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Abstract  In this paper, the Young’s modulus of 
composites containing cellulose nanocrystals (CNCs) 
is predicted using a simple model. The significance of 
interphase and CNC dimensions on the nanocompos-
ite modulus was analyzed using the developed model, 
which was validated using experimental data from a 
variety of samples. The modulus predictions were in 
accordance with the measured data, and CNC volume 
fraction of 0.02 increased the modulus of the system 
by 65%. Moreover, a nanocomposite that included 
thinner and longer CNCs had a greater modulus, and 
the nanocomposite modulus increased by 29.9% when 
the interphase thickness was 30 nm. Additionally, the 

modulus of the nanocomposite increased by 35.3% at 
an interphase modulus of 10 GPa, whereas the modu-
lus of the system increased by 38.4% at an interphase 
modulus of 60 GPa. Therefore, a thicker and stiffer 
interphase caused a higher modulus for nanocom-
posites. Generally, the interphase features and CNC 
length directly controlled the stiffness of the system, 
whereas the CNC diameter had an opposite effect.

Keywords  Polymer nanocomposites · Cellulose 
nanocrystals · Nanofiller · Young’s Modulus · Model · 
Interphase region

Introduction

The synergistic interaction between a polymer 
matrix and nanofillers produces extraordinary prop-
erties in polymer nanocomposites (PNCs), attract-
ing the attention of researchers. Moreover, nanofill-
ers in polymer matrices can improve the electrical 
and mechanical properties of the final nanocompos-
ite by acting as conducting and reinforcing agents 
(Aboueimehrizi et  al. 2022; Alam et  al. 2016; 
Hajduk et  al. 2021; Hatami et  al. 2022; Jung and 
Sodano 2022; Saleh et  al. 2022). These improved 
properties have resulted in the wide acceptance 
of PNCs in a variety of fields, including electron-
ics, electromagnetic interference (EMI) shielding, 
biosensors, drug delivery systems, and biomedi-
cal applications. (Bhat et al. 2021; Han et al. 2022; 
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Mohammadpour-Haratbar et  al. 2022b; Rivera-
Briso et al. 2020).

Recently, the use of cellulose nanocrystals 
(CNCs) as innovative nanofiller for PNCs has 
attracted a significant amount of attention. CNCs 
are composed of highly crystalline regions (approx-
imately 54–88%), short rod-like shapes, diameters 
of 2–20 nm, and lengths of 100–500 nm (Bai et al. 
2022; Ding et al. 2022; Kandhola et al. 2022; Zhou 
et al. 2022). Furthermore, they achieved a Young’s 
modulus of 140 GPa and a strength of approxi-
mately 7.5 GPa (Wang et  al. 2015). Accordingly, 
CNCs exhibit a range of exceptional properties, 
such as high aspect ratios, large surface areas, and 
outstanding mechanical performance, rendering 
them ideal for adding to polymer matrices (Jahan 
et  al. 2018). CNCs are non-toxic and offer inter-
esting surface chemistry, which make them suit-
able for biomedical applications such as electro-
chemical biosensors and drug delivery systems (Liu 
et  al. 2019). In other words, CNCs are considered 
as bio-based nanostructures with unique proper-
ties that can be used as nanomaterials within PNCs 
for the detection and treatment of a variety of can-
cers, particularly breast cancer (Pinto et  al. 2021). 
Therefore, researchers in the field of breast cancer 
diagnosis and treatment may benefit from the use of 
an applicable model for examining the mechanical 
properties of CNC-based PNCs.

