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The Epoxy resins and epoxy resins-based system usage in 

industrial applications such as composites and electronic 

materials keep growing. Thus, research focused on enhancing 

the properties of these resin-based systems is of importance 

for manufacturing quality controls. Especially monitoring of 

cure progression and chemo-rheological behavior of epoxy 

resins are essential for many industries. Commonly practiced 

cure monitoring methods such as DSC and DMA for the 

purpose are conducted in laboratories under specified 

conditions and are not practiced for real-time cure 

monitoring. However, in-situ cure monitoring techniques are 

essential for many industries as they provide more insight and 

thus more control over processing parameters. This study 

introduces a direct current resistivity-based cure monitoring 

method as it is simple, cost-effective, reliable, and more 

importantly, industry-friendly. The fast response of direct 

current measurements combined with the simplicity of the 

analysis makes this method suitable for real-time sensing 

applications. The strong correlation between the degree of 

cure and the viscosity allows us to take simultaneous 

measurements of both. The method's feasibility was analyzed 

using two amine cured epoxy resin systems.  

Keywords— Curing, DCR, In-situ monitoring, Viscosity, 

Resistivity  

I. INTRODUCTION 

Epoxy resins and resins-based systems are an 
extensively used class of materials in many of the industries 
such as adhesive, electronic materials, fiber-reinforced 
composites, and coatings. Their better performances in 
mechanical properties, adhesion strength, and heat 
resistance and insulation characteristics make them ideal 
candidates in above applications[1].  The most widely used 
epoxy resins are the diglyceryl ethers of bisphenol-A, 
Bisphenol-F Type Epoxy Resins, brominated bisphenol-A 
resins, epoxy phenol novolac resins, and cycloaliphatic 
epoxy resins[2]. Due to their ability to be modified using 
different resin combinations, hardeners, and fillers the 
epoxy resins are an ever-growing class of materials. Their 

properties depend on the specific combination of the type 
of epoxy resins and curing agents used. 

These resins are processed using different 
manufacturing processes such as Resin Transfer Molding 
(RTM), Vacuum infusion molding process (VIMP), 
Vacuum Assisted Resin Transfer Molding (VARTM), and 
resin film infusion (RFI) process[3][4][5]. For any kind of 
these manufacturing processes inspection is a crucial step. 
Viscosity and curing of a resin are very closely interrelated 
and both are important for the manufacturing processes. 
Manufacturers need to determine adequate cure times to 
avoid conditions such as premature demolding, over-curing 
and under-curing[6].  

When it comes to cure kinetics characterization of the 
resins, Differential scanning calorimetry (DSC) is the most 
common method[7]. Techniques such as DSC and 
Dynamic mechanical analysis (DMA) can also provide 
accurate characterization of the resin systems in terms of 
their glass transition temperature, cure kinetics and degree 
of curing. However, these techniques are generally 
performed under laboratory conditions and not employed 
for in-situ cure monitoring[6]. For manufacturing processes 
such as VARTM and RTM post-inspection is mostly used. 
However, the defects and imperfections in the final product 
can significantly linked to the curing behavior of the resin 
system[8]. Therefore, In-situ monitoring of the progress of 
curing/viscosity in real time gives a considerable advantage 
on controlling process parameters more appropriately. 

 Curing is a complex process where polymerization 
reactions take place forming three dimensional bonds[3]. 
Kinetics of curing reactions can be significantly different 
from one resin system to another. Because of this, gelling 
time and time to full cure of a system can significantly vary. 
Other parameters that significantly affect the curing 
kinetics are the temperature and mixing ratio between resin 
and hardener. During curing, the resin undergoes a phase 
transformation which results in significant property 
changes. Some of these time dependent property changes 



are crucial for the manufacturing processes. For example, 
if appropriate viscosities are not maintained during 
landmarks of the manufacturing process defects could 
occur in the products such as voids, cracks, delamination 
etc[8].  

Since the degree of cure and the viscosity are closely 
interrelated, if curing progression with time is not within a 
tolerance range of the optimal desired level, most certainly 
viscosity and other rheological properties are not met with 
tolerances either. This could lead to undesired outcomes in 
the product quality and/ or performance. Therefore, real 
time monitoring of the degree of cure and the viscosity 
could provide valuable insight that could be used to 
implement a feedback loop and effectively automate above 
mentioned manufacturing techniques. This automation is 
advantageous in different ways. It can be used to optimize 
the production times and process conditions such as 
temperature, pressure etc. There is also possibility of 
adjusting process parameters real-time to compensate for 
any deviation from optimal curing. 

