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Study of shrinkage in biaxially oriented 
isotactic polypropylene 

B. L E R O U X * ,  T. ELMES ~, P. M I L L S  
ICI Wilton Materials Research Centre, PO Box 90, Wilton, Middlesbrough, 
Cleveland TS6 8JE, UK 

A description is given of a "dual network" model which can be used as a basis for understanding 
correlations between the temperature dependence of shrinkage in biaxially oriented 
polypropylene films, along with film-forming parameters such as draw temperature and draw 
ratio. Although the model is presented in its most simplified form, and the structures of the 
networks are considered to be determined solely by their crystallinities, agreement between theory 
and experiment is promising. 

1. In t roduct ion 
To produce thermoplastic polymer specimens of high 
degrees of chain orientation by mechanical deforma- 
tion requires deformation to take place at a temper- 
ature and rate where the mechanical response of the 
polymer can be described as rubbery [1]. This implies 
that the polymer chains are present in a "network" 
structure. In the case of an amorphous polymer, the 
sub-chains of the network would be created by chain 
entanglements [2, 3]. However, in semi-crystalline 
polymers crystallites can also generate sub-chains [4]. 

Descriptions of networks of amorphous polymers 
are well developed [5, 6-1 and remarkable correlations 
between network structures and mechanical proper- 
ties have been made [7]. This, however, is not the case 
for semi-crystalline polymers. In order to describe the 
network structure fully it would be necessary to have 
information on the size distribution of crystallites, the 
nature of crystallite surfaces, and the spatial distribu- 
tion of crystals. The matter is greatly complicated by 
the fact that the network structure will change during 
deformation. Indeed, sub-chains of "taut-tie molec- 
ules", first described by Peterlin [8] and now widely 
accepted to exist, are a consequence of the breakup 
and redistribution of crystallites present in the un- 
deformed specimen. 

Stabilization of oriented thermoplastics can be 
achieved by quenching the deformed polymers be- 
neath their glass transition temperature. However, for 
semi-crystalline polymers, stabilization can also be 
achieved if during the quench further crystallization 
occurs. It is this latter circumstance which is of interest 
here. 

The metastability of such an oriented semi-crystal- 
line polymer is reflected in the irreversible reduction in 
orientation (i.e. shrinkage) that occurs in the polymer 
during subsequent heating. Depending on the temper- 
ature, the molecular process involved can include 

amorphous relaxation [9], crystal melting and anneal- 
ing [10], or crystal perfection [11]. What have yet to 
be developed, however, are models which combine 
this molecular information on deformation, stabiliz- 
ation and shrinkage, and enable semi-quantitative 
predictions of the effect of the deformation history of 
an oriented semi-crystalline polymer on its subsequent 
shrinkage behaviour. Nowhere is this need greater 
than in the production and use of biaxially oriented 
films. The main processing variables to be considered 
are draw ratio, draw temperature and draw rate. Ap- 
plication of these films in packaging relies on the film 
having good dimensional stability at printing and 
storage temperatures. 

This paper describes such a model for polymers 
drawn at temperatures within the melting range of the 
polymer. In the stabilized polymer there will therefore 
be two groups of crystals, those present during draw 
and those formed during stabilization. As suggested 
above, to make any sort of progress has required 
making some gross simplifications and assumptions. 
As in a rubber, shrinkage is considered to be driven by 
the increase in entropy of oriented sub-chains. How- 
ever, it would be opposed by the reduction in entropy 
of a network produced in a deformed state. The mech- 
anics of "dual networks" of this type have been de- 
scribed by Kramer et al. [12, 13]. 

The model is evaluated by undertaking experi- 
mental measurements of shrinkage in a series of bi- 
axially oriented polypropylene (BOPP) films drawn 
under different conditions. 

2. The model  
Fig. 1 shows the stages of formation and relaxation of 
dual networks. Imagine an elastic network, n', de- 
formed to a draw ratio Xo. A second network, n", is 
then formed in this state of strain. If the load is then 
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Figure 1 Stages of formation and relaxation of dual networks. 

removed from this dual network, then n' wants to 
contract to X -- 1. However, since n" was introduced 
in the deformed state, it wants to maintain the draw 
ratio Xo. Thus the sample shrinks to a state of ease, X~, 
where the tension of n' balances the compression on 
n". For this dual network, the empirical stored energy 
function can be written as [14] 

where 

W r = 

w = w ' +  w "  (1) 

k ' 2 ~ ,  ,2 
+ y = + k "2X~) (2) 

W i t  = /-,,,[,~ H2 )`, ,2 /~t  2 )  F t t [ , ) , , , 2 3 , , , 2  

) , , , 1 ) , , , 2  )` , ,2 ~ ,~2)  + . = . . z  + - - z  (3) 

The prime quantities refer to n' and the double prime 
quantities to n". For a rubber which is biaxially de- 
formed 

9~" = ; %  z~ = zs, )~'z = z~ - 2  

t/  tt  
~;  = ZJZo ,  zy = z , /Zo,  Zz = (Zo/Zs) 2 

A state of ease will occur when 

(dW/dX~)Xo = 0 (4) 

If the sub-chains within the network are assumed to 
obey Gaussian statistics, C~ = C~ = 0, while 

c'~/c'~ = v ' / v "  (5) 

where v is the sub-chain density in the network. 
From Equations 1-5 

V' /V  n (~.0 6 6 2 6 = - X, ) /(XoX, - X 2) (6) 

In the case of a rubber, the two networks can be 
formed chemically and/or by using ionizing radiation. 
For the BOPP films considered here, draw took place 
at temperatures within the melting range of the poly- 
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mer. It will be assumed that v' is determined by the 
crystallinity present at the draw temperature. The 
value of v" is assumed to be determined by the crystal- 
linity produced when quenching the sample. 

