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ABSTRACT: A mathematic representation based on a linear elastic theory is proposed by which one may
investigate the dependences on molecular orientation and crystallinity of the crystal lattice modulus and
linear thermal expansion coefficient in the chain direction as commonly measured by X-ray diffraction.
The proposed model includes polymeric systems with a low degree of molecular orientation and low crys-
tallinity, in which the oriented crystalline layers are surrounded by an anisotropic amorphous phase. It is
assumed that the strains of the two phases at the boundary are identical. The mathematical analysis indi-
cates that the crystal lattice modulus and linear thermal coefficient as measured by X-ray diffraction may
be different from the intrinsic crystal lattice modulus and linear thermal expansion coefficient, depending

on the structure of the polymer solid.

I. Introduction

The ultimate value of the Young’s modulus of poly-
mer materials generally is taken to be equivalent to the
crystal lattice modulus in the direction of the polymer
chain axis. Frequently, the crystal lattice moduli that
have been reported were measured by X-ray diffraction.
Sakurada et al. in particular have investigated a number
of oriented crystalline polymers.! An essential ques-
tion in the determination of crystal lattice moduli by X-ray
measurements is whether or not the critical assumption
in this method is valid, that the specimen is under homo-
geneous stress. In order to verify the validity of this
assumption, we previously conducted a study in which
ultradrawn polyethylene and polypropylene films with
different draw ratios were used as specimens.*5 It was
established that the crystal lattice modulus indeed is inde-
pendent of the degree of orientation of the ¢ axes, crys-
tallinity, and crystal size if draw ratios were greater than
50 for polyethylene and 30 for polypropylene, respec-
tively. In addition, a mathematical representation based
on a linear elastic theory was proposed, by which one
may investigate the dependence of the derived crystal
lattice modulus on molecular orientation and crystallin-
ity using a composite model of crystalline and amor-
phous phases.® In this model system, it is assumed that
anisotropic noncrystalline layers lie adjacent to oriented
crystalline layers with the interface perpendicular to the
stretching direction, so that the strains of the two phases
at the boundary are identical. The mathematical descrip-
tion indicates that, even within the homogeneous stress
hypothesis, the crystal lattice modulus and the linear ther-
mal coefficient as measured by X-ray diffraction are dif-
ferent from the intrinsic crystal lattice modulus and the
intrinsic linear thermal expansion coefficient. Numeri-
cal calculations indicated, however, that at high degrees
of molecular orientation and crystallinity the calculated
values were independent of the parameters of these mate-
rials. Thus, we concluded that X-ray diffraction is an
excellent technique for measuring the crystal lattice mod-
ulus of polyethylene and polypropylene, provided that
samples of high draw ratios are used.

Generally, crystal lattice moduli have been measured
for crystalline polymers whose degree of the chain ori-
entation is not high, such as poly(ethylene terephtha-
late), nylon 6, and cellulose. In such cases, there is no
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indication whether or not crystal lattice moduli reported
are in agreement with the intrinsic lattice modulus.

The present paper further investigates possible dis-
crepancies between the crystal lattice modulus mea-
sured by X-ray diffraction and the intrinsic crystal lat-
tice modulus. A composite unit is proposed to describe
the polymer specimen, in which anisotropic amorphous
layers lie adjacent to oriented composite layers with the
interface perpendicular to the three principal directions.
This means that the oriented crystallites are surrounded
by an anisotropic amorphous phase where amorphous chain
segments are oriented predominantly in the stretching
direction. This model system satisfies the morphologi-
cal characteristic of a specimen with a low degree of molec-
ular orientation and low crystallinity. The mathemati-
cal description presented can also be applied to systems
where there exists no detectable crystal plane whose recip-
rocal lattice vector is parallel to the molecular chain axis,
such as polypropylene and poly(ethylene terephthalate).
Using the apparent crystal lattice modulus of the plane
whose reciprocal lattice vector, among all the crystal planes,
is most closely parallel to the crystal chain axis, one can
estimate the real value of the crystal lattice modulus. The
crystal lattice modulus is formulated as a function of crys-
tallinity and molecular orientation. The numerical cal-
culation shall be carried out elsewhere” using the exper-
imental results of several crystalline polymers.