Researchers have developed a number of models 
for estimating the Young’s modulus of conventional 
composites. Here, polymer matrix properties (such 
as matrix modulus) and filler properties such as filler 
size and volume fraction are considered in the calcu-
lations. However, the interface/interphase between 
the filler and polymer matrix is not considered (Ku 
et  al. 2011; Wan and Chen 2012; Xie et  al. 2004). 
It is important to consider how the interface affects 
the mechanical properties of PNCs because nano-
particles have a large surface area and strong interfa-
cial interactions with the polymer matrix, which can 
result in the formation of an interphase around the 
nanoparticles (Baek et al. 2021; Kirmani et al. 2022; 
Power et al. 2021; Razavi et al. 2017; Zare 2016; Zare 
and Rhee 2017a, 2020, 2022b, c). The mechanical 

properties of PNCs are mainly influenced by the 
interphase properties, including thickness and stiff-
ness (Yang et al. 2020; Zare and Rhee 2018, 2022d, 
2023; Zare et  al. 2022a). Using these models, the 
mechanical properties of the interphase can be esti-
mated based on experimental results.

Takayanagi et  al. (1964) suggested an equation 
for calculating the modulus of composites based on 
the matrix modulus and the filler features (amount 
and modulus). However, since the interphase region 
is ignored, this model cannot be used to calculate the 
modulus of a nanocomposite. In this paper, Takay-
anagi equation is extended for the modulus of CNC-
containing systems by adding interphase aspects 
(modulus and thickness) and CNC size. Several fac-
tors are considered in the developed model, including 
real filler concentration, CNC size, and interphase 
modulus. Due to the inclusion of both CNCs and 
interphase regions in this model, it is suitable for esti-
mating the modulus of nanocomposites. Furthermore, 
by the experimental moduli of several samples and an 
explanation of the effects of all factors on the modu-
lus of PNCs, the accuracy of the proposed model is 
evaluated.

Theoretical model

According to the Takayanagi model, the modulus of 
PNCs is correlated with the polymer matrix and parti-
cles properties as follows:

The Young’s moduli of polymer matrixes and fill-
ers are denoted by “Em” and “Ef,” respectively, while 
the filler volume fraction is represented by “ ∅f  .” 
However, because the interphase zone is ignored in 
this model, estimation of the modulus of every PNC 
is not possible. Assuming that the interphase regions 

(1)E = Em

⎡⎢⎢⎣
(1 − A) +

B

(1 − A) + B
Ef

Em

⎤⎥⎥⎦

−1

(2)A = B =

√
�f
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and CNC aspect ratio are operative factors, this equa-
tion can approximate the modulus of CNC-based 
nanocomposites. The Takayanagi model is updated 
with interphase properties and CNC size as follows:

“a” denotes the aspect ratio of CNCs ( a =
l

d
 ), where 

“l” and “d” represent the length and diameter of the 
CNCs, respectively. Term “ ∅eff  ” refers to the filler 
concentration and “Ei” denotes the interphase modu-
lus around the CNCs. An appropriate consideration of 
the CNCs and interphase regions in PNCs is present in 
this model. As a result, all parameters included in the 
proposed model are expressive and easily understood, 
affirming its rationality.

(3)E = Em
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The interphase volume portion in a sample 
containing rod-like nanofillers can be obtained 
(Mohammadpour-Haratbar et  al. 2022a) using the 
following:

where “t” is the thickness of the interphase.
It is important to consider the volume fractions of 

CNCs and interphase when calculating the effective 
CNC concentration since both of these terms control 
the reinforcing of nanocomposites. Therefore, the 
value of ∅eff  can be calculated using the following:

which concerns the main parameters, comprising 
CNC content, CNC diameter, and interphase 
thickness.

In Eq. (4), the value of ∅eff  can be exchanged with 
the value in Eq. (8) as follows:

supposing the characters of CNC volume fraction, 
interphase thickness, and CNC length in “A”.

By substituting Eqs. (4)–(9) into Eq. (3), the rela-
tive modulus ( ER = E∕Em ) can be stated as follows:
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Table 1   CNC-based 
samples from published 
papers and their details 
from references and 
proposed model

Samples (Ref.) Em (GPa) d (nm) l (µm) t (nm) Ei (GPa)

PEO/CNC Reid et al. (2018) 0.22 10 0.5 4 15
CMC/CNC Wang et al. (2015) 2.5 9 0.165 1.15 13.5
k-CA/CNC Kassab et al. (2019) 1.5 5 0.275 4 26
PP/CNC Gwon et al. (2018] 5.18 10 0.154 1.3 32
PES/CNC Bai et al. (2017) 0.045 5 0.2 2.6 18
epoxy/CNC Qiu et al. (2021) 0.0065 12.5 0.175 10.5 25
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which associates the ER of the CNC-based nano-
composite to the CNC volume fraction, CNC size 
(diameter and length), interphase thickness and mod-
ulus, and CNC modulus.

