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The low-frequency Raman scattering (2-200 ¢cm ™! range) of poly(methyl methacrylate) (PMMA) specimens
plastically deformed in pure shear is compared to that of non-deformed specimens. The main experimental
feature is an excess of Raman scattering in the 30-50 cm ~ ! spectral range induced by plastic deformation.
This excess appears to be strongly anisotropic and is maximum when the light polarization is orthogonal
to the principal tensile strain component, i.e. to the chain orientation direction. The effect is still present,
but with a weaker anisotropy, after mechanical cycling when the macroscopic deformation is brought back
to zero by application of an opposite stress. These observations are interpreted in terms of the non-continuous
nature of the disordered network on the nanometric scale. The orientation of macromolecular strands

induced by plastic deformation is shown to be higher in the less cohesive spaces.

(Keywords: poly{methyl methacrylate); Raman scattering; plasticity)

INTRODUCTION

Raman light scattering is frequently used to study
the structure of polymeric materials. Depending on
the characteristic scale under investigation, different
frequency domains have to be considered. In conventional
Raman spectroscopy, short distance structure is investigated
using vibrations which are localized at the molecular
bonds. In low-frequency Raman (LFR) scattering, the
spectral range involved is ~1-200cm ™, corresponding
to acoustic vibrational modes which spread over
distances ranging from ~0.2-10nm. Furthermore, in
amorphous or microheterogeneous systems, the vibrational
modes at the origin of the scattering are of a non-
propagating nature because of the structural disorder.

For Stokes scattering, the LFR intensity I(w) can be
exprzessed as a function of the frequency w/2n according
to!2
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where C(w) is the light-vibration coupling coefficient, g(w)
the vibrational density of states (VDOS), and n(w) the
Bose factor. It was shown®** that in amorphous polymers
C(w) is proportional to o for frequencies <3 THz
(le. 100em™!), so that the reduced LFR intensity
Ip(w)=I(w)/[n(w)+ 1] is proportional to the VDOS.

The reduced LFR intensity in amorphous polymers

*To whom correspondence should be addressed

appears as an asymmetric bell-shaped curve with a
maximum between 50 cm ™' and 90 cm ™! depending on
the material. For most of the polymers, a shoulder is
present on the low frequency wing. This shoulder is
generally responsible for a well resolved peak in the
intensity spectrum I(w) of the LFR scattering pattern
taken at room temperature. This peak, located between
10cm ! and 20 cm ! is identified as the so-called boson
peak characteristic of the disordered nature of the
polymeric glassy structure!-*>. The boson peak is a
consequence of the excess of the low-energy VDOS, in
comparison with the Debye regime. This feature 1is
practically universal for materials in the glassy state. This
VDOS excess, which is also observed through inelastic
neutron scattering, is responsible for an excess in low
temperature specific heat capacity®’. Its origin is not yet
rigorously established but, as this excess appears at a
very low energy, it is expected to come from a softening
or simply a breaking of intermolecular bonds at different
points in the network. Microfluctuations of density and
cohesion are now well acknowledged in disordered
matter. This description can be regarded as an alternative
to the so-called continuous random model proposed long
ago. In this way, some authors have interpreted
the low-energy VDOS assuming the structure to be
inhomogeneous on the nanometric scale®°, domains with
strong internal cohesion being surrounded by material
of a weaker cohesion. According to this interpretation,
the position of the boson peak on the energy scale should
correspond to cohesive domains with a size of ~4 nm!°.
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Figure 1 Specimen geometry for simple shear test (before and after
deformation). The ink marker allows the local shear strain to be
measured optically (see text)

This schematic description of a disordered glass network
was sustained by computer simulations'! and is in
agreement with the existence of defects corresponding to
density fluctuations, free volumes or nanoscopic voids.
From the above considerations, the LFR spectra of
amorphous polymers are expected to be affected by
plastic deformation since it was recently shown by
positron annihilation experiments!? that a significant
amount of ‘free volume’ defects is generated by inelastic
deformation. The aim of this work is to investigate the
effect of plastic deformation on the LFR scattering of
amorphous poly(methyl methacrylate) (PMMA) with a
view to characterizing the structural transformations on
the nanometric scale. The experimental techniques are
briefly described and the results exhibited by specimens
subjected to different thermomechanical histories are
presented and discussed in terms of microheterogeneities.

EXPERIMENTAL

Sample preparation and mechanical testing devices

The PMMA used was manufactured by Norsolor
Company (France). The number-average molecular
weight, M, =58 000 g mol !, was assessed by g.p.c. The
pellets were processed by extrusion to manufacture
12 mm thick plates.

