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ABSTRACT   

In this paper, several review studies with regards to the rheological study of polymers for both thermoset 
and thermoplastic are presented. The main aim of this paper is to conduct a comparison analysis to 
choose and determine the most suitable methods via experimental, theoretical and/or modeling works 
with regards to the thermoset based per-impregnated reinforced composite. This study focuses on 
observing various aspects for selecting the most appropriate methods to carry out the experimental and 
modeling works, including identifying any limitations before the designing of the experiments. It is also 
aimed to identify the most appropriate model considering the reaction behavior of the thermoset resin 
under different curing cycles and processing conditions, mainly with regards to the effects of viscosity and 
temperature changes on the resin impregnation behavior during processing. A few suggestions and 
recommendations are also presented based on the case studies and their methods chosen. The final 
selection of the methods to be applied for the experimental works and theoretical/modeling works is also 
concluded here as the one of the outcomes.  

Keywords: Rheological Behavior, Thermoset-based Resin, Solution Coating Process, Pre-impregnated 
Natural Fabric Reinforced 

 

1. Introduction 

Natural fiber reinforced composites (NFRC) are basically a reinforced composite consist 

of natural based fibers, whether in plant based (such as flax, jute, cotton, or bamboo), or 

animal derived fiber (such as silk and wool). NFRC is considered as a low cost and 
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environmentally friendly option to replace the use of synthetic based fibers in composite 

reinforced manufacturing. Other than that, it offers great qualities such as cost effective 

and biodegradability (Morris, 2020).  

Pre-impregnation composite or known as pre-preg is a material made up of fiber 

reinforcements pre-impregnated with resin and is usually pressurized or vacuum-formed 

to produce a range of shaped products. Pre-pregs have applications in construction, 

shipping, machinery, sanitation and various related to it. The resin for pre-preg 

reinforcement is usually categorized in two types, thermoset and thermoplastic. While 

thermoplastic offers a reproducible process, thermoset provides a better mechanical 

strength and thermal resistance compare to thermoplastic. Therefore, the rheological 

study of a polymer is conducted to further understand the curing process and the 

rheological properties of the resin.  

The rheological study via experimental method and theoretical modeling provides 

information regarding the rheological parameters, properties, and behavior of a resin. It 

is a study of a materials ability to flow either in low viscous state or in elastic solid form. 

In a manufacturing of pre-impregnation process, fibers and binder will go through 

chemical reaction that infuse them into a composite reinforced fiber. This infusion 

process takes part in a polymer’s curing process.Understanding the science behind the 

curing process is crucial in pre-impregnation process as it is a time where the binder is 

in sol-gel state, therefore it is a suitable condition to apply pressure for the binder to be 

distributed evenly to the fiber before it is completely cured (in a solid state).Gelation is 

one of the important behaviors to be observed in the curing process. Providing good 

information regarding the gelation of a resin could ensure a better product quality in pre-

preg manufacturing(Mao, 2016).Other properties such as initial viscosity and minimum 

viscosity can also be observed in rheological study.An experimental method on 

rheological study is conducted to determine the influence of the properties affecting the 

rheological behavior of a resin, while theoretical modeling predicts the parameters to be 

observed and the properties included in the related equations. 

The selection of the suitable methods from various methods defined by researchers has 

been of attention to several researchers, especially for engineering applications. In 

practice, there are several difficulties in selecting the most appropriate methods either 

via experimental, theoretical and/or modeling works best suited to a given study. Most 

of the researchers are commonly using the conventional way of selecting the methods 

on how to carry out the experimental works based on the such as preliminary trial 

experiments, availability of equipment and tools, skills and most importantly the 

consumable and non-consumables materials before finalizing the design of 

experimental works using specific methods. Therefore, the theoretical and/or modeling 
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simulation works contributing to reduce the cost and time of the experimental works. 

However, the selection for the most suitable methods for both, experimental and 

theoretical and/or modeling works, respectively, would require careful and systematic 

decision in choosing the most appropriate methods suited to the scope of work. This 

paper intends to give an important step in the decision process, through a systematic 

analysis of several methods in order to weigh their strength and limitations.  

