in this setup were also more difficult to control. The presence of microgel 
was clearly evident in System 2 products but not in those made in System 1. The results 
of such reactive extrusion processes depend critically on the method of the peroxide feed 
and mixing conditions. Reaction conditions that favor optimum economy and perox- 
ide efficiency are those which may compromise product homogeneity. 0 1996 John Wiley & 
Sons, Inc. 

I N TRO D U CT I0 N 

The quality of mixing in reactive extrusion processes 
affects the product properties, processability, and 
cost. Several studies on the simulation of mixing 
in corotating intermeshing twin-screw configura- 
tions 1-3 and in counterrotating nonintermeshing 
twin-screw  configuration^^-^ have been reported. 
However, the advantage of one over the other con- 
tinues to be Also, the formulations of the 
mixtures studied have often not been reported and 
there is no evidence on the effect of mixing on the 
reaction kinetics. Recently, Rauwendaal" described 
some important aspects of the mechanism of mixing 
and the characteristics of the most commonly used 
devices in polymer mixing operations. 

The scope of this research was to examine the 
effects of reactive peroxide treatment on the molec- 
ular structure and rheological properties of linear 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 59, 1775-1785 (1996) 
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low-density polyethylenes (LLDPE) . The present 
article consists of the third study in our laboratory 
into the reactive processing of LLDPE with very 
low levels of peroxides. The first study'' showed that 
the molecular weight averages tend to increase with 
increasing peroxide concentration. Also, the reacted 
samples tended to have broader molecular weight 
distributions, which are related to a higher degree 
of long-chain branching. However, the sensitivities 
of the molecular characterization techniques like 
SEC and 13C-NMR analyses were inadequate to dis- 
tinguish fine differences in long-branch contents of 
the virgin and peroxide-modified PEs in the peroxide 
concentration region of particular interest. 

The second study in this series12 demonstrated 
that rheological properties were a more sensitive in- 
dicator of chemical modification in LLDPEs. As 
showed by complex viscosity measurements, low- 
frequency Newtonian behavior in virgin resins was 
replaced by non-Newtonian power law behavior in 
peroxide-modified samples generated at  all selected 
extrusion conditions. This result was correlated with 
lower power law index values for reactive extrusion 
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Figure 1 Screw configuration used in System 2. 

products as compared to virgin resins. In addition, 
the use of a modified Cole-Cole plot l3 to assess vari- 
ations in molecular structure indicated that long- 
chain branching was induced in LLDPE when 
treated with peroxide in a reactive extrusion process. 
The changes in the molecular characteristics of 
LLDPEs upon peroxide treatment affected not only 
their shear flow properties but also their elongational 
flow behavior. However, at the highest peroxide 
concentration used, the improvements in the elon- 
gational flow properties of the products were at  the 
expense of their drawdown ability. The second 
studv12 also showed that the effectiveness of this 

af€ects the material properties, processability, and cost, 
it is expected that the nature of the peroxide feed and 
the extrusion system would affect these results. The 
earlier research employed a corotating intermeshing 
twin-screw extruder for reactive processing. In the 
present work, we report results with a counterrotating, 
nonintermeshing twin-screw machine. 

EXPERIMENTAL 

Materials 

process was highly dependent on the extrusion con- 
ditions. The quality of mixing, the temperature, and 
the method of dispersing the peroxide are important 
variables in this process. 

This article describes the behavior of a selected 
LLDPE upon peroxide treatment when the reactant 
is metered directly into the polymer melt. Since mixing 

The same LLDPE described in the previous study" 
and designated as Resin B was used in this inves- 
tigation. Therefore, the molecular characteristics of 
the virgin resin can be eliminated as the variable in 
the comparison of the observed molecular structure 
and processability differences of peroxide-modified 
samples generated in the present system to those of 
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Figure 2 
elements are coded according to the system of the manufacturer (Leistritz). 

Screw elements used in counterrotating nonintermeshing configuration. Screw 
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products produced in the previous The 
organic peroxide, 2,5-dimethyl-2,5-di ( t-butylper- 
oxy) hexane (Lupersolm 101) used for the chemical 
reactions of LLDPE resins under investigation was 
also the same as before. 

