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The radiation-induced crosslinking of linear low density polyethylene chains has been analysed theoretically 
using an atomistic analysis and a Flory-Stockmayer (FS) analysis. Experimentally, gel fractions greater 
than the theoretical maximum obtainable, assuming every radical reacts to form a crosslink (namely, 
D. G(R)/2), indicate the occurrence of chain-reactions both in the presence of acetylene and in vacuo. Based 
on previous studies, chain-reaction mechanisms are postulated, involving unterminated polyenes in 
acetylene and scission-generated vinyls in vacuo. Accordingly, numerical comparisons of the theoretical and 
experimental gel-fraction results, as a function of dose (D), have been used to calculate the number of'gel- 
effective' chain-steps per initial alkyl radical generated (Ncs, D) for both the atomistic and FS analyses. Both 
systems of analysis show that, as dose increases, Arcs ' D for the acetylene and in vacuo results decrease from 
maximum values at or just after the gel points. The decay is interpreted as resulting from the increased 
probability of radical-radical termination reactions towards higher levels of dose. Although there are 
differences between the two analyses, both give essentially the same interpretation of the experimental 
results. The atomistic analysis predicts maximum values of Ncs, o of 9.0 in the presence of acetylene and 2.9 
in vacuo. The corresponding values from the FS analysis are 9.4 and 2.8 respectively. As the dose is increased 
further, the atomistic analysis gives 2.1 th- and 2.6th-order decays of Ncs, D as functions of the dose, for the 
acetylene and in vacuo results respectively. The FS analysis gives, correspondingly, 2.6th- and 2.8th-order 
decays. General equations are developed for irradiated polymers, which relate gel fraction to the dose and 
the number of initial radicals generated in a pre-irradiated number-average degree of polymerization, via 
Ncs, D. Copyright © 1996 Elsevier Science Ltd. 
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I N T R O D U C T I O N  

In the experimental analysis of  the radiation-induced 
crosslinking of a linear low density polyethylene 
(LLDPE) film and high-modulus polyethylene (HMPE)  
fibres, gel fractions were measured as a function of  dose, 
both in vacuo and also in the presence of acetylene gas t . 
It was found that the presence of acetylene appeared to 
accelerate the crosslinking process, resulting in a reduc- 
tion in the dose to incipient gelation (Dg), from ca. 
1.40 × l04 to 0.42 × 104 Gy or J kg -1, and an increase in 
the initial rate of  gel formation as a function of  the dose. 
Crosslinking was so accelerated by the use of  acetylene 
that the data did not fit Char lesby-Pinner  (CP) 2,3 or 
S a i t o - K a n g - D o l e  (SKD) 4'5 theories. Closer investiga- 
tion showed that data from irradiations in vacuo also 

* To w h o m  cor respondence  should  be addressed  

failed to fit CP and SKD theories. SKD theory was 
developed in order to explain departures from linearity in 
CP plots derived from PE gel-fraction data. It is based on 
the premise that such departures result from deviations 
of  the molecular weight distribution functions from 'the 
most probable distribution', as Wesslau distribution 
functions. Firstly, A values (A = G ( S ) / 2 .  G(X); where 
G(S) and G(X)  are the initial radiation efficiency values 
for scission and crosslinking respectively), determined 
from the intercepts of  CP plots (=A/2), were found to 
increase from the in vacuo level with increasing acetylene 
concentration. Theoretical considerations predict that A 
should decrease with increasing acetylene concentration, 
because G(S) and G(X)  are expected to decrease and 
increase, respectively. In the same paper  I it was found 
that chain scissions were largely prevented in the 
presence of acetylene (1 atm). Secondly, G(X)  values 
determined by SKD theory, from gel fraction curves 
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obtained following irradiation in vacuo and in the 
presence of acetylene, were greatly in excess of those 
expected from the initial numbers of radical-pairs 
formed (G(R)/2). Thirdly, the SKD-evaluation predicted 
the rates of crosslink formation to increase with dose in 
these systems, over almost the entire dose range. This 
latter point appeared to be inexplicable. More recently, 
one of us was able to fit the LLDPE and HDPE data, 
both in vacuo and acetylene, to a modification of the 
Wanxi equation 6. In order to explain the departures 
from linearity often encountered when applying CP 
theory, the Wanxi equation 7 invokes crosslinking and 
scission densities, which are proportional and inversely 
proportional, respectively, to a power function of the 
radiation dose. The Wanxi power function is also 
dependent upon the polymer structure. In CP theory 
the crosslinking and scission densities are directly 
proportional to dose. 

Although providing excellent curve-fits for all our 
data, the Wanxi equation leaves us with a major 
problem. The radiation efficiency value for the produc- 
tion of alkyl radicals G(R)8 in polyethylene, was 
established by Ichikawa et a l . ,  utilizing the electron 
spin resonance (e.s.r.) electron-spin-echo l(e.s.e.) tech- 
nique, to be ca. 2.40 × 10 -7 mol (spins) J-  . This value 
was obtained for a medium density PE (p ~ 0.963 g cm 3) 
and it is not expected to change greatly from one type of 
PE to another. The number of initial radicals (NR) 
produced in the linear low dose response region can 
therefore be found from the expression 

NR = G ( R ) . D . N  c . M c H  2 (1) 

where D is the dose (Gy), Nc is the total number of 
methylene units and MCH2 is the formula mass of 
methylene (14.026 × 10 3kgmol-l) .  Hence, neglecting 
all radical losses and assuming that every radical pair 
resulted in one crosslink, it would not be possible to 
exceed gel fractions, which required greater than N R 
radicals (or D.  G(R) /2  mol(crosslinks) kg -1). All of our 
experimental gel fraction curves, both in vacuo and 
acetylene (Figures 1 and 5), have gel fractions that 
require greater than D . G ( R ) / 2  crosslinks. The only 
reasonable explanation for this phenomenon is that 
chain-reactions occur when PE is irradiated and 
annealed, both in vacuo and in acetylene. As will be 
demonstrated later in this paper, when the Wanxi 
equation is applied to systems in which chain-reactions 
occur, fitting yields pseudo G factors which bear no 
relation to reality. In fact none of the sol-gel equations 
developed to date allow for chain-reactions and that is 
really the main reason that they fail completely to 
describe radiation-induced crosslinking and scission 
processes. 

The non-chain reactions of PE alkyl radicals are 
described in Schemes 1 and 2 for annealing in vacuo and 
in acetylene, respectively. The chain-reactions which take 
place during the in vacuo irradiation and annealing of PE 
can be rationalized as follows. In PE and other solid 
n-hydrocarbon compounds radicals tend to be formed in 
pairs concomitantly with the liberation of molecular 
hydrogen 9. In addition some smaller alkyl species, such 
as ethane and butane are released. These liberated gases, 
of which molecular hydrogen is by far the most 
prevalent 1°, facilitate the transfer of radical free sites 
from one chain to another as 'simple chain-reactions' 
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Figure l Gel fractions of LLDPE irradiated (18'~C) and annealed 
(100"C) in the presence of acetylene (1 atm), showing: the raw 
experimental data with modified 'Wanxi '  fit (O ); the computed 
contribution from terminating polyenes (- ); the computed 
maximum for all radical-pair terminations as non-chain mediated 
cross-links, D .  G ( R ) / 2 ,  ( . . . .  ); and the computed chain-reaction with 
modified 'Wanxi '  fit ( . . . . .  ) 
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Figure 2 Number of'gel-effective' chain-steps per termination (Ncs ,g) 
versus dose plot, for the acetylene enhanced irradiation of LLDPE, 
extrapolated from interpolated experimental gel data and the computed 
D .  G ( R ) / 2  gel curve (O ); and Ncs.o fitted to equation (5) ( . . . .  ) 

(Schemes 3a and 3b). A 'chain-reaction' in this case is the 
number of polymer chains through which the hydrogen 
atom abstraction reactions pass before termination 
occurs. The term 'simple chain-reaction' refers to the 
fact that a radical site has been transferred with no 
crosslinking or scission reactions taking place. During 
chain-scission processes in vacuo, 'Y-type' crosslinks and 
terminal vinyls are produced (Scheme 1, reaction 1). 
When a transmitted radical site interacts with one of 
these terminal vinyl groups a further 'Y-type' crosslink is 
formed, with transfer of the active radical site to the 
chain which initially contained the vinyl group (Scheme 
3c). This is an 'effective chain-step' in vacuo. An 'effective 
chain step' is one in which an inter-chain crosslink occurs 
as the active radical site is moved from chain to chain. 
The 'chain-reactions' will continue until radical-radical 
terminations occur (Scheme 3d). 