A lot of analysis tools for management purpose can be found in various industries. A 
decision matrix analysis is a decision-making tool that provides multiple different factors 
to focus on. It is a reliable tool because of its flexibility on using in many areas, 
especially where there are many options to look at(Okudan, 2008). Basically, the 
purpose of the matrix analysis is to guide in performing a variable research and to verify 
the strength of relationships among variables (Vernon Gayle, 2018). The selection of 
the appropriate methods is carried out based on the several case studies. This paper is 
investigating several shortlisted methods used to study rheological behavior of both pre-
preg and reinforced composites using a simple matrix analysis method. Matrix analysis 
method is used as a base in conducting the selection and determination of the most 
appropriate and suitable methods for experimental, theoretical and/or modeling works 
that related to the rheological behavior study.  
 
The current comparison study analyzes the methods used to study rheological 

properties of thermoset-based resin for the fiber-reinforced composites. Matrix data 

analysis method is used as a base to get a guide in conducting the research on the 

topic include experimental, theoretical and/or modeling works that related to the 

rheological properties of a thermoset. Then, the most related and best-case study is 

being reviewed to identify the best and suitable method to be used for the rheological 

study of thermoset-based resin via experimental and modeling works during the solution 

coating process for the pre-impregnated natural fabric reinforced and their composites. 

 
2. Methods  
 
In order to carry out the selection of appropriate method for both, experimental and 
theoretical and/or modeling works, respectively, the case study is designed by having a 
systematic analysis adopted as the research method. For the case study, the matrix 
analysis method has been chosen in performing the systematic analysis for the 
selection method for experimental, theoretical and/or modeling works that related to the 
rheological behavior for the natural woven fabric pre-preg and their composites based 
on epoxy resin. A set of case studies for this review has been identified and shortlisted 
after an extensive review study carried out earlier as reported by the authors, Firdaus et 
al.(2021). The review study summarised the related papers studied on the rheological 
behavior studyvia experimental, theoretical and/or modeling works for the recent years.   
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The case study is organized as follows: First, a review of each of the case study is 
presented by performing a review of the works carried out, for rheological behavior 
study, respectively. Secondly, the methods used are presented and discussed, then 
followed by the comparison observed by each of the methods. A matrix analysis method 
is performed for each of cases, by identifying several factors such as the reliability, the 
complexity, advantages and limitations or disadvantages of each method as well as also 
includes other aspects i.e. the time usage, the cost and the suitability offered by each of 
the methods. In this paper, the aspects for experimental works is compared in terms of 
the method is carried out, the tools complexity, the time taken for a set of result 
obtained, the data result, the disadvantages, and the suitability for the current case 
study. While the aspects for theoretical modeling is compared in terms of the model 
used, advantages, disadvantages, reliability, and suitability for the current case. Finally, 
a conclusion for each part is drawn as to finalize the best desired methods for both, 
experimental and theoretical and/or modeling works, respectively.  
 

 
3. Case study for the rheological behavior study 
 
The review of each of the case study selected, as presented in Table 1 and 3, is 

summarized with a detail review of the works carried out, for rheological behavior study, 

by both experimental and theoretical and/or modeling works, respectively. The methods 

for rheological behavior study are presented and discussed as well as be compared 

between each of the methods. A matrix analysis method for each of cases is performed 

as shown in Table 2 and 5, by studying several aspects or factors such as the reliability, 

the tools complexity, advantages and limitations or disadvantages of each method as 

well as other factors such as the time usage, the results data and the suitability offered 

by each of the methods. A conclusion is summarized to finalize the most and best 

appropriate and suitable methods for, experimental and theoretical and/or modeling 

works, respectively. 

  
A review of the rheological behavior studyvia experimental works 
 
The case study for the method selection with regard to the rheological behavior study 

using experimental works is presented in Table 1.The case study focuses on 

understanding the rheological study of each of the methods that can be used as a 

selection guide for the rheological study of pre-preg composite using thermosets resin. 

