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Strain measurement in diacetylene-containing 
copolymers using Raman spectroscopy 
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Rigid diacetylene-containing block copolymers are shown to have Raman spectra similar to 
those of polydiacetylene single crystals. The vibrational frequencies of certain main-chain 
Raman-active modes of the copolymers are sensitive to deformation which enables strain 
measurement to be made by following the shift in the Raman band positions. Measurements 
of the stress concentrations around defects in copolymer specimens during deformation have 

been carried out using Raman spectroscopy and they have been compared with theoretical 
analyses of stress concentrations. There is good agreement between the theoretical and 
experimental measurements and it has been demonstrated that the use of Raman spectroscopy 
allows the measurement of stress or strain in complex situations for which no theoretical 
solutions exist. 

1. Introduct ion  
The Raman band positions in the Raman spectra of 
many materials, particularly highly oriented fibres, are 
known to shift significantly, generally to lower fre- 
quencies, when they are subjected to tensile deforma- 
tion [1-10]. This shift arises because the applied 
macroscopic deformation is transformed directly into 
deformation of the covalent bonds in polymer chain 
backbones. The consequent changes in bond lengths 
and bond angles lead to shifts in the vibrational 
frequency of a particular Raman-active band. Of the 
polymers studied so far, polydiacetylene single crystals 
were shown to have Raman bands with the highest 
strain sensitivities, with the C-C triple stretching 
band shifting by - 2 0  cm -1 per 1% strain [1-3]. 
Furthermore, Raman spectroscopy has also enabled in 
situ measurements of strain in fibres in composites 
with transparent matrices [5]. 

For there to be appreciable Raman band shifts, it is 
essential that there is deformation of the covalent 
bonds in the polymer backbones. Hence, the most 
successful materials for Raman deformation studies 
have been high-modulus, highly-oriented fibres, such 
as poly(p-phenylene terephthalamide) [4-6], ultra- 
high molecular weight polyethylene (UHMW-PE) 
[7 9], poly(p-phenylene benzobisthiazole) (PBT) [10] 
and poly(p-phenylene benzobisoxazole) (PBO) [11]. 
Such materials gain their excellent mechanical proper- 
ties from macroscopic deformation being translated 
through their highly oriented structures into direct 
molecular stretching. 

Studies of the effect of deformation upon the Raman 
spectra of less-oriented conventional polymers have 
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met with only limited success. For example, small but 
measurable band shifts have been obtained for hot- 
drawn poly(ethylene terephthalate) (PET) films [12], 
nylon and polypropylene [13, 14]. However, the shifts 
are often less than - 1 cm- 1 even at the yield stress of 
the material, whereas the shifts obtained for the highly 
oriented polymers can be typically over - 5 cm-1/% 
strain. This is understandable because in the conven- 
tional polymers only a small fraction of the macro- 
scopic strain leads to deformation of the polymer 
backbone; the rest being taken up by molecular un- 
coiling, reptation or rotation about single bonds. 

Although the majority of the Raman deformation 
studies reported so far have been confined to the study 
of high-modulus fibres and composites, it would be 
desirable to undertake similar investigations upon 
elastically isotropic polymers because an understand- 
ing of the deformation of such materials is equally, if 
not more important. One way forward is to incorpor- 
ate polydiacetylene moieties with strain-sensitive 
Raman bands into multiphase copolymer systems 
which can be either glassy or elastomeric in nature 
E15-t7]. The preparation and systematic character- 
ization of these diacetylene-containing copolymers 
has been described elsewhere [15, 16]. The mechanical 
and opto-mechanical behaviour of these copolymers 
have also been studied in detail in relation to  the 
molecular deformation in the polydiacetylene units 
[16, 17]. In the present paper, the strain dependence 
of Raman band frequencies in a rigid diacetylene- 
containing copolymer will be further discussed and, in 
particular, the use of Raman microscopy as an optical 
strain probe in the copolymer is reported ,in detail. 

5958 0022-2461 �9 1992 Chapman & Hall 



Examples are given which demonstrate the potential 
applications of these materials as novel optical strain 
sensors. 

