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Elastic Modulus of Polyethylene in the Crystal Chain Direction 
As Measured by X-ray Diffraction 
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ABSTRACT The crystal lattice modulus of polyethylene was measured by X-ray diffraction using ultradrawn 
films that were produced by gelation/crystallization from dilute solution. The measurement was carried out 
at 20 "C for specimens with various elongation ratios beyond 50. The measurable crystal lattice modulus 
was in the range from 213 to 229 GPa and these values were independent of elongation ratios. This independence 
supports the assumption that the stress within a specimen is homogeneous. Furthermore, an effort was made 
to produce specimens whose Young's modulus is almost equal to the theoretical value. Through trial and 
error, it turned out that Young's modulus approached 216 GPa, nearly the theoretical limit of hardness, in 
the case that the dry gel films could be consistently elongated to the remarkably high draw ratio of 400. 

Introduct ion 
Polymer molecules are intrinsically anisotropic in 

physical properties (e.g., mechanical and optical). This 
intrinsic anisotropy causes the bulk properties of polymer 
aggregates to be anisotropic when the polymer molecules 
are oriented. In recent years, research on the preparation 
of fibers and films with high modulus and high strength 
has become a topic of increasing interest.'-l0 This research 
is based on the assumption that the theoretical Young's 
modulus and tensile strength of polymeric materials could 
be realized if the chains were fully aligned and extended 
and if the specimen is almost completely crystalline. In 
an attempt to produce such an ideal sample, chain align- 
ment induced by deformation or flow has been extensively 
investigated. The ultimate value of Young's modulus is 
well-known to be equivalent to the crystal lattice modulus 
in the direction of the polymer chain axes. The study of 
the crystal lattice modulus has been concentrated on 
polyethylene and values have been reported as measured 
by X-ray diffraction (235 GPa),11J2 Raman spectroscopy 
(290 GPa),13 and inelastic neutron scattering (329 GPa).14 
The Raman and neutron values are significantly higher 
than that obtained by X-ray diffraction. This difference 
may be due to the essential problem of determining the 
crystal lattice modulus by Raman spectroscopy and ine- 
lastic neutron scattering. Namely, in addition to the 
difficulty in estimating lamellar length by small-angle 
X-ray scattering, both methods contain an unavoidable 
assumption concerning the frequency of absorption bands 
in a polymeric system. On the other hand, theoretical 
treatments of the crystal lattice modulus were reported by 
Odajima et and Tashiro et The calculated values, 
however, are different because of difficulties in estimating 
the effects of intermolecular interaction, which cannot be 
ignored. 

X-ray diffraction measurements were carried out by 
Sakurada et  al.l1J2 using several kinds of oriented poly- 
ethylene samples having different crystallinities and mo- 
lecular weights. They concluded that the value of the 
crystal lattice modulus is independent of the above factors. 
However, an essential question arises as to whether the 
homogeneous stress is valid in such a case. That  is, 
whether the stress within a specimen is everywhere the 
same as the external applied stress. If this hypothesis may 
be used, X-ray diffraction has the advantage of deter- 
mining the crystal lattice modulus directly. 

This paper is concerned with the estimation of the 
crystal lattice modulus in the direction of the molecular 
chain axis by X-ray diffraction measurements. Ultradrawn 
films with different elongation ratios such as 50,100,200, 
and 300 were used as specimens in order to check the 

homogeneous stress hypothesis. Furthermore we find that 
Young's modulus a t  20 "C reaches the theoretical crystal 
lattice modulus when polyethylene films are elongated to 
a draw ratio of about 400. 

Experimental  Section 
Sample Preparation and Characterization. The sample 

used in this experiment was linear polyethylene (Hercules 
1900/90189) with an intrinsic viscosity of 30 dL/g, corresponding 
to a molecular weight of 6 X lo6. The solvent was decalin. Gel 
films were prepared by crystallization from solution. A decalin 
solution containing 0.4 g/dL and 0.1 70 (w/w) of the antioxidant 
di-t-butyl-p-cresol was prepared by heating the well-blended 
polymer/solvent mixture at 135 "C for 40 min under nitr~gen.~*'~ 
The hot homogenized solution was quenched by pouring it into 
an aluminum tray that was surrounded by ice water, thus gen- 
erating a gel. The decalin was allowed to evaporate from the gel 
under ambient conditions. The resulting 300-km dry gel film was 
immersed in ethanol and subsequently air-dried to remove residual 
traces of the decalin-ethanol mixture. 

