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X-ray diffraction of polymer under load at cryogenic temperature
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Kobe 657-8501, Japan
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An x-ray diffraction apparatus, consisting of a load cell, a stretching device, and a cryogenic cell,
has been constructed to observe the mechanical deformation of the crystal lattice of polymers at
cryogenic temperature. The polymer specimen could be cooled down to 18 K using this apparatus.
The equatorial diffraction profiles of polymer specimens were observed under various temperatures
and loads with 18 K minimum temperature. The equatorial lattice spacings of polyethylene~PE!
decreased at 18 K compared with those at 300 K; however, they were elongated by a constant
applied tensile stress. The elastic modulusEt of the crystalline regions of PE in the direction
perpendicular to the chain axis was evaluated. TheEt value for the~200! plane of PE increased to
11 GPa at 18 K from 3.2 GPa at 300 K. This is considered to be due to the increase of the van der
Waals interactions between the chains in the crystal lattice at very low temperature, where the
incoherent thermal vibrations of the atoms can be ignored. ©2002 American Institute of Physics.
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I. INTRODUCTION

X-ray diffraction is the most powerful method to inve
tigate the crystal structures of materials. Many polymer cr
tal structures have been determined using x-ray diffraction1,2

and there are many reports on the relationship between
crystal structure and properties of polymers. We have b
engaged particularly in measuring the elastic moduli~crystal
moduli! of the crystalline regions of various polymers in th
directions both parallel~El! and perpendicular~Et! to the
chain axis using x-ray diffraction.3,5 The crystal moduli pro-
vide us with important information on the molecular confo
mation and the intermolecular forces in the crystal latti
Furthermore, we have investigated the temperature de
dencies ofEl and Et for polymers both at high and low
temperatures down to liquid nitrogen temperature and
cussed these in terms of the thermal expansivity and stab
of the crystalline regions for each polymer.6–9 From the re-
sults of our past investigations, theEl and Et values are
temperature dependent for some polymers. These indi
that crystal properties are influenced by thermal molecu
motions in the crystalline regions. Therefore in order to o
tain information on the crystal moduli purely based on t
elasticity of polymer crystal~i.e., excluding the thermal ef
fects!, the moduli should be measured at very low tempe
tures. Similar measurements are also useful for direct c
parison with the calculated values because most of
calculations of the crystal moduli neglect incoherent therm
effects.10,11

The liquid nitrogen temperature is well below the gla
transition temperature of most polymers, however, it is s
above theg-relaxation temperature, where the molecular m
tions in the crystal lattice are reported to be significant.12

a!Author to whom correspondence should be addressed; electronic
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In this study we constructed the x-ray diffraction app
ratus provided with a load cell, a stretching device, and
cryogenic cell, especially for measuring the crystal modu
of polymers at cryogenic temperature. Preliminary expe
ments on the lattice extension are also reported.

II. APPARATUS

In order to measure the crystal modulus of polymers,
lattice spacing under a constant stress should be measure
x-ray diffraction at cryogenic temperature. For this purpo
a stretching device and a load cell were combined with
cryostat cell ~Ministat CRT-006-7000, Iwatani Industria
Gases Co.!, and were mounted on an x-ray goniomet
~RINT 2000, Rigaku!.

Figure 1 shows a schematic setup of the apparatus.
lium gas was compressed and transported into the cold h
attached to the top of the cryostat cell. Then helium w
adiabatically expanded, so the cold head is cooled to cr
genic temperature. A polymer specimen was mounted t
stretching device, where the specimen was mechanic
clamped. Full details were described in a previous pap5

The stretching device is connected with the cold head,
the sample is cooled by thermal conduction from the c
head via the stretching device. The stretching device is m
of copper to ensure good thermal conduction. Gold was
por deposited on the stretching device to avoid thermal
diation. In order to avoid thermal residual stress during co
ing, the sample was allowed to shrink freely. Th
temperature of the sample was detected with a Au–chro
thermocouple attached to a reference specimen. The r
ence was the same kind of material as the measurem
sample and was located just below the sample. The ther
couple was not attached to the sample directly because
thermocouple wire might interfere with the incident and t
scattered x-ray beams depending on the diffraction an
il:
9 © 2002 American Institute of Physics
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The lowest temperature attained was 1860.1 K during the
measurements. The cooldown time from room temperatur
18 K was;6 h and the actual measurements started at
after reaching 18 K. The x-ray beam was irradiated on
specimen through a beryllium window, and the scatte
beam was detected with a symmetric transmission geom
CuKa radiation ~wavelength51.5418 Å! was generated
with the tube voltage of 40 kV and the tube current of
mA. The entire sample stage thermally contracts at cryoge
temperature, and this effect could disturb the precise set
of the sample for x-ray diffraction. However, the position
change of the specimen was found to be negligible. The p
tograph of the whole apparatus is shown in Fig. 2.

In order to apply stress to the specimen, the stretch
device was connected to a load cell. This system is com
cated since the inside of the cryostat with the stretching
vice was under vacuum. Therefore the load was applied
the sample from the outside of the cryostat through a bello
as schematically shown in Fig. 3. To determine the load~Fs!
applied to the sample, an apparent load~F! was calibrated to
the elasticity of the bellows~Fb) and the air pressure~Fa!
against vacuum using

Fs5F2~Fa1Fb!.