II. Theory

A mathematical representation is proposed to esti-
mate the crystal lattice modulus and the Young's mod-
ulus, as well as the thermal expansion coefficients of crys-
tal lattice and bulk specimen, as a function of crystallin-
ity and molecular orientation. The description is presented
for a system with a triclinic unit cell, as a general case.
The procedure for calculating the mechanical anisot-
ropy of a single-phase system from the orientation of the
structural units is discussed in relation to mutual con-
version of the orientation distribution function of the struc-
tural unit with respect to Cartesian coordinates fixed within
the bulk specimen.

1. Structural Unit. Figure 1a shows Cartesian coor-
dinates 0-U,U.U; fixed within a structural unit, with
respect to Cartesian coordinates 0-X; X, Xs, fixed in the
bulk specimen. The Usj axis may be taken along the ref-
erence axis but has random orientation around the X;
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(a) (b) (¢)

Figure 1. Cartesian coordinates illustrating geometrical rela-
tions. (a) Eulerian angles 6, ¢, and », which specify the orien-
tation of coordinate 0—U; U,Uj of the structural unit with respect
to coordinate 0-X;X»X3 of the specimen. (b) Angles §; and ¢;,
which specify the orientation of the jth axis of the structural
unit with respect to the coordinate 0-X,X2X3. (c) Angles 6;
and &;, which specify the orientation of the jth axis of the struc-
tural unit with respect to the coordinate 0-U,U,Us.
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Figure 2. Composite structural unit of a semicrystalline poly-
mer whose crystallites are surrounded by amorphous phase.

axis in the present case. Parts b and ¢ of Figure 1 show
a given jth axis r; within the unit, specified by the polar
angle §; and the azimuthal angle ¢; with respect to the
Cartesian coordinates 0—X;X2X5 and specified by polar
angle 6; and the azimuthal angle ®; with respect to the
Cartesian coordinates 0—~U;U,Uj; of the unit.

Let the composite structural unit be as shown in Fig-
ure 2, in which oriented crystallites are surrounded by
amorphous phases. This model is thought to be a real-
istic representation of the morphology of crystalline poly-
mers with a low degree of molecular orientation and low
crystallinity, as pointed out by Hibi et al.® The volume
fraction X, is represented by 6u? by use of the fraction
lengths 6 and x in the directions of U; and U, (and U,)
axes.

2, Stress/Strain Behavior. This paper is focused
on the crystal lattice modulus and the thermal expan-
sion coefficients of the jth crystal plane, detectable by
X-ray diffraction when the external stress in the X3 direc-
tion is applied to the crystalline phase in this model sys-
tem. In this model system, amorphous layers are adja-
cent to oriented crystalline layers with the interfaces per-
pendicular to the X;, X3, and X3 axes. The strains of
the two phases at the boundary are assumed to be iden-
tical. This model is constructed by three components
shown in Figure 3. In model a, an anisotropic amor-
phous layer lies adjacent to the crystallite with the inter-
face perpendicular to the X axis, and in model b an aniso-
tropic amorphous layer with fraction length 1 - u is
attached to the structure of phase I in a plane normal to
the X; direction. The final phase III can be constructed
by adding an anisotropic amorphous layer with fraction
length 1 - u to phase II. This method was proposed by
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Figure 3. A procedure to construct a model in Figure 2: (a)
amorphous phase attached to the X3 face of the crystallite to
construct phase I; (b) amorphous phase attached to the X face
of phase I to construct phase II; (c) amorphous phase attached
to the X face of phase II to construct phase III.

Maeda et al.? for representation of an undeformed semi-
crystalline polymer system. This procedure is conve-
nient for analysis of the stress—strain relationships in each
phase, and the mechanical constants of two phases can
be written by using the average mechanical constants of
their phases. It is well-known, of course, that at u = 1,
this model corresponds to a series model, while at 6 = 1,
it corresponds to a parallel model.!!

When the uniaxial external tensile stress o33 is applied
along the X axis in model a in Figure 3, the inner stresses
of the crystalline and amorphous phases, (0f;, 085, 053, 0,
0, 0) and (o}, 03, 033, 0, 0, 0), are applied to the two
phases, respectively, inducing the following strains in the
respective phases:

¢ = Sfio, + Sfpad, + STyoss + o AT
¢p = STyo1 + Siog, + STiogs + afAT
e5 = Stsofy + ST30%, + Sgofy + aiAT
€= ey =€ =0 (1)
and
ey = Sfio}, + Sisoh, + Sijogs + o1AT
= Stioh + Stiok, + Sticly + o5AT
= Stjol, + Stioh + ok + aBAT
2= €3 =€ =0 (2)

where S{; and S;, represent the average elastic compli-
ances of the crystalline and amorphous phases, respec-
tively. Parameters o, and «f, represent the average
thermal expansion coefficients of the crystalline and amor-
phous phases, respectively. AT is given by T — Ty, where
To is the reference temperature. The uniaxial stress con-
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dition with respect to the X; axis leads to the relations
S+ (1-68e};=0