Results and discussions

Connection between tested data and theoretical 
predictions

The approximations from the proposed model were 
used to determine the tentative ER values for various 
examples. Data from real samples containing a 
polymer matrix and CNCs of different types can 
prove the accuracy of proposed model. Table 1 lists 
samples and their properties from related papers. 
More details about these samples can be found in 
the original references, including the fabrication 
processes. The “ER” is calculated at abundant CNC 
contents stated in the references using polymer matrix 
modulus and CNC size by Eq.  (10). According to 
the reports, CNCs have a modulus of 140 GPa (Shin 
et al. 2022; Tang et al. 2017). The ER results from the 
experiment and the proposed model for the samples 
are displayed in Fig.  1a–f, which indicated good 
agreement between the actual and theoretical values 
and proved that the simple model was accurate when 
estimating the moduli of CNC-based samples. It is 
evident that the tentative modulus data for various 
kinds of samples validate the proposed model.

The interphase thickness (t) and interphase modu-
lus (Ei) of the examples were calculated using the 
proposed model, as shown in Table  1. The epoxy/
CNC sample exhibited the largest interphase thick-
ness (t) of 10.5  nm, while the CMC/CNC sample 
exhibited the thinnest interphase region of 1.15  nm. 
Given that the values for interphase thickness vary 
at the nanoscale, all of these results were reasonable. 
In addition, the PP/CNC nanocomposite had a maxi-
mum interphase modulus (Ei) of 32 GPa, whereas 
the CMC/CNC nanocomposite had a minimum inter-
phase modulus of 13.5 GPa. In other words, the PP/

CNC nanocomposite contained the strongest inter-
phase region, while CMC/CNC nanocomposite had 
the weakest one.

Relationship between predicted moduli and 
parameters

Various extents of each parameter were considered 
in the proposed model to rationalize the role of each 
parameter in the ER value. Using average ranges 
of l = 0.5  mm, ∅f = 0.01, Em = 2 GPa, d = 10  nm, 
t = 10  nm, and Ei = 30 GPa, the patterns exhibited 
the influence of one parameter on the ER. Plots depict 
the relationship between ER and a specified parameter 
that facilitates optimization.

Figure  2 illustrates the impact of CNC volume 
fraction on ER values when applied to the proposed 
model. Here, CNC volume fraction of 0 caused ER 
of 1 (modulus of the polymer matrix), while CNC 
volume fraction of 0.02 created ER of 1.65. The plot 
indicates that the CNC volume fraction directly influ-
enced the PNC modulus. Moreover, the higher the 
CNC content, the greater the modulus. Consequently, 
CNC concentration played a major role in adjusting 
the modulus of the PNCs, since it mostly affected the 
ER from 1 to 1.65.

Because CNCs are harder than the polymer, a 
higher proportion of CNCs yields a stronger PNC. 
Moreover, a high CNC content increases the effec-
tiveness of the reinforcement phase, which increases 
the stiffness. In contrast, PNCs with a low CNC con-
tent have a decreased modulus due to the weakened 
reinforcement. Because CNCs are tougher than the 
polymer matrix and interphase region, it determines 
the degree of reinforcement in nanocomposites. The 
filler concentration term is included in all conven-
tional and novel models for nanocomposites because 
this plays a crucial role in the reinforcement of mate-
rials (Jamali et  al. 2022; Mohammadpour-Haratbar 
et al. 2022a). Therefore, the proposed model satisfac-
torily correlated the modulus of PNCs with the CNC 
volume fraction.