The shear samples were carefully machined from the
extruded plates (Figure I). The dimension of the calibrated
part was 4 x 3 x 60 mm?>. The samples were annealed for
2h at 120°C in an oven under vacuum in order to relax
the internal stresses. After the heat treatment, the
samples were allowed to cool naturally down to room
temperature. The specimens were mounted in a shearing
stage developed previously!3'!4, attached to the actuator
of a servo-hydraulic materials testing machine (MTS
model 810). The calibrated part of the specimens
was deformed in simple shear through the relative
displacement of the bulky heads on both sides. The local
shear strain y was assessed from the inclination 8 of a
serigraphic ink marker printed in the calibrated part of
the sample according to y=tan(f).

In order to control the sample deformation precisely,
the same system developed previously for tensile tests!?
was applied to the shear tests. It was composed of a video
camera interfaced with a fast microcomputer. The
distortion of the ink marker was analysed and its

252 POLYMER Volume 36 Number 2 1995

inclination 6 at the median plane of the specimen was
measured. The evolution with time of the local shear
deformation y(¢) was thus monitored in real time together
with the local shear stress t(¢). Furthermore, the computer
automatically adjusted the command signal of the
servo-hydraulic testing machine in order to keep the local
shear rate at a constant value. In the experiments
presented in this paper, a slow shear rate (y=5x 10745~ 1)
was chosen to ensure that no adiabatic heating arose
during the deformation process. The tests were performed
at 50 and 80°C, i.e. temperatures not far below the glass
transition to allow extensive plastic deformation of the
PMMA without significant damage.

Low-frequency Raman scattering

A high resolution Raman scattering spectrometer was
used in which the polymer specimen was illuminated by
means of an argon or krypton laser delivering an
incident light beam of wavelength 514.5 nm or 647.1 nm,
respectively (Figure 2). The laser beam was parallel to
the z axis of the shear specimens, i.¢. parallel to the torque
momentum of the applied shear. The backscattered
light was analysed with a 4 m focal length quintuple
monochromator equipped with a photon counting
system. This monochromator is a prototype designed by
DILOR (Lille, France) and its resolution at the first order
is ~8x 10°. The polarization of the laser beam could
be adjusted in the vertical or horizontal direction.
Subsequently, the horizontally polarized component of

Laser beam

spectroscope

Figure 2 Optical arrangement for the Raman backscattering experiment.
The rotation of the specimen around the incident laser beam makes it
possible to investigate the LFR scattered intensity as a function of
polarization direction with respect to the shear stress. Coordinates x
and y are fixed with respect to the specimen. 7 is the shear stress. The
angles 0 and « characterize the shear strain. The angle § represents the
orientation of the sheared specimen with respect to the polarization
direction of the incident laser beam
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Figure 3 Shear stress—strain pattern of PMMA at two temperatures
below the glass transition

the backscattered light wave was filtered out by
the five-grating monochromator. Thus, polarized and
depolarized LFR scattering (polarizations of incoming
and scattered lights parallel or perpendicular, respectively)
could be analysed in the VV or HV configuration,
respectively. By rotating the sample around the laser
beam direction, LFR scattering experiments were performed
for various inclinations § of the laser beam polarization
with respect to the shear stress direction. This angle
was chosen positive for a rotation vector in the same
direction as the shear torque momentum and the laser
beam as shown in Figure 2. Figure 2 also shows the angle
o representing the orientation of the principal (tensile)
axis of the strain with respect to the shear stress.

RESULTS

Plastic behaviour of the PMMA under simple shear

The shear stress—shear strain curves for PMMA
specimens deformed at 50 and 80°C (Figure 3) display
the typical features of a well annealed glassy polymer!*.
The curves are qualitatively similar for both temperatures,
but the stress level is significantly lower at_the higher
temperature. When the constant shear rate (y=5x 1074
s~ 1) is applied to the samples, a viscoelastic behaviour
is first observed up to ~ 3% strain (path AB). The plastic

responsc begins with a stress peak characteristic of a
transient regime with a marked strain softening (path
BC). The peak is followed first by a steady state plastic
flow regime, and then by a strain hardening building up
progressively as the shear strain increases, due to the
gradual orientation of the polymeric chains (path CD).
If the test were allowed to go on at the same strain rate
beyond y =1, the sample would eventually break because
of the development of cracks at the ends of the calibrated
part where the boundary conditions of the simple shear
geometry are not fully verified. Now, if the sample is
unloaded from y=1, a residual plastic strain is kept at
zero stress (path DE) which is essentially irreversible if
the specimen is quenched down to room temperature. A
particular feature of the video-controlled shear testing
method employed here is that a reverse shear can readily
be applied to the plastically deformed samples, by
imposing a negative strain rate and a negative shear stress
(path EF). If the reverse deformation is interrupted at a
precise strain and the sample unloaded (path FG), the
original point (shear stress t and macroscopic strain y
both equal zero) is then recovered.