1 = 0oy
(A7) = 60’;2 + (1 - 6)0;2 =0

033 = 03 = 033 (3)

where ¢, corresponds to the stress of the bulk speci-
men. Because of the above restriction upon the strains,
it follows

-— 0 - 8
1T T e
- 0 - 8
€99 = €99 T €33
33 = 6653 + (1 e 6)6;3

€9 = €3 = €3 =0 4)

Equation 1 (and eq 2) has been used as a generalized
Hooke’s law expanded to thermal elasticity. Here it should
be noted that the thermal expansion coefficient is related
to higher order elastic theory associated with unhar-
monic problems and is described in relation to the dif-
ference between adiabatic and isothermal compliances.
Accordingly, eq 1 cannot be formulated strictly; for con-
venience, it has been used widely in terms of infinitesi-
mal elastic theory.

Assuming the homogeneous stress hypothesis for a poly-
crystalline material, the relation between the intrinsic
compliance of a structural unit and the bulk compliance
is given by

3 3 3 3

Suhl = Z Z Z Z(axoajpahqalr)sopqr (5)
0=1 p=1 g=1 r=1
3 3 3 3

:y‘;tl = z Z Z Z<aioajpakqalr)szgqr (6)
r=1

Here Sf,;and Sjj, are averaged compliances of the crystal

and amorphous phases, respectively, and S, and S5

qr
are their intrinsic compliances. a;, is, for example, t f)

[a] =
cos ¢ cos 6 cos
- sin ¢ sin g
sin ¢ cos 8 cos 3
+ cos ¢ sin n
-sin 6 sin n

—cos ¢ cos #sinn cos ¢ sin 8
—sin ¢ cos 1
-sin ¢ cos 4 sin ¢
+ cos ¢ cos
sin 4 sin 5 cos 6

singsinfd | (7)

direction cosine of the U, axis with respect to the X;
axis, which is given for the geometrical arrangements in
Figure 1a as follows:

Average values in eq 5 and 6, (a;,8;,ak,a:;), can be given

by
_ J;hj;hftw(cosatbm

;40,00 8in 6 d6 d¢ dn (8)

(@;585Qkqir)

where w(cos 6,¢,17) is a normalized orientation distribu-
tion function of the structural unit 0-U; U,U; with respect
to the coordinate 0~X;X,X3 in Figure 1a.

In accordance with the analysis of Krigbaum and
Roe,!213 we can write the orientation functions Fy, and
Gion with some changes of the notation using w(cos 8,7)
in the case when the structural unit of a triclinic system
has a uniaxial orientation distribution around the X3 axis:

Fy, = j;hj;fw(cos 6,m Pl (cos 8) cos (ny) sin §dody (9)
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G, = f f w(cos 0,7)P}{(cos 8) sin (nn) sin 6 d6 dn
(10)

PP(cos 6) are the associated Legendre polynominals. By
use of eqs 7-10, S} in eq 5 can be formulated as a func-
tion of Fion, Gion, and S5

The amorphous chaln segments have uniaxial symme-
try around the Uj axis, and therefore Sjf in eq 6 may be
written as a function of Fig and Sff in snmple form.

The average linear thermal expansion coefficients o,
and of} in crystalline and amorphous phases, respectively,
in eqs 1 and 2 are given by

S(Fopy + 2 + 4)(o} + ap) + £(-2F +

Fyy +2) (11)

CV (e VY e
aj; (=ag) =

. 1
%= 2(1- Fag) o} + a) + 5@Fy + Do (12)

o (=af) = %(pggo +2)(® + ol + %(1 -3y (13)

off = 21~ FR)(aft + off) + SFH + Daf (19

where o and o are the intrinsic linear thermal expan-
sion coeff1c1ents of the crystal and amorphous phases,
respectively.