The chain-reactions which take place during the 
acetylene enhanced crosslinking of PE can be reasoned 
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scission 

H'-,,°,I H "°*',~ 
H H 

H '" '" H H ....... 1 e , '  
H .... H ~ I  ,,..- H 

H 

"""H 

I,,"" H 
I ~ H ' ° ° ' ° °  

H 

~ 3 

i.,."H 
~'~'°'"° H 

'¥'-Iink 

thermal motion 

H 
H I, .... 

H .... H H 

pq -~----'-H ~.L'-" H 

H ...... ... H--"- 
" H ...... H 

H ...... H 

H 

4 

. H ~ H  
H', , II~ ii°°.. H 

H ~  n . k  H "\.  H 

H \ \ 

X-link 0.154 nm 

S c h e m e  1 

In-Chain t-Olefin Formation 

H . ,  ~ . H ] *  
- - , l  

g ...... ..... , 

Reactions of PE alkyl radical pairs in vacuo 

- H 2 ~ H ~- H H 

H • ' " H  ...... H 

as follows. In the presence of acetylene, chain scission is 
almost halted ] and at 1 atm acetylene the quantities of 
excised small alkyl groups and molecular hydrogen are 
negligible. It has been shown that acetylene undergoes 
addition reactions with alkyl radicals in amorphous 
PE ]']] to yield polyene crosslinks (Scheme 2). The 
crosslinks are closed by simple radical-radical termina- 
tion reactions (Scheme 2, reactions 3 and 5). A competing 
hydrogen atom abstraction reaction has also been 

observed using Fourier transform infra-red (FTi.r.) 12 
(Scheme 2, reaction 6). By implication, the radical olefin 
addition reaction (Scheme 2, reaction 8) must also exist. 
Unfortunately, the mechanism is not so simple as had 
been assumed in the earlier papers 1'11']2. Often the out- 
growing diene or triene adduct radicals do not meet the 
pair-radical or another radical and terminate, but instead 
undergo the competing hydrogen atom abstraction 
reaction (Schemes 2 and 4). The reactions may continue 
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React ions  o f  P E  alkyl  radical pairs with  acety lene  

as unbranched 'simple chain-reactions', creating non- 
bridging vinylic polyenes, which are only connected to 
one chain. Again, the term 'simple chain-reaction' refers 
to the fact that a radical site has been transferred, via 
hydrogen atom abstraction, with no crosslinking or 
scission reactions taking place. Occasionally, untermi- 
nated radicals will react with the electron-rich, vinylic, 
polyenes to yield crosslinks, in which some or all of the 
polyene character is lost. This is an 'effective chain-step' 
in acetylene and the radical is not lost, but simply 
transferred. As Scheme 4 shows, these 'chain-reactions' 

will also continue until radical radical terminations 
occur. 

In a recent publication, we modelled hydrogen-a tom 
ejection and radical-pair formation in amorphous  H D P E  9. 
Our  simple computer  model  supported experimentally 
determined mean radical-pair distances in n-hydrocar-  
bons and polyethylenes resulting from irradiation 13'14 
The theory o f  polyene crosslinking termination reactions 
in amorphous polyethylenes, irradiated in the presence of  

1 11 12 acetylene (Scheme 4) ' ~ , is also supported, because the 
mechanism requires the prior formation of radical-pairs 
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which are separated by distances of the order of those 
13 found by Dubinskii et a l . .  The simple computer model 

is applicable to all amorphous solid alkane systems, 
irrespective of chain branching and density variations, 
because the techniques employed take account of struc- 
tural differences. The model has been used as a 

radical-pair generator in this study of the reactions of 
radical-pairs in LLDPE. In this paper, the atomistic 
modelling has been extended to investigate the effects 
of radiation-induced chain-reactions on crosslinking 
and gel formation in amorphous LLDPE. Complemen- 
tary modelling using classical Flory-Stockmayer (FS) 
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theory 15'J6, modified to account for chain-reactions, is 
also used to interpret the gel fraction data. This was 
necessary because none of the sol-gel equations devel- 
oped to date appear to consider the existence of chain- 
reactions. The FS treatment of the data is based on the 
RAf self-polymerization via activated sites in linear 
polymethylene chains 16. Gel fraction vs dose data, from 
the irradiation and annealing of LLDPE in vacuo and in 
the presence of acetylene 1 are analysed. In addition, 
ultraviolet (u.v.) spectroscopic data J concerning the 
number of terminating polyene crosslinks, formed 
during the irradiation and annealing of LLDPE in 
acetylene, have been used. The results are very interesting, 
allowing us to generate equations to explain gel fractions 
of irradiated and annealed polymeric alkanes. 

EXPERIMENTAL 

LLDPE film (thickness 0.126mm, p = 0 . 9 1 9 g c m  3 
(gradient column), M n ---- 2.205 × 1 0  4 ,  M w - -  1.059 × 
l05 and Mz = 2.895 × l05 (RAPRA Technology Ltd)) 
was used for the experimental collection of gel-fraction 
data in this study. All materials and experimental 
conditions have been described previously in great 
detail I. However, it should be emphasized that, follow- 
ing irradiation (at 18°C) all samples were annealed 
(at 100°C) in their respective irradiation tube environ- 
ments (in vacuo or in acetylene), before coming into 
contact with air, so that oxidative degradation was 
minimized. 

ATOMISTIC MODELLING ANALYSIS 

Theoretical basis for atomistic modelling 
Reactions of radical-pairs were modelled in an 

amorphous polyethylene macro-cell (BIOSYM Insight 
I1 Version 2.3.5, Amorphous Cell 6.1) I7. A program was 
written in 'C' to read the Cartesian co-ordinates of the 
individual atoms in the BIOSYM macro-cell and store 
the data, relative to the centre of the cell, in one- 
dimensional arrays. The radical-pair sites were posi- 
tioned using the method described previously for 
HDPE 9, with the following exceptions. The initiating 
radical sites were not placed at the centre of the macro- 
cell by transposing all remaining atoms relatively around 
them, and the partner for each initiated radical was 
selected randomly from the total number of available 
pairs assigned to that radical. In the absence of literature 
experimental details, it was also assumed that the 
parameters which were used to create the LLDPE 
macro-cell described below, were adequate to describe 
the LLDPE radical-pair distribution function. 