To evaluate the degree of cure and it’s time dependence, 
any non-invasive property measurement can be adapted 
which demonstrates a significant change with degree of 
cure. However, to be able to predict the degree of cure in 
real time, this property should have a fast response. In this 
regard electrical properties are very appealing since they 
have a fast response and are less invasive on the curing 
reaction[9][10]. There are two predominant branches in 
electrical measurements. Frequency dependent dielectric 
properties and frequency independent properties. Even 
though frequency dependent permittivity, loss tangent etc. 
shows a good correlation with the degree of cure, frequency 
sweep and the subsequent analysis is cumbersome and time 
consuming[11]. 

Direct current resistivity (DCR) measurements on the 
other hand are fast and the analysis is straightforward. DC 
conductivity and DCR as a possible method of monitoring 
curing was first introduced by Aukward and Warfield[12] 
after he observation of large resistivity change during 
curing.  This study investigates the suitability of using 
direct current resistivity measurements to monitor real-time 
curing progress of two chosen resins. The study also 
focuses on the possibility of using the direct current 
resistivity measurements to predict viscosity by 
considering the relationship between viscosity and degree 
of cure conversion.  

II. THEORITICAL BACKGROUND 

Monitoring of the curing behavior of epoxy resins using 
the DCR method uses the correlation between resistivity 
and the degree of cure. For most of the commonly used 
resin systems, as curing progresses the phase of the 
adhesive changes from liquid to gel to a solid. As a result, 
the electrical resistivity of the resin increases prominently. 
The change in the electrical resistivity with time can then 
be utilized to depict the degree of cure with time[13]. The 
DCR is mainly a function of two variables namely, the 
degree of cure and the temperature. It can be written as a 
product of two functions of those two variables � and � 
respectively.  

  ���, �� = � 
�������                    (1) 

� is a parameter that depends on geometrical features 
of the sensor used in measuring the resistance. To monitor 
the change in resistance with respect to the state of cure, the 
temperature dependance has to be removed. In the existing 
literature it is widely considered that the temperature 
dependence of the resistance can be represented by an 
Arrhenius relationship [14]. 

 ���� = � exp�� �⁄ �                    (2) 

Constants �  and �  can be experimentally determined 
for a certain resin system. Using the above relationship, the 
temperature independent resistance can be calculated as 

 ���������� = ���,��
� �����

 !
                   (3) 

Using the change in temperature independent resistance 
the degree of cure can be evaluated as [15] 

 � = ��"#�$%&'()*%$+,��"�#�$%&'()*%$+-./!
��"�#�$%&'()*%$+-01!,��"�#�$%&'()*%$+-./!

�2345� (4) 

#����������+65�  is the maximum resistance the resin 

reaches under curing. For a given resin system this 
parameter can be experimentally obtained. �2345�  is a 

temperature dependent parameter and under isothermal 
conditions it is the maximum attainable cure conversion. 
Usually, �2345�  increases with increasing temperature and 

the exact temperature dependance can be experimentally 
determined. Once the above parameters are known for a 
particular resin system, (4) can be calibrated to monitor the 
degree of cure in real time. 

The rheological behavior of a resin system is influenced 
by two major phenomena. The increase in molecular size 
due to cross-linking of chains as cure advances hinders the 
chain mobility and thereby increases the viscosity. This is 
known as the chemical mechanism of the viscosity. 
Furthermore, viscosity can decrease due to the effect of the 
temperature on the mobility of these molecules. This 
temperature influenced chain mobility and resulting 
viscosity change is known as the physical mechanism of the 
viscosity[16]. Thus, viscosity of a given resin system is a 
combination of its chemical viscosity and the physical 
viscosity[17].  

 7 = 7�8�6 + 7�8:                    (5) 

Where η is the viscosity of the resin system, ηphy and 
ηchem are the physical and chemical viscosities of the resin 
system respectively. Both these components follow a dual-
Arrhenius rheological model as follows. 