Although the PMMA specimens subjected to the
plastic cycle (ABCDEFG) reach a final state which is
macroscopically identical to the initial undeformed state,
it is now well acknowledged through calorimetric data
and mechanical spectroscopy® that their microstructure
has been affected by the plastic deformation cycling. This
is evident from the behaviour of the cycled material when
it is sheared a second time in the direct sense (path
GHI). It is to be noticed that the yield stress is now
drastically lower than for the original material, and
that no strain-softening stage is encountered. Similar
observations have been reported for a variety of glassy
polymers tested under different loading modes' 7!, This
phenomenon has been discussed by the authors in terms
of ‘rejuvenation’ or ‘deageing’? of the vitreous structure,
i.e. erasure of a previous ageing. However, most results
published from tension-compression or from bending
experiments are affected by deformation heterogeneities
and fine experimental techniques are lacking to characterize
the structural transformations induced by the plastic
cycling at a microscopic level.

In this work, we take advantage of the concurrent use
of (1) a well suited mechanical loading geometry in which
the stress and strain can be controlled at the local level
avoiding serious artefacts, and (2) a spectroscopic method
which is sensitive to transformations on the nanometric
scale of the glassy material.

In the following, three series of specimens will be
considered:

1. specimens machined and heat-treated in the conven-
tional way, then left at rest. These samples will be
referred to as ‘undeformed specimens’;

2. specimens plastically deformed at constant strain rate
up to y =1, quenched down to room temperature and
then unloaded rapidly to zero stress. These samples
will be referred to as ‘deformed specimens’;

3. specimens deformed as the previous ones up to y=1,
and then sheared in the opposite direction at the same
shear rate and the same temperature until they were
brought back to their initial shape. These samples will
be referred to as plastically ‘cycled specimens’.
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Figure 4 LFR scattering intensity I(w) of undeformed (a) and
deformed (b) PMMA plotted against the Raman shift. The orientation
of the specimen is f= —55". The excess scattering at low frequency
due to the plastic deformation appears clearly

Low-frequency Raman characterization of the undeformed,
deformed and cycled specimens

Experiments were first carried out on an undeformed
specimen regarded as the reference state. Then, modifi-
cations induced by plastic deformation and cycling are
discussed by comparison to this state.

The undeformed state. The polarized LFR scattered
intensity spectrum I(w) of a typical undeformed specimen
is shown in Figure 4a. The boson peak appears clearly
at 16cm~!. The reduced intensity pattern appears
(Figure 5) as a broad band presenting a maximum at
83 cm ! with a weak shoulder at 13 cm ™!, Although the
experimental spectra are affected by some noise, the
results are quite reproducible when successive scattering
runs are sequentially performed on the same specimen
or on different specimens presenting the same history.

The deformed state. The case of polarized spectra is
considered first. The effect of a plastic shear deformation
(y=1) on the LFR spectra is illustrated in Figure 4b.
Compared with the spectrum for the undeformed state,
the LFR shape for the deformed state is significantly
affected in the low frequency range, but without
noticeable shift of the boson peak.

As recalled earlier, the estimation of the deformation
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effect is better carried out by comparison of the reduced
spectra. To this end a suitable normalization procedure
is carried out. Although normalizing with respect to the
total broad band integrated intensity Iz(w) could appear
to be the best way, there is no argument proving that
the broad band integrated intensity remains constant
after deformation, due to the possible uniform variation
of the light-vibration coupling C(w) with the structural
change'®. Thus, we chose to compare the LFR spectra
of deformed and undeformed samples, normalizing the
reduced intensities at the maximum w=83cm™'. The
comparison is illustrated in Figure 6 and discussed below.
The anisotropy of the LFR scattering can be depicted
according to its dependence on the angle 8 (Figure 7). The
effect of the sample rotation is symmetrical with reference
to the angle f= +35° For example, the LFR spectrum
for = +70° (not shown) is found to be identical to the
one for f=0°.