Although LLDPE is not completely amorphous, it is 
believed that the crosslinks in the crystalline regions are 
entirely confined to the fold-surface interfaces TM, and that 
they exist at the surfaces as a direct result of radical 
migration 19. Hence, radicals that were initially generated 
in the crystalline regions migrate to the crystallite 
interface before reacting. That being the case, it should 
be possible to use an amorphous macro-cell as an 
approximation when studying reactions of radical-pairs 
in semi-crystalline n-alkanes. The LLDPE, from which 
the experimental results were obtained, had a number- 
average molecular weight corresponding to 1572 

methylene (CH2) groups. Unfortunately, the closest 
reasonable chain length to this when combined in a 
suitable BIOSYM macro-cell, 1000 methylene units, 
yielded only 27 molecules. This number of molecules was 
insufficient for a statistical treatment of molecular 
combinations. In addition, with only one chain per unit 
sub-cell and a high chain-length to sub-cell-length ratio, 
an unnaturally high degree of chain self-wrapping existed 
within the cells. Whereas self-wrapping was not a 
problem when modelling radical-pair formation 9, it is 
not acceptable for modelling the reactions of radical 
pairs, because it could influence the intra-chain to inter- 
chain crosslink ratio. In order to increase the number of 
molecules available for statistical analysis, it became 
necessary to reduce the number of methylene units per 
chain. This necessitated the introduction of a scaling 
factor, which increased the number of units per chain to 
that of the LLDPE, by multiplying each methylene unit 
in the model by the scaling factor. Increasing the chain 
length in this way prevented the modelling of radical 
losses, such as those which result from adjacent in-chain 
radical-radical terminations and t-olefin formation 
(Scheme 1). Fortunately, the number of primary 
radical-pairs lost at any given dose in LLDPE irradiated 
in the presence of acetylene is known from u.v.-spectro- 
scopy data t, and the problem may be initially overcome 
by introducing experimentally determined radical-pair 
loss factors. To check that the scaling procedure was in 
fact valid, three different macro-cells were constructed, 
which contained chain lengths of 50, 100 and 1000 
methylene units coupled with scaling factors of 31.44, 
15.72 and 1.572 respectively. The scaled chains were thus 
always equivalent to 1572 methylene units per chain. The 
macro-cells were given a theoretical dose of 20 × 104 Gy 
irradiation and the resulting gel fractions agreed to 
within at worst 2.5%. The computational method of gel 
determination used is outlined in the next section. The 
agreement between the ceils over the final gel fraction 
confirms the validity of the scaling approach. The largest 
difference came from the 1000-methylene-unit chain 
system and resulted from a statistically insufficient 
number of molecules, as already described. Use of this 
chain length at lower doses would be impossible since the 
error margin would increase. The chains finally selected for 
modelling the reactions of radical-pairs in LLDPE 
consisted of 100 carbon atoms. Thirty chains were 
packed amorphously into each sub-cell at a density of 
ca. 0 .92gcm 3 and equilibrated for 1000 molecular 
dynamic steps at 293 K. The macro-cells were constructed 
from eight interlocking sub-cells and, hence, contained 
24 000 carbon atoms or 72 480 atoms in total, inclusive of 
the methylene and methyl (end-group) hydrogens. After 
scaling the results by a factor of 15.72, the effective number 
of atoms in the simulation was 1.139386 × 10 6. 

Reactions of radical-pairs with acetylene 
in the reaction programs the total number of radicals, 

for a given dose, generated in the LLDPE macro-cell 
(NR) was determined on the basis of equation (1). Since 
many of the initiating radical-pairs finally terminate 
as polyene crosslinks in the presence of acetylene I, our 
first priority was to convert the u.v.-spectroscopy- 
measured polyene dose curve (Figure 3) into a curve 
of gel fraction vs dose. The radical-pairs which do not 
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terminate in this way can be considered as losses with 
respect to polyene formation. 'Radical-losses' arise from 
reactions such as adjacent radical in-chain terminations 
(Scheme 1). The number of radicals lost at any given dose 
can be found from Figure 3, being the difference between 
the theoretical D. G(R)/2 straight line and the experi- 
mental polyene crosslink concentration curve (Figure 3). 
Since NR is directly proportional to dose, these 'radical- 
losses' can be fitted to a second-degree polynomial, as far 
as the data allow (20 x 104Gy), and the number of 
radicals which terminate as polyenes in the model 
LLDPE macro-cell (NpR), can be expressed as 

NpR = N R . { 1 - B - - ( A . D . G ( R ) ) }  (2) 

where A and B are second-order and first-order radical- 
loss coefficients. Since, at low doses, the number of 
polyene crosslinks was approximately equal to the 
number of radical-pairs, a simple reaction premise was 
initially devised. It was assumed that: (1) annealing the 
LLDPE allowed sufficient mobility for radical pairs to 
meet; (2) diffusion of acetylene gas was relatively 
uninhibited during annealing, because the same crank- 
wise segmented chain motions were required for rapid 
diffusion as were necessary for radical pairs to meet2°; (3) 
radical losses could be determined from equation (2); (4) 
the crosslink to scission probability factor (p(X)) was 
approximately 1 (i.e. negligible scissions); and (5) 
hydrogen atom abstraction (Scheme 2, reaction (6)) 
was adequately accounted for, because after transfer the 
radical must eventually crosslink to terminate. Since 
p(X) ~ 1, each radical was crosslinked with its nearest 
neighbour. Usually, particularly at low doses, this was its 
pair partner. Crosslinked macromolecules were then 
accumulated according to size. At the dose to incipient 
g e l a t i o n  (Dg ~ 0.388 x 104Gy, found by fitting the 
experimental data to the modified Wanxi equation (8)), 
only two crosslinks were found on separate pairs of 
chains in the macrocell. Hence, one crosslink, or two 
accumulated initial number average chains (Pn, 0), was 
considered to be the minimum criterion for gel 

formation. This is the key assumption of the atomistic 
modelling approach. Errors incurred in making this 
assumption should really be noticeable only around the 
gel point. Since the gel-fraction vs dose curves obtained 
from LLDPE are extremely steep in this region, those 
errors will be very small. This is a very low degree of 
crosslinking for gelation, and the results of using this 
criterion are compared with those found by using the 
Flory-Stockmayer criterion for gelation later in this 
paper. The resulting computed polyene gel-fraction 
curve falls well short of the experimental gel-fraction 
curve (Figure 1), because of the existence of the chain- 
reactions described earlier. In fact at 20 × 104 Gy, the 
computed polyene gel fraction is ca. 2.28 × smaller than 
the experimental value. 

Our second objective was to compute the gel fraction 
curve that would be obtained if all the radicals 
terminated in crosslink formation with no losses and 
no intermediate chain-reactions. Apart from not invok- 
ing radical-pair losses (equation (2)), this second 
construct was computationally identical to the first. 
The resulting computed D.G(R)/2 gel-fraction curve 
also lies well below the experimental gel-fraction curve, 
over the entire dose range, to 50 × 104Gy (Figure 1), 
because of the existence of the chain-reactions described 
previously. 

