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Abstract - Polymer-based composite materials are used in most 

engineering applications nowadays. There is an increasing 

demand for environment-friendly reinforcing materials in the 

industry. Previous studies indicated that micro cellulose-based 

composite has better mechanical properties such as tensile 

strength, elastic modulus, stiffness, water absorption, and 

thermal stability. A simple rule of mixture-based models does 

not adequately explain the variation of mechanical properties 

with the composition. This paper discusses a modified form of 

a mathematical model based on a rule of mixture principles to 

predict the mechanical behavior of microcrystalline cellulose-

based polymer composites. The model aims to predict the 

mechanical properties of Microcrystalline cellulose (MCC) 

reinforced composites.  Theoretical values obtained from the 

developed model were compared with the experimental values 

obtained from the fabricated composites. The results show 

good agreements, confirming the potential of the mathematical 

model. 

Keywords:  Microcrystalline cellulose, Polypropylene, Composite, 

Rule of mixer  

I. INTRODUCTION 

A composite is a heterogeneous material made by the 
blend construction of two or more materials with different 
physical and chemical properties. The composite may bear 
properties that are very different to homogenous materials. 
Also, the composition changes alter the properties of 
composites. The matrix is a homogeneous material in which 
a fiber system of a composite is embedded. Polymer matrix 
composites (PMCs) can be divided into three sub-types: 
thermoset, thermoplastic, and rubber. Therefore, composite 
materials showing excellent mechanical properties can be 
developed by introducing appropriate reinforcements [1]. 

The rule-of-mixture concept is commonly employed to 
predict the properties of fiber-reinforced composites based 
on the weighted contributions from the fiber filler and the 
matrix. According to the RoM principle, the mean value of a 
composite's property is assumed to vary with the volume 
weighted average.  

The net force acting on the composite (Fc) equals the 
forces acting on the matric (Fm) and fiber (Ff) 

𝐹𝑡𝑜𝑡 = 𝐹𝑓 + 𝐹𝑚        (1)      

This leads to the following relationship. Where, σc is 
unidirectional composite tensile strength, σf_and, σm are fiber 
and matrix tensile strengths respectively, 

𝜎𝑐𝐴𝑐 = 𝜎𝑓𝐴𝑓 + 𝜎𝑚𝐴𝑚      (2) 

The volume fraction (Vm ,Vf) and area fractions (Af/Ac , 

Am/Ac) are equal for cylindrical fibers,  

𝜎𝑐 = 𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚      (3) 

𝜎𝑐 = 𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚        (4) 

Rule of Mixture (RoM) are commonly used fundamental 
equations for any composite mechanical strength analysis 
[10].  

Therefore, in unidirectionally reinforced composites, if the 
strain of fiber is equal to that of the matrix, the elastic 
modulus of the composites along the longitudinal direction 
(in parallel mode) is given by, 

𝐸𝑐 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚(1−)𝑉𝑓       (5) 

These models help predict the optimum composition that 
maximizes the targeted property of a composite within some 
range. Thus, it saves time and money by cutting the trial-and-
error approach to a bare minimum [2]. 

The strain of fiber to be equal to that of the matrix, the fiber 
and matrix should be compatible, and there should be strong 
bonds between them. The polar and hydrophilic cellulose are 
not compatible with non-polar, hydrophobic PP. Hence, a 
surface modification was performed on MCC to enhance the 
compatibility [3]. 

A green approach was adopted in surface modifying 
MCC. After modifying, the dispersibility in low polar 
solvents was used as a measure of the hydrophobicity of 
fibers [4].  
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Fig. 1. The compatibility of MCC with pp is improved through surface 

modifications. 

 

This study transesterifies sunflower oil into its sunflower 
oil fatty acid ethyl esters (SFEE) and then chemically binds 
SFEE's hydroxyl groups on the MCC surface via a second 
transesterification reaction. [5] MCC showed a higher 
affinity for low polar solvents after the modification, and the 
hydrophobicity of the modified MCC could be increased by 
heating time control. [6] 

METHODOLOGY 

A. Preparation of Modified MCC 

Sunflower oil was used as a modifying agent without 
any acid or base catalysts. 50 ml of sunflower oil was added 
to the 500 ml of ethanol & mix in the ultrasonic wave 
sonicator (model & make if possible) at room temperature 
for 45 mins. After the reaction, glycerol was separated using 
by separating funnel. Excess ethanol was removed by 
rinsing with warm water at 70°C several times. 