2. Exper imental  procedure  
2.1. Materials 
A rigid, glassy diacetylene-containing segmented co- 
polyurethane with Young's modulus of about 2 GPa 
was prepared using a two-stage process. A linear 
segmented copolymer precursor was synthesized via a 
one-shot bulk polymerization process to give a mater- 
ial with diacetylene monomer units situated in the 
hard segments. It was synthesized using 4,4'-diphenyl- 
methane diisocyanate (49.1 g), 2,4-hexadiyne-l,6-diol 
(10.2 g), polypropylene glycol with number average 
molar mass, M, ~ 400 g mol- t (38.8 g), and dipropyl- 
ene glycol (l.94 g). The copolymer obtained contains 
33% diacetylene hard segments. It was polymerized 
and cast into sheets at 60~ The full details of its 
synthesis and chemical structure have been described 
in a previous publication [15]. Transmission electron 
microscopic examination of ultra-microtomed sec- 
tions has shown that these hard segments aggregate to 
form spherutitic domains which are distributed uni- 
formly throughout the matrix phase [15]. Subsequent 
thermal treatment induces the cross-polymerization of 
the diacetylene units into polydiacetylene moieties 
[15]. This process is similar to the solid-state topo- 
chemical reaction in diacetylene single-crystal ana- 
logues. The polymer used in this present study was 
cross-polymerized by heating for 40 h at 100 ~ The 
polydiacetylene chains formed in situ act as Raman- 
active optical centres, chemical cross-links and also as 
mechanical reinforcements in a cross-polymerized co- 
polymer [15-17]. Details of the synthesis procedure 
and structure/morphology/property relationships in 
these copolymers have been discussed in detail else- 
where [15-17]. 

2.2. Deformation analysis using Raman 
microscopy 
Raman spectra of the copolymers were obtained using 
a 10 mW He-Ne laser with a wavelength of 632.8 nm 
as the excitation source. The laser beam was focused 
to a 2 gm spot on the sample surface through a x 40 
objective lens with a numeric aperture of 0.65 using a 
modified Nikon optical microscope. The scattered 
light was collected using 180 ~ back-scattering geo- 
metry with the same objective lens and then focused 
on the entrance slit (0.4 mm) of a Spex 1403 double 
monochromator. A charge-coupled device camera, 
CCD (Wright Instruments), cooled with liquid ni- 
trogen was employed as the detector which was found 
to have low noise, high sensitivity and high efficiency. 
Hence, the typical scanning time in this work was 10 s 
for a spectral window of 40 cm-1. The Raman peaks 
were curve-fitted into a Gaussian profile and the 
absolute values of Raman band frequencies could be 
determined with an accuracy of _+ 5 cm -1 while 
strain-induced frequency shifts could be measured to 
at least ten times better accuracy. 

Copolymer bulk sheets (2.5 mm thick) were ma- 
chined into miniature dumb-bell specimens, 10 mm 
wide and 40 mm long in the gauge length region. The 
strain dependence of the frequency of the C-=C triple- 
bond stretching Raman band was determined by in 

situ tensile deformation of the copolymer specimens 
under the Raman microscope using a miniature ma- 
terials tester (Polymer Laboratories). The specimens 
were stretched step-wise at a speed of 1 mm rain-1 in 
steps of about 0.1% strain. Raman spectra were then 
obtained at various strain levels. A resistance strain 
gauge, attached to each specimen using a special 
adhesive M-Bond 200 (Micro-Measurements Group 
Inc.), was used to measure the strain to an accuracy of 
_+ 0.002%. In all of the deformation experiments, the 

incident laser was polarized parallel to the tensile axis 
and the Raman band of the C-=C triple-bond stret- 
ching mode was used as the diagnostic band through- 
out. Experiments were carried out to determine the 
concentrations of stress around defects in the copoly- 
mer samples. Specimens with defects, such as a central 
hole or a single-edge notch, were deformed and 
Raman spectra were obtained from different positions 
in the vicinity of the defects. Strain mapping and 
point-to-point strain measurements were also per- 
formed using the Raman microprobe. 