The particular value f=+35° nearly corresponds
to the orientation of the long axis of the strain ellipsoid
for the deformed specimen. Actually, the inclination
between the ellipse long axis and the shear stress is
given by tan(2x)=2/y. The value of the strain y=1 yields
a=32°

The spectra of the polarized LFR scattering for the
three typical rotation angles f=0°, +35° and —55° are
subtracted from the spectrum of the undeformed reference
specimen in Figure 7. For f= —55° and +35°, the light
polarizations are, respectively, orthogonal and parallel
to the long axis of the strain ellipse. An increase of the
intensity at lower frequencies appears clearly. It is rather
weak for f= +35° and strong for f= —55°. Concerning
this last orientation, a shift towards the high frequencies
is observed. It is deduced that there is no intensity increase
in the high-frequency wing, because no change of the
shape is observed. For the intermediate angle f=0° a
shift of the band as a whole towards the low frequencies
is also observed.

We turn now to consider the case of the depolarized
spectra (polarizations of excitation and scattering perpen-
dicuiar). Prior to any deformation, the depolarized LFR
spectrum is shifted towards the low frequencies in
comparison with the polarized LFR. The deformation
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Figure 5 Reduced LFR intensity Iz(w) of undeformed PMMA. The
boson peak that appears on the direct spectrum is transformed into
a shoulder on the low frequency wing



Low-frequency Raman scattering of PMMA: T. Achibat et al.

DEFORMED

(B=-55%) PMMA .

[r{®) (a.u.)

0 L ] 1
Q0 50 100 150

0] (Cm")

Figure 6 Comparison of reduced LFR intensity spectrum of deformed
and undeformed PMMA. The orientation is f= —55°

towards the lower frequencies are observed for the
different angles (Figure 8). The effect is important for
0° < f<20°. For the depolarized LFR, we observed a
shift towards the high frequencies particularly for =0°,
as for the deformed sample.

Effect of ageing and annealing on the deformed state

Complementing the above results, it is observed that
the effect induced by the deformation gradually vanishes
on ageing at room temperature. We observed a clear
difference between the polarized LFR spectra recorded
with the same sample, 15 days after the application of
the shear stress, and after 1 year, respectively: the excess
of the LFR at lower energy was weaker after 1 year.

Annealing at high temperature, i.e. above the glass
transition yielded similar trends as for ageing. The LFR
change induced by the deformation disappeared after
annealing at 140°C for 2 h.

DISCUSSION

As shown above, the main effects induced by the plastic
deformation on the LFR scattering are (1) the increase
of scattering in the low-frequency wing of the broad-band
and (2) the anisotropy. The identity of the LFR spectra
recorded for two symmetrical angles § with respect to
the particular value 35°, indicates that there is an
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Figure 7 LFR reduced intensity spectra of deformed PMMA,
subtracted from the reduced spectrum of the undeformed specimen, for
different orientations. The anisotropy of the deformation effect is evident

induces a shift of the depolarized LFR towards the high
frequencies for f=0°. The effect is weak and identical for
both f§ values (+35° and —55°).

The cycled state. The polarized LFR spectra of cycled
specimens appear to be less anisotropic. An increase of
the intensity Iz(w) in the low frequency wing, and a shift
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Figure 8 LFR reduced intensity spectra of cycled PMMA, subtracted
from the reduced spectrum of the undeformed specimen, for different
orientations. The anisotropy of the deformation is very weak
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orientation of the scattering centres along an axis which
is parallel to the long axis of the deformation ellipse. In
the polarized LFR, the increase of scattering at low
frequency is maximum when the light polarization is
perpendicular to the orientation axis, and approximately
zero when this polarization is parallel to the orientation
axis. These observations are explained by a partial
molecular orientation induced by the shear strain. The
increase of scattering at low frequency comes from
oriented molecular chain vibrations. This implies that the
vibration-induced fluctuation is larger for the component
a;; of the polarizability tensor, the subscript i specifying
the direction orthogonal to the orientation. The fact that
the spectrum, for light polarization parallel to the
orientation axis, is not very different from the spectrum
of the non-deformed sample indicates that, for this
polarization configuration, the LFR scattering is due to
the non-oriented polymeric chains.

