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A tensile-stress-induced low-frequency shift was measured for the Raman bands of crystalline
polyoxymethylene (POM) and polyethylene (PE) with different draw ratios A. The apparent frequency-shift
factor p (=AV/Aay,y) for the 539 cm ™! skeletal bending mode & (COC) was found to become larger for the
POM sample withlower 2: p= —24 cm™!/GPa (A=7), —19 (A=17) and — 11 (1=34). Such a difference in p
was too small to detect for the skeletal stretching modes of PE samples with =7 to 100: p= —6.0cm ~!/GPa
for v,, (CC) at 1064 cm ! and —4.5 for v, (CC) at 1131cm ™!, This experimental fact, i.e. the dependence of
the frequency-shift factor p on sample morphology, cannot be reasonably explained in terms of a
homogeneous stress distribution or the simple mechanical series model of crystalline and amorphous phases.
Based on the complex mechanical model (i.e. the parallel—series and series—parallel models), the Raman shift
could be understood quantitatively, and the intrinsic shift factor a of the crystalline region was estimated as
—11c¢m ™~ !/GPafor the § (COC) mode of POM and as —5.0cm ™ !/GPafor v, (CC) and —3.8 cm™~!/GPa for
v, (CC) of PE. A change in the Raman band profile under tensile stress was simulated and compared with the

observed data.
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INTRODUCTION

In estimating a limiting Young’s modulus of a polymer
chain, an X-ray diffraction method under tensile stress
has been playing an important role!. In this method the
crystalline deformation is measured as a change in the
Bragg angle, and Young’s modulus is evaluated by
dividing the stress o, by the strain ¢, where o, and ¢, are
the stress and strain, respectively, of the ‘crystalline’
phase. In this process we always encounter one serious
problem: the assumption of a homogeneous stress
distribution within the sample or the reasonableness of
the so-called mechanical series model. In this model o, is
equated with the stress a,,, applied to the bulk sample.
Ward et al.? called the modulus thus obtained the
apparent crystallite modulus EXP (=6, /¢.). The true
crystallite modulus is defined as E™=o,/s,. By
measuring the X-ray diffraction of polyoxymethylene?
and polyethylene® samples under tension, they found that
E® is dependent on the sample preparation conditions,
such as draw ratio, and that EZP? exhibits a remarkable
temperature dependence in the vicinity of the glass
transition temperature. They supported the so-called
Takayanagi model in interpreting such behaviour of EF.
In recent X-ray measurements, Nakamae et al*®
reported that ultra-drawn polyethylene and poly-
oxymethylene samples exhibit crystallite modulus values
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different from those of ordinarily prepared samples.
Contrary to Ward et al., they insisted on the
reasonableness of the series model and ascribed such a
difference in crystallite modulus to a difference in
molecular motion in the crystalline region between
ordinary and highly oriented samples. But they do not yet
answer the naturally occurring question of why molecular
motion of the polymer chain in the crystalline region must
change from sample to sample. Thus there still remains
the serious and unresolved problem of which mechanical
model is more reasonable for interpreting the above-
mentioned phenomena of the crystallite modulus.

In a series of papers®® we have described the
vibrational spectroscopic change induced by a tensile
stress applied to oriented samples of polydiacetylene
single crystal, ultra-drawn polyoxymethylene and ultra-
drawn polyethylene. The infra-red and Raman bands of
the skeletal vibrational modes were found to shift to the
lower-frequency side with increasing tensile stress. These
spectral changes are quite consistent with the lattice
dynamical prediction for the deformation process of a
stressed polymer chain!®. In such a discussion, however,
the frequency shift has been plotted against the bulk
stress, not against the true crystalline stress, this being
actually equivalent to a tacit utilization of the mechanical
series model. In the measurement of the Raman spectra of
stressed polyoxymethylene and polyethylene samples
with different draw ratios, we have found that the
frequency shift varies among the various samples. Since a
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Figure 1 Polarized Raman spectra measured under tensile stress for POM samples with draw ratios of 7.3 and 34. An asterisk indicates the position of

natural emission from Ar-ion laser

homogeneous stress distribution should result in the same
frequency shift irrespective of sample morphology, these
data require us to reinvestigate the assumption of the
mechanical series model from the spectroscopic point of
view, as described in the present paper.