3. Results and discussion 
3.1. Raman spectroscopy 
The Raman spectrum in the range 300-2400 cm- 1 for 
the cross-polymerized copolymer shown in Fig. 1 is 
strikingly similar to those obtained for polydiacetyl- 
ene single crystals [1-3]. Unlike single-crystal samples 
and other highly oriented fibres, however, the copoly- 
mer is macroscopically isotropic and its Raman spec- 
trum is independent of the direction of polarization of 
the incident laser beam. There was very little point-to- 
point variation in the spectra using the 2 lain spot size 
although the copolymer is, in fact, inhomogeneous at 
the microscopic ( < 1 gin) level [15]. Fig. 2 shows the 
C-=C triple-bond stretching band before and after 
deformation to 1.5% strain. It indicates that the band 
shifts significantly to lower frequencies upon tensile 
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Figure I Raman spectrum of the diacetylene-containing copolymer. 
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deformation as the overall strain in the copolymer is 
transformed into the molecular deformation of poly- 
diacetylene chains in the hard segments of the copoly- 
mer [16, 17]. Fig. 3 is a plot of the peak position of the 
Raman band, Av, versus strain, ~, for the copolymer. 
There is a linear relationship up to 1.5% strain follow- 
ed by a deviation from linearity at higher strain due 
probably to plastic deformation. In this particular 
copolymer, the strain dependence or strain sensitivity 
of Raman band dAv/d~ = S was determined from the 
slope of the linear part of the curve in Fig. 3 and was 
found equal to - 5 . 3  + 0.4cm-1/% . It has been 
found in earlier work [16, 17] that the value of dAv/de 
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Figure 2 Raman bands of the 2090 cm -1 C-=C triple-bond stret- 
ching mode before and after tensile deformation to 1.5% strain. 
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Figure 3 Strain dependence of Raman frequency of the C-=C stret- 
ching band in the c0polymer. 

depends upon the structure of the copolymers. It was 
shown [16] that the composition used in this present 
study has the best combination of mechanical proper- 
ties, Raman band intensity and strain-dependent 
Raman band shift, although copolymers with slightly 
higher strain sensitivities can also be prepared by 
varying the structure and morphology. Table I gives a 
list of strain sensitivities of the Raman-band frequen- 
cies for various types of materials. It can be seen that 
the value obtained from the diacetylene-containing 
copolymer, though smaller than the value for poly- 
diacetylene single crystals, is considerably higher than 
those of less-oriented conventional polymers and is 
comparable to the values for highly oriented fibres 
such as aramids and gel-spun UHMW-PE fibres. 

3.2. Analysis of the stress concentrations at 
defects 

The dependence of the position of the Raman bands 
upon strain described above makes it possible to 
investigate stress concentrations around defects, such 
as holes or notches in the diacetylene-containing co- 
polymer using Raman microscopy. Fig. 3 is essentially 
a strain gauge calibration curve for an optical strain 
gauge, because it relates the specimen strain to the 
frequency of the Raman band. It can be seen that there 
is an approximately linear relationship between the 
Raman frequency, Av, and strain, ~, up to about 1.5% 
strain. Previous work [16] has shown that this linear 
relationship holds even for cyclic loading and unloa- 
ding up to 1.5% strain but then breaks down when the 
copolymer is cycled to strains above this level. In 
the present study, holes and notches of known radii 
and length were introduced into cross-polymerized 
copolymer specimens. The stress concentration factors 
in the vicinity of the defects were determined experi- 
mentally by local strain measurement using Raman 
spectroscopy, and comparisons were made with the 
values calculated from theoretical stress analysis [18]. 
It was assumed that the specimens underwent only 
elastic deformation because in all the experiments, the 
tensile strain even in regions of stress (or strain) 
concentration was limited to < 1.5%. 