The dry gel films were cut into strips 22 mm long and 10 mm 
wide. The strips were clamped in a manual stretching device in 
such a way that the length to be drawn was 4 mm. The specimens 
were placed in an oven at 135 "C and elongated manually to the 
desired draw ratio X (less than 100). Immediately after stretching, 
in one case, the stretcher with the sample was quenched to room 
temperature for 30 min, and, in the other case, the stretcher with 
the sample was annealed at 110 "C for 60 min and cooled slowly 
to room temperature. This experimental procedure produced 
specimens with various crystallinities, allowing the study of the 
relationship between crystallinity and crystal lattice modulus. 
Draw ratios were determined in the usual way by measuring the 
displacement of ink marks placed 1 mm apart on the specimen 
prior to drawing. Due to the limited size of the oven, elongation 
beyond X = 100 was done in two steps. The original 4 mm 
specimen was drawn to X = 50 in the first step and the drawn 
film was cut into strips of 50-mm length. These specimens, each 
clamped over a length of 10 rhm at the end (the length to be 
stretched being 30 mm) were drawn to the desired ratios beyond 
X = 100. After stretching, some specimens were annealed and 
some specimens were quenched as discussed before. 

The density of the film was measured by a pycnometer with 
chlorobenzene-toluene as a medium. Great care was taken to 
remove the antioxidant. Then, the drawn specimen was cut into 
fragments, immersed in ethanol for 30 days prior to measuring 
the density, and subsequently vacuum-dried for 1 day. The 
removal of the antioxidant was confirmed by infrared absorption. 

Experimeatal Procedure. Figure 1 is a sketch showing the 
optical system of the wide-angle X-ray diffraction (WAXD) with 
a scintillation counter and 12-kW rotating anode X-ray generator 
(Rigaku RDA-rA operated at  200 mA and 40 kV). The intensity 
distribution measurement wgs carried out with point focusing 
under such a system that an incident beam was collimated by a 
collimator 2 mm in diameter and the diffraction beam was de- 
tected by a slit 0.9 mm X 0.9 mm. The incident beam was 
monochromatized by a curved graphite monochrometer. The 
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Figure 1. Wide-angle X-ray diffraction optical system used to 
detect the crystal lattice strain of the crystal (002) plane. 
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Figure 2. Stretching apparatus driven by a motor to ensure a 
constant tension: (a) fixed clamp, (b) Beryllium plate, (c) con- 
stant-temperature box, (d) sample, (e) movable clamp, (f) axis 
to stretch a test specimen, (9) mechanical detector, (h) ball bearing, 
(i) gear, 6) motor, (k) plate to fix mechanical parts, (1) rotational 
axis. 

intensity distribution was measured with a step-scanning device 
at a step interval of 0.1", each at a f ied  time of 100 s, in the range 
from 71" to 79" (twice the Bragg angles). 

Figure 2 shows the constant-tension stretching apparatus. The 
specimen was mounted horizontally in the stretching clamps and 
the crystal (002) plane was detected by the diffractometer shown 
in Figure 1. A load cell was fixed at the right end of the clamp. 
The load cell consists of a steel ring whose deformation during 
elongation is negligibly small compared to the specimen. The 
deformation of the ring due to the tensile strength of the specimen 
is electronically transformed as analogue voltage. 

Figure 3 is a schematic diagram of the X-ray diffraction in- 
tensity distribution. Curves a and b show the intensity distribution 
from the crystal (002) plane plane in the undeformed and de- 
formed states, respectively. The deviation of peak position was 
estimated as that of the center of gravity of the intensity dis- 
tribution function as follows: 

2 ~ e  = 28, - 2e,,' (1) 

where 

and 

where and If(&) are the intensity distribution functions in 
the undeformed and deformed states, respectively, and 20, and 
28,' are the corresponding average maxima concerning the 
diffraction peak positions. In actual calculation, 2 4  (20,') and 
2e2 (20,') are chosen to be 71" and 79". The crystal lattice strain 
e, is related to AB in eq 1, as follows: 

e, = -cot e,Ae (4) 

Thus, the crystal lattice modulus E, is 
E, = u/ec (5) 

where u is the applied stress due to the constant load. 
Orientations of three crystallographic axes may be estimated 

by X-ray diffraction intensity -distribution 1(2&, of the 
reciprocal lattice vector of the jth crystal plane. The angles 0, 
and @ '  denote the polar and azimuthal angles with respect to the 
stretc& direction. Since the c r y d b  have random orientation 
around the stretching direction, @e intensity distribution function 
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Figure 3. Schematic diagram of X-ray diffraction intensity 
distribution of the crystal (002) plane for (a) undeformed and (b) 
deformed specimens. 