The third objective was to probe the extent of the 
chain-reaction over the experimental dose range covered. 
The unique situation of acetylene-enhanced irradiation 
in amorphous PE with p(X) approximately to 1, affords 
a method for finding the number of chain-steps which 
reproduces the experimental gel fraction, or 'gel- 
effective' chain-steps, per initiating radical (Ncs, D)- For 
any given dose (Di) the experimental gel fraction (gDi) is 
known (Figure 1). Extrapolation to the same gel fraction 
on the D. G(R)/2 curve (gxi), yields the dose (Xi), which 
would be required to yield gDi if there were no chain- 
reactions, including all radical losses. The number of 
radicals produced by the doses D i and Xi can be obtained 
from equation (1), and division of the latter by the 
former yields the average number of 'gel-effective' chain- 
steps per initiating radical (Ncs, D). It must be stressed 
that because Ncs ' D is developed from experimental gel 
fraction data, it contains only 'gel-effective' chain-steps. 
A graph of Ncs ' D vS dose is given in Figure 2. This graph 
indicates that Ncs, D increases dramatically from the gel- 
point to a maximum of ca. 9.0 at ca. 1.50 × 104Gy. 
Unfortunately, the D. G(R)/2 curve in Figure 1 assumes 
that gel is formed immediately from D = 0 onwards, 
giving rise to a slightly erroneous Ncs ,D of less than 1 
around the gel point. Since Arcs, D is also the number of 
'gel-effective' crosslinks per initiating radical, it is 
possible to obtain the maximum chain-reaction, 'gel- 
effective' radiation pseudo-efficiency value (G(XChMax)  ,~ 
10.8 × 10 -7 mol j - r )  by multiplying the maximum Ncs D 
by G(R)/2 (1.2 x 10-'). This G(XChMax) value is close 'to 
the radiation efficiency value for crosslinking, calculated 
in our previous paper (G(X)= 9.87 x 10- 'mol j -1 )  1, 
using SKD theory 4'5. These high pseudo-G(X) values 
accord with the presence of chain reactions, because they 
exceed G(R)/2. However, the SKD theoretical treatment 
of our experimental gel fraction results yielded a 'cross- 
link vs dose' plot in which the G(X) gradient continued 
to increase with dose beyond the initial value over the 
entire dose range. As the discussion below shows, this is 
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not possible. From 1.5× 104Gy onwards, Ncs, o 
decreases as a 2.1th order reaction with respect to dose. 
This is very close to second order decay. It is a dose- 
dependent, rather than time-dependent, decay, because 
the majority of radicals are frozen until their respective 
annealing temperatures are reached. Dose becomes the 
governing factor when annealing is carried out post- 
irradiation. The maximum appears because of two 
competing processes. Firstly, NCS, D rapidly increases 
with the increase in non-crosslinking, vinylic-unsatura- 
tion produced by radical addition to acetylene. Secondly, 
as the radical concentration is raised, by increasing the 
dose further, decay of Ncs, D sets in. Since only 'gel- 
effective' chain steps are considered, the decay in Ncs, D is 
purely related to the increased propensity for radical 
radical termination and not crosslink redundancy. A 
crosslink is redundant if it connects to a chain which is 
already part of a network, Termination of two radicals 
results in the loss of further intermediate chain-steps, 
which would have arisen from them if radical transfer 
reactions had continued. Usually, Ncs.D includes the 
effect of scissions and crosslinks as 

NCS, D = NXT. D -- NST, D (3) 

where NXT, D is the number of  'gel-effective" crosslinks 
per termination and NsT, D is the number of'gel-effective' 
scissions per termination. In the presence of  acetylene, 
Ncs, D was assumed to be equal to NXT, D because the 
number of chain scissions is negligible (p(X) ~ 1). Since 
the decay of Ncs, D is approximately second order, it was 
fitted over the entire dose range (Figure 2), with an 
equation which was developed from a dose-dependent 
second order rate equation. A true second order decay 
with respect to dose would conform to the equation 

N C S .  0 

Ncs. D (Ncs.0 .k2. D) + 1 (4) 

where Ncs,0 is the initial number of maximum 'gel- 
effective' chain-steps at an infinitely small dose and k2 is 
the second order rate constant. However, because of the 
initial increase of Ncs, D in this case, Ncs.0 cannot be 
considered as a constant, and was found to increase as 
K1 • D 'a, where D' is the dose in excess of that required for 
incipient gelation (D' = D - Dg), a and KI are constants. 
It is more convenient to express k 2 . D as K 2 . D ta, where 
K 2 is a constant. Hence, we arrive at the fit equation 
which takes the form 

K 1 . D/a 
NCS'D = {K I . K  2 . D t 2 " a +  1} (5) 

and yielded least-squares values of a ~ 0.811, 
K 1 ~ 7.93 x 10 3 Gy ~t and K 2 ,-~ 2.30 × 10 5 Gy 2. 

The easiest way to incorporate the effect of the chain- 
reactions into our computer-model according to equa- 
tion (5), was to invoke a hypothetical pseudo-effective 
number of radicals (NER ' D) 

NER, D ~- NCS. D '  NR (6) 

which when reacted individually, without intermediate 
chain reactions, created the equivalent total number of 

crosslinks (Nx, D) found following the chain-reactions 
and terminations in acetylene at a given dose 

NR 
Nx, D = NCS, D . ~ -  (7) 

The radical-pair reaction program was modified to do 
this and a third computer gel-fraction curve produced. 
This curve, also shown in Figure 1, almost exactly fits the 
experimental data, as it should. Fitting the modified 
Wanxi equation 6 to the data in Figure 1 

(1 L . D  ('~ I ) ) + ¢ ( 2 . L . D ( , ' ~  1 ) + l )  
gD = 2 (8) 

yields values of /3=0.573 and L =  151.5. In this 
equation gD is the gel fraction at dose D,/3 is related to 
polymer structure and L is supposed to be equivalent to 
G(S)/G(X).  However, L cannot be equivalent to 
G(S)/G(X),  because it should have a value approaching 
the CP theory prediction of 0.462 for acetylene enhanced 
irradiation t . The constant L is therefore more complex 
than G(S)/G(X).  

The 'gel-effective' concentration of crosslinks at any 
given dose ([Xerr, D]), which computationally reproduced 
the experimental gel-fraction curve was calculated from 
Ncs, D. As a consequence of equation (3), [Xer,; D] usually 
results from the total number of 'gel-effective' crosslinks 
[XS, D] and the total number of 'gel-effective' scissions 
[sv. D] as 

[Xeft, D ] -  [XT, D ] -  [ST, D] (9) 

However, since [ST, D] is assumed to be negligible when 
acetylene is present, [Xen',o] was assumed to be equal to 
[XT: D]. Hence, [X~n-D] can be expressed in terms of the 
chain-reactions as 

[Xerr, D] = D G(R) " 2 "Ncs'D 

= D. G(R) K , . D  '~ (10) 
2 { K  1 . K2.  ot2a + l} 

The [XT, D] VS dose curve, which computationally 
reproduced the experimental gel fraction, is shown in 
Figure 3, together with the terminating polyene crosslink 
concentration curve ([Px]) and the theoretical maximum 
D.G(R) /2  concentration gradient for the absence of 
chain-reactions. The impact of the acetylene enhanced 
'gel-effective' chain-reactions can now be quantitatively 
seen. At 18.0 × 10 4 Gy [Px] contributes only ca. 24.6% 
to the total [)iT]. In fact the actual number of crosslinks 
must be even higher and probably not tending to a 
plateau, because we have only determined those which 
are 'gel-effective'. 

The number of 'gel-effective' crosslinks (NxemD) is 
related to the total number of crosslinks (Nx.D) and 
scissions (Ns, D), which produce the gel fraction at any 
given dose 

Nxerr.D = NX.D NS, D (11) 

Since we have the unique situation of virtually no 
scissions when PE is irradiated in the presence of 
acetylene ((Nxefr, D) ~ (Nx, D)), it is possible to plot gel 
fractions as a function of the number of 'gel-effective' 
crosslinks per initial number average molecule 
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(Nx, D/NM, where ArM is the total number of molecules in 
the BIOSYM macro-cells). This was done for the 
data from our computational reproduction of the 
experimental gel fractions (Figure 4, solid curve). Also 
included in Figure 4 (dashed line) is the gel fraction 
vs 2.Nx, sM/NM plot which represents the statistical 
minimum arrangement of crosslinks required to achieve 
a given gel fraction, assuming that the molecules are 
connected only once via "gel-effective' crosslinks to one 
other molecule without networking or redundancy. The 
gel-fraction versus 2. NX, SM/NM plot has been included 
because initially, at low doses, the atomistic model 
assumes that the gel fraction is made up of  single non- 
networked 'gel-effective' crosslinks, which connect pairs 
of  pre-irradiation number-average molecules. If  all the 
molecules were connected once, without networking or 
crosslink redundancy, NX, SM/NM would equal 0.5 at a 
gel fraction of 1. Hence, in the statistical minimum 
arrangement of  crosslinks the gel fraction (gD) would be 
equal to 2.Nx, sM/N M. The computer-simulated gD 
versus NX, D/NM curve (Figure 4, solid curve), deviates 
negatively and exponentially from the gD/Nx, sM/NM 
gradient according to the following expression 
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Figure 4 Gel fraction v e r s u s  NXeff, D/NM plots, for irradiated LLDPE, 
showing; the computed NX.D/N M plot resulting from irradiation and 
annealing in acetylene, using equation (12) ( ); the computed 
NX~rr.D/NM plot resulting from irradiation and annealing in vacuo, 
using equation (12) ( . . . .  ); the gD / Nx, SM/NM gradient (- - ), which 
represents the statistical minimum arrangement of connections of pre- 
irradiation number-average molecules, once only to one other 
molecule, via 'gel-effective' crosslinks; and the computed Nxerr, D/N M 
plot for the LLDPE extended beyond current data, using equation (12), 
towards gel fraction unity ( . . . .  ) 