When stresses (0, ok, 053, 0, 0, 0) and (0, o5, ¢33, 0, O,
0) are applied to each layer in model II, the following
strains are induced in the respective phases:

€ = 5{20§2 + S{a":lsa + 0‘{1AT
€5 = Sl1o5 + Siaosy + agAT
¢hy = Sigoly + Sigoyy + a3 AT (15)
and
ey = Syo + Sizods + AT
¢3y = Shiody + Si305; + ap AT
€33 = Stios + S3303; + aiAT (16)
Here, one considers a case where the composite unit
is subjected to a tensile stress in the direction of the X3

axis as shown in Figure 3b, leaving the other directions
free from external force. Under this condition, one obtains

611 0
=poh + (1-poh =0

o = ey + (1-phads (17)
For the above restriction upon the stress, one derives

&g = #5{1 + (1-pe,

= = e
‘%Ia == el
6{12 = 5{3 =0 (18)
The elastic compliances S of the phase I in eq 15 can
be formulated as a functlon of Sf, Si7, and & according
to the method of H1b1 et al., 910 and tﬁe thermal expan-
sion coefficients o); are written in the Appendix.
When stresses (o1}, 0, o5, 0, 0, 0) and (6%, 0, 033, 0, O,
0) are applied to each layer in model III, the following
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relationships are obtained:

i = ol + St + alaT

d = Sliol + Shol + aiaT

633 {13“{11 Sgs":% + a33AT (19)
and

1L = Stiol; + Sfiols + afjAT

gy = Stoty + Siioss + a5AT

= S8%o}, + Shioss + a5 AT (20)

The elastic compllances SII of phase II can be formu-

lated as a function of S}, S;'J", and u according to the model

of Hibi et al.,%19 and tfxe thermal expansion coefficients
o are also written in the Appendix. The uniaxial stress
condition with respect to the X3 axis leads to the rela-
tions

a{lll = /‘Wn +{(1-ue}y=0

ol = 0
oby = oyt (1 - p)ods = oy (21)

For the above restriction upon the strains, one has

J = a
€11 511 €11
I _
€9 = #622 +(1-weg
Im_ 1
€33 = €33 = €3
dy=ep =0 (22)
where em and am correspond to the strain of the bulk
specimen and the applied external stress, respectively.
Therefore we replace em and am as ¢33 and g3, respec-
tively.

By use of eqs 1-4 and eqs 15-22, the bulk strain ¢,,

can be separated into two components: one is ¢, associ-

ated with the external applied stress, and the other is

e?;, associated with the thermal expansion effect. That

is
€3 = €53+ €53 (23)

where

(S1y)*(S3 - S3p)

€33 # 313 # Sa 33 |33
St - Sh — 3

(23a)
< [ SHSHas - o) - Siati-al)] | n1,p
(S IJS ) (S #Su)
— & i 3
(23b)

Thus, Young’s modulus E is given by

PR TP
€33 ( i 13) ( M. 11)
Sis + 1=, St " 35

and the thermal expansion coefficient in the bulk in the

(24)
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X3 direction is given by

A = € =l + Sia[Sta(ed; — ) - Sgilad] - aip)]
Y AT 33 #813 uS
St I St —u 5

(25)

Returning to Figure 2, we now shall discuss the crys-
tal strain detected by X-ray diffraction. First, the crys-
tal strains of the structural units of crystalline phase in
the three principal direction must be formulated. In this
model system, they are as follows:

2 = 320ty + Sthoty + Sofs + AT
€33 = Siofy + Siiol, + Sisel; + AT
e3 = STgo1; + 55305 + Sigog + agAT
=€y =e3=0 (26)
The crystal strain €3, 53, and 53 may be represented by
the external applied stress o33 and by AT. That is
6(1:? = U10'33 + VlAT
Egg = U20'33 + V2AT
égg = U30'33 + VaAT (27)
where the coefficients U; ( = 1~3) and V; ( = 1, 3) are
written in the Appendix.
In the geometrical arrangement shown in Figure 1lec,
the crystal lattice strain in the direction of the recipro-
cal lattice vector of the jth crystal plane may be given

by using the formula of transformation of strain compo-
nents:

app co
€

= cos® 0,53 + sin’ ©; sin? &5} + sin’ ©; cos® djefy
(28a)
= (Us cos® ©; + U, sin® ; sin® @, +
U, sin® 9; cos’ ®)agy + (V5 cos’ 6, +
V,sin® ©; sin” ; + V; sin? §; cos® ®,)AT (28b)
= SP0g + o’ AT = ¢ (o) + (AT) (28¢)
Thus, the apparent crystal lattice modulus of the jth plane
may be defined as
Efjf’ = 1/Sf;’ (29)
where
S7 = Us cos? ©; + U, sin’ ©; cos? &, + U, sin’ ©; cos® &;
(30)
The apparent thermal expansion coefficient of the jth
plane is defined as
a;? = V3 cos’ ©; + V, sin’ 6 cos® ; + V sin’ 6; cos’ &
(31)