EXPERIMENTAL

Samples

The polymers utilized in the present study were
polyoxymethylene (POM) and polyethylene (PE).

POM. Three types of samples were employed: (a)
Delrin rods with draw ratio A=7.3, prepared by
stretching the melt-quenched sample at 160°C; (b)
transparent rods (Tenac 3010, Asahi Chemical Co.)
prepared by a ‘pressurized drawing method’ with A=
17*1; (c) rod samples (Tenac 5010) with A= 34, prepared
by drawing under the ‘dielectric heating process’
developed by NTT Co. Japan!Z.

PE. Two samples have been used: (a) an ultra-drawn
fibre from a dry gel, with A= 100; (b) ordinarily stretched
samples with 1 =26, 10 and 6.8. These latter samples were
annealed at 85°C (A=6.8) or 120°C (1= 10 and 26).

Measurements

Raman spectral measurements under tensile stress were
performed using a stretching device reported in previous
papers®?. The 514.5 nm light from an argon-ion laser was
utilized as an excitation beam and the spectra were
recorded with Japan Spectroscopic Co. R500 and R1000
Raman spectrophotometers. Since the frequency shift
induced by the tensile stress is not very large, the external
signal of the natural laser emission was used as the
frequency standard.

RESULTS AND DISCUSSION

Raman band shift induced by tensile stress

POM. In Figure 1 are shown the Raman spectral
changes of the oriented POM samples measured for the
skeletal deformation band § (COC) at 539cm™!. The
band indicated by an asterisk is from the natural emission

of the laser. As the tensile stress is increased, the band
peak position shifts towards the lower-frequency side. At
the same time the band profile gradually becomes
broader, although the absolute intensity change cannot
be compared among the different stressed states because
the optical conditions might not necessarily be constant
throughout the measurements. In Figure 2 is plotted the
peak frequency against the applied bulk stress o for the
three kinds of POM samples. The initial slope or the
frequency-shift factor is found to be different for the
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Figure 2 Raman frequency shift induced by tensile stress applied to
POM samples with different draw ratios: 1=34 (A), 17 (@) and 7.3 (O)
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samples with different A over and above that due to
experimental error. This observation is confirmed with
good reproducibility. The frequency-shift factor is
estimated as follows:

A=34 AV/AGyy = —11cm™/GPa
17 -19
73 -24

PE. Figure 3 shows the Raman spectra of PE samples
measured under tensile stress for the skeletal stretching
bands, i.e. v, (CC), the symmetric stretching mode at
1131cm ™!, and v,, (CC), the antisymmetric stretching
mode at 1064 cm~!. In Figure 4 the frequency is plotted
against bulk stress for these bands. A tendency for a low-
frequency shift is observed, similarly to the case of POM,
but the shift factor is very small and no difference among
samples is detected. Within experimental error, the
frequency shift is estimated as ca. —6.0 cm ~!/GPa for v,,
(CC)and —4.5cm ™ !/GPa for v, (CC) for all the samples
with different draw ratios.

Interpretation of the experimental Raman results by the
mechanical series model

The above-mentioned experimental fact that the stress-
induced Raman frequency shift is dependent upon the
draw ratio of the samples is consistent with the behaviour
of the apparent crystallite modulus EX*®, as pointed out in
the ‘Introduction’. Thus the experimental results of X-ray
diffraction and Raman spectroscopic measurements are
difficult to interpret reasonably in terms of a
homogeneous stress distribution within the sample or the
simple mechanical series model, because this model
requires independence of the elastic behaviour of the
crystalline part upon the sample morphology. So, let us
try to analyse the experimental results based on another
type of mechanical model.

Interpretation based on the complex mechanical model

It may be possible, of course, to utilize the complicated
mechanical models for interpreting the above-mentioned
experimental results. But it is better to employ a model
that is as simple as possible because the introduction of
many undefined parameters will have the danger of
resulting in a fruitless arithmetical game. In the present
paper we will employ the so-called Takayanagi model
(Figure 5), which was utilized by Ward et al.%® for
interpretation of E®P. In another paper!3, Ward et al.
proposed the three-component model consisting of the
crystalline, amorphous and aligned non-crystalline
phases, which might be better in interpreting the
mechanical behaviour of POM. But even the simpler
mechanical model used here, i.e. the two-component
model of crystalline and amorphous phases, can
reproduce the essential mechanical behaviour of POM
and PE samples quite satisfactorily, as stated below.
Although the Takayanagi model has two ways of
combining crystalline and amorphous parts (parallel—
series and series—parallel models; see Figure 5), the two
cases do not give very different final results and so the
parallel-series model will mainly be used in the present
paper. In order to establish the reasonableness of this
mechanical model, we will first try to analyse
systematically and consistently both E¥® and E,,, data
reported so far®!3-!7 and evaluate the parameters a and b
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Figure 3 Polarized Raman spectra measured under tensile stress for
PE samples with draw ratios of 26 and 100