3 .  Exper imental  procedure 
Plaques of polypropylene (ICI Propathene) were pre- 
pared by compression moulding. The moulding tem- 
perature was 230~ the pressure approximately 
6 MPa, and the moulding time 2 min. The moulding 
was then quenched in iced water. The dimensions of 
the plaque were 60 • 60 • 1.5 mm thick. The density 
of the plaques was in the range of 0.900 to 
0.903 gcm-  3, which corresponds to a weight fraction 
crystallinity of approximately 40 %. 

The films were prepared using a T.M. Long 
stretcher. The variables were draw temperature, TD, 
and machine draw ratio, XM. Draw was undertaken 
simultaneously in two perpendicular directions, the 
machine strain rate being 0.33 s-1. While still under 
constraint, the films were immediately rapidly cooled 
to room temperature using cold air. 

Measurements of shrinkage were undertaken using 
a Perkin Elmer thermo-mechanical analyser (TMA). 
Specimens in the form of rectangular strips were cut 
along both principle draw directions. After the speci- 
men had equilibrated at 25 ~ its temperature was 
raised to a programmed temperature, Ts, as rapidly as 
possible (60 ~ rain-1). The time taken to stabilize at 
Ts was approximately 5 rain. The dimensional changes 
of the specimen were continuously monitored. 

After mechanical equilibrium within the specimen 
had been attained, the specimen was cooled as rapidly 
as possible (30 ~ min -1) back to 25 ~ and the di- 
mensions of the specimen monitored. The advantage 
of using TMA is that information on the kinetics of 
shrinkage can be readily obtained, and the accuracy of 
measurement is 4- 0.5 %. However a 'contact' method 
of this type means an upper limit on Ts of 160 ~ 
before specimens would be significantly deformed by 
measurement. 

4. Results 
Fig. 2 shows the type of output obtained from the 
TMA. The kinetics of shrinkage in BOPP will be 
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Figure 2 Output from TMA. 
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discussed in a future publication. This study is con- 
cerned only with S . . . .  the maximum amount of 
shrinkage which can be obtained by annealing a speci- 
men at Ts. 

Fig. 3 shows the dependency of S ~  on Ts (Fig. 3a) 
and XM (Fig, 3b). Values of Sm,x increase with increas- 
ing Ts. It is clear that shrinkage is most marked at 
temperatures above those where crystal melting has 
occurred, the rate of increase in Sma. with Ts increasing 
right through to Ts = To. For  a given value of Ts, 
Sma, increases with decreasing To and increasing XM. 

5. E v a l u a t i o n  o f  t h e  m o d e l  
In the modelling, it is assumed that the sub-chain 
densities v' and v" are determined by the crystallini- 
ties associated with each network. Fig. 4 shows a typi- 
cal melting endotherm obtained from a film specimen 
using differential scanning calorimetry (DSC). The 
crystallinity beneath To would have to be associated 
with n". That above To could however be associated 
with n' and n". 

As the temperature of specimens is raised, the initial 
melting will therefore be of crystals associated with n". 
In order to use Equation 6 to determine the new value 
of Xs as a consequence of the change in v ' /v"  it is of 
course necessary to resolve the question of the crystal- 
linity associated with n' and to determine a value of Xo- 

If deformation during film formation was entirely 
elastic, then it would of course equal XM- This would 
mean maximum values of shrinkage of 83 and 88 %, 
for XM = 6 and 8, respectively. However the values of 

shrinkage of specimens heated above their melting 
point (Fig. 3) are much lower, showing that consider- 
able plastic flow has occurred during deformation. 

The procedure that has been adopted is therefore to 
assume that at To, v " =  0. From Smax at Ts = To, 
Xs can then be determined as 

)L S = 1 / ( 1  - -  S m a x )  ( 7 )  

For v ' /v"  given by the ratio of areas highlighted in 
Fig. 4, ;% can then be determined from Equation 6. 

Table I summarizes the parameters and values used 
in the determination of Xo. Encouragingly, there is an 
increase in ;% with decreasing TD and XM. 
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Figure 4 DSC scan of film specimen; assignment of crystallinity 
associated with n and n. T D = 150~ ;L M = 6. 
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T A B L E  I Model parameters and values 

TD )~M Sma x (%) V/V )~s ;% 
(~ Ts = To T = 25~ T = 25 ~ 

145 6 19 10.1 1.23 2.25 
150 6 15 3.9 1.18 1.66 
155 6 13 3.2 1.15 1.51 
160 6 5 2.2 1.05 1.15 
155 8 17 3.0 1.20 1.63 

Figure 5 shows a comparison of experiment and 
model. Qualitatively the agreement is excellent, the 
model predicting the observed increase in shrinkage 
with decreasing To and XM. Given the assumptions 
and simplifications that have been made, quantitative 
agreement between experiment and model is also re- 
markably good. It is interesting to note, however, that 
the model consistently underestimates the extent of 
shrinkage, the variance being more marked at lower 
T,. One possible explanation which has emerged dur- 
ing a study of the kinetics of shrinkage in BOPP films 
is that due to the high viscosity of film specimens at 
room temperature, specimens such as these which 
have been drawn and then quenched might not have 
been in a state of ease at room temperature (data to be 
published). 

6. Conclusion 
A model based on the mechanics of'dual networks' in 
rubbers is a promising route for description of the 
shrinkage behaviour of biaxially oriented poly- 
propylene films. 
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