yielding; pre-exponential constant K 3 = 0.697, exponen- 
tial constant b = 0.963 and constant C =  0.158. The 
deviation of  the gel fraction from the initial 
gD/Nx, sM/NM gradient occurs because the number of 
'gel-effective' crosslinks required to achieve it exponen- 
tially increases from the minimum possible statistical 
arrangement. The constants in equation (12) are, there- 
fore, probably related to spatial and physical arrange- 
ments of the pre-irradiated polymer molecules, such as 
length, branching, folding and crystallinity of the chains 
and also the number of  chains per unit volume. The 
dotted curve in Figure 4 is an extension of  the Nx, D/NM 
plot, obtained from equation (12), beyond current 
experimental data towards gel-fraction unity. It is 
almost impossible to collect data at these higher 
NX, D/NM ratios, because of the doses required to 
achieve them. From equations (1), (7) and (10) it can 
be seen that Nx, D/NM can also be expressed as 

m n ,  0 NX.D _ [Xerf. D]. (13) 
N M 103 

where Mn, o kgmol I is the pre-irradiated number- 
average molecular weight of the polymer. Combination 
of  equations (10), (12) and (13) allows the production of 
a generalized equation for gel fractions in terms of dose 

K 1 . D ra 

exp(  
' ' 2 ×  103 J" 

( )) } × KI • K2 • DtZ'a -+- 1 + C (14) 

or more simply by substituting for Ncs ' D from equation 
(5) 

gD = ( DG(R)Mn'°NCs'D)103 • 

x {K3 e x p ( - b  ( " 2 ×  103 JJ 

(14.1) 

This equation relates the gel fraction to the dose, 
the number of initial radicals generated, the pre- 
irradiation number-average chain molar mass, and 
the average number of 'gel-effective' chain-steps per 
termination. It also describes the number of 'gel- 
effective' crosslinks required to achieve the gel fraction, 
as an exponential deviation from the minimum possible 
statistical arrangement. 

Reactions of radical-pairs in vacuo 

As stated in the Introduction, chain-reactions of a 
somewhat different nature take place in vacuo. They also 
result in much higher experimental gel fractions than 
those predicted by the D. G(R)/2 curve (Figure 5), over 
almost the entire dose range. The D. G(R)/2 curve again 
represents the theoretical maximum gel fraction obtain- 
able, if all the radical-pairs terminated in crosslinks 
without intermediate chain-reactions. The presence of 
chain-reactions in vacuo enabled us to repeat the same 
analytical procedure, used when acetylene was present, 
to obtain NCS, D. However, since scissions occur to a 
considerable degree in vacuo they cannot be ignored. 
During chain scission a radical and a terminal vinyl 
are created (Scheme 1, reaction 1), so the radical is 
transferred and the net NER, D can be considered as 
before. However, in this case NERD and NCS, D also 
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Figure 5 Gel fractions of  LLDPE irradiated (18°C) and annealed 
(100°C) in vacuo, showing: the raw experimental data with modified 
'Wanxi' fit (Q ); the computed maximum for all radical-pair 
terminations as non-chain mediated cross-links, D. G(R)/2, ( . . . .  ); 
and the computed chain-reaction with modified 'Wanxi' fit ( . . . . .  ) 

include the result of 'gel-effective' scissions (equations (3) 
and (6)). The 'gel-effective' crosslinks and scissions are 
directly related, because the 'gel-effective' chain-step 
crosslinks form directly on vinyl scission fragments. The 
resulting in vacuo Ncs. D vs dose curve (Figure 6), is of the 
same form as that produced for acetylene, yielding 
constants o f a  = 0.688, KI = 3.75 × 10 3 Gy a and K2 = 
1.13 × 10-4Gy a from equation (5). It can be seen 
immediately from this curve that the maximum Ncs,D in 
vacuo is more than three times smaller than when 
acetylene was present. There are two reasons for this 
phenomenon. Firstly, Arcs, D includes 'gel-effective' chain 
scission (equation (3)). Secondly, the in-vacuo chain- 
reaction mechanism is not so effective as the one 
operating in the presence of acetylene. The latter point 
may be explained by the lower concentrations of  
molecular hydrogen and small excised alkyls, compared 
to the higher concentration of  acetylene when it is used. 
It must also be remembered that a 'gel-effective' chain- 
step in vacuo requires the presence of a terminal vinyl 
group and a much higher dose is needed to produce the 
concentration of terminal vinyl groups, compared to the 
production of unsaturation when acetylene is present. 
This is reflected in the higher dose-to-incipient-gelation 
in vacuo (Dg = 2.12 × 104 Gy). As was previously encoun- 
tered in acetylene, after reaching a maximum, Ncs, D 
decreases towards unity at higher doses, because of the 
increasing ease of termination. For  the initial low-dose 
portion of the in-vacuo curve, where radical-pairs are 
widely spaced, the following approximation can be 
made. With the exception of the termination reaction, 
a scission is required before an effective crosslink can be 
formed. Hence, the number of scissions can be expressed 
as follows 

NST, D ---- NCS, D -- 1 (15) 

The - 1  is present because the termination reaction does 
not require a vinyl producing chain scission. Since 
Ncs, D(max.) = 2.87, then from equation (15) 
NsT, o(max. )  = 1.87 and from equation (3), 
NXT, D(max . )=4 .75 .  It now becomes possible to 
obtain the maximum chain-reaction, pseudo-efficiency, 

G values for 'gel-effective' scissions (G(SChMax)---- 
2.25 × 10 7molJ -  ) and crosslinks (G(XchMax) = 
5.69 × 10 7molJ-1),  by multiplying NST.D and 
NXT, D by G(R)/2,  as for acetylene previously. It is 
interesting to note that these pseudo-G values now give 
G(SChMax)/G(XChMax) as ca. 0.4. CP theory, which is still 
thought to be valid in vacuo at the intercept of the CP 
plot I, also predicts a value for G(S) /G(X)  of ca. 0.4. By 
substituting for NCS, D from equation (15) into equation 
(3), it can be seen that NxT, D is always greater than twice 
NST, D for the initial near-linear portion of the in vacuo 
Arcs. D vS dose curve, under the conditions described here 

NXT, D ---- 1 + 2.NsT, D (16) 

The effect of the chain-reactions was incorporated into 
the model, as before, by invoking a hypothetical pseudo- 
effective number of radicals based on the constants a, KI 
and K2 obtained from fitting equation (5) to the in-vacuo 
data. The resulting computer-simulated gel-fraction 
curve (Figure 5) fits the experimental gel-fraction curve 
well, yielding values of/3 = 0.426 and L = 675.8 from the 
modified Wanxi equation (8). As for the acetylene case, 
the L value is very high and therefore, more complex 
than merely G(S) /G(X) .  

Having again established the validity of using a 
pseudo-effective number of radicals to describe the 
experimental gel fractions via our computer model, the 
IXen-,D] vs dose curve (Figure 3) was calculated using 
equation (10). In this case [Xeff, D] includes the effect of 
scissions as described by equation (9). Comparison with 
the D. G(R)/2  line, also shown in Figure 3, demonstrates 
the magnitude of the in-vacuo chain reactions. 

