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The longitudinal Poisson's ratios vlt of the crystal lattice of poly(p-phenylene terephthalamide), namely 
Kevlar 49 and Kevlar 29, were evaluated by X-ray diffraction. Linear contraction of the crystal lattice in 
the direction perpendicular to the chain axis was observed up to 800 MPa. The v~t values for the (I 0 0), 
(0 1 0) and (1 1 0) planes are obtained as follows: 

(1 00) vlt = 0.31 

(0 1 0) vzt = 0.20 

(1 1 0) vlt = 0.24 

The small v~t value for the (0 1 0) plane is considered to correspond to the hydrogen bonds that exist in 
the direction perpendicular to the plane. Information on the elastic anisotropy of the crystal lattice can be 
obtained through this measurement. 
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INTRODUCTION 

Aromatic polyamides have been developed as high- 
modulus, high-strength polymeric materials in the 
past two decades. Poly(p-phenylene terephthalamide) 
(PPTA) is the best-known example, and has been used 
in various environments not only because of its excellent 
physical properties but also because of its good chemical 
and thermal properties 1. PPTA fibre is usually spun from 
the liquid-crystalline state. Hence it possesses an almost 
parallel chain orientation through molecular aggregation 
of rigid-rod chains, and the chain molecules are packed 
tightly in the crystalline region, being linked by strong 
intermolecular hydrogen bonds to each other. We have 
measured the elastic modulus E l of the crystalline regions 
of various high polymers in the direction parallel to the 
chain axis by X-ray diffraction 2-7. For PPTA, the E I 

value was measured by using Kevlar, Kevlar 29, Kevlar 
49, Kevlar 149 and Twaron HM, and 156 GPa was 
obtained at room temperature in every case 4'7. Further, 
we investigated the temperature dependence of the E1 
value of PPTA up to 350°C, and discussed the thermal 
mobility of chain molecules in the crystalline regions s. 
PPTA fibre shows highly anisotropic mechanical 
properties. The longitudinal Poisson's ratio vlt of the 
crystal lattice is defined as the ratio of the longitudinal 
crystal strain and the transverse-contraction crystal 
strain, when PPTA fibre is uniaxially stretched in its fibre 
direction. The value of vlt is one of the basic elastic 
constants of the crystal lattice and is important to 
understand the mechanical properties of the fibre. 
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In this paper, the longitudinal Poisson's ratio Vlt of 
the crystal lattice of PPTA was measured by X-ray 
diffraction, and was discussed in terms of mechanical 
anisotropy of the crystalline regions. 

EXPERIMENTAL 

Kevlar 49 and Kevlar 29 (Du Pont) fibres were used as 
PPTA. The fibres were dried at 120°C for 4 h prior to 
measurements in order to remove adsorbed water, which 
may influence the results. In general, the fibres absorb 
ca. 5% water at 25°C under a relative humidity of 70%. 
A fibre bundle of PPTA was clamped in a stretching 
device and set on an X-ray diffractometer (Rigaku Denki, 
RAD-B system, operated at 40 kV, 20 mA) fitted with a 
load cell. In order to measure the longitudinal Poisson's 
ratio vii of the crystal lattice, the lattice contraction by 
longitudinal stress was measured by using the equatorial 
reflections of PPTA. The crystal structure of PPTA is 
reported to be monoclinic with a = 7.80 •, b = 5.19 ~, 
c - - 1 2 . 9 A  and ~, = 90 ° . In this study, equatorial 
reflections of the (2 0 0) and (1 1 0) planes of PPTA were 
employed for the measurements. A PPTA fibre was 
subjected to various tensile stresses in its chain direction 
and the diffraction profiles for these lattice planes were 
recorded. 

Figure 1 shows the equatorial diffraction profile of 
PPTA (Kevlar 49) at room temperature. The observed 
profile can be separated into two peaks by the non-linear 
least-squares method assuming Cauchy shape, which is 
shown by the broken curves on the figure. The lower 
angle peak is the 1 1 0 reflection and the higher one is the 
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Figure 1 X-ray equatorial diffraction profile of PPTA (Kevlar 49 
fibre) at room temperature. Broken curves indicate the results of curve 
fitting 

2 0 0 reflection. The strain elt of the crystal lattice was 
measured by the following equation: 

elt= Ad / do (1) 

where d o denotes the initial lattice spacing of the 
equatorial reflection and Ad is the change in lattice 
spacing induced by a constant stress applied along the 
chain axis. The experimental error in measuring the peak 
shift was evaluated ordinarily to be less than +0.001 ° in 
20 angle, which corresponds to 2% and 3% strains for 
the (1 1 0) and (2 0 0) planes, respectively, when the fibre 
was subjected to a stress of about 800 MPa. Chu et al. 9 
performed a similar experiment on a single fibre of PPTA 
by using synchrotron radiation to detect the strain in 
the direction perpendicular to the applied stress. A 
high-power source enables a single fibre to be used for 
the measurement, by which means an inhomogeneous 
stress among the fibres can be avoided. This is a great 
advantage of using synchrotron radiation, but it should 
be mentioned that there are still inhomogeneities in the 
fibre structure as well as in the cross-sectional area along 
the fibre. As shown below, the v~t values estimated from 
Figure 4 in ref. 9 are about twice as large as those obtained 
in this study. The reason for the difference is not presently 
clear, but the experimental error in determining the peak 
position in this study is better than the angular resolution 
of 0.5 mrad by Chu et al., since peak analysis software 
produced by Xu Airu was used in this study, with which 
multi-peak positions could be determined to high 
accuracy. 