o
1
(@]

2

v (CC)

-2
0 .
-2 —_ 10

Shift (em™!)

;

¥
o !
t
-

Q
(o]
n
(o]
H

0.6 0.8 1.0 1.2
Stress (GPa)

Figure 4 Raman frequency shift induced by tensile stress applied to PE
samples with different draw ratios: 1=100 (O), 26 (x ), 10 (A) and 6.8

(@)
x o] Cl Cl
A c2 A 7] A 2]
T =
a Series b rarallel-series C Series-paralle!

Figure 5 Various types of mechanical models: C, crystalline phase; A,
amorphous phase



Morphology and stress-induced Raman shift: K. Tashiro et al.

80

E:PP

Young's modulus (GPa)

o] ] | 1

0 10 20 30

Draw ratio, X

Figure 6 Reported experimental values of EZPP and Ey,; of POM
samples plotted against draw ratio 459131417

which are necessary for the quantitative interpretation of
the Raman data.

Confirmation of the reasonableness of parallel-series
model

POM. Figure 6 shows the dependence of the data of
EP and Ey,y, upon the draw ratio 4 of the POM samples
observed at room temperature®®13!4 (It should be
noted here that all the samples listed in this figure are
drawn and annealed under essentially the same
conditions: drawn at 140-170°C and annealed at 150-
170°C. Therefore we may discuss the mechanical
behaviour of these samples on a common basis.) In the
low A range, EJ® is seen to be apparently constant
irrespective of A but E,, increases greatly with A. For the
sample with high A, however, E*® is appreciably higher
than that for the low 1 samples (more than can be due to
experimental error). At the same time, even E,, exceeds
the E3P values of the low A samples! So, let us try to
interpret the whole data of E¥® and E,,, systematically
based on a unique value of the true crystallite modulus
E::rue.

In the parallel-series model, the degree of crystallinity
x is given by:

x=1—a+ab (1)
where the parameters are defined as shown in Figure 5b.
The strains of the crystalline components 1 and 2 (g, and

g,) are different from each other. X-ray diffraction
observes their average value®:

1—a b
Goy=——e + 2,
X X

_l—aoyy  ab Opuik
T X E™ X bE™ 4+ (L-DJE, @

where E, is Young’s modulus of the amorphous
component. Then, EP® and E,;, are written as follows:

ab -1 3
b+(1- b)Ea/E'cm) ®)

E‘;""=%"‘%=EL’“°x<1—a+
&

O (l—a a -1
E k=—"—= +
S (Ez'“ b+ (1 —b)Ea) @

As seen in these equations (1)-(4), EX® and E,, are
functions of Ei™, E,, a and x. Of these, E/™ and E, are
common to all the samples and a and x are dependent on
the draw ratio A. It is desirable to reduce the number of
parameters to be determined to as few as possible.
Concerning the degree of crystallinity x, Komatsu et al.!®
reported a set of experimental data measured by various
methods such as n.m.r., d.s.c. and X-ray diffraction. Their
results are reproduced in Figure 7. The crystallinity
estimated using the density is not considered very suitable
to adopt here, because the POM samples contain voids,
to a greater or lesser degree. The value of x is dependent
only on 4 but independent of the sample preparation
conditions (the pressurized drawing method, the ordinary
drawing process, etc.). As seen in Figure 7, their data for
x, as a function of 4, may be reliable and so are adopted
here, because the values estimated by the three different
methods are not dispersed very much. In the actual
calculation, the average values indicated by asterisks are
utilized. As for the amorphous modulus E,, thefinal result
is not so dependent on the value of E, over an acceptable
range of variation, as stated later. So, in the present
calculation the value reported by Ward et al.! will be
employed with a slight modification: E,=3.7 GPa at
room temperature. Using these values of x (as a function
of A) and E,, we calculated E¥? and Ey,, of each sample
against the parameter ¢ with a unique constant E.™°
common to all the samples. Figure 8 shows an example
for the sample with A=14. In this case, x=0.64 from
Figure 7.1f EX™ = 109 GPa is used as a trial value, which is
the theoretically calculated value based on the vibrational
spectroscopic data without any consideration of thermal
motion®, a suitable solution for a is not found which can
reproduce both the observed EX* and E,, satisfactorily
and consistently within experimental error (about + 107):
the calculated EZ™® is, on the whole, too high compared
with the observed one. This means that the selected EI™*
value should be reduced much more. After repeating a
trial-and-error process, Ei“°=75 GPa is found to satisfy
the observed data reasonably, when the a value is about
0.4. In other words, if we choose Ef**~75 GPa, a unique
solution for a can exist which satisfies both Ef? and E,
consistently. Carrying out a similar process for all the