Extruder Reactor 

The reactive modification of selected resins was car- 
ried out on a modular Leistritz twin-screw extruder. 
In this particular study, the twin-screw extruder was 
used as a counterrotating nonintermeshing extruder 
(CRNI) labeled System 2. Figures 1 and 2 show the 
screw configuration and the screw elements used in 
this system. The feeding ( 1-2) and the pumping (9)  
zones used matched screw flight configurations, but 
the melting and mixing zones (3-8) used staggered 
screw flight configurations. The zone 3 to zone 8 
section was melt-sealed at both ends, each by a re- 
verse flight element. In the previous study," the 
Leistriz twin-screw extruder was used as a corotating 
intermeshing extruder (CRI) labeled System 
1-Set 2. 

I v- I 

Table I 
Set B[n] Generated in System 2 

Molecular Weight Averages of Sample 

B 370 73 24 3.0 

B(0.071 600 142 27 5.2 
B[0.03] 412 93 28 3.3 

Methodology 

For the sake of comparison, the selected virgin resin 
was extruded at  the same reaction conditions, but 
no peroxide was added to the extruder. Figure 3 il- 
lustrates the experimental setup used in this system. 
The screw speed remained constant a t  90 rpm, and 
output was controlled at a throughput of 30 g/min 
with a calibrated feeder. While the methanol solu- 
tion of peroxide was introduced into a feed port in 
the same zone as the polymer feed in the corotating 
intermeshing extruder (CRI) , l1 in the present sys- 
tem, the solution was metered downstream into the 

Zone 1-2: Plastification of the LLDPE Raw Material. 

Zone 3: Liquid Feed, Melting and Intensive Mixing. 

Zone 4-7: Reaction of LLDPE with Peroxide and Continuous Mixing. 

Zone 8- 10: Pressure Build-Up (Reverse Flight Elements) and Devolatilization. 
Figure 3 Experimental setup used in System 2. 
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Figure 4 
from SEC using a continuous viscometer detector. 

Molecular weight distributions of Samples Set B[n] generated in System 2 

polymer melt. As in the CRI extruder work, l1 a low 
temperature, ranging from 60 to 100°C, was em- 
ployed in the first two zones of the extrusion barrel 
to ensure proper mixing of the reactants before the 
reaction took place. The barrel temperature in zones 
4-10 was the same as used in the previous set up 
(CRI) . It should be noted that the range of peroxide 
concentration (0.01-0.07% w/w) used in the present 
CRNI extruder was much lower than that in the 
CRI extruder (0.05-0.15% w/w) .ll This is because 
the peroxide was used more efficiently in the exper- 
iment reported here. The residence time was mea- 
sured as described in the previous study. The resi- 
dence time in this system was approximately 3 min, 
which correlates to six times the half-life of the selected 
peroxide. However, as expected, the residence time 
distribution was broader in System 2, l4 since this is 
characteristic of nonintermeshing twh-screw extruder 
configurations. Kamath and Palys15 suggested that in 
the reactive modification of PE by organic peroxide a 
residence time of approximately six times the half-life 
of the peroxide was required to ensure a complete re- 

action in the extruder. Bremner16 confirmed that a 
reaction time of five half-lives resulted in practically 
complete decomposition of the peroxide. 

Devolatilization was accomplished at zone 9 with 
the aid of a vacuum pump to remove any gaseous 
products. The extrudate was cooled, dried, and 
granulated. 

Molecular Characterization and 
Rheological Properties 

The methods of analysis employed in this study were 
the same as detailed in the previous 

RESULTS 

Molecular Characterization 

Samples are assigned two code numbers: The first 
corresponds to the resin under investigation, and, 
the second, in brackets, to the peroxide concentra- 
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B[n] generated in System 2. 