Fig. 4 illustrates two geometries of defects that have 
been investigated in this present work. The specimen is 
subjected to an overall applied stress (at a large dis- 
tance from the defects) of ~o and there will be stress (or 

T A B L E  I Peak frequency, Av, and strain sensitivity, S = dAy/de, of the Raman bands of various materials 

Materials Av (cm -1) dAv/de (cm-1/%)a Reference 

Polydiacetylene single crystals 2080 - 20.0 [1-3] 
Aramids 1613 - 4.4 [4-6] 
UHMW-PE 1060 ~ - 5 [7-9] 
Rigid rods 

PBT 1477 - 12.1 [10] 
PBO 1280 - 7.9 [11] 

Conventional polymers 
Polypropylene 808 < - 1 [13, 14] 
PET 1615 < - 1 [12] 

Diacetylene-containing copolymers 2090 ~ - 6 [16] 

a The data quoted are the highest values in the literature. 
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Figure 4 Geometries of defects in the copolymer specimen of finite 
width, W, subjected to a tensile stress of ~o in the y-direction. 
(a) Central hole of radius, R, (b) single-edge notch of length, a, and 
tip diameter, 9. 

tip. These observations are obviously due to different 
levels of stress concentration around different defects. 
A number of specimens with various defect geometries 
and dimensions were tested and the results are sum- 
marized in Table II. 

Theoretical predictions of the stress concentration 
factors were obtained using conventional stress ana- 
lysis expressions [18]. For  a plate of finite width with a 
central circular hole, the theoretical stress concentra- 
tion factor in the plate along the equator of the hole, 
FT,  is given by [18] 

FT _ CYyy 
o- o 

- + + 

\R +r}  _] 
where k is a finite width correction parameter, R is the 
radius of the hole and r is the distance along the 
equator from the edge of the hole. For a single-edge 
notched plate of finite width, F T is given as [18] 

strain) concentration at the equator of the hole and at 
the tip of the notch. The experimental stress concen- 
tration factor, F E, is defined as the local stress divided 
by the overall applied stress in the bulk specimen, 
which is equivalent to the local strain divided by the 
overall strain in the elastic case. Because it has been 
shown in Fig. 3 that the strain-induced Raman fre- 
quency shift, day  oc ds, it follows that this frequency 
shift is a direct measure of the strain at the point of 
measurement. As the laser beam is polarized parallel 
to the tensile axis, the strain measured using Raman 
spectroscopy is the principal strain parallel to the 
direction of deformation. Hence, the measured stress 
concentration factors at positions A or B in Fig. 4 are 
given as 

FE - oyy _ sty _ dAVyy (1) 
Cro to dAvo 

where cyyy(syy ) is the local tensile stress (strain) in the 
y-direction and %(Co) is the overall applied stress 
(strain), dAvrr is the local Raman frequency shift at 
position A or B and day  o is the Raman frequency shift 
at positions far away from the defect area and hence 
free from stress concentrations (in all cases with the 
laser beam polarized parallel to the y-axis). 

The measurement of Raman frequency shifts at 
points A and B and the pole of the hole (Fig. 4) were 
carried out at different strain levels, So, within the 
linear elastic region and the stress concentration fac- 
tor, F E, was determined using Equation l. Fig. 5 
shows the dependence of the Raman frequencies, Av, 
upon the overall strain, So, in the copolymer at the 
three different positions of stress concentration. The 
strain-induced Raman frequency shift at the position 
far away from the defects was about - 5  C m - 1 / %  
strain and similar to that fo r  an unnotched spe- 
cimen (Fig. 3). A larger shift in terms of dAv/ds 
( - 16 c m-1 /% strain) was found near the equator of 
a circular hole although no significant shift was ob- 
served at the pole. A considerably larger shift of 

- 33 c m - 1 /% strain was obtained ahead of a notch 

FT 
O ' y y  

cl 0 

( 2 r ) 1 / 2 (  1 + ~ r )  
3 / 2  (3) 
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Figure 5 Plots of Raman frequencies measured at the positions of 
different stress concentration conditions indicated in the sketch 
versus overall strain in the specimen: (�9 far away from the defects, 
(O) near the equator of a circular hole, (I~) at the pole, (O) ahead of 
a notch tip. 