12.5ml Sunflower oil fatty acid ethyl ester was mixed 
with 500ml ethanol and 50g MCC in the ultrasonic wave 
sonicator at room temperature for 45 mins. After the 
reaction, the mixture was kept at room temperature 
overnight. Then the transesterification reaction was run at 
110°C in an oven (model & make if possible). Then, 
vacuum drying was performed in a vacuum oven for 1hr to 
get rid of excess water. The unreacted fatty acid was 
removed by centrifuging. 

B.  Characterization of modified MCC 

The surface-modified MCC samples were characterized 
using the Thermo Scientific Nicolet IS10 spectrometer in 
ATR mode [7].  

C. Morphological investigation 

The surface morphology of modified and unmodified 
MCC samples was investigated using the EVO 18 Zeiss 
SEM. A rigid rod-like structure was observed [9]. 

D. Hydrophobicity test 

The dispersibility of modified MCC samples in two 
immiscible liquids with differing polarities and densities 

(Water/Dichloromethane) was used as a measure of 
hydrophobicity [3].  

E. MCC-PP composite preparation 

A series of composites with varying compositions of 
weight % (1-5) modified MCC ( and PP) were prepared 
separately. The constituents were mixed using an internal 
mixer MX300-TQ. The polypropylene was added first and 
blended using Banbury-type rotors for 5 minutes. Then 
modified MCC was added and blended for 3 minutes at 180° 
C, greater than the melting temperature(165°C) at 65 RPM. 
Then, the prepared mixture was pressed using a hand press to 
obtain a sheet. Test samples were prepared using a 
compressed molding machine at 150°C (<165°C) for 10 
minutes at 10Mpa. Then samples were compressed and done 
3 times. Samples were kept in the machines for 30 minutes 
before being taken out. 

MATHEMATICAL MODEL DERIVATION 

A. Tensile Strength 

The experimental values obtained indicate that the 
composite's mechanical properties do not follow the simple 
RoM. The interfacial shear stress transfers tensile stress 
from matrix to fiber.  This transfer depends on many factors, 
such as fiber orientation. Including these concepts in the 
simple RoM, the model can be modified.  Therefore, the 
contribution of other influential factors was introduced to 
the model to get a satisfactory agreement with the 
experimental data. 

Fiber orientation factor  

The fiber orientation, the direction of fibers in the matrix, 
significantly impacts the mechanical properties of a 
composite. Generally, longitudinal (loading direction) fibers 
contribute more to the composite strength than transversely 
oriented or inclined oriented fibers. The maximum 
contribution to mechanical strength from fibers is obtained in 
the longitudinal direction. However, it is worth noting that 
poor matrix fiber bonding could significantly influence the 
final results [11, 21].  

𝜎𝑐 = ŋ𝑜𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚       (6) 

Where, ŋ𝑜 – Fiber orientation factor  

If the existence of the void between the fiber and the matrix 

is ignored, Cox–Krenchel’s model suggests that the fiber 

orientation factor can be expressed as:  

ŋ0 = ∑ 𝑎𝑛 cos4 𝜃𝑛𝑛        (7) 

Where 𝑎𝑛 is the fraction of fiber orientated at fiber angle. 𝜃𝑛 
is fiber angle. 

The above equation is based on averaging the elastic 
properties over all three possible orientations in a two-
dimensional direction. Many approximated values have been 
proposed and checked experimentally. Most of the literature 
suggests 0.375 as an orientation factor.  
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Fiber agglomeration factor  

   Most mathematical models have assumed that matrix 
bonds with fibers flawlessly, so the load transfer to the fiber 
is perfect. However, due to the presence of fiber-to-fiber 
contact and/or agglomeration, the fibers are not completely 
enveloped by the matrix, reducing the load transfer from 
matrix to fiber. Therefore. this factor is also required to 
include in the model [12]. 

𝜎𝑐 = ŋ𝑎ŋ𝑜𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚      (8) 

Where, ŋ𝑎 is agglomeration factor,  

ŋ𝑎 = 1 − (𝐶𝑉𝑓)𝑛      (9) 

Where,  𝐶 is the packing factor and 𝑛 is pattern exponent 
accounting for mixing or processing conditions. 

 The fibers agglomerate at higher concentrations, and the 
matrix may not perfectly wrap every fiber flawlessly. 
Therefore, the perfect load transfer assumption does not 
hold.  

However, microscopic observations can be employed to 
evaluate the extent of agglomeration. Based on these 
observations, a value can be assigned to the agglomeration 
factor. According to the available scientific literature, n=2 is 
appropriate for the current samples. It is worth noting that 
with the increase of the degree of agglomeration, the factor 
reduces, and at fiber content of 100%, the agglomeration 
factor yields zero value.   

Fiber length distribution factor  

The effect of fiber length distribution was studied using 
the Weibull distribution (the maximum entropy distribution) 
concept.   