 7 = 7�8:
3 . <=>                    (6) 

 7 = 7�8�6
3 . <�>                    (7) 

Where 7�8:
3 and 7�8�6

3  represent initial physical and 

chemical viscosity of the resin system respectively. b and d 
are the empirical parameters. Resin viscosity, η thus 
depends on the temperature and the degree of cure [13]. 
Numerous different approaches can be found in the 
literature to model the overall resin viscosity. Mark R. Dusi 



et al.[18] [19] proposed the following empirical equation 
considering the relationship between degree of cure and 
effect of temperature. 

 7 = 7?<@�<
A

B                     (8) 

where U, 7? and κ are constants that can be determined 
from experimental data. 

 

III. EXPERIMENTAL 

A. Materials 

For this study two resin systems from Buehler Epoxy 
suppliers were used. As Resin A, EpoKwick FC© resin and 
hardener was used.  It is an amine cured resin system 
containing Phenol, polymer with formaldehyde and 
glycidyl ether with a 2-hour curing time at room 
temperature. The resin sample was prepared by properly 
mixing resin and hardener to 4.4:1 ratio by weight as 
instructed by the manufacturer.  

As resin B, EpoThin© an amine cured resin system 
containing Bisphenol A - Epichlorohydrin polymer with a 
9-hour curing time at room temperature was used. The resin 
sample was prepared by properly mixing resin and hardener 
to 1:0.45 ratio by weight as instructed by the manufacturer. 
Both samples were blended gently but thoroughly for about 
two minutes by using a stirring stick.  

Comb pattern electrodes of size 62mm*41mm was 
printed using copper alloy C110 adhered and etched on a 
PEEK substrate of thickness 35 microns to prepare the 
sensors. The thickness of the copper fingers is 100 microns. 

B. Method 

To evaluate the DCR of the resins during cure 
progression, the current through the prepared sensor was 
measured using a constant voltage across it. The change of 
current was continuously monitored by a computer 
program that communicates with the Keithley 6517B 
electrometer. The electrode was soldered and connected to 
the electrometer and placed in the sample holder. Initial 
current readings without the resin were taken to ensure no 
shorts in the circuit. 

 Next the prepared sample of resin A was poured into 
the sample holder covering the comb electrode in an even 

thickness. Current readings were taken for 6 hours at a 
supply voltage of 50V.  Similarly, the resin B was poured 
into the sample holder and current readings were taken for 
18 hours. All the experiments were done at room 
temperature.  

To measure the viscosity of resin A, a universal 
dynamic viscometer was used. All viscosity tests were 
conducted at room temperature. Thoroughly mixed resin 
was added to the base of the viscometer and readings were 
taken at 10 min intervals until values showed a drastic 
increase.  

 
Fig.  1. Schematic diagram of experimental setup 

IV. RESULT AND DISCUSSIONS 

The measured current of the resin A and resin B as the 
curing progresses is as illustrated in the Fig. 2. The current 
falls by several orders of magnitude as the curing 
progresses. By the time of cure completion, resins attain a 
constant level of current. 

When voltages are low enough, the electric field across 
the dielectric resin is also low enough such that the 

�<CDCEFGH< ∝ J
K�LL�4> [20]. Therefore, the degree of cure 

can be evaluated as in Fig. 3 using the current 
measurements and the (4). Under isothermal curing 
conditions, as curing progresses with time the current 
measured drops significantly. The significant increase in 
the resistivity is accountable to the phase change of the 
resin from liquid to solid with time. It is obvious from the 
experimental data Fig 2 that this change in measured 
current is in fact due to curing of the resin as the time in 
which the measured current reaches a constant value 
coincides with the time to completion of cure for both resin 
A and resin B.  

The evaluated degree of cure with time in Fig. 3 clearly 
shows the difference of curing behavior in both resin 
systems. Resin A completes more than 99% of its curing 
within two hours while the resin B takes about nine hours 

Fig.  2. Time vs log(current ) of  a). Resin A b). Resin B 



to complete 95% cure conversion at a much lower curing 
rate.  

 
Fig.  3. Cure conversion vs. time of resin A and resin B 

Even though the evaluated degree of cure using DCR 
method follows the direction of true curing, they are not 
fully coincident. This is majorly due to the fact that curing 
reaction itself generates localized heat and thus locally 
increase the sample temperature heterogeneously[11]. For 
resins with high exotherms this could be a concern, but this 
effect can be compensated using decoupling the 
temperature dependence by monitoring the temperature of 
the resin in real time. 