An in-vacuo gD vs Nxeff ' D/NM plot was then generated 
(Figure 4). Since Nxeff.D includes the effect of scission 
(equation (11)), there was no need to correct NM for the 
total number of scission fragments. A true in-vacuo gD vS 
NX, D/NM plot would need to be corrected for the total 
number of  scission fragments. Within experimental error 
this in-vacuo plot matches the plot obtained from the 
acetylene-gassed system and conforms to the gel 
equations (equations (12), (14) or (14.1), with Nxeff, D 
instead of Nx, D where appropriate), as can be seen from 
the near identical fitting constants; K3 = 0.708, b = 1.03 
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Figure 6 N umber of'gel-effective' chain-steps per termination (Ncs, D) 
vs dose plot, for the in-vacuo irradiation of LLDPE, extrapolated from 
interpolated experimental gel data and the computed D. G(R)/2 gel 
curve (0  ): and Ncs.D fitted to equation (5) ( . . . .  ) 
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and C = 0.169 (cf. in acetylene K3 = 0.697, b = 0.963 
and constant C = 0.158). This is to be expected, because 
the constants probably relate to the physical arrange- 
ments of the pre-irradiated LLDPE polymer chains, and 
the same atomistic macro-cell was used for the analysis 
of both sets of irradiation conditions. The method of 
treatment is therefore also applicable to in-vacuo systems 
following irradiation, within the limitation that Nxerf, o 
and [Xen-,D] include 'gel-effective' chain scissions 
(equations (9) and (11)). 

F L O R Y - S T O C K M A Y E R  ANALYSIS 

Theoretical basis of Flory-Stockmayer analysis 
The gelation analysis used in this section, is based on the 

Flory-Stockmayer (FS) treatment, of an RAr (poly- 
functional) self-polymerization 15'16. FS theory provides a 
basic explanation of gelation phenomena, to which the 
behaviour and changes in actual crosslinking reactions may 
be related. The fundamental assumptions implicit in the use 
of FS theory are: (i) intermolecular crosslinking reactions 
occur completely at random; (ii) no pre-gel intra-molecular 
reaction occurs (no crosslinks between reactive sites on the 
same molecule before the gel point); (iii) post-gel intra- 
molecular reactions (redundancies) in the gel molecules are 
allowed. For the purposes of the FS theory, the 
independent variable is the extent of reaction p, where 

number of sites reacted 
P = total number of sites (17) 

In the case of LLDPE, each methylene unit constitutes a 
reactive 'site', which can form a - ° C H -  radical. It is 
assumed that every radical so-formed, always gives rise 
to a crosslink. (In relation to the atomistic modelling 
analysis above; p = NER/Nc or ,~ NR/N¢ in the 
presence of acetylene.) The effects of possible chain- 
scission are ignored, thus allowing p to be related to the 
equivalent radiation dose 

OFs -- P (18) 
G(R). MCH 2 

where DFS is the FS dose corresponding to an extent of 
reaction p, in the FS model. In order to calculate the gel 
fraction as a function of radiation dose the following 
expressions are required (initially in terms of p) 16. In FS 
theory, the gel point is defined as the point at which a 
covalently-linked infinite network first occurs, giving the 
extent of reaction at gel (pg) as 

1 
Pg - ( f w -  1) (19) 

wherefw is the weight-average functionality ~5, or number 
o f - C H 2 -  groups, of the molecule with molar mass equal 
to the weight-average molar mass (Mw) of the sample. In 
the present case, Mw = 1.059 × 105, hence fw = 7550. 
The gel fraction increases from zero at the gel point, to a 
limiting value of 1 at complete reaction, at which point 
all the starting molecules are crosslinked to form a single, 
infinite 'gel' molecule. However, the infinite molecular 
species cannot be enumerated, and the gel fraction (g) 
must be found by calculating the complementary 
quantity, the unit-fraction of sol (s), from 

g = 1 - s (20) 

s is formed by summing over all the finite (defined) 
molecular species 

S = ~ Ux (21) 
x--1  

where Ux is the unit-fraction of the species with degree of 
polymerization x. For an RAr polymerization and for a 
particular value of x, Ux is given by 

x. (1 _p)2 f .  Ix. ( f -  l)]! 
u x -  P "[x . ( f  -2)+2]! .x !  ./3x (22) 

where . /=Jw and 

/3 =p. (l -p)(/ 2/ (23) 

The combinatorial factor in equation (22) accounts 
for the number of distinct isomers of molecular species 
with defined structures of x units, i.e. those with 
Ix. ( f  - 2) + 2] unreacted sites. Performing the sum- 
mation in equation (21), yields the final expression for s, 
for an RAf polymerization 

(1 _p)2 .p, 
s (1 _p , )2 .  p (24) 

where p* is the lowest value o fp  which satisfies equation 
(23) for a given value of/3. The factor/3 describes the 
relationship between the distributions of finite molecular 
species pre- and post-gel. Before the gel point, p = p* and 
/3 increases with increasing p, reaching a maximum value 
at the gel point (d/3/dp = 0 at p = 1/(f  - 1), equation 
(23)). For p > 1 / ( f -  1) (post-gel) /3 and p* decrease 
with increase in p, producing a reversion in the 
distribution of finite molecular species, p and p* may 
be considered as conjugate extents of reaction, pre- and 
post-gel, respectively. Equation (24) shows that s = 1 
before the gel point (p* = p and g = 0), decreasing post- 
gel to s = 0 atp = 1 (p* = 0 and g = 1). The decrease in s 
after the gel point reflects the existence of a gel molecule 
of infinite molecular size (with an infinite number of 
reactive sites) which grows at the expense of the finite sol 
species. Asfw = 7550,pg = 1.325 × 10 -4 (equation (19)). 
To evaluate s (and hence g), as a function of p, in the 
range 0 _< p _< 1, equation (23) was first solved numeri- 
cally for p*, in the range 1 / ( f -  1) _<p < 1. s was then 
determined via equation (24). All calculations were 
performed on an IBM 486SX personal computer. 

Correlation of Flory-Stockmayer analysis 
In order to compare the results of the FS analysis with 

the experimental gel-fraction data, p was converted to 
equivalent radiation dose, Dvs, via equation (18). The 
resulting FS curves, both in the presence of acetylene and 
in vacuo, are shown in Figures 7 and 8 (curves 2), together 
with the respective experimental gel fraction data (points 
1). The FS curves are shifted in a positive direction along 
the dose axis, compared to the respective experimental 
gel-fraction data. Therefore, the Ichikawa et al. G(R) 
value 8 again predicts insufficient radicals to reproduce 
the experimental gel-fraction data via FS theory, because 
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Gel-fraction versus dose plots for the acetylene enhanced 
irradiation of LLDPE, showing: (1) the experimental data ([53); (2) the 
FS curve fo r /~  7550, produced via equation (18) ( ); and (3) the 
'shifted FS curve' produced using constant Ncs.D ~ (equation (26)) 
applied to the entire dose range via equation (27) ( -  ) 

of the presence of the chain reactions described earlier. 
This being the case, the experimental dose can be 
described in terms of the variables p and NCS, D by 
modifying equation (18) as follows 

P DFS D = (25) 
Ncs. D. G(R) .  MCH 2 Ncs. D 

Initially the FS gel-fraction versus dose curves were 
shifted, so that the predicted FS gel points (Dvs, Dg) 
coincided with the experimental gel points (Dg ~ 0.42 x 

4 4 10 and 1.40 x 10 Gy for in acetylene and in vacuo 
respectively). Ncs D the number of 'gel-effective' chain 

, . g  . . . 

steps at the gel point, was obtained by substttutmg Dg 
for D and pg for p in equation (25), which gives 