Stress transferred to fiber increases as fiber length (l) 
increases until the stress transferred reaches an intrinsic limit. 
This limiting length is called critical fiber length (lC). 
Therefore, the reinforcement effect does not increase with 

the fiber length beyond the limits of critical length [26]. 

Fig. 2. The variation of stress transferred from matrix to fibers on fiber 

length. 

The Cox equation can assess the fiber length effect [13]. 
The tensile stress at the fiber ends is assumed to be zero, 
increasing to the maximum at half the ‘critical length. As this 
significantly impacts the composite's mechanical properties, 
this is introduced to the model.   

.  

𝜎𝑐 = ŋ𝑎ŋ𝑜ŋ𝑙𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚      (10) 

ŋ𝑙 = 1 −
tanh(

𝛽𝑙

2
)

𝛽𝑙

2

       (11) 

Where, 𝑙 is length of fiber. 

𝛽 =
1

𝑟 √
𝜎𝑚

𝜎𝑓(1−𝜇) ln √
𝜋

4𝑉𝑓

      (12) 

Where, 𝑟 is fiber radius and 𝜇 is Poisson’s ratio of 
matrix.  

Long pull-out lengths reveal reduced fiber–matrix 
adhesion and hence, Fibers appear to be separated from the 
matrix reasonably quickly [14].  

𝜎𝑐 = 𝑘𝑓ŋ𝑎ŋ𝑜ŋ𝑙𝜎𝑓𝑉𝑓 + 𝑘𝑚𝜎𝑚𝑉𝑚     (13) 

Where,  𝑘𝑓 is fiber in composite loading efficiency, 𝑘𝑚 is 

matrix in composite loading efficiency.  

- 

𝜎𝑐 = 𝑘𝑓ŋ𝑎ŋ𝑜ŋ𝑙𝜎𝑓𝑉𝑓 + 𝑘𝑚𝜎𝑚𝑉𝑚 + 𝑘𝑝𝜎𝑝    (14) 

Where, 𝑘𝑝 is geometrical factors and 𝜎𝑝 is pullout 

strength.  

𝑘𝑝 = 1 − (
𝑑1

𝑑2

𝑑

2𝑅
)

2

      (15) 

𝑘𝑓 = 1 − 𝑘𝑝      (16) 

Where, 𝑑 is average fiber diameter, 𝑅 is Inter fiber 
distance and 𝑑1 𝑎𝑛𝑑 𝑑2 are fiber diameters in two orthogonal 
directions. Accordingly, the factor 𝑘𝑚 (matrix share) is 
assumed to be maximum, i.e., equal to unity. It is assumed 
here that the matrix yield strain is lower when compared to 
fiber failure strain.  

𝑘𝑝 is a pure geometrical factor that is area sensitive rather 

than linearly space dependent. By increasing the fiber 
fraction force, helps the fibers to carry all transmitted loads. 
Consequently, 𝑘𝑝 = 1 leads to 𝑘𝑓 = 0 and vice versa. This 

implies that failure expected by either fiber pullout or fiber 
failure. Probability for one of the two failure modes occurred 
dependent on the other. Then second factor 𝑘𝑓 describing the 

probability of pull-out occurrence can be evaluated. [16] 

According to the literature, the above model has 
successfully predicted cellulose composite properties. 

B.  Elastic Modulus 

Simple mathematical model used to predict the 
composite elastic modulus based on RoM equation like as 
strength model [17, 18, 19].  

𝐸𝑐 = 𝑘ŋ𝑑ŋ1ŋ0𝐸𝑓𝑉𝑓 +  𝐸𝑚𝑉𝑚 

Where ŋ𝑑 is fiber diameter distribution factor, ŋ1 is fiber 
length distribution factor, ŋ0 fiber orientation distribution 
factor and k are fiber area correction factor. Above 
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equations provides an upper bound estimate when the matrix 
and fiber axial Poisson’s ratios are equal. The cross section 
of the natural fibers varies along the length, not a regular 
shape. But all existing models assume a uniform cross 
section area. This leads to inaccurate mechanical properties 
in the model.  It is suggested that the natural fiber model be 
used to replace the irregularity in the fiber cross section in 
order to enhance tensile modulus predictions for natural 
fiber composites. Based on the previous literature and 
cellulose properties, the above model is expected. The 
model should be correlated with experimental values after 
that. Using the diagrams, the model is evaluated, and the 
model variables are altered according to realistic 
circumstances. 