Vinyl unsaturation contents of Samples Set 

tion. The molecular weight distributions of virgin 
and unreacted (without peroxide) extruded Resin 
B in System 2 measured from SEC using a contin- 
uous viscometer detector were identical. Therefore, 
the extrusion process itself can be eliminated as a 
variable in the consideration of the observed mo- 
lecular structure differences of peroxide-modified 
samples generated in the corotating intermeshing 
extruder (CRI), System 1-Set 2, compared to the 
reactive extrusion products prepared in the present 
study (CRNI) , System 2. 

Table I lists the molecular weight data for Resin 
B before and after peroxide reaction in the present 
system ( CRNI) . These measurements were made 
by SEC using a continuous viscometer and low-angle 
light-scattering ( LALLS ) molecular weight detec- 
tors." M,, and M ,  were determined from continuous 
viscometer data, and M,, from LALLS data. Just as 
for the resins generated in the CRI extruder," the 
M ,  of peroxide-modified samples generated in the 
present system (CRNI) increases as the peroxide 
concentration is increased. A more significant effect 
is revealed by the M, values. In both cases, the prod- 
ucts have broader molecular weight distributions 
compared to those of unreacted resins. 

Figure 4 shows that the molecular weight distri- 
bution is shifted toward the high molecular weight 
end with increasing peroxide concentration. It 
should be noted that the highest peroxide concen- 
tration used in System 2 was 0.07% (w/w),  while 
0.15% (w/w) was used in the CRI extruder." Since 
experiments in the present system used half of the 
peroxide concentration as compared to that in the 
CRI extruder, the changes in the molecular weight 
distribution are more significant for the reactive ex- 
trusion products generated in the present system 

than that in the previous corotating extruder system 
where the peroxide was added to the polymer pellets. 
The lower peroxide levels in the present system re- 
flect the more eficient nature of this peroxide feed 
and the reactive extrusion system. 

A similar procedure described in the previous 
article '' was used to determine the long-chain 
branching (LCB ) frequency of Resin B before and 
after peroxide reaction in the present system. The 
level of LCB in the virgin Resin B is undetectable 
over the entire observed molecular weight range. As 
shown earlier *' for the reactive extrusion products 
generated in System 1-Set 2, the level of LCB in 
peroxide-modified resin B produced in System 2 in- 
creased with increasing peroxide concentration. 

Similarly to the samples prepared in the CRI ex- 
truder, '' the amount of terminal unsaturations in 
peroxide-modified resins generated in the present 
reactor extrusion system decreases as the peroxide 
concentration is increased (Fig. 5 ) . Simultaneously, 
the number of trans unsaturations tend to increase 
slightly with peroxide concentration. Again, these 
results demonstrate that the coupling reaction in- 
volving terminal unsaturation is a major contributor 
to chain extension in the reactive processing of se- 
lected LLDPEs." 
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Figure 6 
dotherm of Resin B[0.07]. 

(a) DSC endotherm of Resin B. (b) DSC en- 



1780 LACHTERMACHER AND RUDIN 

10’ 

106 

105 

10‘ 

U B  - B [O .012] - B [O .031 
--et B [O . 0 7 ]  

, , I I I l l /  I I I I I I  , I I I I I l l  I I 1 1 1 1  1 i I 1 1 1  
10’ 

10-2 10-1 100 101 102 lo3 

FREQUENCY (Rad/sec) 

Figure 7 
System 2 (this study) at 190OC. 

Complex Viscosity as a function of frequency of Sample Set B[n] generated in 

Figure 6 illustrates the thermal behavior of Resin 
B before and after the reaction in the present system. 
As shown in the previous investigation, the intensity 
of the peak pertaining to the linear polymer fraction 
decreases with increasing peroxide concentration, 
while the peak at the lower temperature pertaining 
to the branched material becomes broader. These re- 
sults confirm the increase of the chain irregularities 
for the reactive extrusion products generated in the 
present system as compared to unreacted Resin B. 

For all the reactive extrusion products generated 
in the present system, the branching content was 
not evaluated, since the 32.2 ppm resonance from 
3Bs carbon was unresolvable from the main CH2 
resonance at 29.99 ppm due to NMR line broad- 
ening. Since inspection of peroxide-modified sample 
tapes generated on a single-screw extruder indicates 
the presence of microgel in all selected resins, this 
could be a possible explanation for the line broad- 
ening as measured by the NMR technique. 

