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SUMMARY 

The influence of draw ratio on macroscopic and crystallo- 
graphic density of polyethylene with different initial morpho- 
logies, has been investigated by solid-state extrusion. An in~ 
tial drop followed by an increase in macroscopic density as a 
function of draw ratio has been observed. Since precision X-ray 
measurements of unit cell parameters showed no variation of 
crystallographic density, it was concluded that plastic defor- 
mation of polyethylene upon drawing proceeds with a decrease 
of the degree of crystallinity. This was confirmed by differ- 
ential scanning calorimetry. 

INTRODUCTION 

Deformation of semicrystalline polymers by cold drawing 
or by solid-state in hydrostatic extrusion proceeds with well- 
defined changes on the observed macroscopic density (Dm), con- 
sisting on an initial drop and a subsequent increase as a func- 
tion of nominal draw ratio (NDR). The corresponding density mi- 
nima, centered at NDR between 2 and 7 have been observed by 
several authors (1,2) particularly in the case of deformation 
processes carried out at temperatures well below the crystalli- 
ne melting points of the corresponding polymers. 

This remarkable behavior obviously results from the combi- 
ned play of two independent and opposite effects contributing 
with a monotonic decrease and a monotonic increase in density 
respectively over the whole range of studied NDR (3). From the 
point of view of the two-phase model, effects related to mole- 
cular orientation in amorphous regions,especially an increase 
in the fraction of unidirectionally oriented, but still amor- 
phous tie molecules, provide a morphological basis for the in- 
terpretation of the effects responsible for the monotonic in- 
crease in density. This last phenomenon has been studied by 
Glenz et al. (3), who claim an increase in noncrystalline density 
during drawing of about 5% for the highest possible NDR 25. 
After Glenz et al.,then, the effect which brings about the den- 
sity increase is clearly related to only one of the two phases 
of the model, i.e. the amorphous one. 

What is, then, the molecular mechanism responsible for the 
density decrease. Two simple hypotheses can be formulated. 
First, a variation in unit cell dimensions would result 
in a corresponding variation of the polymer crystallographic 
density or, secondly, a decrease in the total fraction of crys- 
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talline material. The goal of the present investigation, there- 
fore, is to elucidate the mechanism responsible for the monot- 
onic decrease in density. To this end, a systematic study on the 
deformation of high density polyethylene (HDPE) will be perfor- 
med, whereby, not only NDR but also initial morphology of the 
specimens and deformation temperatures will be varied over ca- 
refully defined ranges. Deformation processes will be carried 
out by solid-state extrusion (SSE) in order to avoid the for- 
mation of interfibrillar voids, a third phase not taken into 
account in the previous discussion based on the two-phase mo- 
del. Finally, the characterization of the specimens, original 
as well deformed, will be approached by measurements of macros- 
copic density and heat of fusion, and by precision determina- 
tion of lattice parameters. 

EXPERIMENTAL 

Void-free HDPE pellets (Alathon 7050, Mw = 59,000 Mn = 
19,000) were melted and crystallized at a series of tempera- 
tures and pressures as described elsewhere (2). In this way, 
billets of different morphologies ranging from folded-chain 
(FCC) to extended-chain (ECC) crystals were obtained. SSE of 
the preformed billets was carried out through a conical die 
with 20 ~ entrance angle, according to a technique developed 
and extensively employed by Porter et.al. (4). Densities of 
extruded and original undeformed samples were measured at 
23~ in a gradient column to an accuracy of 1.5 x 10-~g/cm 3, 
using a mixture of ethanol and 1% glycerol solution in water 
(ASTM D-1505). Independently, degree of crystallinity data 
were obtained by quantitative differential scanning calorim- 
etry by means of a Perkin-Elmer DSC-2 instrument (scanning 
rate 10~ per minute, heat of fusion of PE crystal 69 cal/g). 

Precision lattice parameter measurements were carried 
out in a highly reproducible way by either diffractometric 
or photographic methods with silicon external ore-quartz pow- 
der internal calibration standards respectively, depending up- 
on the nature of the specimens. To reach the highest possible 
accuracy, the measurements were carried out observing the fol- 
lowing precautions: 1.-All low-order reflections, which dis- 
play the largest errors (5), were excluded from the analysis. 
2.- To still increase the values of the Bragg angles, the 
extruded specimens were measured not with the usual Cu Ks ra- 
diation (I = 1.5405 ~), but with Co K~ radiation (I = 1.7889 ~) 
3.- Accurate lattice parameters and the corresponding standard 
deviations were calculated by means of a least squares proce- 
dure (6) over a relatively large number of independent reflec- 
tions. Since even in the most favorable cases, however, the 
highest reachable Bragg angle was 37.25 ~ (Cu radiation and 
5 2 0 reflection), no mathematical procedure for extrapolation 
to @ = 90 ~ (7) could possibly be undertaken. 