Differential scanning calorimetry (DSC) is the most 
known and commonly used analytical method when it 
comes to cure monitoring. It uses the heat flow change as 
the sample cures. To extract the extend of curing and time 
relationship DSC data have to be post-processed. The 
analysis also requires a relatively extensive technical 
analysis compared to the method proposed in this work. 
When it comes to cure monitoring using electrical 
properties Dielectric analysis (DEA) is one of the most 
prominent techniques available. DEA uses an alternating 
voltage to exploit the change in dielectric properties such 
as permittivity, conductivity and loss tangent as the resin 
cures[20]. However, DEA is not a simple analyzing method 
for the industrial applications due to the dependence of the 
exciting frequency on above properties makes the analysis 
much more complex.   

Compared to these methods, DCR measurements 
studied in this study can be used to monitor curing with 
simple analyses. In a study conducted by I. Tena et al., DC 
measurements were used to analyze an UV cured epoxy 
resin-based composite. According to the study, DSC data 
using an autocatalytic model and experimental data from 
DC monitoring fits accurately[15]. Further, R. Meier et al. 
has used DCR as an Online Process Monitoring (OPM) 
method. According to them DCR can be used to monitor 
process parameters inside Carbon Fiber Reinforced Plastics 
(CFRP) components manufactured using Resin Transfer 
Molding (RTM)[21].   

Using the evaluated time dependent degree of cure, the 
viscosity progression of the resin can then be evaluated 
using the model in (8). The discrete points of the Fig. 4 are 

the measured viscosity values against the time. The solid 
line represents the model fit of the data. Before the 
initiation of curing the viscosity is low and was around 250 
cp. With the curing this value increases exponentially. At 
the end of two hours with the completion of curing the 
viscosity was around 20000 cp. As the liquid resin cures it 
increases its viscosity and eventually becomes a solid.  

 
Fig. 4. Viscosity measurements of resin A (discrete points) and the 
model fit (solid line) 

Study of curing effects on the viscosity of amine-cured 
epoxy resins has been studied by many researchers over the 
years. As a result there are numerous models used to model 
chemo-rheological behavior of different resin 
system[3][16][18][22][23]. For this study a model 
proposed by. Mark R. Dusi et al.  was used to evaluate the 
viscosity of resin A[19].  According to the results (see Fig. 
4) a good agreement between the experimental data and 
model was observed. Thus, the chosen model can be used 
to evaluate the chemo-rheological behavior of Resin A. 

The simplicity of the model and analysis combined with 
the fast and simple ways of measuring the direct current or 
resistivity of resins allows to evaluate both the degree of 
cure and the viscosity of the resin in real time without any 
significant lag. The simplicity and the reliability of this 
method well suits the industry and troubleshooting of its 
problems involving resins. Apart from troubleshooting this 
method can also be used as a quality control tool for the 
resins used in manufacturing processes.  

For this study two amine cured epoxy resin systems 
were considered and generated results shows that the 
technique can be used to monitor curing of these adhesives 
successfully. The potential of the technique to monitor 
curing other epoxy systems such as anhydride cured epoxy 
resin systems can be studied with further research. 
Specially effect of different epoxy resin types such as 
Bisphenol-F Type Epoxy Resins and epoxy phenol novolac 
resins. 

V. CONCLUSIONS 

Resin's degree of cure and viscosity are crucial for 
many manufacturing processes involving resins. 
Quantitatively measuring and monitoring these parameters 



in real-time allows the manufacturers to optimize the 
manufacturing time intelligently, thus saving both time and 
resources. Apart from that this technique can be employed 
as a quality control tool for in-situ inspection. DCR 
measurements and curing data show promising results for 
the studied two resin systems.  

According to the results, resin A which has a supplier 
recommended curing time of 2 hours shows around 99% 
cure conversion after 2 hours. Similarly, the resin B with 
the supplier recommended curing time of 9 hours takes 
around 9 hours to reach 95% of curing according to the 
results. Thus, the introduced method can be successfully 
used to monitor curing of the two amine cured resins.   

The simplicity and the reliability of the technique make 
it much suited for the industry. The fact that no expensive 
analytical instruments are needed for reliable results makes 
the method very cost effective, thus allowing it to be 
developed and implemented in-house. From one resin 
system to another, calibration parameters of the method 
would vary but all parameters can be easily evaluated for a 
respective resin system. 
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