As thermosets are infusible resin once cured, it is important to understand the point 

where gelation starts to process as it is a point where crosslinking occur making the 

polymer and fiber to be reinforced together. In this study, the case studies chosen were 



Jilin Daxue Xuebao (Gongxueban)/Journal of Jilin University (Engineering and Technology Edition) 

ISSN：1671-5497 

E-Publication：Online Open Access 

Vol: 40 Issue: 12-2021 
DOI 10.17605/OSF.IO/TVFBS 

  
 

Dec 2021| 114  
 

analyzed mainly according to the gel point criterion and gelation process occurred via 

the parameters used on the experimental method.  

This is significant reason to observe the gel point criterion and gelation process as 

shown from a research conducted by Hayaty et al. (2010) on the importance for the 

determination of gel on glass/epoxy pre-preg by using four criterions. The crossover of 

the viscous flow loss modulus (G’’) and elastic deformation storage modulus (G’) is 

invalid in gel point (GP) determination of the pre-preg as it did not cross each 

other(Hayaty, 2010). A criterion of peak of tan δ curve near the gel point and is 

independent of frequency is used to determine GP of a glass/epoxy pre-preg. This 

criterion is chosen instead of the crossover criteria because G’’-G’ crossover point is a 

frequency-dependent criterion and is not suitable in the experiment conducted in this 

study.  

According to the findings from a research conducted by Dorr et al. (Dörr, 2020), has 

stated that multiwave test is a beneficial measurement method as it can be used at 

different temperatures and the result can give more information than the tradition 

analysis method such as crossover of storage and loss modulus. The samples were 

fabricated using hydraulic pressed under 200°C, then fast cooled in water-cooled press 

with initial pressure of 50kN. The test conducted GP test at the three temperature 

range: 230°C as GP occurred after 52 min, and 250°C after 37 min. Oscillatory test and 

amplitude sweep test with a constant angular frequency were also conducted to 

determine the linear viscoelastic (LVE) range in an isothermal condition.  

However, Miranda et al. (2019) has stated that multiwave test is applicable in 

determining GP in pre-preg, but is hard as it is a complex method to be used(Martínez-

Miranda, 2019). The author found that complex shear modulus onset can be observed 

as another proposed criterion. The layup pre-preg was prepared with uncured pre-preg 

and (0/90/0/ 90/0) orientation. The author set another lay-up orientation and number 

layers of (0)2, (0)3, (0)5, (0/90) and (0/90/0), to check that the lay-up has not influence 

the gel point. The rheological measurement for this research was conducted using AR-

G2 rheometer. Oscillatory test method was conducted in both isothermal and non-

isothermal condition. In their study, other than strain of storage modulus G′, loss 

modulus G″ and complex viscosity |η*|, the normal force, gap (distance between plates), 

complex shear modulus and tan δ variables were also registered during the tests. 

Various measuring test has been conducted with the proposed criteria. The author 

agreed that complex shear modulus onset increase by constant gap (plate-plate 

separation) and constant normal force test was the most satisfying criterion to be 

observed as the change in this signal was easily detected. In addition, it has been 
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shown that the results obtained by applying this criterion are independent of frequency, 

geometry, and strain. 

Mphahlele et al. (2019) has conducted a rheological test using a modular compact 

rheometer on a BMS-8-297 70 PW TY4 pre-preg material, as used in the aviation 

industry(Mphahlele, 2019). Oscillatory shear flow measurement was conducted under 

isothermal and non-isothermal condition and preliminary frequency and strain sweeps 

were carried out to determine the optimum experimental conditions. The isothermal test 

was conducted under the same condition as Differential Scanning Calorimetry (DSC) 

test. The angular frequency was set at 10rad/s with initial strain of >1%. The strain was 

then adjusted automatically to maintain the torque response within the range of the 

transducer, as the cure process has begun. In their study, it was found that the test 

results were well obtained with crossover point of storage and loss modulus under non-

isothermal condition at 2.5, 5, and 10 C/min. 