100

———

x (%)

1
30 35

Figure 7 Dependence of the crystallinity x of POM on the draw ratio
A.The data are after Komatsu et al.!®. The asterisks indicate the x values
utilized in the calculation of EZPP and Eyy (refer to Table 1)
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Figure 8 (a) Calculated E2PP and Ey,p; of POM as a function of the parameter a for various values of EX¢, The observed values with an estimated
experimental error of 109 are indicated by the shaded areas. (b) The effect of E, on the calculated E2PP and Epyy, where ES™ is 75 GPa

samples, we can determine the most suitable values of a
and a common value of ES*°, The results are summarized
in Table 1. In Figure 8b is shown the effect of the
amorphous modulus E, on the calculated values of EXP
and E,,;. In this example of Figure 8b the unique
parameter a is limited to around 0.4 and a too large
modulus of E,, 10 GPa, cannot give a suitable a value
which satisfies both EX¥? and E; . Such a situation is
seen for all the samples with different draw ratios. The
three-component model proposed by Ward et al.'3,
which includes the contribution from the aligned non-
crystalline component, may require us to utilize an
amorphous modulus E, dependent upon the draw ratio 4;
such a consideration might be necessary especially for the
sample with high draw ratio (A= 14-34). But, as seen in
this figure (and also for the case A=34, not indicated
here), a slight variation of E, over a reasonably acceptable
range does not affect the final result very much. Figure 9
shows a comparison between the observed and calculated
values of EXP and E,,, for all the samples, where the
straight line represents complete coincidence between the
observed and calculated moduli. In the case of E™*=
109 GPa, E,, can be fitted but EX*® cannot be explained
reasonably; the calculation gives much larger EX
compared with the observed value. For E;**=75GPa, in
contrast, both E?* and E,, can be explained for all the
samples within the allowed experimental error. (In Figure
10 is shown the case of the series—parallel model (Figure
5c¢) and the result is essentially the same as that of the
parallel-series model.) On taking into consideration the
experimental error, the actual E™ may be in the range
68-82 GPa. The difference between the theoretical E™°
(109 GPa) and the estimated E.™° (75 GPa) is considered
to originate from the effect of thermal motion of a
molecular chain at room temperature: the detailed
discussion will be presented in a separate paper!’.
Figure 11 shows the dependence of E,; on the draw
ratio A, where the observed data are quoted from the
paper by Komatsu et al.'®. The calculated E,,, fits the
observed curve rather well. It should be noted here that
the parameters necessary for calculating E,, are derived
from the data by Ward et al.!?, Sakurada et al.'4,
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Nakamae et al.> and the present authors!’ but the
calculated E,, is in good agreement with the values
observed independently by Komatsu et al., indicating
that E,,, (and the crystallinity x) is determined almost
uniquely by A, as pointed out by Ward et al.'°. Figure 12
shows the dependence of the parameters a and b on A.
Figure 13 illustrates some examples of the mechanical
models for samples with different 1. As the draw ratio 4
increases, a decreases and b increases gradually. In the
case of low A, the parallel crystalline component 2 is very
small in population and therefore the sample might be
assumed to satisfy apparently the mechanical series
model’, although the effect of this parallel component on
E®? is never negligible. This is consistent with an
approximate constancy of the observed E* in this range
of A (see Figure 6). As A increases further, the parallel
crystalline component fraction increases and the
mechanical series model is not applicable. Although the
mechanical model is a mathematical concept and does
not necessarily correspond directly to the structural
model, such an increment in the parallel crystalline
component may suggest an increase in extended tie chains
within the sample!®, In the above calculation the effect of
chain orientation is not taken into account. But, as
reported!8, the degree of orientation mostly saturates up
to 989, even for samples with A of 7-8. Therefore an
orientation effect is neglected here in an approximation, It
may also be possible to consider the effect of low chain