T A B L E  II Stress concentration factors ahead of the equator of 
the circular holes and notch tips in the copolymer specimen of 
width, W. The geometric parameters are defined in Fig. 4 

a(mm) p(mm) W(mm) r(mm) F T F E 

Hole 1.5 a - 10.01 0.l 2.34 2.06 
Hole 15" - 10.25 0.1 2.34 2.07 
Notch 3.79 0.2 10.03 0.28 5.67 4.78 
Notch 3.68 0.4 10.20 0.2 6.22 6.59 
Notch 3.55 0.6 10.42 0.l 1 6.64 5.90 
Notch 3.41 0.6 10.67 0.24 6.05 4.84 
Notch 3.74 0.8 10.28 0.2 5.73 6.02 
Notch 3.75 1.0 10.08 0.26 5.16 4.38 
Notch 3.75 1.0 10.08 0.40 4.45 4.12 

a Hole radius, R. 
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assuming that p << a and r << a. The constant k is again 
a finite width correction factor, a is the crack length, 9 
is the notch tip radius and r is the distance ahead of 
the notch tip along the centre line of the notch. The 
finite width correction factors for both central holes 
and single-edge notched plates deformed in tension 
may be obtained from Williams [18]. 

Fig. 6 is a plot of FE versus FT and shows that the 
experimentally measured stress concentration factors 
are in reasonable agreement with the values calculated 
by the theoretical stress analyses [18]. The scatter in 
the data may be attributed to difficulties in determin- 
ing the exact geometry of the notch tip under the 
microscope and errors introduced from the measure- 
ment of the distance ahead of crack or notch tips. The 
systematic underestimation of FE may be due to yield- 
ing taking place in the areas of high stress concentra- 
tion and thereby reducing the stress concentration. 
There may also be errors caused by the approxima- 
tions in the theoretical analyses [18] such as the 
estimation of the finite width correction factor and the 
assumption that p<<a, etc. 

In separate experiments, point-to-point measure- 
ments were made of the Raman frequency shifts as a 
function of the distance, r, away from the edge of a 
hole and ahead of the notch tip along the x-axis 
defined in Fig. 4. The measurements were made with 
the overall strain kept constant at 0.42% for measure- 
ments around the centre hole and at 0.16% in the case 
of the single-edge notch. The results in Fig. 7 show 
that the Raman frequency increases and then levels off 
as the distance from the equator of the hole or the 
distance ahead of the notch tip, r, is increased. This 
indicates the decay of the tensile stress concentration 
as the distance from the defect is increased. The strain 
value at each point can be calculated using the calib- 
ration of the strain dependence of the Raman fre- 
quency, S, which is - 5 . 3  c m - ~ / %  strain for this 
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Figure 6 P10t of the Raman-measured stress concentration factors, 
FE, versus theoretical values, F T. (---)  F E = FT, ( ) least 
squares fit of the data. 
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Figure 7 Peak Raman frequency, Avyr, versus the distance, r, ahead 
of (a) the equator of the central circular hole subject to an overall 
strain % of 0.42%, and (b) the tip of the single-edge notch for a plate 
subjected to an overall strain % of 0.16%. 

6.0 

material (Fig. 3). Fig. 8 gives the plot of the Raman- 
measured strains as a function of the distance. The 
variation of the tensile strain with distance, r, for a 
central hole in a flat plate is given as [18] 

k% 2 + + 3 (4) 
e - 2 R + - T r  

and for a single-edge notch as [18] 

e = (5 )  "q- p ~ 3 / 2  (2r)1/2 (1 

The experimental data are seen to follow the same 
trends as predicted by Equations 4 and 5, although the 
agreement with the theory is not exact. The deviations 
between experiment data and theory are again due 
mainly to difficulties in defining r and the crack and 
notch tip radii. Errors may also arise from the approx- 
imations in the theoretical calculations such as the 
assumption of no bending in the specimen and the 
approximation in the finite width correction [18]. 
Furthermore,  slight plastic deformation may occur at 
the high stress concentrations at the equator of the 
hole and the crack tip which leads to deviation from 
the linear elastic assumption. Nevertheless, it can be 
seen from Fig. 8 that the Raman technique is an 
excellent method of determining strain or stress dis- 
tributions at defects. 