The matrix analysis for the comparison study is shown in Table 2 for the selection 

method for rheological behavior study via experimental works.The gel point 

determination can be observed in many criterions observed. Each of the criterion has its 

parameters influencing the behavior. The crossover point of storage and loss modulus 

are commonly used criterion in determination of GP. An oscillatory test is a standard 

measurement method in investigating various kind of viscoelastic material (Mezger, 

2014). The way it operates is by applying shear rate, shear stress, gap between two 

plates (known as plate geometry), and frequency. It is a simple process that can be 

found in various rheological testing in previous research. However, an oscillatory test 

can only give a certain data result according to the parameters being set. Therefore, it 

requires a longer time for study that conduct a comparison testing of different parameter 

values. A multiwave test has provide a shorter period of processing and multiple data 

results. However, it is a complex measurement tool compared to a standard test or 

constant gap and constant normal force test in determining the rheological properties. 

As mentioned earlier, the criterion occurrence is influenced by the parameters set. The 

crossover points of storage and loss modulus was taken as the criterion as it is a 

frequency dependent criterion and is much suitable in research that conducted a 

frequency rated test such as oscillatory test. 

As a conclusion, the papers were chosen and compared according to the type of 

material used, the testing methods used, and the GP criterion being observed. An 

oscillatory test method can be found in three of the papers chosen. Therefore, it is a 

common method that can be used for the author’s case study. In addition to that, a 

constant gap and constant normal force test are expected to be useful in the 
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determination of GP in pre-preg material. However, multiwave test which is said to be 

beneficial in terms of the time taken for a determination of GP in various frequency set, 

can be considered to be selected.  

Table 1: The case studies for the method selection with regard to the rheological study 

using experimental works 

Author 
(Year) 

Type 
of 

materi
al 

Fabricati
on 

method 

Testing 
methods 

Geomet
ry size 

Geomet
ry type 

 
Sam
ple 
set 

Gel point 
criteria 

(Dörr, 
2020) 

LX901
2 

Polya
mide/ 
epoxy 

CE 

Hydraulic 
pressed 
under 
200◦C,  

Oscillatory 
test 

- Amplitude 
sweep test 
- Multiwave 

test 

25 mm 
diamete

r  

Parallel 
plate  

Six 
G’-G’’ 

crossover 
point 

(Mphahle
le, 2019) 

Carbo
n/ 

Epoxy 
pre-
preg 

Hand lay-
up and 

calcinatio
n process 

- 
Rheometer  
- Oscillatory 
shear flow 

- 
Preliminary 
frequency 
and strain 
sweep test 

Plate-
plate 

Plate-
plate 

Three 
G’-G’’ 

crossover 
point 

(Martínez
-Miranda, 

2019) 

Carbo
n/ 

Epoxy 
pre-
preg 

Hand lay-
up 

process 

- Oscillatory 
test 

- Constant 
gap (plate-

plate 
separation) 

test 
- Constant 

normal 
force test 
- AR-G2 

rheometer 

Parallel 
Plate 

Parallel 
Plate 

Eight 

Complex 
shear 

modulus 
onset 

increases 
by 

constant 
gap and 
constant 
normal 

force test 
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Table 2: Matrix analysis for the comparison study 

 
Method 

Tools 
comple

xity 

Time taken 
per result 
obtained 

Data 
Results 

Limitation 
Suitability for current 

case 

Multiwave test 

 
 
 
 

Comple
x 

Multiple 
result per 
run 

Provide 
various 
information 
regarding 
sample 
reactivity 

Optimal 
parameters 
are 
complicated 
to obtain for 
pre-preg 
sample 

A shorter time 
processing and multiple 
data obtained will aid 
the study in achieve a 
precise conclusion 

Oscillatory 
shear flow and 
strain sweep 
test (using 
rheometer) 

 
 

Simple 
Single data 
per run 

Limited to 
the 
parameter
s set 

Requires a 
long time for 
multiple 
data result  

A common method used 
in rheological study 

Constant gap 
(plate-plate 
separation) 

test and 
constant 

normal force 
test (using AR-
G2 rheometer) 

 
 
 
 

Simple 
Single data 
per run 

Limited to 
the 
parameter
s set 

Information 
regarding 
the test 
method and 
its reliability 
is limited 

Gel point criterion 
determination is easily 
detected and is suitable 
for pre-preg as it is 
independent of the 
frequency, geometry 
area and strain. 