of the jth reciprocal lattice vector is independent of 4. Therefore 
we have 

The function of 2~q,(cos 0,) is determined from Z(2OB,0,) by the 
integral of X-ray diffraction intensity distribution as a function 
of 2$ for the equatorial direction as a fixed value of e,. The change 
in 2~q,(cos 0,) with 8, may be determined by the rotation of the 
specimen around its thickness direction. Incidentally, the intensity 
distribution Z(28B,01) in eq 6 is obtained after applying a correction 
to the observed X-ray diffraction intensity (for air-scattering, 
polarization, and absorption) and substracting the contribution 
of the amorphous halo from the corrected total intensity curve. 
In the actual measurement, the contribution of air-scattering and 
amorphous halo were very small. 

The second-order orientation factor F& of the reciprocal lattice 
vector of the j th crystal plane is given by17 

J'(1/2)(3 cos2 0, - l)q,(cos 0,) sin 0, de, 
FmJ = (7) 

J*q,(cos e,) sin e, de, 

The relationship between E, and Fzd shall be discussed later in 
detail. 

In _order to check the relationship between E, and the crystal 
size D the half-width p was measured from the profile of the 
wide-range X-ray diffraction intensity distribution of the crystal 
(002) plane as a function of OB, and the crystal size was estimated 
by Scherrer's equation, which will be discussed elsewhere in 
detalil.1° 

The mechanical property of the bulk specimen was represented 
by the real part E'of the complex dynamic tensile modulus instead 
of Young's modulus, since E'is equivalent to an instantaneous 
(glassy) modulus which is slightly higher than Young's modulus 
at infinite frequency. The measurement was carried out over the 
range 0.1-100 Hz at 20 "C using a Iwamoto Machine Co. Ltd. 
(VES-F) viscoelastic spectrometer. The gage length of the 
specimen was 40 mm and the width was about 1.5 mm. In the 
actual measurement, the film was subjected to a static tensile 
strain corresponding to an initial stress of about 0.1 GPa in order 
to superpose dynamic strain of 0.025%. 

Results and Discussion 
Figures 4-7 show the relationship between the stress and 

the crystal lattice strain. The plots show a linear rela- 
tionship in the range of small lattice strain except in the 
case of specimens B-1 and D-1. At large lattice strains, 
however, the plots tend to level off as shown in specimens 
A-2, C-2, C-4, and C-5. Such a relationship is characteristic 
of the mechanical behavior generally observed in bulk 
specimens. It may be noted that the crystal lattice mo- 
dulw, determined at small lattice strains, ranges from 213 
to 229 GPa for most of the  specimens (except specimens 
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Figure 4. Stress-strain relationship for the crystal (002) plane 
for the specimen with the elongation ratio of X = 50. 
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Figure 5. Stress-strain relationship for the crystal (002) plane 
for the specimen with the elongation ratio of X = 100. 

A-2, B-1, and D-1) and that these values are independent 
of elongation ratio A. This indicates that the homogeneous 
stress hypothesis may be valid since the specimens with 
X 2 50 have a sufficiently high degree of crystal c axis 
alignment, as discussed below. All values listed in Figures 
4-7 are slightly lower than reported by Sakurada et al. (235 
GPa).11J2 This discrepancy is probably due to the following 
two causes. The frist is the uncertainty in the linearization 
of the stress-lattice strain plots because the results of 
Sakurada et  al. cannot be readily approximated by a 
straight line. The second is the variation of crystallinity 
and orientation of the crystal c axes in different samples. 
According to Sakurada's experiment,11J2 necking around 
the center of the test specimen, where the incident X-ray 
beam was directed, became considerable at  high elongation. 
In contrast, our results in Figures 4-7 are reasonable, be- 
cause the crystallinity is higher than 90% and the orien- 
tation of the crystal c axes is almost perfect, as will be 
discussed later. Actually, the specimen elongation was 
found to be negligibly small during the measurement of 
crystal lattice strain. In such a condition, i t  may be pos- 
tulated that the stress within the test specimen is equal 
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Figure 6. Stress-strain relationship for the crystal (002) plane 
for the specimen with the elongation ratio of X = 200. 
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Figure 7. Stress-strain relationship for the crystal (002) plane 
for the specimen with the elongation ratio of X = 300. 

to the applied stress. As to why the crystal lattice modulus 
cannot be determined precisely in this experiment even 
though the homogeneous stress hypothesis is valid here, 
i t  is probably due to the fact that lattice modulus is af- 
fected by the number of lattice defects, which cannot be 
eliminated in our sample preparation technique. 