Based on several ranges of CNC diameter, Fig. 3 
illustrates the estimations from the proposed model. 
When d = 5  nm, the ER had a maximum value of 
1.9, while at d = 20  nm, it had a minimum value of 
1.2. Therefore, the CNC diameter adversely affected 
the PNC modulus. Although denser CNCs produced 
a poorer PNC, narrower CNCs produced a higher 

Fig. 1   Tested and foreseen records by the proposed model 
for a PEO/CNC (Reid et al. 2018), b CMC/CNC (Wang et al. 
2015), c k-CA/CNC (Kassab et  al. 2019), d PP/CNC (Gwon 
et  al. 2018), e PES/CNC (Bai et  al. 2017), and f epoxy/CNC 
(Qiu et al. 2021) samples

◂
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nanocomposite modulus. Accordingly, researchers 
should attempt to reduce the CNC diameter to 
develop nanocomposites with an improved modulus.

According to Eq. (7), narrow CNCs expand the 
interphase region in nanocomposites. Furthermore, 
according to Eq. (8), a small CNC diameter results 
in a highly effective volume fraction of the filler. 
Thus, narrow CNCs increase the effectiveness 
of fillers in the nanocomposite. Thin CNCs are 

beneficial to the reinforcement of nanocomposites 
due to their positive influence on interphase 
concentration and effective filler volume fraction. In 
contrast, thick CNCs reduce the interphase content 
and effective filler content. Due to the minimization 
of the interphase region, thick CNCs significantly 
reduce the modulus of PNC. In addition, many 
models have revealed that the filler diameter 
adversely affects the mechanical performance of 
PNCs (Jamali et  al. 2022; Zare and Rhee 2022a; 
Zare et  al. 2022b). Therefore, the proposed model 
accurately related the ER to CNC diameter.

Figure 4 displays the effect of CNC length on the 
ER values calculated by the proposed model. Here, 
the ER value for the CNC length of 0.25 μm was 1.36, 
while ER increased to 1.38 at the CNC length of 1 μm. 
Thus, CNC length directly affected the modulus of 
the PNCs, and longer CNCs improved the modulus. 
Thus, nanocomposites with a higher modulus could 
be developed by increasing the CNC length.

Long CNCs can stiffen nanocomposites since they 
increase the surface contact between the polymer 
matrix and the CNCs. Thus, longer CNCs have more 
polymer phases, which cause the nanocomposite 
to have an increased modulus. Conversely, short 
CNCs cover fewer polymer chains, resulting in 
low stiffness. As a result, large CNCs can interact 
with many polymer chains, while shorter CNCs are 
incapable of covering the polymer matrix adequately. 

Fig. 2   Effect of CNC volume fraction on ER using the pro-
posed model

Fig. 3   Outputs of the proposed model at many CNC diameter 
ranges

Fig. 4   Influence of CNC length on ER
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Generally, the length of the CNCs affects the aspect 
ratio, adjusting the modulus of PNCs. Therefore, 
assuming Eq. (10), CNC length directly manipulates 
the modulus of PNCs.

Figure 5 illustrates how the CNC modulus affected 
ER according to the proposed model. ER = 1.369 
was obtained at the CNC modulus of 100 GPa, 
compared to 1.39 at the CNC modulus of 300 GPa. 
Consequently, the CNC modulus directly affected 
the modulus of the PNCs. Stronger CNCs are 

necessary for a tougher nanocomposite. In general, 
nanocomposites can be reinforced with robust CNCs, 
although they cannot be stiffened with poor CNCs.

The nanocomposites were strengthened signifi-
cantly by tougher CNCs because stiffer phases were 
established in the samples. Alternatively, poor CNCs 
resulted in poor reinforcing because nanoparticle 
reinforcing is ineffective. As a result of the excellent 
modulus of nanoparticles, the system received a large 
amount of reinforcement. Hence, nanofillers that are 
exceptionally rigid can act as reinforcements for a 
polymer media that is in a poor condition. Therefore, 
ER can be directly correlated with the CNC modulus.