 

A review of the rheological behavior studyvia theoretical and modeling works 

 

For the theoretical or modeling works on the rheological behavior study, the case study 

is presented in Table 3.The mathematical modeling equation used in the model by each 

of the case study is also tabulated in Table 4, respectively. It is also It can be observed 

from the review study reported by the Firdaus et al. (2021) that a lot of researchers 

study the rheological behavior of thermoset based resin, with a method by using 

multiwave technique which required for the determination for the crosslinking according 

to a power-law behavior. There are a lot of researchers have proposed the use of power 

law model, in which It describes the resin behavior with regards to the influence of shear 

rate and shear stress in a form of power law, n. Generally, power law is a time 

dependent model as the relaxation modulus of n increase with an increase in 
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time(Winter, 1986). With regard to this case study focusing on the methods which 

applying the power law model in their study. 

 

Ditta et al. (2020) has applied the power law model associated with Winter-Chambon 

method which is often used in multiple time sweeps in oscillatory condition on separate 

samples at different constant frequencies (Ditta, 2020). Using this criterion, two system 

were observed at its gel point, and is well agreed that the gel time is s detectable as the 

time in which G' and G" have parallel and linear traces in the log-log plot in accordance 

with the Winter-Chambon criterion (Winter, 1986).  Therefore, the power-law time 

dependence of the relaxation modulus can be derived for frequency dependence and 

expressed as equations below: 

 

 ′( )      (   )        ( 
 

 
 )    ′   

 

 ′( )      (   )        ( 
 

 
 )    ′′   

 

where  (1-n) is the gamma function. The lag phase δ is equal to ( 
 

 
 ). The three power 

law parameters (k’, k” and n) are sufficient to characterize the viscoelastic response of 

the incipient gel. Thestudy stated that the values were likely depending on the polymer 

concentration than on sucrose content.  

 

Interestingly, another researcher has been using the same model of power law to detect 

the relaxation modulus under steady shear rate(Zheng, 2019), by applying the equation 

below in the modeling works, which taking consideration the evaluation of the shear 

stress and resin flow behavior index, n.  

      

where τ is the shear stress (Pa), γ is the shear rate (   ), n is the flow behavior index, 

and K is the consistency coefficient (     ). 

Recent research by Geissberger et al. (2017), have conducted theoretical work based 

on a temperature model has proposed a temperature empirical model derived from 

Kiuna model and has found effective on describing the parameters for epoxy based pre-

preg system(Geissberger, 2017). The study proposed two models for isothermal and 

non-isothermal condition. The model is used in determining the viscosity change, initial 

viscosity, and gel time for 3 samples proposed. It is found that the isothermal condition 
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model provided eight parameters where       describes an Arrhenius dependence of 

zero-cure viscosity on temperature,       describes acceleration of the curing reaction 

depending on temperature,   ,     : function      (τ), and       describes the 

temperature-dependent adjustments for linear offsets in the time axis.The independent 

adjustment of initial viscosity and the non-dimensional viscosity of the model has led to 

a great accuracy of the overall start and curvature of rheological data under isothermal 

cure conditions. The change in viscosity and the processing period can also be 

determined and is a crucial aspect in designing an optimized impregnation strategy. For 

non-isothermal model, it has found to predict viscosity for the whole cycle and aids in 

process optimization. 

 

Interestingly, a study conducted by Artys et al. (2017), emphasized modeling the cure 

kinetics and rheological of the thermoset based resin, i.e epoxy resin in order to predict 

the curing and flow behavior by the phenomenological models based on the selection of 

representing reaction models, estimation of start parameters, and evaluation of final 

model parameters(Artys, 2017). A TA Q-2000 DSC was used to measure the reaction 

heat and the glass transition temperature. Dynamic measurements were conducted 

from -80C to 250C for heating rate of 1,2,5 and10 K/min to characterize the dynamic 

curing behaviour and obtain the total reaction enthalpy. While, the rheological 

measurements were conducted by A TA AR-2000 using a 40-mm diameter plate 

geometry in plate-plate mode. An isothermal viscosity measurements were carried out 

at a shear rate of 50 1/s, until the viscosity reaches the limit of 1.5 Pa.s. An oscillation 

viscosity measurements were also conducted to determine the gel time by the point 

where the storage modulus exceed the loss modulus. The rheology modeling is carried 

out by using Castro-Macosko model, which is a modified Williams-Lendel-Ferry (WLF) 

model, to model rheological behavior of resin system, in observing the change of 

viscosity due to cure (time and temperature).  