Here we must emphasize that E°° and of’ are the con-
stants obtained by X-ray dlffractlon when the external
stress is parallel to the X3 axis, but they are dlfferent
from the intrinsic value. The values of EP° and af° can
be estimated experimentally from the meésureme’nt of
the X-ray intensity distribution by using an ordinary hor-
izontal scanning type goniometer over a desirable range
of twice the Bragg angle, 26g.1-5 In this case, the speci-
men must be mounted horizontally in the stretching clamps
of a constant-tension stretching apparatus in such a way
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that the tilting angle between the film normal direction
(the X axis) and the direction of the incident beam is
0,. When there exists a crystal plane perpendicular to
the chain direction detectable by X-ray diffraction (6; =
0), e‘” ® is equivalent to ¢33 Thus, the crystal lattice
modulus and thermal expansmn coefflclent in the chain
direction reduct to E$ (=1/U;) and o33 (=V3), respec-
tively.

III. Discussion

Equations 29 and 31 should be used to estimate the
crystal lattice modulus and thermal expansion coeffi-
cient for polymeric systems like poly(ethylene terephtha-
late), whose crystal unit cell is triclinic and has no plane
perpendicular to the chain axis detected by X-ray dif-
fraction. For a monoclinic system such as isotactic poly-
propylene, one should estimate the crystal lattice mod-
ulus and thermal expansion coefficient of the (113) plane
using eqs 29 and 31, respectively. In this case, orienta-
tion factors Gion in eq 10 become zero.

For nylon 6, poly(vinyl alcohol), and cellulose, one can
estimate the crystal lattice modulus E33 from 1/Us, di-
rectly. In this case, orientation factors in eqs 9 and 10
become

Fi, =0 (nisodd)
Gy =0 (nisodd) (32)
For orthorhombic systems, like polyethylene, we have

Fy,=0 (nisodd)
Gn=0 (33)

IV. Concluding Remark

In this paper, we presented a treatment that may be
useful for the estimation of the effects of crystallinity
(6u? in our model) and chain orientation in the determi-
nation of the crystal lattice modulus of semicrystalline
polymers. In the following paper in this issue,! we will
illustrate, through numerical calculations, the applica-
tion of the present theory to X-ray measurements of the
lattice moduli of cellulose I and II. In a future publication,?
we will discuss the crystal lattice moduli of nylon 6, poly-
(vinyl alcohol), and poly(ethylene terephthalate) derived
from X-ray measurements.
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Appendix

The average thermal coeff1c1ent can be obtained by
representing all strains e,] and eU as functions of o33, For
example

. _[ 2X,(SS, - S (ST - S
€33 =

: + 655 +
ST+ gt + S

9x S avy( _av _ _cv
(1-6)85 |ogs + o lg)(a“ T+ bagy+
2+ 75051+ Sh)

1- a)agg]AT
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Therefore al; becomes
eV _ Qavy( .8V _ ¢V
+(1-d)all + 2X(S13 Sl; (o) - o) (A1)
£+ S5+ (S + S

I _ cv
agg = dags

Using the same procedure, one has
(ST + S5 (af] - fl)

oy = ay = aof] 3 e (A2)
T+ SE 1 6(
ags aég S{a[sg(a;g - 0‘.'153) = Sgleqy - a{l)] (A3)
1 K av
(s13 + i #sm) (s )s
SI Sav av _ - 82 _ )
oll = oy 11[S13(od3 0‘33) Sgalady a1p)] (Ad)

(St + T2=sn)st - (st + 25t
+ [(s{3 + 1—*_‘”335) w _

(st + —“—Sﬂ)saz]‘l[ (o8 - o) SH[ w(Sh; - S1p +
(1- w)(Sh + 72=5%) ] - (e - odo [ (L - st +
(- wst(sh + 728t | ] @as)