Based on the proposed model, Fig. 6 illustrates the 
results of ER at several interphase moduli. Here, ER 
was 1.353 at Ei = 10 GPa, which increased to 1.384 at 
Ei = 60 GPa. Consequently, the uppermost interphase 
modulus created the stiffest system, based on the 
direct relationship between the interphase modulus 
and the sample modulus. At small levels of interphase 
modulus, the modulus of the examples increased 
significantly, although the modulus was negligibly 
affected at upper levels of more than 50 GPa. Con-
sequently, interphase moduli that were too high did 
not contribute significantly to the nanocomposite 
modulus.

It is reasonable to assume a direct relationship 
between the moduli of a PNC and the interphase 
since a system modulus correlates with the moduli of 

Fig. 5   Correlation between ER and CNC modulus based on 
the proposed model

Fig. 6   Effect of interphase modulus on ER.
Fig. 7   Relationship between ER and interphase thickness 
based on the proposed model
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the components. The presence of a sturdier interphase 
zone indicates that a system has a stronger compo-
nent, which increases its modulus. Moreover, a more 
solid interphase enhances the stiffness by facilitating 
stress transport, whereas a weaker interphase cannot 
support the load, weakening the sample (Kundalwal 
and Kumar 2016; Zappalorto et  al. 2011). Accord-
ingly, the modulus of the interphase determines the 
reinforcement of a system, meaning the system mod-
ulus directly correlates with the interphase modulus, 
proving the proposed model is valid.

According to the proposed model, Fig. 7 illustrates 
the relationship between ER and interphase thickness. 
When the interphase thickness was absent, ER was 
1.085, whereas this increased to 2.99 at t = 30  nm. 
Thus, the interphase thickness directly affected the 
modulus of system, and the densest interphase region 
achieved the maximum modulus. This confirmation 
suggested that a deeper interphase would be required 
to achieve a higher modulus.

A deeper interphase area reveals a tougher inter-
facial attachment between the matrix and the nano-
particles (Lu et al. 2021; Zare and Rhee 2017b). As 
a result, a large interphase area provides better rein-
forcement, since a robust interface can stand against 
the significant degree of stress. In contrast, a thinner 
interphase results in a poorer interface, which reduces 
the stress transfer. Accordingly, a thick interphase 
intensifies the reinforcement, since an interphase is 
more solid than the medium. In contrast, a thin inter-
phase reduces reinforcement, since it cannot create a 
strong section for strengthening. Hence, the presented 
novel model provides a reasonable link between the 
system modulus and interphase depth.

Conclusions

The accuracy of Takayanagi model for determin-
ing the modulus of CNC-based nanocomposites 
was improved with regard to the interphase aspects 
and the size of CNCs. For many systems, there was 
an excellent agreement between the experimental 
and theoretical data. CNC volume fraction of 0.02 
caused the ER of 1.65, indicating that CNC concen-
tration directly determined the stiffness. Moreover, 
the CNC length of 0.25  μm yielded the ER of 1.36, 
which increased to 1.38 at the CNC length of 1 μm. 

Therefore, longer CNCs are desirable to increase 
stiffness. The ER improved to 1.9 with d = 5  nm, 
although it reduced to 1.2 with d = 20 nm. As a result, 
narrower CNCs result in a stiffer nanocomposite. The 
ER value was 1.085 without an interphase region, 
which improved to 2.99 at t = 30 nm. Hence, a deeper 
interphase is also required to increase the stiffness. 
Moreover, ER value of 1.353 was produced at Ei = 10 
GPa, compared to 1.384 at Ei = 60 GPa. Therefore, 
the toughest nanocomposite is achieved by the sturdi-
est interphase. Some parameters including interphase 
thickness, CNC diameter, and CNC volume fraction 
usually affected the modulus of samples, while very 
high levels of interphase modulus, CNC modulus, 
and CNC length had less influence on the stiffness.
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