Pg (26) 
NCS'Dg = O g .  G ( R ) .  M C H  2 

It can be seen from Figure 9, that the NCS.Dg value 
determined for the acetylene-gassed system (ca. 9.4) 
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Figure 8 Gel fraction versus dose plots for the in-vacuo irradiation of 
LLDPE, showing: (l)  the experimental data (O); (2) the FS curve forJ~, 
7550, produced via equation (18) ( ); and (3) the "shifted FS curve' 
produced using constant Ncs o (equation (26)) applied to the entire 
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Figure 9 Ncs b (=Dvs/D) versus D' (=D - D g )  for given gel fractions 
from: (1) acetylene enhanced cross-linking (I~): and (2) cross-linking in 
vacuo (O). The dotted line shows DFS = D 

was much higher than that determined in vacuo (ca. 2.8), 
because of the nature of the two different sets of chain 
reactions discussed earlier. Also, the FS Ncs D values 

• , g . 

compare favourably with those determined via the 
atomistic analysis (ca. 9.0 and 2.9 respectively). Use of 
the Ncs .D~ values in equation (25) gives 

P (27) 
DFS'g = NCS, Dg. G(R) .  MCH 2 

The resulting shifted FS gel-fraction plots (DFs ,  g ) a r e  
also shown in Figures 7 and 8 (curves 3). The initial 
slopes of both are greater than those of the experimental 
curves. The shifted curve for acetylene is closer to 
experimental observation than the in-vacuo one. How- 
ever, subsequent to the initial region, the shifted FS 
curves do not fit the experimental data, because the 
values of Ncs ,D~ were applied as constant factors over 
the whole dose region assuming that the efficiency of the 
chain-reactions was dose independent• 

To illustrate the decay in Ncs, D from the gel point 
onwards, the values required to reproduce all the 
experimental gel-fraction vs dose data were determined 
using equation (25) to give 

DFS 
NCS'D - -  D (28) 

The results are shown in Figure 9, where Ncs, D is 
expressed as a function of D', the dose in excess of that 
required for gelation ( D ' =  D Dg), for both the in- 
vacuo- and acetylene-incorporated experiments. In both 
cases, the maximum value of Ncs .b occurs at the gel- 
point (D' = 0). As evaluated using equation (26) above, 
the Ncs. D maxima were found to be ca. 9.4 in acetylene 
and 2.8 in vacuo. 

In Figure 9, the Ncs ' D curves decrease sharply from the 
maximum values. For  both sets of data, the effective 
concentrations of radicals required to emulate the chain- 
reactions, are greater than those given by G(R) alone, at 
and some way beyond Dg. The values of  Ncs D are equal 
to unitY4(DFs/D = 1), at D' values of ca. 7.;i x 104 and 
4.1 x 10 Gy, for the acetylene and in-vacuo systems 
respectively, corresponding to the point at which the FS 
curves (2) cross the curve of the experimental data (1) 

3654 POLYMER Volume 37 Number 16 1996 



Reactions of amorphous PE radical-pairs in vacuo and in acetylene. R. A. Jones et al. 

(Figures 7 and 8). Values ofNcs, D = 1 were not observed 
in the atomistic treatment until much higher doses were 
reached. 

Further increases in D' result in decreases in Ncs, D to 
below unity (DFs /D < I) in both systems. This may be 
due to non-crosslinking radical reactions occurring e.g. 
formation of in-chain unsaturation. Such reactions 
would be less affected than inter-chain reactions by the 
loss of chain-network mobility in the growing network• 
The two NCS,D ' versus D' plots in Figure 9 eventually 
converge at D ~ 15.0× 104Gy, indicating that the 
presence of acetylene has no additional effect on network 
formation beyond this value of D'. 

At radiation doses beyond the gel point, the propor- 
tional decrease in the number of chain-steps relative to 
that at the gel point (Ncs D/Ncs D~), can be analysed 
kinetically..If Ncs ,D/NCs,Dg !s assumed to follow nth- 
order klnencs after the gel-pomt, then 

d{Ncs, D/Ncs,  Dg } 
= k n . {Ncs,  D/NCs, Dg}" (29) 

dD' 

where k, is the nth-order rate constant with respect to D'. 
Integrating equation (29) with respect to D', over the 
range Ncs  ' Dg to Ncs ' D, yields an expression for D' 

1 
)l ,, 1} (30) k~. D' - . {(Ncs,  D/NCS, Dg -- 

n - I  

In Figure 10, Ncs D/Ncs D is plotted as a function of D', 
• . . ~ . , g 

for Irradiations carried out both in vacuo and in 
acetylene. The dashed curves resulting from numerical 
fittings of the function in equation (30) provide good 
approximations of the experimental plots. The values of 
n and k n were found to be 2•83 and 3.39 × 10 4 Gy 1 
respectively in acetylene, and 2.65 and 0.65 × 10 -4 Gy J 
respectively in vacuo. The decays in the number of 'gel- 
effective' chain-steps are thus approximately third-order 
with respect to dose in excess of that required for 
gelation. Although the physical meaning of the values of 
n remains unclear, the rate constant (k,), is higher for the 
irradiation carried out in acetylene, as expected, due to 
the greater initial shift required to fit the FS curve at the 
gel point in acetylene (i.e. higher Ncs D ), relative to the 

• . . ~ g 

case m vacuo. The curves m Figure 10 do not converge 

1.0 

0.8 

0.6 
O 

z 

~" 0.4 
0 

z 

0.2 

0 
0 50 

t t  

i 

- _ _  ~ ~  
o " f i  -~" . . . . . . . .  6 " - - =  

I I I I 

10 20 30 40 

D~/lO 4 J.kg -1 (Gy) 
Figure 10 NCS,D/Ncs,Dg VS D' (=  D - D g )  for given gel f ract ions 
from: ( l )  acetylene enh an ced  cross- l inking ([2] . . . .  ); and  (2) cross- 
l inking in vacuo ( 0  . . . .  ) 

[ . . . . . . . .  57_-7_-2 zz : - -  
0.8 ~- /,6 .~ .....- 

- , . f  

0.6 t ~/111////2 
0.4 o/ / 

0.2 /i/I 
0 LJ] I J , 

0 10 20 30 40 50 

Dose /10  4 J.kg -1 [Gy) 
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with increasing dose (cf. Figure 9), because the ordinate 
now measures the proportional decrease in the number 
of 'gel-effective' chain-steps, relative to the value at the 
gel point. The differences between the two curves at 
larger radiation doses therefore reflect the greater number 
of 'gel-effective' chain-steps in the acetylene system• 

Finally, Ncs D/Ncs D in equation (30) was replaced 
by DFS,g/D using equati~ms (18), (25) and (27) 

1 
k , ,  . D '  - • " -  1} (31) 

n - 1  

Equation (31) was then solved numerically, using the 
method of binary subdivision, to yield the value of D' (or 
D) for a given DES ,g. These values of D' were used to 
scale the abscissae of the Dg coincident FS curves for the 
experiments in acetylene and in vacuo (Figures 7 and 8 
respectively, curves 3), to account for the decay in 
number of effective chain-steps after the gel point• The 
resulting curve-fits are shown in Figure 11, and are seen 
to provide reasonable approximations to the experi- 
mental data, as they should. In acetylene, the discrepan- 
cies between the fitted curve and experimental data 
points at higher doses, caused by larger predicted values 
of Ncs D / N c s  D compared with experiment in Figure 10, 

, , g 

are thought to tSe due to the poor numencal fit of an nth 
order decay equation to the Ncs  ' i ) /Ncs ,  D, versus D' data 
rather than a failure of FS theory. 

