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Micro-Raman spectroscopy study of the
process of microindentation in polymers
Part |l Poly(vinylidene fluoride)
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The Raman analysis of the effect of pressures applied to poly(vinylidene fluoride) (PVF,)
samples shows a gradual crystalline transformation from structure Il to | as the pressure is
increased. This result was utilized to study the distribution of stress in the residual deformed
micro-region produced by a process of microindentation in PVF, using a Vickers
microhardness tester. The micro-Raman mapping of the microindented zone shows a gradual
variation from form | to form |l as the spectra were scanned from the centre to the edge of

the impression area. This result indicates that the distribution of pressure is not constant in the
micro-deformed zone, the stress being greater at the centre and decreasing as the edge of the
residual impression is reached. The variation of stress was also determined for different loads

and time of indentation.

1. Introduction

During the last fifteen years, the microhardness test
has been used in the field of polymer science [1]. This
technique, which consists of producing a microindent-
ation at the surface of the material to be studied,
provides valuable information on the resistance to
deformation. The microhardness value of the material
is then obtained by measuring the size of the impres-
sion. Because the dimensions of the deformed region
are of the order of few tens of micrometres, the
microhardness test is considered to be a non-destruc-
tive technique. Some works [2-5] have attempted to
correlate the microhardness value with parameters
that characterize the structure of semicrystalline poly-
mers, that is crystallinity, lamellar thickness, chain
orientation, etc. It was shown that this relatively
simple technique is particularly sensitive to detect
structural changes in the material [6-10]; for example,
the value of the microhardness shows an important
discontinuity at the glass temperature transition [7,
10], therefore the microhardness test can be used for
rapid determination of weak second-order transitions.
Although the microhardness technique has proved to
be a rapid means of characterizing mechanical proper-
ties at the surface of polymers, it is still little used in the
study of the relationship between microhardness and
microstructure of polymers. The main reason is that
the mechanisms of the process of microindentation in
polymers are not well known. Although different mo-
dels [11-13] have been proposed to describe the
process of microindentation in elastoplastic materials
such as metals, these may not be directly applied
without precautions to polymeric materials because
they show a viscoelastic behaviour. In addition, the
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behaviour of one polymer sample may differ greatly
from that of another polymeric material, depending
on the molecular weight, degree of crystallinity, ther-
mal treatment, temperature, etc. Also, great care in the
experimental analysis should be taken in order to
obtain consistent microhardness data, because creep
will generally occur during loading as well as
time-dependent recovery when the load is
retrieved.

In a previous work [14] we showed that the dis-
tribution of pressure in a microindentation produced
in poly(3,3-dimethyl oxetane) may be achieved by
following, at a molecular level, the crystalline trans-
ition from one structure to the other. Such a crystal-
line transition was found to be dependent on the stress
applied to the sample, i.e. an increase in the applied
pressure is characterized by an increase in the crystal-
line transformation from the orthorhombic to the
monoclinic structure. This crystalline transformation
was analysed by micro-Raman spectroscopy, and a
mapping of the micro-region corresponding to the
residual impression was given.

The aim of the present work was to continue the
study of the process of microindentation in other
polymeric materials with similar characteristics, ie.,
showing structural changes with pressure, in order to
observe possible differences in the response of the
polymer to the applied stress. The material which was
analysed in this work was PVF,. It is well known that
PVF, exhibits different crystalline structures that are
sensitive to the stress submitted to the sample [15,16].
This study will be particularly focused on the analysis
of the variation of the degree of crystalline trans-
formation along the indentation as a function of load,
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time, etc., in order to obtain the distribution of re-
sidual stress in the microdeformed region.

2. Experimental procedure

2.1. Materials

PVF, is an important industrial polymeric material
because of its ferroelectric properties. It was reported
[15] that PVF, shows at least four different crystalline
structures, depending on the sample preparation
conditions: when PVF, is cooled from the melt to
room temperature, the sample principally exhibits the
crystalline form, I, which corresponds to the non-
planar TGTG' conformation. The all-trans planar
conformation of form I is produced by stretching the
form II sample at room temperature. The other two
crystal modifications (II, and III) of PVF, can be
obtained by solution casting, annealing, varying the
rate of cooling, poling, etc. [16]. Form I is considered
to be thermodynamically the most stable of the differ-
ent crystalline structures, whereas form II is kin-
etically the most favourable.

In this study, a commercial PVF, sample (PVDF
SOLEF-1012), was used. A 1 mm thick polymer plate
was prepared by hot-pressing the PVF, pellets at
210° C and then cooled at room temperature. In order
to correlate the crystalline transformation with the
pressure submitted to PVF,, a series of PVF, plates
was obtained by pressing the initial polymer sample
between 0 and 120 MPa for 1 min.