 

Another temperature dependent model has been used by Bae et al. (2018) to determine 

the change of rheological profile of epoxy system for the wider range of degree of 

reaction (Bae, 2018) conducted a rheological test by developing a new temperature-

dependent empirical model derived from Williams-Lendel-Ferry (WLF)- based chemo-

rheological model and has found that rheological measurement can be determined even 

at a wider range of degree of reaction, a. the model was found successful in 

determining the states of curing such as initial, transition and vitrified regimes. 

Furthermore, the model is expected to give a way to estimate the degree of reaction 

from only rheological measurement without DSC tests. The research stated that the 

viscosity was found to be temperature dependent as 1. Curing reaction gives rise to 
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vitrification of the reaction medium, which prevents from encounter of reactants. 

Temperature can also influence Molecular weight as the author assumed the changes 

in molecular weight depending on the relation between molecular weight and degree of 

reaction and the relation between molecular weight and viscosity. However, the author 

used complex viscosity to observe the rheological behavior as the storage requires 

large degree of reaction and loss requires a small degree of reaction. Otherwise, the 

two moduli will suffer from noise, which will lead to inaccuracy of the measurement. 

The matrix analysis for the comparison study is shown in Table 5 for the selection 

method for rheological behavior study. The analyzing tool are categorized in the factors 

listed such as the model dependency, the model used, and the mathematic equation 

proposed. The Winter-Chambon method theoretical assumption on the power-law 

behavior is commonly used. An author stated that the application of Winter-Chambon 

method is often used in multiple time sweeps in oscillatory condition on separate 

samples at different constant frequencies. An oscillatory test using a rheometer is a 

standard method used in determining the rheological properties of a polymer. As the 

model proposed can be used in further understand the gelation behavior that is 

influenced by the frequency rate set by the test. However, this power law model 

basically may be proposed for the estimation of start parameters before further 

developing the reaction model under different types of curing process, which are used 

by other researchers listed in the Table 4. 

Interestingly, Castro-Macosko modelon the rheological measurement under 

temperature dependent was commonly used. An author stated that the application of 

Castro-Macosko model can be used on the pre-preg system and was found to be 

providing successful results. Another model that can be used in a pre-preg system and 

was found giving better results is a Kiuna derived empirical model proposed by 

(Geissberger, 2017). The method used to determine the rheological measurement on 

pre-preg system was an oscillatory test with a gap thickness of 2.5 mm under 

isothermal and non-isothermal condition. The GP determination for the system provided 

was a crossover point of storage and loss modulus. This determination showed that the 

sample is dependent of its frequency and has the similar dependency with the power 

law model. As the model proposed can be compared to the method used, it can help the 

study in further understand the gelation behavior that is influenced by the frequency rate 

set by the test.   

For a model that describes the temperature dependence of a polymer, it is found that 

WLF model can be observed as it describes the degree of reaction, a, as proposed by 

Bae et al. (2018). The model provides information even at a wider range of degree of 

reaction. Furthermore, an author has stated that DSC can be excluded with the 

application of this model. However, the model comes with a small limitation, as it 
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requires information regarding complex viscosity to represent the rheological properties 

of epoxy mixture because noise can be generated for the loss and storage modulus if a 

suitable degree of reaction cannot be met. This could lead to errors in measurement 

that provide inaccurate results(Bae, 2018).. 

As a conclusion, for the current application for the investigation of the rheology study for 

epoxy based resin used in the author’s work, the method used by (Geissberger, 2017), 

is proposed to be applied, in which considering isothermal and non-isothermal 

conditions using two main models, which are Kiuna derived Empirical model and 

Castro-Macosko model. The model applied in order to obtain the reaction models under 

different curing process at certain viscosity and heating condition. The main advantages 

of these models, which is able to predict the viscosity for the curing, cycle and can use 

useful for the optimization process during manufacturing, with higher accuracy and 

reliable predictions.  