The coefficients U; ({ = 1~3) and V; (i = 1~3) ineq
28b are given by

U, = (-FA1 + S%)/Clu + (1 - wA] (A6)
V, = ~(-FAL + S%)[BC(1 - ) + D]/[u + (1 - wAIC -
FA2 + o (A7)
U, = (-FB1 + 52)/[ + (1 - wAIC (A8)
—~(-FB1 + S)[BC(1 - u) + D]/ {u + (1 - w)A]C -
FB2 + o2 (A9)
U, = (-FC1 + S2)/[u + (1- wAIC  (A10)

=-(FC1+ SH)[BC(1 - ) + D1/[u+ (1 - w)A]C -
FCZ + a33 (All)

o = #ah + (1 - wai]

where

a1 - S SIS+ S A2
N+ SE+ T(S‘H +5%

(af) - au)(S

FA2 = 5 (A13)
i+ SfE+ TSN+ S
- +
FB1 = (STs - Stz (5 1o + S5 (A14)
S+ S5+ (S + St
O + CO
FB2 = (an 0!11)((S 12 (A15)
FCI = (Sgg - 13) (5813 + 2?3) (A16)
%+ S+ TS + ST
ov _ . av co co
Feg = — &0 “”)(55 R (A17)
%+ S + 75T + S
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usav M’ 8y
(1- m[ (si’s + 1_‘2)8{‘3— (s{ﬁ + 1_‘2)3&‘3]

N MS?E)
(s{é+ ; _‘z) B- (s{% +io,)ss

=“+

(A18)
D=

(1_ )[(Sll+#Sﬁ)(aav_al)_(sll+p' ﬁ)(aav_all ]
H uvtr-, 33~ (33 BT, 11~ %1
ay av
2 1813
(S§a+ T _1;) - (Sﬂ +——1_5

(ks + 72 S8)Sks - (Sh + 2 St)Si

I M
(St + E=S1)sts - (Sh + TESH)s%

(A19)

A= (A20)

J v
(o - ak)(Sh + 75K - (o - el Sk + T£S%)

5 (st + 72 %) 5~ (s + 7E-st)ss
13 1_“ 1313 11 1_# 11 3 (A21)
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Effect of Orientation Distribution and Crystallinity on the
Measurement by X-ray Diffraction of the Crystal Lattice Moduli

of Cellulose I and II
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ABSTRACT: The crystal lattice moduli of cellulose I and II were measured by X-ray diffraction using
ramie and mercerized ramie. The measured crystal lattice moduli were in the range from 120 to 135 GPa
and from 106 to 112 GPa for cellulose I and II, respectively. These values were different from recent the-
oretical estimates of 167 and 163 GPa for cellulose I and II, respectively, reported by Tashiro and Koba-
yashi. To study the origin of this difference, a numerical calculation of the crystal lattice modulus, as mea-
sured by X-ray diffraction, was carried out by considering effects of the orientation factors of crystal and
amorphous chains and crystallinity. In this calculation, a previously introduced model was employed, in
which oriented crystalline layers are surrounded by oriented amorphous phases and the strains of the two
phases at the boundary are identical. The theoretical results indicate that the crystal lattice modulus
measured by X-ray diffraction is different from the intrinsic lattice modulus when a parallel coupling between
amorphous and crystalline phases is predominant, while the values of both moduli are almost equal when
a series coupling is predominant. Thus, the crystal lattice moduli of cellulose I and II measured by X-ray
diffraction are predicted to be dependent upon the morphological properties of the bulk specimens. The
numerical calculations, however, indicate that the morphological dependence is less pronounced with increas-
ing degree of molecular orientation and crystallinity. Thus, it is concluded that fibers and films with a
high degree of molecular orientation and a high crystallinity should be used as test specimens for measur-
ing crystal lattice moduli by X-ray diffraction.

I. Introduction

In previous papers, the crystal lattice moduli of
polyethylene! and isotactic polypropylene? were studied
by X-ray diffraction using ultradrawn specimens. The
results obtained suggest that the stress in a ultradrawn
specimen is almost equal to the external applied stress
and that the homogeneous stress hypothesis commonly
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used to derive the crystal lattice modulus from X-ray
measurement is valid. In related work,? a mathematical
representation based on a linear elastic theory was pro-
posed to account for the dependence of the measured
crystal lattice modulus in the chain direction on molec-
ular orientation and crystallinity.? This description indi-
cated that the crystal lattice modulus as measured by
X-ray diffraction is different from the intrinsic crystal
lattice modulus, but the calculated value is almost inde-
pendent of the molecular orientation and crystallinity,
except in the case of a low degree of molecular orienta-
tion and low crystallinity.
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