Figure 8 shows the results for specimen C-5, where curve 
a shows the intensity distribution in the stress-free state 
and curves b and c show the distributions of the sample 
under the stresses of 0.264 and 0.660 GPa, respectively. 
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Table I 
Characterization of Swcimens Used To Measure the Crystal Lattice Modulus 

A- 1 
A- 2 
B-1 
B-2 
c -1  
c - 2  
c - 3  
c - 4  
c -5  
C-6 
D-1 
D-2 
D-3 

Young's 
crystal lattice orientation modulus, 

specimen elongation ratio modulus, GPa crystallinity, % crystal size, A factor FZw GPa 

25-30 0*99435 I 50 222 90.4 350 
50 205 87.0 330 0.99569 

100 
100 
200 
200 
200 
200 
200 
200 
300 
300 
300 

201 
225 
213 
213 
219 
222 
214 
217 
200 
215 
229 

Figure 8. Intensity distribution of the crystal (002) plane under 
stress: (a) 0 GPa, (b) 0.264 GPa, and (c) 0.660 GPa. 

The results show a gradual increase of intensity with in- 
creasing external stress up to the yield point, but i t  be- 
comes lower as the applied stress increases beyond the 
yield point. Curve b corresponds to the preyielding state 
while curve c corresponds to the postyielding state. The 
behavior of curve b is probably due to a decrease of the 
amorphous fraction because of the stretch-induced 
amorphous-crystal transformation while the behavior of 
curve c is due to the increase of crystal lattice defects as 
a result of stretch-induced chain scission. Incidentally, it 
must be pointed out that the relationship between stress 
and crystal strain is reversible as long as the applied stress 
(or strain) is below the yield point. 

Figure 9 shows the orientation distribution function 
2~qj (cos  O j )  of the crystal (002) plane for specimens A-1, 
B-2, C-1, and D-2. The data show a very sharp profile with 
a maximum value a t  Oj = Oo, indicating that the crystal c 
axes have a preferred orientation in the stretching direc- 
tion. It is obvious from comparison of the results in the 
four functions that the degree of crystal x axis orientation 
increases with increasing elongation ratio A, but even for 
the specimen with A = 50, the degree of orientation is very 
high in comparison with those already reported for a 
number of drawn polyethylene materials. Therefore i t  is 
evident that a state of homogeneous stress can be achieved 
in our sample. 

In order to further understand the homogeneous-stress 
hypothesis, we have also studied the possibility of whether 
the crystal lattice modulus may be affected by the crys- 
tallinity and crystal size in addition to the degree of crystal 
c axis orientation. Table I shows the results. These results 
indicate that the crystal lattice modulus is independent 
of crystal size and crystallinity. Incidentally, it should be 
noted that Young's modulus increases with increasing 
elongation ratio A, but the maximum value for the speci- 
men with A = 300 is, at  best, 202 GPa, which is lower than 
the value for the crystal lattice modulus. 
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Figure 9. Orientation distribution function of 2rq,(cos 0,) of the 
reciprocal lattice vector of the crystal (002) plane of specimens 
with X = 50, 100, 200, and 300. 
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Figure 10. Frequency dependence of E' of a specimen with X 
= 400 at 20 "C. 

On the basis of the crystal lattice modulus measured in 
this experiment, an effort was made to produce specimens 
with a Young's modulus as high as the the crystal lattice 
modulus. Through trial and error, the following method 
is founded to be optimum. A specimen with A = 300 was 
clamped in the viscoelastic spectrometer and subjected to 
sinusoidal strain over the frequency range 0.1-100 Hz a t  
140 "C. The process was repeated several times. In this 
manner, further elongation could be realized, resulting in 
a draw ratio of about 400. Subsequently, the specimens 
were cooled slowly to room temperature while still main- 
tained in the stretched state. The complex dynamic tensile 
modulus was measured over the frequency range 0.1-100 
Hz a t  20 O C .  
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First, the crystal lattice modulus was measured by X-ray 
diffraction using ultradrawn polyethylene films with 
elongation ratios in excess of 50. The modulus is in the 
range 213-229 GPa and is independent of the orientational 
degree, crystallinity, and crystal size as long as X is greater 
than 50. These results indicate that a state of homoge- 
neous stress can be achieved in the current experiment. 

Second, on the basis of the measurable value of the 
crystal lattice modulus, efforts were made to produce a 
polyethylene film with Young's modulus close to the value 
of the crystal lattice modulus. Specimens with a Young's 
modulus of 216 GPa were obtained, which is close to the 
ultimate modulus value at  20 "C. 
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