Rheological Properties 

Rheological analyses are performed to determine the 
differences in the flow behavior of reactive extrusion 

products as compared to unreacted extruded ones. 
Figure 7 contains the plots of complex viscosity as 
a function of frequency for unreacted extruded resins 
and reactive extrusion products generated in the 
CRNI extruder. The low-frequency complex viscos- 
ity of the peroxide-modified samples generated in 
this system increases as the peroxide concentration 
is increased. Again, the pseudoplastic nature is more 
significant for Resins B [ 0.01 J , B [ 0.03 J , and B [ 0.071 
as compared to that of Resin B. The conditions used 
in System 2 were more effective in enhancing the 
reaction, since half of the peroxide concentration 
used in the present system (CRNI) than in the pre- 
vious set up (CRI) ’* gives similar complex viscosity 
values for the peroxide-modified samples. These re- 
sults are in agreement with the previously noted 
molecular weight measurements. 

Figure 8 illustrates the contribution of the elastic 
component and the viscous component in the vis- 
coelasticity of Resin B [ 0.011 generated in System 
2, as compared to Resin B. The sample codes are 
assigned to the resin under investigation, and G’ and 
G”, to identify the storage component and loss com- 
ponent, respectively. The peroxide concentration 
follows in brackets. The elastic component G’ in 
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2 as a function of frequency at 190°C. 

Storage modulus (G) and loss modulus (GO of Resins B and B[0.01] in System 

Resin B dominates at the highest frequency, above 
approximately 100 rad/s, while the elastic compo- 
nent G' in Resin B [ 0.011 becomes more predominant 
than the viscous response G" at lower frequencies, 
above approximately 16 rad/s. 

The effect of peroxide treatment on the contribu- 
tion of the elastic response to the viscoelastic behavior 
was more significant for peroxide-modified resins gen- 
erated in the present system (CRNI) than for reactive 
extrusion products prepared in the CRI extruder." The 
G%" crossover for Resin B [ 0.031 occurred at a higher 
frequency of approximately 0.06 rad/s, while the elas- 

tic response, G', was dominant over the entire observed 
frequency range for Resin B [ 0.071. 

Since similar viscoelastic behavior is shown 
upon peroxide treatment by products generated in 
the former l1 and in the latter systems, it appears 
that  the presence of microgel in all products gen- 
erated in the CRNI extruder does not affect their 
viscoelastic behavior. Nakajima and Harrell l9 re- 
ported similar results about the effects of the 
presence of gel on the viscoelasticity of elastomers. 
These authors suggest that the manifestation of 
the microgel in the viscoelastic properties, which 
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Figure 9 
generated in System 2 at 190°C. 

Loss modulus (G) as a function of storage modulus (G') of Sample Set B[n]  

are dependent on the magnitude of the normal 
force, disappears for samples when these are well 
compacted and loaded into the measuring device. 

A modified Cole-Cole (mCC) method, generated 
by plotting the loss modulus GIf as a function storage 
modulus G' in a log-log scale, as a tool to represent 
the relative contribution of the G' response to that 
of G" for reactive extrusion products generated in 

the CRNI extruder is illustrated in Figure 9. Similar 
to the samples generated in the previous set up CRI 
extruder, l1 the contribution of the elastic response 
to the viscoelasticity behavior of peroxide-modified 
samples generated in the present study is more pre- 
dominant than that of the unreacted extruded Resin 
B. This method is consistent with the previous 
rheological measurements, suggesting that the elas- 
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in System 2; cylindrical die, LID of 20 at 190°C. 

Apparent flow curves of Resin B[0.15] in System 1-Set 2 and Resin B[0.07] 

tic component is more predominant over the viscous 
response for peroxide-modified resins generated in 
the CRNI extruder than that for the products gen- 
erated in the CRI extruder" at  the same level of 
peroxide concentration. Since an increase in the de- 
gree of long-chain branching is reflected in the shift 
of the mCC plot toward lower G" values, l3 these re- 
sults suggest that the degree of long-chain branching 
in selected LLDPE increases upon peroxide treat- 
ment. 