Table 1 Comparison of observed and calculated Young’s moduli E3PP
and Eyyy of POM and the parameters x, a and b determined

Draw E2® (GPa) Evuik (GPa)
ratio,
A Obs® Calc? Obs® Calk? x a b

4 57 59 6 9 0.50 0.51 0.02
10 53 48 23 21 056 050 0.12
14 52 55 24 22 0.64 040 0.10
17 47 54 36 40 0.69 045 031
21 50 58 38 43 0.75 035 029
34 73 61 60 53 080 036 044

¢ Quoted from refs 5, 9, 13, 14 and 17
b Eie—175GPa, E,=3.7GPa
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orientation, which reduces the crystallite modulus along
the draw direction remarkably, as included ‘formally’ in
the soft amorphous component.

PE. A similar treatment was also carried out for PE.
Figure 14 shows the reported A dependence of E* and
E,, for PE samples at room temperature®!*6 In
Figure 15 is shown the relationship between the observed
and calculated Young’s moduli of PE, indicating the
reasonableness of the parameters utilized: EY™*=260+
10GPa and E,=0.5GPa%°?22, Table 2 lists the para-
meters - determined. Figure 16 shows plots of x, a and
b determined as a function of A. Figure 17 shows some
illustrations of the mechanical models of PE with different
A. Different from the case of POM, the contribution of the
parallel crystalline component (fraction ab) is very small,
e.g. ab=0.0001 for A=6, 0.0004 for 1=18 and 0.002 for
A=100. In other words, a simple mechanical series model
may be apparently a good approximation for interpreting
the relationship between the crystallite and bulk moduli
of PE, although the observed E® is always lower than
Etrue

The EI™* estimated at room temperature, 250-270 GPa,
is a httle lower than the spectroscopically found

values of 290 GPa?3 and 281 GPa?* and the theoretical
value of 316 GPa?®. This may be due to the effect of large-
amplitude thermal motion of planar zigzag chains at
room temperature. In fact, E;*® evaluated at —150°C is
about 290 GPa?¢, very close to the theoretical value.

In this way, by choosing physically reasonable
numerical values of the parameters, both E?® and E
can be reproduced systematically enough based on the
complex mechanical model. In the following section we
will analyse the Raman spectral data based on this
mechanical model.

Interpretation of the stress-induced Raman frequency
shift based on the complex mechanical model

It will be assumed here that the stress-induced Raman
frequency shift is given by a unique function of stress. That
is to say, the Raman frequency of the vibrational mode in
the crystalline region is assumed to shift linearly with
stress in a low-stress region:

=Vy—ac (5)

where o is the intrinsic frequency shift of the crystalline
phase. In the parallel-series model shown in Figure 5, the
tensile stresses applying to the crystalline phases 1 and 2

POLYMER, 1988, Vol 29, October 1773
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are expressed in terms of the bulk stress oy, as follows:
01 = Opyix (©6)
03 =E Gy /[DES +(1—b)E, ] (7
Therefore the Raman frequency shifts in the crystalline
phases 1 and 2 are given by:
Vi =Vo—00; =Vo—A0py ®)
¥y =T — a0, = o — ¢ E Oy /[DE + (1 - D)E, ] &)
The observed Raman intensity I(¥) is assumed to be a
summation of the intensity for each vibrating oscillator

i(¥) or in proportion to the number of oscillators: if N
oscillators exist in the crystalline region, then:

I(%)=Ni(¥ (10)

In the low-stress region, the observed Raman frequency
shift is assumed to be an average between ¥, and ¥,
weighted with peak intensity. Using equations (8)(10),
the apparent shift {¥) is expressed as follows:

LGP+ L0,

= O+ 1,6) (1D
_(-ap, ,ab,
B X + X
=¥y — POpui (12)
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Table 2 Comparison of observed and calculated Young’s moduli E2PP
and Eyy, of PE and the parameters x, a and b utilized

Draw E? (GPa) Epyk (GPa)

ratio,

2 Obs® Calc? Obs® Calct! x a b

6 235 241 0.64 14 0.59 041 0.0002

13 235 214 6.9 64 0.76 024 0.004
18 235 23t 4.7 50 0.80 020 0.002
50 222 238 27 28 090 0.10 001

100 225 236 50 46 090 0.10 0.02

200 222 248 115 116 095 005 004
300 229 250 170 167 096 004 007

% Quoted from refs 3, 15 and 16
b Eive=260 GPa, E,=0.5GPa
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where
o abE™
p=;<1—a+bEL‘“°+(1—b)E,>
=a(E™/ES™)
=aq (13)
q=E’/EF® (14)

Equations (12) and (13) imply that the original shift factor
is modified to g due to the inhomogeneous stress
distribution within the sample. Since g> 1, the apparent
Raman shift factor p is predicted to be larger than a.

POM. In the case of POM, the apparent shift p is
estimated from the initial slope of Figure 2. Utilizing the
calculated and observed values of E?® and E™ listed in
Table 1, q is evaluated from equation (14). A plot of p vs. g

should be a straight line passing through the origin. The
result is shown in Figure 18. The slope of the straight line
gives the intrinsic shift factor for the skeletal bending
mode as:

o~ —11cm~'/GPa

PE. As pointed out in the previous section, the
Raman frequency shift induced by the tensile stress is
almost independent of the draw ratio of the sample. Such
a situation is also seen for EZ*P: for all the samples utilized
here E®P is 220-230 GPa. Since the estimated E™ is
about 250270 GPa, g is calculated to be about 1.2 from
equation (14). Using the observed frequency shift data
(p[v.(CC)] = —6.0cm ™! /GPa and p[v(CC)]=
—4.5 cm ~1/GPa), the intrinsic shift factors are evaluated
as follows:

a=p/q~—50cm~}/GPa  for v,(CC)
—38cm~1/GPa  for v(CC)

As clarified in the case of POM, the apparent frequency
shift is larger for the sample with lower draw ratio or the
sample with lower fraction of parallel crystalline
component. In equation (7), EX™ can be assumed to be
much larger than E, and then ¢, is approximated as:

0= EZ’“”Gbulk/[bEir“ +(1—- b)Ea] =~ Gy /b (15)

The value of b is small for the low 4 sample, and then o,
becomes very large. That is to say, the tensile stress acting
on the parallel part is concentrated onto the crystalline
phase 2, resulting in a larger shift than for component 1.

x =0.59 x=0.80 x = 0.90
Y :
YWx e o 2777777 g
0.9998 0.998 0.98
\=6 A=18 A =100

Figure 17 Some illustrations of the mechanical models of PE with
different draw ratios

30
e ——
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©
a
o
~
‘e
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g -
QU |10
0 1 i
s} 1 2
q

Figure 18 A plot of p against g (refer to equation (12) in the text): (@) q
values obtained from the observed EZPP and Et™® (g = E™/E®P); (O) ¢
values obtained from the calculated EZPP, where the parameters x, a and
bfor the sample with 1=7.3 are estimated by interpolating the curves of
Figure 12
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Then the apparent peak shift becomes more remarkable
for such a low A sample. (In the case of the crystallite
modulus, the strain of the stress-concentrated parallel
crystalline part becomes larger than the crystalline part 1,
and thus the apparent crystallite modulus is observed to
be lower than the intrinsic true modulus.) Actually, of
course, we must also take into account the role of the
relative populations of each crystalline component in
evaluating the apparent frequency shift due to the overlap
of these two components. So, in the next section, we will
simulate the Raman frequency shift by calculating the
change in the spectral profile under the tensile stress.

ABC

1
560 540 520 500

1
560 540 520 500

1

L i
560 540 520 500
Wavenumber {cm™!)