The stress induced in the crystalline regions is assumed 
to be equal to that applied to the bulk specimen. This 
assumption of homogeneous stress distribution has been 
proved experimentally for various polymers including 
PPTA 4'7, polyethylene 6, poly (vinyl alcohol )2, cellulose 1 o, 
poly (ethylene terephthalate)l i and so on. 

As described previously 4'7, the elastic modulus El of 
the crystalline regions of PPTA in the direction parallel 
to the chain axis is 156 GPa for Kevlars and Twaron 
HM, though their specimen moduli change widely from 
60 to 144 GPa. In these cases, the lattice extension was 
confirmed to be linear and reversible up to 800 MPa. 
Accordingly, the longitudinal Poisson's ratio v, of the 
crystal lattice could be estimated by the following 
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Figure Z Relationship between strain of the (20  0) plane and the 
longitudinal applied stress for ( O )  Kevlar 49 and ( • )  Kevlar 29 

equation : 

I)lt = - -~ l t /~ l l  = - -  (~lt X El) /O- 1 ( 2 )  

where eu and a~ are the lattice strain and stress along the 
chain direction. A more detailed description of the 
measurement method is given in earlier papers 2-8'1°'11. 

RESULTS AND DISCUSSION 

Figure 2 shows the relationship between the lattice strain 
elt for the (2 0 0) plane of Kevlar 49 ( O ), Kevlar 29 ( • )  
and the applied stress ~1 at 20°C. When the stress is 
applied to its chain direction, elt showed a negative value, 
i.e. the crystal lattice contracted in the direction 
perpendicular to the chain axis, and was always 
reversible. All the plots for the (2 0 0) plane could be 
expressed with a straight line through zero. From the 
slope of this line, the longitudinal Poisson's ratio v~, for 
the (2 0 0) planes can be obtained as 0.31. 

Figure 3 shows the relationship between e~, for the 
( 1 1 0) plane of Kevlar 49 ( © ), Kevlar 29 ( • )  and al at 
20°C. Again e~t was reversible and is linear with 0" 1 up t o  
800 MPa. The slope yields the v,, value for the (1 1 0) 
plane of 0.24. 

Table 1 summarizes the measured values of v,t for the 
(2 0 0) and (1 1 0) planes and the estimated value of vlt 
for the (0 1 0) plane of PPTA at room temperature. The 
value of v,t for the (0 1 0) plane was calculated with the 
following equation : 

2 2 (1,,~11o)) = (Vlt,t2oo)) cos 2 ~k + (vlt,tolo)) 2 sin 2 ~ (3) 

where Vlt,(hk,) is the vii for the (h k l) plane, ~O is the angle 
between the ( h k l )  plane and the (100 )  plane, and 
~b = 33.64 ° for the ( 1 1 0) plane. The linear compressibility 
fl of the crystal lattice of PPTA (Kevlar 49) by 
hydrostatic pressure 12, and the macroscopic vii value, 
which was measured for Kevlar 29 by detecting the 
change in macroscopic fibre diameter 13, are also shown 
in Table 1. 

The vii values for the crystal lattice are smaller than 
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Figure 3 Relationship between strain of the (1 1 0) plane and the 
longitudinal applied stress for ( O ) Kevlar 49 and ( • ) Kevlar 29 at 20°C 
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Table 1 Microscopic and macroscopic longitudinal Poisson's ratio 
v~t and linear compressibility//of poly (p-phenylene terephthalamide) 

VIt 

P 
Crystal lattice Specimen (GPa- 1 ) 

(2 0 0) 0.31 0.081 c 
(1 1 0) 0.24 0.63 b - 
(0 1 0) 0.20 a 0.034 c 

=Calculated from •lt values for the (2 0 0) and (1 1 0) planes 
bMeasured for Kevlar 29 t3 
CLinear compressibility of crystal lattice by hydrostatic pressure a 

that  of  a macroscopic  specimen. This indicates that  the 
crystal lattice is harder  to contract  in the transverse 
direction than the bulk specimen. Kevlar  fibre is known 
to have voids a n d / o r  defects along the chain direction, 
which can be revealed f rom the s trong equatorial  
small-angle X-ray scattering 14. This is considered to 
cause the larger v~t value for the macroscopic  specimen. 
The value of  v~t for the (0 1 0) plane is smaller than that  
for the ( 2 0 0 )  and (1 1 0) planes. 

In order  to investigate this point,  the anisot ropy of  the 
Vlt value in the ab plane of  P P T A  is superimposed on 
the crystal structure reported by Hasegawa et al. 15 in 
Figure 4. It is clear f rom the crystal structure that  s t rong 
hydrogen  bonds  are expected to act along the b axis, but  
there exists only van der Waals  forces along the a axis. 
This aniso t ropy is considered to affect that  of  v~t values 
directly, i.e. it can be predicted that  it is harder  to contrac t  
along the b axis, which corresponds to the low Vlt value 
for the (0 1 0) plane. These tendencies are in accordance 
with the an iso t ropy  of  fl values shown in Table 1. 

f 

Figure 4 Schematic representation of anisotropy of v, and crystal 
structure of poly (p-phenylene terephthalamide) 
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