2.2. Testing procedures

A Vickers microhardness instrument (square pyr-
amidal diamond indentor with an apical angle of 136°)
combined with an optical universal Zeiss microscope
was used during this work. The indentations were
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made at room temperature and the loads were applied
for 1 min. The microhardness values were calculated
by measuring the diagonal length of the permanent
deformed area

MH, = 2sin 68°L/D? 1)

where MHy is the microhardness (MPa), L the applied
load (N) and D the diagonal length of the indentation
(mm).

The Raman instrument used was a multichannel
detection (512 intensified diodes) Dilor XY spectro-
meter. The dispersive system of the instrument is
constituted of a foremonochromator (a double mono-
chromator) followed by a spectrograph. The Raman
instrument was coupled to a standard Olympus
microscope and the collection optics system utilized
was the backscattering configuration. It was demon-
strated in a previous study [14] that such a micro-
Raman spectrometer allows Raman analysis of micro-
samples with a spatial resolution of the order of
1-2um. The excitation source was provided by a
spectra Physics continuous argon-ion laser (model
2020/5w) emitting radiation at 514.5 nm. The laser
power at the sample position was of the order of
10mW. The spectra were recorded with a spectral
bandpass of 150 um. A time acquisition of 1 s was used
and the number of scans was 50.

3. Results

The phase transition in PVF, from form II to form I
can be well characterized by studying the changes
occurring in the Raman spectrum. The two strongest
bands present in the Raman spectrum of PVF, at 799
and 840cm~' were assigned to the nonplanar
(TGTG’) conformation (Form II) and to the planar
zigzag (TTTT) conformation (Form I), respectively
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Figure 1 Raman spectra of PVF, recorded between 700 and 925 cm ™! for samples pressed between 0 and 120 MPa,
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Figure 2 Peak intensity ratio R = I 99 m-1/Ig40m-: calculated

from the Raman spectra presented in Fig. 1, plotted against applied
pressure.

[17-207]. These two bands were then chosen in this
study to follow the crystalline phase transition in
PVF, when the sample was submitted to a pressure.
Fig. 1 shows the evolution of the Raman spectrum of
PVF, between 700 and 925 cm ™! for samples pressed
between 0 and 120 MPa. For a clearer visualization of
the crystalline transformation, the peak intensity ratio
R = I(799 cm™')/I(840 cm~!) is plotted in Fig. 2
versus the applied pressure.

A series of microindentations were produced on
PVF, with different loads, i.e. 0.25, 0.50, 1.0, 1.5 and

Figure 3 Schematic representation of the microindentation region
(the diagonal length being equal to 77 um) with the different posi-
tions where the Raman spectra were recorded, i.e., A {centre), B(2.5,
2.5um), C (5, 5um), D (10, 10 pm), E (20, 20 pm), F (0, 2.5 um), G (0,
5um), H (0, 10 pm) and I (0, 20 pm).

2.0N, applied for 1 min and analysed by Raman
microspectroscopy along the line of maximum gra-
dient in depth at the following positions: A (centre), B
(2.5, 2.5um), C (5, Sum), D (10, 10pm) and E (20,
20 pm), where the centre of the indentation is con-
sidered as the origin of the two axes formed by the
diagonals of the indentation. Fig. 3 illustrates the
different positions where the Raman spectra were
recorded along the microindentation obtained with a
load of 0.5N. The diagonal length for these above
microindentations was 55, 77, 110, 140 and 155 um,
respectively, which corresponds to a microhardness
value of the order of 150 Mpa for each of them. To
illustrate the variation of the Raman spectra along the
microindentation, two of the five series of spectra are
presented in Figs 4 and 5, which correspond to the

-
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Figure 4 Raman spectra of PVF, recorded at the positions A, B, C, D and E for the microindentation obtained with a load of 0.5 N.
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Figure 5 Raman spectra of PVF, recorded at the positions A, B, C, D, and E for the microindentation obtained with a load of 2 N.

microindentations obtained with a load of 0.5 and
2.0N, respectively. The peak intensity ratio R =
I(799 cm~')/1(840 cm ™ ') is plotted for each micro-
indentation versus d, the distance between the centre
of the impression and the position where the Raman
spectrum was recorded. These plots are shown in
Fig. 6. Fig. 7 shows the variation of the ratio R as a
function of the applied load on the microindentor for
spectra recorded at the centre of the impression.
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Figure 6 Peak intensity ratio R = I,g99cm-1 / Igagcm-1 Plotted
versus the distance, d, from the centre where the spectra were
recorded for the microindentation obtained with loads of ( +) 0.25N,
(¢)0.50 N, (%) L.ON, () 1.5 Nand (x) 20 N.
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A microindentation was also produced with a load
of 2.0 N with instantaneous unloading of the indentor
when the maximum load was reached. The Raman
spectra were recorded at positions A, B, C, D and E
and the resulting intensity ratios, R, are plotted
against d in Fig. 8. The plot of Fig. 6 for the micro-
indentation obtained with a load of 2.0 N (applied for
1 min) is also presented in Fig. 8 in order to compare
the effect of the applied load time on the crystalline
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Figure 7 R plotted versus load for spectra recorded at the centre of
the impression.
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Figure 8 R plotted against d for two microindentations obtained
with a load of 2 N (a) with instantaneous unload when the max-
imum load is reached (M) and (b) applying the load for 1 min (A).

transformation distribution along the microindent-
ation.