C.  Impact Energy 

The mathematical model for strain energy was modified 
as given below with aid of the previous research models. The 
model will be given below, 

𝑈𝑐 = 𝑈𝑥𝑉𝑓 + (1 − 𝑉𝑓)𝑈𝑚  

𝑈𝑐 is Strain energy of composite, 𝑉𝑓 is Volume fraction 

of fibre, 𝑈𝑚 is Strain energy of matrix and 𝑈𝑥 is Energy 
factor covering all the fibre related energy absorption 
mechanisms. But, assuming the fiber fracture as a dominant 
energy absorption mechanism they found that. 

𝑈𝑥 = 𝑈𝑓[𝐿 (𝐿 + 𝐿𝑐)⁄ ] 

𝑈𝑓is Total energy, L is length of fiber, and Lc is Critical 

fiber length. But total energy is involved in the fracture of the 
single fibers and is given by; 

𝑈𝑓 =
𝜎𝑓

2𝑦

2𝐸𝑓

 

𝜎𝑓 is fracture of single fiber, y is length of the fibre 

debonding prior to fibre fracture, Ef is Elastic modulus of 
fiber. Therefore, above equation can be modified, by 
substituting other equations as. 

𝑈𝑐 = 𝑉𝑓 (
𝜎𝑓

2𝑦

2𝐸𝑓

) [𝐿 (𝐿 + 𝐿𝑐)⁄ ] + (1 − 𝑉𝑓)𝑈𝑚 

Basic parameters values were substituted to the above 
equation and calculation for the theoretical values were 
obtained, 

II. RESULT & DISCUSSION 

A. FTIR  

FTIR spectrum of unmodified MCC and Modified MCC 
are shown in Figure 3. FTIR spectrum clearly shows the 
newly created ester carbonyl (C=O) bond formation at 
1745cm-1. Two strong bands are shown at 2855cm-1 and 

2920cm-1, which was indicated due to the symmetric and 
asymmetric stretching vibration of the CH2 aliphatic fatty 
acid bond. 

 

 

 

Fig. 3. FTIR Results for unmodified MCC and modified MCC 

B. SEM Analysis 

The surface morphology of Modified MCC was 
investigated using the SEM micrograph. Micrographs are 
shown in the additional information.  MCC have rod-like 
shape particles, which will be important in the modeling. 
Micrographs showed that modified MCC have better surface 
property than unmodified MCC. Agglomerations on MCC 
Surface were decreased after the modification. It caused to 
increase in the surface area and provided better 
compatibility with the PP matrix. 

C. Hydrophobicity test 

Modified MCC and unmodified MCC were immersed in 
liquids with two different polarities: water and 
dichloromethane. Unmodified MCC occupies only the water 
layer because of the hydrophilicity of MCC. However, the 
modified MCC has migrated to the dichloromethane layer, 
indicating that transesterification reactions have improved 
the hydrophilicity of MCC and compatibility in the pp 
matrix.   

III. MODEL VALIDATION 

A. Tensile strength model 

The experimental results somewhat agree with the theoretical 

model. Experimental errors may have caused the deviations. 

Tensile strength of composites trend with increasing MCC 

percentage was compared and analyzed. 
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 Fig. 4 Theoretical vs. Experimental tensile strength comparison of 

composite.                                                              

B. Elastic modulus model 

Elastic modulus values were analyzed in the same way as 
tensile strength. The gradients of the two graphs are equal, 
showing near parallel variations. Elastic modulus values of 
theoretical and experimental were in reasonably good 
agreement. But it is important to note that the higher the 
MCC content higher the deviation. The higher agglomeration 
factor may be the probable reason for this variation.      

 

Fig. 5 Theoretical vs experimental elastic modulus comparison of 

composite.                                                              

 

C. Impact Energy Model 

 
Fig. 6 Theoretical vs Experimental Impact energy comparison of 

composite.                                                              

D. Impact model 

 

According to the impact model, fiber and de-bonding 
length affected the model trend. The impact model agreed 
with experimental data in a usual manner; experimental 
values were less than the theoretical values. It is because of 
the defects and flaws. 

IV. CONCLUSION 

The paper discusses a mathematical model developed to 
predict the mechanical properties of composites. 

It is evident from the data that the surface-modified micro 
cellulose gives better compatibility with polypropylene 
matrix. Therefore, micro cellulose composites offer better 
mechanical properties, and as a result, it opens up many 
advanced application potentials.  

This provides an alternative to the conventional, 
resource-consuming trial and error property maximization 
approach. The modeling approach can significantly reduce 
the number of trials needed saving time and other resources. 
However, simple RoM does not adequately predict the 
property variations. Therefore, correction terms were 
introduced in this study, and the outcome seems good 
enough to be used as a predicting tool.     
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