Table 3: The case studies for the method selection with regard to the rheological 

behavior study using theoretical and modeling works 

Author 

(Year) 
Sample type 

Model 

Dependency 
Model 

(Ditta, 2020) 
 High Methoxyl Pectin (HMP) 

solutions 

 
Power Law derived 

empirical model 
Time 

Dependent 

(Zheng, 

2019) 

Sodium 

alginate/carboxymethyl 

cellulose compositegel 

Time 

Dependent 
Power Law 

(Geissberger, 

2017) 

Three different resin epoxy-

amine based system: 

1. Prepreg system 

2. Fast curing system - 

XB3585/XB3458 

3. Structural adhesive - 

Resoltech 3350 

Temperature-

dependent 

empirical 

model 

Kiuna derived 

Empirical model 

Temperature-

dependent 

empirical 

model 

Castro-Macosko 

model 

(Artys, 2017) LY 556 Epoxy 

Temperature-

dependent 

empirical 

model 

Castro-Macosko 

model 
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(Bae, 2018) 

Epoxy/phenolic 

compound/Triphenylphosphine 

(TPP) 

Temperature-

dependent 

empirical 

model 

WLF-based 

chemorehological 

derived empirical 

model 

 

Table 4: The modeling equation used in the case studies with regard to the rheological 

behavior study using theoretical and modeling works 

Author 

(Year) 
Mathematical equation 

(Ditta, 2020) 
 ′( )     (   )      ( 

 

 
)    ′ 

 
 

 ′( )      (   )        ( 
 

 
 )    ′′   

(Zheng, 

2019) 
      

(Geissberger

, 2017) 

Isothermal 

 (   )

       (
   
   
)    [

     
  

  
   (      ) *         (     (

  

  
)
 (      )

  
)+

  
] 

 

Non-isothermal 

 (   )  ∑       (
   

  (  )
)   

 

       

[     (
  

  (  )
)   (   (  )    )

 
 

  
*         (     (

  
  (  )

)
   (   (  )    )

  
)+] 

Castro-Macosko 

 (       )       (
 

  
)(

    

          
)

(        )

 

(Artys, 2017) 
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(Bae, 2018)     ( )  
 

                   
 

 

Table 5: Matrix analysis for the comparison study 

Model  Advantages Disadvantages Reliability  Suitability 

Power Law 
derived empirical 
model(Ditta, 
2020) 

A common derived 
model suited for 
oscillatory test 

Applicable to 
time-dependent 
sample only 

GP 
determination is 
easily obtained  

Equation can easily 
relate with oscillatory 
test method 

Power Law 
(Zheng, 2019) 

A common model 
used in rheological 
study 

Applicable to 
time-dependent 
sample only 

GP 
determination is 
easily obtained 

Able to predict the 
viscosity of a sample 
through shear rate 
and shear stress 

Time-dependent 
Empirical model 
(Geissberger, 

2017) 

Curing kinetic 
determination can 
be accomplished 
without DSC 
 

Crossover point 
can only be 
found if initial 
viscosity is 
decreased, 
resulting in 
lowering result 
accuracy 
especially in B-
stage. 

Able to predict 
the viscosity for 
the whole cycle 
and aids in 
process 
optimization 

The model can 
accurately determine 
changes in viscosity 
and the duration of 
the processing zones 
which are critical for 
designing an 
optimized 
impregnation 
strategy. 

Multi-target 
regressionCastro-

Macosko 
model(Artys, 

2017) 

Able to predict 
viscosity change 
over temperature 
dependence. 

DSC test must 
be conducted 
first to obtain 
the input for 
curing kinetic 
process.  

The model 
proposed is 
well described 
with the 
experimental 
data. 

Able to obtain good 
result on the 
viscosity changes 
that depends on the 
temperature and 
degree of cure. 