A comparison of the higher shear rate apparent 
flow curves between Resin B[0.15] generated in 
the CRI extruder, System 1-Set 2 (Ref. 11) and 
Resin B [ 0.071 generated in the CRNI extruder 
was done using the same L I D  capillary die of 20 
(Fig. 10). It is interesting that the apparent shear 
stress for Resin B [ 0.071 (System 2) is higher than 
that for Resin B [ 0.151 (from System 1) a t  all ap- 
parent shear rates under investigation. These re- 
sults are in agreement with the flow analyses at  
low shear rates. 

In addition to the flow analyses at high shear rate, 
the die swell behavior is illustrated in Figure 11 for 
reactive extrusion products generated in System 2, 
which exhibit a similar trend as compared to that 
of the resins prepared in the CRI'l extruder. The 

extrudate swell tends to decrease with increasing 
peroxide concentration. 

In addition to the shear viscosity measurements, 
the extensional viscosity of peroxide-modified 
LLDPE samples generated by reactive extrusion are 
investigated, since the elongational flow properties 
play an important role in applications, such as in 
tubular film operation. The elongational flow prop- 
erties was evaluated on the Rheometrics extensional 
rheometer. 

The extensional viscosity of Resin B and its 
products are displayed in a double logarithmic scale 
as a function of time at 170°C (Fig. 12). The elon- 
gational flow analyses of these resins were generated 
at  the same Hencky strain of 3.1 and at  different 
constant strain rates 4,. For all selected strain rates, 
the extensional viscosity first rises and then falls 
after passing through a broad maximum. Resin B 
does not exhibit the strain-hardening behavior 
which is reported to be typical of LDPE. Strain 
hardening is shown by a rapid increase in the ex- 
tensional viscosity with the strain. The sharp drop 
of the extensional viscosity at a longer time, i.e., 
higher strain, indicates that the polymer melt is un- 
able to be stretched any further and it breaks. The 
increase of the elongational viscosity tends to be 
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Figure 11 
in System 2; cylindrical die, LID of 7. 

Die swell as a function of peroxide concentration of Sample Set B[n]  generated 

more pronounced for Resins B[0.01] and B[0.03] as 
compared to Resin B. As for resin generated in the 
CRI extruder," the increase of the extensional vis- 
cosity seems to be at  the expense of the drawdown 
ability. At  a strain rate of 0.07 s-l, Resin B[0.01] 
broke at a strain of approximately 1.8, while Resin 
B[0.03] broke at  a strain of approximately 1.0. A 
similar trend is shown at a higher strain rate where 
Resin B[0.01] broke at a strain of approximately 
2.0, while Resin B[0.03] broke at  a strain of ap- 
proximately 0.7. These results are consistent with 
the creation of long-chain branches in the peroxide- 
modified LLDPEs. 

CONCLUSIONS 

The nature of the peroxide feed and the extrusion 
system are important variables in the reactive pro- 

cessing of selected LLDPEs. The present system 
used a counterrotating nonintermeshing twin-screw 
extruder with peroxide injected into the PE melt. 
The peroxide action was more effective in this case 
than in the CRI extruder with peroxide added to the 
PE granules." However, the extrusion process con- 
ditions used in the present system were not suc- 
cessful in generating homogeneous products. The 
presence of microgel is undesirable since this would 
interfere with the drawdown ability of these resins 
in film-blowing operations, as shown by a drastic 
reduction of the drawdown ability of resins B after 
reaction in the present system. The formation of 
microgel during the reactive process might be at- 
tributed to insufficient mixing, aggravated by the 
superior ability of the present extruder configuration 
to affect peroxide decomposition. It is to be expected 
that the sensitivity of the products to the extrusion 
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Figure 12 Extensional viscosity as a function of time of Resin B at 170°C. 

mixing and peroxide addition details will vary also 
with the reactivity of the barefoot LLDPE. Resin 
B, used here, is quite reactive since it contains a 
fairly high level of terminal unsaturation." 
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