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Abstract: Epoxy based materials find a number of applications. 

Suitability of these materials demands the process of 

crosslinking, which among others influences the final 

mechanical and thermal properties. Raman spectroscopy is a 

modern research and analytical tool providing specific 

information of a molecular structure. Prime advantages of 

Raman spectroscopy are non-destructivness, rapidity, 

contactless, no special requrements for sample preparation and 

others. The essence of the vibrational method along with the 

method’s benefits yields interesting possibilities for applying in 

almost all natural sciences and technical and industrial 

disciplines. This paper is focused on using Raman 

microspectroscopy as an innovative method for monitoring and 

analyses of epoxy resin cross-linking reaction. The study of the 

proccess comprises principal chemical bonds identification, 

their localisation in Raman spectra and their time 

behaviour.Experimantal data demonstrate the changesin 

structure during the crosslinking reaction. In regard of the 

rapidity of measurement a quasi real time monitoring of 

epoxides curing is feasible.  
Keywords:Raman spectroscopy, epoxy resin, crosslinking, 
curing reaction, Raman spectra 

 

1.  INTRODUCTION  
 
When dealing with history, it is customary to mark 

great epoch of mankind according to the prevalent 
material that served the human purposes. Speaking about 
the Stone Age, Bronze Age, Iron Age – the time we live 
in could be rightly specified as ‘Polymer Age’ in this 
sense.  

Epoxy based materials are one of the most versatile 
polymers that are owing to their many good to excellent 
properties intensively used in a wide range of various 
technical applications. Epoxies are noted for a very good 
adhesion and mechanical properties as high strength and 
stiffness, excellent electrical properties, also resistance to 
thermal, moisture and mechanical shock. These 
properties predetermine epoxy resins to be used as 
adhesives and coatings, in electronics industry as 
electrical insulators, in industrial tooling, in aerospace 
and marine industry. Epoxy resins belong among 
materials often used in arts offering artists multifarious 
utilization. Those epoxy materials responsive to 
ultraviolet light are applied in dentistry, optoelectronics 
or fibre optics. 

The process of crosslinking refers to linking polymer 
chains into a spatial network. It appears both in synthetic 
polymer chemistry and in the biological sciences e.g. 
crosslinking of proteins or collagen fibrils in tissues. 
Linking a polymer chains influence their ability to move 
what affects mechanical and thermal properties and state 
of matter. The process of crosslinking can be running in 

many ways. Cross-links are usually induced by chemical 
reactions. Very progressive method is radiation 
crosslinking using high-energy ionizing radiation. One of 
the benefits of using the radiation crosslinking is that the 
degree of crosslinking is easy to control by the amount of 
radiation dose. Modification of microhardness of 
polyamide 12 after beta irradiation is presented in papers 
[1, 2]. Authors of [3] introduce the results of changes of 
thermo-mechanical properties of HDPE. 

To acquire an epoxy resin in required qualities, i. e. 
as a hard and infusible material, it is needful to cure the 
resin, a low-molecular-weight polymer containtg epoxy 
groups, with a curing agent the hardener. During a curing 
process chemical epoxide groups in epoxy resin are 
crosslinked with hardener’s reactive groups and a highly 
crosslinked three-dimensional network is formed from 
the initial liquid mixture. The process is illustrated in Fig. 
1. A special molecular structure of epoxy group, also 
known as oxirane group, see Fig. 2, enables an easy 
participation in the addition reactions through opening 
the three-membered ring consisting of two carbons and 
one oxygen atom, and thus it easily polymerizes 

The commonly used curing agents for epoxies 
include amines, polyamides, phenolic resins, anhydrides 
orisocyanates. [4].  

 

 
Fig. 1. Scheme of crosslinking process in material 

- 0667 -



 

 

 
Fig. 2. Chemical formula of oxirane group 

The behaviour of curing process of epoxy resins and 
resin properties assessments has been already surveyed 
by various techniques such as differential scanning 
calorimetry, gel permeation chromatography, mechanical 
and ultrasonic methods, dielectric spectroscopy, nuclear 
magnetic resonance and also FT-IR spectroscopy[5]. 
Infrared spectroscopy as a vibrational method is known 
and used for precise estimation of polymers for more 
then thirty years.  