Isotropic, undeformed samples were investigated by means 
of a Phillps PW 1050/25 vertical goniometer with a step scan 
unit, programmer and proportional detector. The solid-state 
extruded specimens were analysed using a Weissenberg cammera 
with Fe-filtered Co Ks radiation. Two different geometrical 
set ups were employed to register the equatorial and meridio- 
nal reflections,respectively. The positions of the reflections 
were read visually with the help of a precision comparator. 
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RESULTS AND DZSCUSSION 

Fi~. 1 Unit cell dimensions 
and corresponding crys- 
tallographic densities 
as a function of macros- 
copic density of unde- 
formed PE samples pre- 
pared at different pres- 
sures and temperatures. 
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As a starting material for the SSE, a series of samples 
ranging from folded-chain (Dm = 0.972 g/cm 3) to extended-chain 
(Dm = 0.992 g/cm 3) morphology were prepared by crystallization 
at different temperatures and pressures (8). Table I shows 
the macroscopic densities of the specimens thus obtained, to- 
gether with the corresponding crystal data, calculated crys- 
tallographic densities and percent crystallinity. The plot in 
Fig. 1 clearly shows that, within the limits of the experimen- 
tal errors, there is no variation of crystallographic densi- 
ty over the whole range of studied morphologies. SSE of these 
samples was carried out at temperatures ranging from 76~ to 
125~ and NDR from 1 to 36. Low temperature extrusion, 76~ 
and 93~ was limited to maximum NDR 13.5 and I% respectivel~ 
due to the extremely high pressures involved, whereby, NDR 
11.7 and 16 already marked the onset of fracture processes. 
Fig. 2 displays the dependence of macroscopic density on nom~ 
nal draw ratio for samples with two different initial morpho- 
logies, corresponding to FCC, Din = 0.972 g/cm ~, percent crys- 
tallinity = 77, and ECC, Dm = 0.990 g/cm s, percent crystal- 
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linity = 92, respectively. For ECC extrudates a monotonic de- 
crease in density is observed for both extrusion temperatures; 
the extent of decrease being more pronounced for the 93~ spec- 
imens. FCC extrudates, on the other hand, show the beginning of 
a minimum at NDR 5.8 which does not proceed further due to the 
above-mentioned limitations on drawability for low-temperature 
extrusion. FCC extruded at 125~ not only present a well-defin- 
ed minimum (Dm = 0.970 g/cm 3) at NDR 4, but also, for NDR 
36, reach a value of macroscopic density (Dm = 0.976 g/cm 3) 
higher than that of the starting, isotropic material ( Dm = 
0.972 g/cm3). 

It is interesting to note that performing SSE on PE with 
different initial morphologies provides an opportunity to se- 
parate the two opposite density effects discussed in the in- 
troduction. Thus, as macroscopic densities of the starting ma- 
terials increase, Fig. 2, samples with larger lamellar thick- 
ness and higher degree of crystallinity become less likely to 
undergo a density recovery as NDR increases. This correspon- 
dence between the amorphous content of the samples and their 
ability to regain density as a function of NDR, confirms the 
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suggestion (9) that the observed macroscopic increase in densi- 
ty follows fundamentally from ordering effects within the amor- 
phous region. 

In regard to the mechanism responsible for the density de- 
crease, the data in Table II and the plots in Figs. 3 and 4 show 
clearly that, within the narrow limits of the experimental 
error, no variation of unit cell dimensions are observed either 
for ECC or FCC of PE in the range of NDR from 1 to 36. 
In addition, Fig. 5 shows the independence of unit cell parame- 
ter from extrusion temperature for a series of samples all 
drawn at the same NDR 11.7. These results clearly rule out the 
possibility to interpret the density drop upon drawing as an in- 
crease in unit cell dimensions, and points to a decrease in the 
crystalline content during deformation as the only possible me- 
chanism. 

Confirmation of these conclusions was derived from differ- 
ential scanning calorimetry measurements, which, through the 
heats of fusion, directly lead to the corresponding degrees of 
crystallinity. The plots in Fig. 6 show the expected density 
decrease, especially for the case of ECC extruded at 93~ 
The apparently anomalous behavior of FCC extruded at 125~ ari- 
ses surely from the simultaneous annealing process inherent to 
the DSC method. The eventual occurrence of minima, observed in 
the cases of morphologies intermmediate between FCC and ECC 
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(10),depends on the conditions of the experiments and on the 
total fraction of amorphous material in the original samples. 

In conclusion, drawing HDPE by SSE involves: l.-Increase 
of the molecular order within the amorphous regions of the ma- 
terial. 2.-Partial transformation of crystalline into amor- 
phous phase. Thus,although drawing of HDPE is an irreversible 
process,and from the thermodynamic point of view can not be 
considered to involve fusion,plastic deformation of the speci- 
mens proceeds with crystal disorder,accompanied by a decrease 
in percent crystallinity,and no changes whatsoever in unit 
cell dimensions. 
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