The Raman spectra were also scanned along one of
the diagonals at the positions A, F (0, 2.5um), G (0,
5um), H (0, 10 um), I (0, 20 um) for the microindent-
ations obtained with a load of 0.5 N. The resulting
plot giving R versus d is presented in Fig. 9. In
addition, the plot of Fig. 6 for a load of 0.5 N is also
given in Fig. 9 in order to compare the crystalline
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Figure 9 R plotted versus d (——) along the diagonal and (——-)
along the line of maximum gradient, for the microindentation
obtained with a load of 0.5 N.

phase variation along the diagonal and along the line
of maximum gradient in depth.

4. Discussion

Fig. 1 indicates that the intensity of the bands at 799
and 840 cm ! is sensitive to the pressure applied to

PVF,, as the pressure is increased the intensity of the
band at 840 cm ~! corresponding to Form I increases,
whereas that of the band at 799 cm ™! characteristic of
Form II, falls. Hence, these results are in good agree-
ment with previous works which showed that drawing
PVF, produces a phase transition from Form II to
Form I [15, 16]. Consequently, the study ot these two
Raman bands of PVF, can be utilized for determining
the variation of pressure in and around a micro-
indentation produced in PVF,.

Figs 4-9 show the same trend, that is the intensity
ratio, R, between the 799 and 840 cm™! bands in-
creases as the position where the Raman spectra were
recorded varies from the centre to the edge of the
microindentation. These results reflect that the dis-
tribution of pressures inside the indentation decreases
from the centre to the edge of the microindentation.
These results confirm initial data obtained on poly
(3,3-dimethyl oxetane) [14]. The process of micro-
indentation follows a complex viscoelastic deforma-
tion behaviour characteristic of polymeric materiais.
The gradient in the pressure distribution may be
explained by different characteristics of the process of
microindentation in polymers. One of the possible
reasons is that the degree of the elastic deflection
surrounding the contact zone varies as the indentor
penetrates the sample. This would result in a variation
of the elastic tensions during the process of indenta-
tion, which may then affect the distribution of pres-
sures in the contact zone. Another explanation may be
that a type of work hardening occurs as the indentor is
introduced in the sample. This will result in a zone of
higher stress around the centre of the indentation
which decreases as the position is moved up to the
edge of the impression. Other effects, such as the
variation of creep during the process of micro-
indentation, may also explain such a distribution
of pressures.

It may also be observed that although the trend of
distribution of tensions inside the impression zone is
approximately the same for microindentations ob-
tained with different loads, the crystalline phase trans-
formation increases as the load is augmented (see
Fig. 6). The dependence of the crystalline variation on
the applied load inside the microindentation could be
explained by a type of work hardening as proposed
above, i.e. as greater loads are applied to the indentor,
the deformed region increases with compression of the
material under the indentor, resulting in the hardening
of the material. An increase of the work hardening of
the material will then produce a higher efficiency in
the crystalline phase transformation. According to
such a description of the deformation process, the
centre of the microindentation which corresponds to
the zone of highest depth will be submitted to the
greatest stress.
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Fig. 8 shows that the degree of crystalline trans-
formation increases with the duration of the applied
load. This result is coherent with the viscoelastic
behaviour of polymers which is time dependent. Thus,
as the time of applied load is increased, the degree of
work hardening also increased producing an increase
in the efficiency of crystalline phase transformation.

When Figs 2 and 7 are compared, it can be observed
that the degree of crystalline modification for the same
pressure (if we compare the microhardness value to
the pressure produced by the press machine on the
PVF, plate), is greater for PVF, deformed between
two flat plates than by microindentation. These fea-
tures may be explained by the fact that in the case of
the process of microindentation, stress relaxation can
easily occur out of the permanent deformed zone,
whereas in the case of a sample pressed between two
plates such a relaxation can hardly take place.

4. Conclusion

This micro-Raman analysis of the microdeformation
of PVF, by a Vickers microindentation is in excellent
agreement with a previous study obtained on poly
(3,3-dimethyl oxetane), that is the distribution of pres-
sure is not constant inside the microindentation. This
present work highlights new features in the process of
microindentation, such as the general trend of the
variation of stress in the microdeformed region for
different loads and the dependence of the crystalline
phase transformation on the time of indentation. This
study also shows that the distribution of stresses in the
microindentation in PVF, depends on properties such
as stress relaxation and work hardening. The rapid
evolution of crystalline phase transformation with the
distance from the centre of the indentation is probably
due to a greater work hardening in the zone close to
the tip of the indentor. Such an effect increases the
degree of efficiency in crystalline phase transformation
in the region near the centre of the microindentation.
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