Figure 19 Raman band shift under tensile stresses calculated for POM
samples with various draw ratios (the utilized parameters are referred to
in Table I): A, 0GPa; B, 0.2GPa; C, 04GPa

A simulation of vibrational shift under tensile stress

The band profile of a vibrating oscillator g(¥) is
assumed to be expressed by the following Lorentzian
function:

9o
(ﬁ— 60)2 +7‘2

g()= (16)

where ¥, is the peak frequency, g, /r? is the peak height
and 2r is the halfwidth. By introducing an equation for the

stress dependence of frequency (equation (5)) instead of ¥,
in equation (16):

9o
(F~Vo+a0)?+1?

g(V;0)= (17)

where g, and r are assumed to be independent of stress.
The whole profile for the crystalline parts is given by:

1—- b
G@)oc—2 g(F; 01+ g(; 0,) (18)
X X

Substituting equations (6) and (7) into equations (17) and
(18), we obtain:

1—a Jdo
G
(Poc x  (F—Tp+oouy)+r?
+ab 9o
% 77 + 00 B [DE™ + (1~ B)E, >+ 12

(19)

Using the numerical values of the parameters, G(¥) is
calculated for a given tensile stress; r is assumed to be
8cm™~?! for POM and 4cm ™! for PE.

POM. The calculated results are shown in Figure 19,
In Figure 20 are shown the contributions of the two
crystalline components to the band profile. As pointed
out in equation (15), the band position of the crystalline
component 2 shifts more than that of component 1
because of stress concentration. Such a tendency is more
remarkable for the sample with lower draw ratio A. Then
the resultant apparent peak position is observed to shift
much more for such a sample. At the same time the band

PP res-

550

510 550 530 510

Wavenumber (cm™)

Figure 20 Effect of tensile stress on the Raman band profiles and the contribution of the crystalline components 1 and 2 calculated for POM samples

with different draw ratios

1776 POLYMER, 1988, Vol 29, October



Morphology and stress-induced Raman shift: K. Tashiro et al.

profile becomes asymmetric and broader; in an extreme
case a shoulder begins to be observed for high stress. In
the actual sample, the stress distribution may be more
complicated than the present simple mechanical model

ABC

1080 1060 1040
Wavenumber (cmi!)

Figure 21 Raman band shift under tensile stresses calculated for PE
samples with various draw ratios (the utilized parameters are referred to
in Table 2): A, 0GPa; B, 0.5GPa; C, 1.0 GPa

and more components may be needed in the calculation.
Then the band profile will become more continuous and
broader with increasing stress?”-28, Such a prediction
corresponds well to the broadening actually observed in
the band profile shown in Figure 1. In Figure 18 the
apparent frequency shift of a peak position is estimated as
follows:

for 1=34, p~—13cm~!/GPa
for A=17, p~—18cm~!/GPa
for A=17, p~-—-21cm~!/GPa

These values are in good agreement with the observed
ones.

PE. Figures 21 and 22 show the dependence of the
Raman band profile for various values of the tensile stress.
In this case the stress-induced low-frequency shift is
almost constant irrespective of the sample. This is
because, as pointed out in the previous section, the
fractional contribution of the second crystalline
component is very small (see Figure 17). A small shift
factor may also make it difficult to detect a slight
difference in the Raman shift among the samples. The
bandwidth may become, in principle, broader with
increasing stress but the change is very small. In fact the
band broadening of PE is not so remarkable compared
with the case of POM.

CONCLUSIONS

In the present paper we have discussed the mechanical
model for crystalline POM and PE. In the interpretation
of the Young’s modulus and stress-induced Raman
frequency shift, at least, the so-called parallel-series
model (or almost equivalently the series—parallel model)
is found to be more appropriate than the simple
mechanical series model. As pointed out, however, the
series model may apparently be a good approximation for
samples with not very high draw ratio, because the
contribution of the parallel crystalline component is small.

2 (x500)

e ——— r

1040

1040 1080 1060

Wavenumber (cm™!)

Figure 22  Effect of tensile stress on the Raman band profiles and the contribution of the crystalline components 1 and 2 calculated for PE samples with

different draw ratios
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In fact the reported E;P is not very dispersed for samples
with low 4, although the value itself is a little lower than
E™. But, for samples prepared with ultra-high draw
ratio, the contribution of the parallel component cannot
be neglected and the series model cannot be accepted to
interpret the mechanical behaviour of the samples. The
discussion developed in this paper should be applied also
to the interpretation of the temperature dependence of the
crystallite modulus. The details will be reported in a
separate paper'’.
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