CONCLUSIONS 

Crosslinking of LLDPE by irradiation and annealing at 
100°C, both in vacuo and in the presence of acetylene, 
results in lower radiation doses to gelation and higher 
gel-fractions for a given dose, than those predicted by 
either FS theory or the theoretical maximum obtainable 
assuming every radical reacts to form a crosslink 
(D.  G(R) /2) .  Comparisons of both the atomistic com- 
puter analysis and the FS numerical analysis with 
experiment confirm that chain-reactions provide the 
only satisfactory explanation for the higher experimental 
observations (Schemes 3 and 4). The presence of chain- 
reactions is the reason why empirical formulae developed 
to date do not describe fully the gel fractions obtained 
from the radiation-induced crosslinking of polymers. 
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The FS analysis indicates that the chain-reactions are 
most efficient at the gel point, giving rise to a maximum 
number of gel-effective chain-steps (Ncs, D(max)) of ca. 
9.4 in acetylene and ca. 2.8 in vacuo. Hence, the number 
of effective chain-reactions generated per radical at the 
gel point in the presence of acetylene is more than three 
times larger than in vacuo. The FS analysis also suggests 
that at doses beyond the gel point, Ncs, D decreases 
rapidly with continuing irradiation, until at doses 
exceeding ca. 15 x 104Gy, the acetylene appears to 
have no additional effect on gel formation when 
compared to the in vacuo case. Further to this, at doses 
in excess of ca. 35 × 10 4 Gy, Ncs, D remains essentially 
constant. Hence, the effects of the chain-reactions appear 
to be balanced by factors which prevent crosslinking 
reactions such as the formation of in-chain unsaturation. 
The decrease in Ncs, D were found to be approximately 
2.6th and 2.8th order, with respect to D', in acetylene and 
in vacuo respectively. 

The atomistic analysis, on the other hand, indicates 
that the chain-reactions are most efficient at doses a little 
way beyond the gel point, but yields similar Ncs, D(max) 
values of ca. 9.0 and 2.9 for acetylene and in vacuo 
respectively. This analysis also suggests that acetylene 
continues to increase gel formation until a dose of 
45 × 104Gy is reached. For the in vacuo case there 
appears to be a smaller increase, hence, acetylene is more 
effective than molecular hydrogen in inducing cross- 
linking up to this dose. Unlike the FS analysis, in the 
atomistic model the effects of the chain-reactions do not 
appear to be cancelled out by factors which prevent 
crosslinking, under either of the conditions, although 
such decreases may occur at doses greater than 55 × 
104 Gy. Analysis of the interpolated Ncs, D dose curves, 
developed via atomistic modelling, demonstrates a clear 
relationship between the number of 'gel-effective' chain- 
steps and the dose for both acetylene incorporated and in 
vacuo irradiations (equation (5)). Ncs, D appears to 
increase prior to Ncs, D(max ), as approximately a 0.7th 
order reaction with respect to dose for both conditions. 
Beyond Ncs,D(max), Arcs, D appears to decrease approxi- 
mately as second order (2. lth-order) with respect to dose 
in acetylene. This results from the increased probability 
of radical-radical terminations at higher doses. The 
decrease of Ncs, D in vacuo, was found to be approxi- 
mately 2.6th order with respect to dose. This increase 
from second-order may result from the interference of 
termination reactions with chain-scissions. In the ato- 
mistic model, the relationships between the gel fraction 
and the number of 'gel-effective' crosslinks per pre- 
irradiated number-average molecule has been obtained 
for both in vacuo and acetylene irradiations (equation 
(12)). As the gel fraction increases, the number of 'gel- 
effective' crosslinks required to achieve it increases 
exponentially from the minimum possible statistical 
arrangement. It can be considered that for any number 
of 'gel-effective' crosslinks there are many ways of 
arranging them between the initial number-average 
molecules. In the atomistic model for any given gel 
fraction, a minimum statistical arrangement occurs when 
all the crosslinked molecules are connected once only to 
one other molecule. However, as the gel fraction 
increases the probability that a minimum statistical 
arrangement will be achieved becomes very much smaller 
due to multiple connections. Hence, to achieve higher gel 

fractions a greater number of crosslinks than the 
statistical minimum are required. The number of cross- 
links required, or the deviation from the statistical 
minimum gradient (Figure 4), increases exponentially 
with increasing gel fraction. This exponential increase is 
primarily related to the number of pre-irradiated chains 
per unit volume, or the initial degree of polymerization. 
It is probably also related to spatial and physical 
arrangements of the pre-irradiated polymer molecules, 
such as end-to-end length, branching, folding and 
crystallinity. 

Both methods of analysis allow us to relate the gel 
fraction to dose and the number of initial radicals 
generated in a pre-irradiated number-average or weight- 
average degree of polymerization, via Arcs ' D (equation 
(14) and (14.1), atomistic method, and equations (28) 
and (30), FS method). These equations are an improve- 
ment on current gel-fraction equations, used in studying 
radiation effects of polymers, because they take account 
of chain-reactions. Essentially, the two theoretical 
analyses are in close agreement in their interpretation 
of the region at the gel point and a little way beyond. As 
the dose is increased further beyond the gel point, the 
two interpretations become more divergent. This diver- 
gence arises because of the inherent differences in the 
basic assumptions of the two approaches. The atomistic 
modelling technique assumes that all crosslinks are 
capable of contributing to the gel. FS theory, on the 
other hand, assumes that gelation does not occur until an 
infinite molecular growth is achieved, because there is a 
very high number of potential sites for crosslinking (high 
chemical functionality), pg is very small, and the 
differences between the atomistic and FS models are 
small near the gel point. 

For the case where acetylene is present, our previous 
research on polyene crosslinks is not invalidated by the 
presence of chain-reactions ~'1~'12. The polyene crosslinks 
do exist and they result from radical-radical chain 
termination reactions. The total number of crosslinks 
however, is much higher than we had supposed from the 
polyene terminations alone. At 18 x 10 Gy, the total 
number of crosslinks is likely to be at least ca. four times 
greater than previously measured by u.v.-spectroscopy 
as inter-chain polyenes. The hydrogen atom abstraction 
reaction discovered in our FTi.r .  work 12 forms the 
starting point of the chain reaction. In the FTi,r .  
experiments the quantity of trans-olefin measured, at 
any given dose, was always in excess of that attributable 
to the terminating polyenes ~. Previously we had thought 
that the excess trans-olefin existed largely inter-chain, 
however, we now believe it results from the chain 
reaction in acetylene. Radical addition to vinylic non- 
chain-bridging polyenes, destroys the polyenes, but not 
their capability to crosslink, leaving behind semi- 
saturated systems as isolated trans-olefins. The decrease 
in the rate of vinyl formation, also measured by FTi .r . ,  is 
likewise in keeping with the reduction of hydrogen atom 
abstraction and the chain reactions observed here. 

For in-vacuo irradiation, the chain reaction involves 
mainly molecular hydrogen and some excised low alkyls. 
Since the volume immediately outside the polymer is 
evacuated, the shape, bulk density and excess vessel 
volume may affect the extent of this in-vacuo chain 
reaction. Where molecular hydrogen is easily lost to a 
void, the chain reaction may become reduced. 
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Converse ly ,  the extent  o f  the in-vacuo chain  reac t ion  
might  be increased by  add ing  molecu la r  hyd rogen  or  low 
alkyls,  a l though this is unlikely to reach the effectiveness 
o f  acetylene,  because the former  relies u p o n  vinyl forming 
chain  scission events. The  in-vacuo excess trans-olefin 
observed dur ing  our  F T i . r .  work  12 is p robab ly  not  inter- 
chain,  because the chain react ion uses up the unsa tu ra t ion  
generated dur ing  chain scission and there is little or  no 
excess available.  I t  is more  likely that  it results f rom 
movement  o f  radicals  adjacent  to each other  during 
simple chain-steps.  Since terminal  vinyl groups  were never 
observed by FTi . r . ,  the capaci ty  o f  the in-vacuo chain- 
react ions for removing them was demonst ra ted .  
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