Another possible and innovative tool for studying 
crosslinking process appears to be Raman spectroscopy, 
which has become a potential analytical method with a 
wide scope in recent years [6]. Raman spectroscopy falls 
within vibrational methods and provides complementary 
information to infrared spectroscopy information. Raman 
spectroscopy brings the advantages of non-contact and 
rapid measurement without a preparation of an 
examinated samples. 

 

2.  RAMAN SPECTROSCOPY 
 
Raman spectroscopy is based on Raman effect which 

was discovered more than 80 years ago by Indian 
physicist Sir C. V. Raman (1888 – 1970). However, 
Raman spectroscopy passes through its revival even in 
the last decade hand in hand with technical progress and 
latest developments of new extremely sensitive detection 
devices, efficient filters and especially laser technology 
designs. 

From a general point of view an interaction of 
electromagnetic radiation with a matter, particularly a 
specific emission and absorption of light, provides 
essential and valuable acquaintances of chemical agents. 
Raman effect is an inelastic scattering of an incident 
monochromatic light on molecules of specimen. This 
interaction causes vibrations of the molecule. Its 
excitation is than followed by reemission of a photon 
with slightly changed wavelength in comparison with the 
initial one. Sets of wavelengths shifts are characteristic 
for specific materials. Therefore, Raman spectroscopy 
provides a unique chemical fingerprint of every 
individual substance as a characteristic for its 
identification analogously to the human fingerprints, 
which is highly specific and differ form set to set.  

Raman spectroscopy has doubtless advantages in 
comparison with above mentioned methods. When using 
Raman spectroscopy a sample or a surface of the sample 
is not disrupted and influenced because the method 
allows non-contact and non-destructive measurements 
without a necessity of sample preparation in most cases. 
Raman spectroscopy enables in situ measurements and 
ability to control the material on the micro scale. Samples 
with covering layers and packaging from other materials 
as polymers or glass can be also measured. Spectra of 
covers and the measured material can be additionally 

subtracted by software. Raman spectroscopy is a versatile 
tool because of its applicability to a wide range of 
substances in all states of matter in different forms 
(powders, fibres, thin layers, solutions, gels), organic and 
inorganic as well [7]. This technique is rapid - a spectrum 
can be acquired within seconds what spares time in 
comparison e. g. with chemical analyses. Benefit of the 
rapidity opens the doorway for quasi real time 
monitoring and studying the curing reactions. Taking the 
spectra point by point in a defined area brings the 
possibility of creating spectral maps with a focus on 
different criteria as observe the particulat Raman peak 
corresponding to specific chemical bond. 

 

3. EXPERIMENTAL PART: MONITORING  
A CROSS-LINKING REACTION 

 
Several experiments concerning investigation of epoxy 

resins properties by Raman spectroscopy have been 
already done as showed a literature search [5]. 

For recording Raman spectra Renishaw inVia Basis 
Raman microscope equipped with argon ion laser with 
the excitation line 514 nm and maximum output power 
20mW was used. A Leica DM 2500 confocal microscope 
with the resolution up to 2μm was coupled to the Raman 
spectrometer. All measurements were collected at 50x 
magnification.  

Commercially available two-part firm and quick-
drying Alteco F-05 3-Ton Clear Epoxy Adhesive was 
used as experimental material for the measurement. 
Examined samples were obtained by mixing two 
reactants, the resin (diglicidyl ethers of bisphenol-A) and 
the hardener (N’-(3-aminopropyl)-N,N-dimethylpropan-
1,3-diamin)  in stoichiometric ratio 1:1. According to 
curing studies the most optimal degree of crosslinking is 
achieved when equivalent numbers of functional active 
groups take part in the curing process. 

For monitoring of the epoxy resin crosslinking 
reaction time series measurements on Raman microscope 
were made, from 80 to 120 spectra were recorded during 
each measurement. All spectra were recorded with 
absence of day light to avoid any interference. 
Parameters of measurement as are exposure time, number 
of acquisitions and the laser power remained the same all 
along the experiments. Samples were scanned with the 
spectral resolution of 2 cm

-1
 from 300 to 2200 cm

-1
 for 

time series measurements and plain spectra in the whole 
range allowed by the device from 100 to 3200cm

-1
. 