Temperature-
dependent 

empirical model 
(Bae, 2018) 

Model is expected 
to give a way to 
estimate the degree 
of reaction from only 
rheological 
measurement 
without DSC tests 

Noise for G’ 
and G’’ can be 
seen when 
incorrect 
degree of 
curing is 
obtained. 

The model 
proposed is 
well described 
with the 
experimental 
data. 

The model 
incorporates well 
with the complex 
viscosity data is 
being applied.  
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4. Suggestion and Recommendations 

This paper concludes the most appropriate method for the rheological analysis via 

experimental and modeling works based on the presented study cases. The 

experimental methods offer a guideline for this study on determining the rheological 

behavior according to the suitability of the research. While the modeling work described 

the suitable parameters for the test and predict the rheological behavior based on the 

input stated.  

The most appropriate methods for the rheological behavior study the current case of 

woven natural pre-preg and composites, it is recommended for rheological analysis is 

oscillatory test and amplitude sweep test using the rheometer testing equipment as it is 

a common test provided in previous research. An oscillatory test method can measure 

the viscoelastic properties of a material(Mezger, 2014). The test manipulates the shear 

rate, shear stress, frequency set, and the gap between the geometry plates to obtain 

the properties influenced by it such as the minimum viscosity, initial viscosity, gel point 

and optimum heat rate (Franck, 2004). An amplitude sweep test provides information 

regarding the Linear Viscoelastic (LVE) region as this region provides information 

regarding the minimum viscosity of a material(Dörr, 2020).  

In addition to the above experimental method, further analysis is recommended by 

applying the multiwave method. Multiwave oscillation is an improvement to the standard 

(single frequency) oscillation method that enables the sample to be exposed 

simultaneously to multiple oscillation frequencies. However, for rheological 

characterization of pre-preg, this method is considered quite complicated to conduct as 

it is difficult to find the optimal experimental parameters (frequency and strain) to obtain 

good data (Martínez-Miranda, 2019). Therefore, to further strengthen the result 

evaluation of rheological study on pre-preg, a constant gap and constant normal force 

test is advisable because of its efficiency in identifying GP in pre-preg samples. The 

criterion regarding the complex shear modulus onset increases by constant gap and 

constant normal force test is a new criterion but is expected to be effective in 

determining GP in pre-preg material.  

While for the theoretical and modeling works for the rheological behavior study, the 

most appropriate methods suitable, it is recommended forthe investigation of the 

rheology study using epoxy based resin used in the author’s work, the method used by 

Geissberger et al. (2017), in which considering isothermal and non-isothermal 

conditions using two main models, which are Kiuna derived Empirical model and 

Castro-Macosko model.  



Jilin Daxue Xuebao (Gongxueban)/Journal of Jilin University (Engineering and Technology Edition) 

ISSN：1671-5497 

E-Publication：Online Open Access 

Vol: 40 Issue: 12-2021 
DOI 10.17605/OSF.IO/TVFBS 

  
 

Dec 2021| 125  
 

In conclusion, the most appropriate method has been chosen based on the reliability 

and suitability of the methods used to be applied for the determination of the rheology 

properties of thermoset resin used for the pre-impregnation process of the woven 

natural fiber. It is also recommended that both the experimental and theoretical methods 

be incorporated to obtain better findings, particularly for validation works. 

5. Conclusion 

The selection of the suitable methods from various methods defined by researchers has 

been carried out in this research with the aim to reduce the difficulties in selecting the 

most appropriate methods either via experimental, theoretical and/or modeling works 

best suited to a given study. A systematic analysis has been conducted in order to 

identify and determine the most appropriate and suitable methods via experimental, 

theoretical and/or modeling works with regards to the rheological behavior study pre-

impregnated (pre-preg) and woven natural fabric reinforced composites. Several 

observations considering various aspects have been obtained in order to carry out the 

selection for the best suitable methods such as the reliability, the complexity, 

advantages and limitations or disadvantages of each method and also including 

identifying any limitations before the designing of the experiments and modeling works. 

A few suggestions and recommendations have been concluded based on the case 

studies and their methods and the final selection of the methods has been drawn 

accordingly. 
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