Another exPeriment was also carried out to map the 
strain field around a single-edge notch in a deformed 
copolymer tensile specimen in which there was an 
overall strain of 0.16% (dAy = - 0.85 cm-1) .  Fig. 9 
illustrates the Raman band frequencies at different 
positions in the vicinity of the notch tip. Measure- 
ments were made as a function of r along the dotted 
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Figure 8 Strain distributions ahead of (a) the equator of a central 
plate hole, and (b) the tip of a single-edge notch. The solid lines are 
theoretical predictions from stress analysis (Equations 4 and 5). 
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lines parallel to the x-axis and the centre line of  the 
notch but  at different positions along y as indicated in 
sketches in Fig. 9. As expected, a higher level of tensile 
strain is observed near the notch tip which manifests 
itself as large negative shift of Raman  frequency shown 2090 
in Fig. 9a (y = 0) and b (y = 0.18 mm). For  these small 
values of y (i.e. close to the centre-line of the notch) the 
tensile strain decreases rapidly in the range 
0 < r < 0.5 mm, then gradually reaches a constant  
value in the range 1.0 m m  _< r < 3.0 m m  and increases ~ 2086 
further as r > 3 mm. This gradual  reduct ion in tensile 
strain for r > 3 m m  is not  predicted by Equat ion  5 g 

E which is valid only when p<<a and r<<a which do not  
apply in this case. It is possible that  some compression 
developed with increasing r, perhaps due to bending in 
the specimen of  finite width, and hence reducing the 2082 0 
effect of the stress concentrat ion.  This effect is ob- It) 
served to be similar for all four values of y at which 
measurements  were made. This is difficult to predict 2090 
accurately using classical stress analysis and nu- 
merical stress analysis and numerical  methods  such as -~ 
finite element analysis would have to be used instead. 'E 

o 

Such an approach  is beyond the scope of this present 
paper. 

Interesting results were also obtained when the ~ 2086 
strain measurements  were made along lines at posi- 
tions further f rom the notch tip (y---0.46 mm and g 

E 
y = 0.60 mm). As shown in Fig. 9c and d, the strain ~, 
first increases to a max imum value and then decreases 
to a constant  value before decreasing further as 

2082 
r > 3 ram. Again an accurate theoretical prediction is 0 
very difficult to achieve in such a situation. (dl 

Fig. 10 shows the variat ion of Av and hence eyy with 
y for x = 0 (i.e. in line with the notch tip). It can be 
seen that  the strain ~yy decreases steadily with distance 
from the notch tip as the effect of the stress concentra-  
tion decreases. The results in Figs 9 and 10 show the 
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Figure 9 Raman frequency distribution at different positions indi- 
cated in the sketches near a single-edge notch tip (0.60 mm radius) in 
a deformed copolymer specimen. The overall strain was 0.16%. 
(- - - )  the Raman frequency of the sample under strain-free condi- 
tions. 
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Figure 10 (a) Variation of Raman Frequency with distance from 
the notch tip along the y-axis for an overall strain, %, of 0.16%. 
(b) Variation of strain, eyy with distance along the y-axis determined 
from the data  in (a). 

potential of Raman spectroscopy for measuring strain 
in complex stress fields such as in the vicinity of 
notches or cracks. 

4. Conc lus ion  
Rigid diacetylene-containing copolymers are optically 
strain sensitive. The strain sensitivities of their Raman 
bands are at least comparable to those of highly 
oriented fibres, such as aramids and rigid rod poly- 
mers. This enables point-to-point variations of strain 
to be measured by monitoring the Raman frequencies 
in the copolymers. 

Stress concentrations around defects in copolymer 
specimens have been studied using Raman micro- 
scopy. The point-to-point strain measurement or 
strain mapping in the vicinity of defects in the copoly- 
mer was achieved because of the high spatial resolu- 
tion ( ,~ 2 ktm) of the Raman microscope. The experi- 

mental data were found to agree reasonably well with 
theoretical predictions using conventional stress ana- 
lysis and also provided additional information which 
is difficult to predict by theories. 

Another advantage of the copolymers is their ease 
of being processed into various shapes and forms. In 
particular, they can be used as strain-sensitive surface 
coatings [16] and strain-sensitive composite matrices. 
The diacetylene-containing copolymers clearly repres- 
ent a new class of optical strain sensors which will 
have a wide range of applications in stress or strain 
analysis. 
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