 

4.  RESULTS 
 

Firstly Raman spectra of plain epoxy resin and the 
hardener were recorded at the room temperature. Raman 
spectra are displayed in Fig. 3. All spectra were 
measured with the absence of daylight to avoid any 
interference. 

Principal chemical groups participating in the 
crosslinking process were identified. Raman bands of 
epoxy vibrations are located in the range of 1230 cm

-1 

and 1280 cm
-1

 according to [8] with closer specification 
[9] the breathing of epoxy ring has responce at 1252 
cm

-1
. The intensity of this peak linearly depends on 

concentration of epoxy groups in the resin mixture [10]. 
Epoxy ring deformation peaks are much weaker and can  
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Fig. 3. Raman spectra of the epoxy resin and the hardener 

 
be found at 916 cm

-1
, 736 cm

-1
, and 639 cm

-1
. The 

strongest peak assigned to C-H wagging occurs at 
1186cm

-1
, other equally appropriate but weaker peaks are  

 

 
Fig. 4.  Time progress of Raman bands with/without intensity changes 
and details of Raman bands at 1252cm-1 and 1610 cm-1 

 

at 936 cm
-1

 and 821cm
-1

. Raman peaks at 1186 cm
-1 

and 
1610 cm

-1 
are assigned to resin backbone vibrations. 

Particularly peak at 1610cm
-1

 is invariant during the 
course of curing reaction and did not change the 
intensity. Therefore this peak is proper for data 
standardization. 

When observing epoxy bands in a region around 1252 
cm

-1
 they are decreasing in time what can be interpreted 

as a consuming of the free epoxy groups during the 
vitrification of epoxy resin curing process. The Fig. 4 
illustrates these changes in intensity. 

On the other hand an apparent reducing of the Raman 
peak at 2575 cm

-1
 pertained to the used hardener was 

observed. This decrease is shown in Fig. 5. Obvious 
changes are noticeable already after a few minutes.  The 
decrease was the greatest at the beginning of the reaction. 

 Epoxy resin crosslinking reaction was studied also in 

the dependace on temperature because its influence on 

the crosslinking process is significant. The three-

dimensional maps of the kinetics of the crosslining 

reaction at the temperature 30°C and 25° are shown in 

Fig. 6 and Fig.7. The 3D maps represent the behavior of 

the Raman response in time, in this case in 30 minutes 

after putting the two reactants into contact.  

 

 
Fig. 5.  Top: Raman spectra of hardener in range 100 cm-1to 3200cm-1at 
the beginning of the reaction and ater 30 minutes. Bottom: detail of the 

time progress of the Raman band at 2575cm-1 

 

Results show the shift in position of the maximal 

increase of the curves when tracked along a Data set, 
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what interpretes time. These differences correspond with 

the gelation time, the time, when the first 3D network is 

created in the whole volume of a sample. The lower 

temperature exerts influence upon the later achievement 

of gelation time. Crosslinking is significantly slowed 

down at the temperature slightly below 15°C. The 

experiments also show a stillstand of the process at 

temperatures below 5°C.  

Further research of the crosslinking process of epoxy 

resins via Raman spectroscopy is going to be performed 

for higher temperatures in the range from 50 to 150°C 

using a new additional thermal chamber. Raman 

spectroscopy brings advantages of fast and specific 

analyses of structural changes without sample 

degradation or its surface disruptance. One of possible 

application of this method could be monitoring epoxy 

prepregs during their storage and subsequent use. 

 

 
Fig. 6. 3D map of the crosslinking process of epoxy resin at 30°C  

 

 
Fig. 7. 3D map of the crosslinking process of epoxy resin at 25°C  

 

5.  CONCLUSION 
 

By a reason of its nature, advantages and certain kind 
of innovatory, Raman spectroscopy has been chosen for 
the study of crosslinking process of the epoxy resin. The 
principal chemical bonds were identified, localised in 
Raman spectra and their behavior was studied in time. 
This technique appears to be valid and can be assessed as 
an efficient because it has the capability of an access to 
the control of quasi real time in-situ studies of 
crosslinking reaction and gives information on its 
kinetics. 

The results are worthy for the purpose of monitoring 
during the epoxy based materials manufacturing. Another 
possible application can perform Raman spectroscopy as 
a quality control method using optical fibre probes for 
remote analysis, what can extend the applicability of 
spectroscopic method. 
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