The main experimental feature, which is the excess
appearing in the 30-50cm™"' spectral range for the
polarized LFR spectra of deformed specimen for the
inclination ff = — 55° (light polarization orthogonal to the
long strain axis), is explained as follows. In the
Introduction, we recalled that the reduced intensity of
LFR scattering, which is proportional to the VDOS and
in particular, the excess of LFR or boson peak, are
interpreted assuming a non-continuous structure of
glassy polymer on the nanometric scale: more ¢ohesive
regions coexist with less cohesive narrow spaces. From
our experiments it is not possible to claim that the more
cohesive regions percolate in the polymeric glass rather
than the less cohesive zones. The polymeric chains
are more entangled in the cohesive regions, so that
the interaction between molecular chains is stronger.
Furthermore the characteristic frequency of the boson
peak equal to 16 cm ™! (Figure 4a) is related to the mean
distance between less cohesive spaces (x4 nm)*°. Within
this scheme, the orientation starts in the less cohesive
inter-regional spaces. As no measurable shift of the boson
peak is observed, we deduce that the LFR excess which
appears in the spectral range 30-50cm ™! comes from
oriented molecular strands between entangled cohesive
regions. From the size—frequency relation, the length of
oriented molecular strands would be of the order of 1 nm.

The deformation effect on the LFR scattering for the
intermediate polarizations appears to be not easily
tractable. For the polarized LFR with light polarizations
parallel to the shear stress (y=0) we observe a shift
towards low frequency. On the contrary, the shift
occurs towards high frequencies for the depolarized LFR
when the polarization of scattered light is parallel to the
shear stress. This difference probably comes from the fact
that the modes observed in the polarized and depolarized
LFR spectra are not the same. By polarized LFR,
both the longitudinal and transversal acoustic modes
are observed, whereas by depolarized LFR only the
transversal ones are observed. As a consequence, the
mean frequency of the transversal modes would be higher,
while that of the longitudinal modes would be lower than
before the shear deformation.

Similar effects are observed for the cycled specimen
though the anisotropy is much weaker. In particular, the
deformation induced LFR excess in the range 30-50 cm ™!
is still present. This means that the molecular fragments
oriented after deformation in a fraction of inter-
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regional spaccs are found to be still aligned after
mechanical cycling. The weak anisotropy comes from the
disorientation not of molecular strands within a given
inter-regional space but of one inter-regional space with
respect to the other.

The results obtained by LFR should be compared to
those provided by positron annihilation spectroscopy,
recently published by Hasan et al.’?. These authors show,
in particular, that the size of free volume sites increases
with inelastic deformation under uniaxial compression.
This is in agreement with our interpretation. In fact the
free volume sites asserted by Hasan et al. are certainly
located in the narrow less densc and less cohesive
inter-regional spaces. As described before, at the onset of
the non-elastic deformation, orientation of the less
bonded polymeric strands develops inside the inter-
regional space. The alignment of these molecular strands
enables voids to occur. These nanoscopic voids would
correspond to the free volume sites reported by Hasan
et al. Furthermore, the orientation and alignment of the
molecular strands have, as a result, to increase the void
volume in the inter-regional spaces. Finally the decrease
by ageing and the erasing on annecaling of the plastic
deformation effect on the LFR scattering are in good
agreement with the observations and the conclusion of
Hasan et al.'?, according to which the effects of plastic
deformation on the free volume and the softening are
reversible.

CONCLUSIONS

The LFR scattering of plastically deformed PMMA
samples induced by a shear stress provides interesting
information on the nanoscopic structure as well as on
the deformation mechanism of glassy polymers. The
locally induced polymeric chain orientation is determined
with a good precision. The non-continuous nanoscopic
structure model is consistent with the mechanism
of plastic deformation. It is assumed®!°® that the
glassy polymer consists of highly cohesive regions
coexisting with narrow less cohesive spaces. Under shear
strain, the orientation first takes place in the inter-
regional spaces and the alignment of the molecular
strands enables voids to grow. This interpretation is in
agreement with the determination of free volume
obtained by positron annihilation spectroscopy in
inelastically deformed PMMA. Structural changes also
exist in cycled samples which were successively subjected
to two opposite shear strains resulting in a final strain
equal to zero. The reversibility on ageing or annealing
of the nanoscopic structural changes following a plastic
deformation is confirmed. This work provides direct
evidence of the concept of plastic deformation through
local events that is consistent with the models based
on shear transformation processes?® and defects®!+22
recently reported in the literature. Furthermore, the size
of the highly cohesive regions is similar to the dimension
of the so-called rheological units as reported by
Bauwens?®. Tt is interesting to consider recent results
provided by a numerical simulation of the plastic
deformation process?*. The characteristic size found in
this work of the order of 4 nm exceeds the typical size of
the cells considered in numerical calculation. As a
result, a comparison with considerations from numerical
techniques is somewhat difficult.
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