Figure 4 shows the relationship between the elonga
of the bellows by the tensile load and the calibration fo
(Fb1Fa). The elongation of the bellows was measur
with a laser extensometer~LC-2100, Keyence Co., Ltd.!. The
straight line through the origin can be the calibration curve
determine theFs value.

III. SAMPLE

High density polyethylene~HDPE, Sholex 5551Z, from
Showa Denko, Co., Ltd.! was melt pressed at 483 K the

FIG. 1. Schematic setup of the cryogenic x-ray diffraction apparatus wi
load cell and a stretching device.
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quenched into ice water. The rectangular film was uniaxia
drawn six times at 368 K in water followed by annealing
393 K for 1 h. The density of the specimen was 0.967 g/c3,
measured by a flotation method at 300 K. This correspo
to a crystallinity of 87% assuming the crystal and amorpho
densities are 1.0~Ref. 13! and 0.855 g/cm3,14 respectively.
The melting point of the specimen was 413 K, measu
using a differential scanning calorimeter~Seiko Instruments,
SSC-2200! at the heating rate of 10 K/min.

a

FIG. 2. Photograph of the whole apparatus on the x-ray goniometer

FIG. 3. Schematic representation of the system for applying stress on
sample through the stretching device and the bellows.
P license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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IV. RESULTS AND DISCUSSION

Figure 5 shows the equatorial x-ray diffraction profil
of HDPE under~i! 0 MPa at 300 K,~ii ! 0 MPa at 18 K, and
~iii ! 40 MPa at 18 K. The peak positions for the 110, 20
and 020 reflections at 300 K agreed with those measure
a second diffractometer and demonstrates that this cryo
tem was suitably set on the goniometer. The peak posit
shifted to higher angles at 18 K compared with those at
K. The 200 spacing changed from 3.70 Å at 300 K to 3.58
at 18 K. This showed the thermal shrinkage of the crys
lattice of PE. In addition, the peak intensities increased
the integral widths decreased at 18 K. These can be
plained by the reduction of the temperature factor due to
frozen thermal vibrations of the atoms at 18 K.15 On the
other hand, the peak positions shifted to the lower ang
under a constant tensile stress of 40 MPa at 18 K. This in
cates that the crystal lattice was elongated by the stres
this case, the interchain distance increased by the app
stress.

The strain« in the crystalline regions was estimated
use of the relation

«5Dd/d0 ,

whered0 denotes the initial lattice spacing, andDd is the
change in lattice spacing induced by a constant stress.
experimental error in measuring the peak shift was evalua
ordinarily to be less than60.01° in 2u angle.

FIG. 4. Relationship between the bellows elongation by the tensile load
the calibrated force~Fa1Fb).

FIG. 5. X-ray diffraction profiles for the equatorial reflection of high de
sity polyethylene:~i! 0 MPa at 300 K,~ii ! 0 MPa at 18 K, and~iii ! 40 MPa
at 18 K.
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The stresss in the crystalline regions was assumed to
equal to the stress applied to the sample. This assumptio
valid since different PE specimens with different microstru
tures all have the same experimentally determined mod5

The validity of this assumption of a homogeneous stress
tribution has also been proven experimentally for polyvin
alcohol,16 cellulose,8 poly~p-phenylene terephthalamide!,17

poly~ethylene terephthalate!,6 and so on. Furthermore, th
amorphous regions would become more rigid at very l
temperature, which becomes more appropriate for the ef
tive measurements.

The elastic modulusEt was calculated as

Et5s/«.

By increasing the stress successively, the stress–s
curve of the crystal lattice could be drawn, from which t
crystal modulus was obtained.

Detailed descriptions for the measurements of the cry
modulus were given in earlier papers.4–6

Figure 6 shows the stresss–strain« curve for the~200!
plane of HDPE at~d! 300 K and~s! 18 K. Thes–« curves
could be expressed with a straight line through the orig
and the lattice extensions were always reversible. The s
gives theEt value as 3.2 GPa at 300 K and 11 GPa at 18
The Et value at 300 K coincides with that previous
reported.18 This confirms high accuracy of the measureme
of the Et value with this system. At 18 K, theEt value
increased more than three times compared with that at
K. This is considered to be due to the increase of the van
Waals interactions at very low temperature, where the in
herent thermal vibrations of the atoms can be ignored. T
calculatedEt values for the~200! plane of polyethylene were
10.2 GPa~4 K!,19 10.5 GPa~0 K!,20 and 10.9 GPa~0 K!.21

The calculated values agree with the experimentally de
mined moduli at 18 K within the experimental error.

This technique is being extended to the measuremen
the crystal moduli in the directions both parallel and perp
dicular to the chain axis for various polymers. The results
discussed purely based on the elasticity of polymer cry
without including the thermal vibrational effects, which wi
appear elsewhere.

nd

FIG. 6. Stress–strain curves for the~200! plane of high density polyethyl-
ene atd: 300 K ands: 18 K.
P license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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