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In this work, Hui-Shia model is developed to reveal the efficiency of a deficient interphase on the 
tensile modulus of polymer halloysite nanotube (HNT) nanocomposites. “Lc” as essential HNT length 
providing full stress transferring is defined and effective HNT size, effective HNT concentration, and 
efficiency of stress transferring (Q) are expressed by “Lc”. Furthermore, the influences of all terms on 
the “Q” and nanocomposite’s modulus are clarified, and also the calculations of the model are linked 
to the tested data of some nanocomposites. Original Hui-Shia model overpredicts the moduli, but 
the innovative model’s predictions appropriately fit the measured data. Lc = 200 nm maximizes the 
sample’s modulus to 2.6 GPa, but the modulus reduces to 2.11 GPa at Lc = 700 nm. Therefore, there 
is a reverse relation between the sample’s modulus and “Lc”. Q = 0.5 produces the system’s modulus 
of 2.1 GPa, while the modulus of 2.35 GPa is achieved at Q = 1 providing a direct relation between the 
nanocomposite’s modulus and “Q”. Generally, narrow and big HNTs, along with a low “Lc”, enhance 
the “Q”, because a lower “Lc”, reveals a tougher interphase improving the stress transferring.
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Alumina-silicates and tubular halloysite nanotubes (HNTs) are desirable for high reinforcing of polymer media, 
because the small area of inter-tubular contacts guarantees the HNT dispersion1–6. HNTs have a length of 0.3–
2 μm, an inner diameter of 15–100 nm, and an external diameter of 40–120 nm7. Also, HNTs as one dimensional 
(1D) natural nanomaterial have unique anisotropic properties including ionic conductivity, optical and dielectric 
features8. HNT exhibits many attractive advantages including higher biocompatibility, better solubility in water, 
environmental friendliness, as well as natural occurring9. Therefore, they are attractive on several areas due to 
the extraordinary performance and inexpensive cost. Hydroxyl groups on the external layer of HNTs increase 
the hydrophobicity and fine dispersion in the polymer medium10. However, the microparticles do not produce 
the big surface area involving the polymer chains11–14. Moreover, the interfacial interactions among the polymer 
and micro-particles are not strong declining the reinforcing. In addition, the natural modulus/strength of 
nanoparticles like HNT is much higher than the micro-particles and HNT has a low density reducing the weight 
of nanocomposites. Hence, HNTs are better than microparticles for the reinforcing of polymer mediums.

In contrast to carbon nanotubes (CNTs) and graphene, HNTs are naturally-occurring clay minerals readily 
available in abundance. HNTs are low-cost, and eco-friendly materials that can be more effortlessly dispersed in 
a polymer medium than CNTs15. Moreover, HNTs have high aspect ratio, high resistance to heat and chemical 
substances, and relatively low density. Since HNTs are naturally occurring and much cheaper, yet morphologically 
similar to CNTs, the HNTs can be a substitute for more expensive CNTs.

HNTs can improve the fracture toughness of epoxy without deteriorating the modulus, strength, and 
thermal balance16. Also, HNTs increase the crystallinity and crystallization temperature of polyamide-11 
composites17. Many researchers have found that HNTs improve the performances of polymer composites3,5,6,18. 
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However, models for the properties of HNT-based composites are incomplete. It should be noted that previous 
investigations have concentrated on the experimental analyses of this system because HNTs are a new type of 
multifunctional nanofiller, progressing the numerous characteristics of polymer media.

Nanocomposites encompass an interphase zone between polymer media and nanofillers due to the immense 
surface zone of the nanoparticles19–26. Actually, the big surface area of nanoparticles and the strong interaction/
adhesion between the polymer and nanoparticle produce a different phase around the nanoparticles named 
as interphase zone. Many studies evaluated the interphase properties by the mechanical performance and 
conductivity of the nanocomposites27–34. Usually, a dense/tough interphase advantageously strengthens the 
composites. Meanwhile, it supports the load transported from the polymer media to the particles28,29,35. It was 
stated that polymer nanocomposites regularly encompass an imperfect interphase because polymer matrices 
have poor compatibility with nanofillers in most cases36,37. Therefore, the interphase section is not strong enough 
to shift a high load from a medium to a filler; thus, the defective interphase partly transfers the stress. “Lc” is the 
required filler length to provide successful stress shifting. “Lc” has previously been reflected as the smallest filler 
length allowing operative stress transferring38,39. Therefore, a filler length of more than “Lc” provides good stress 
transfer, thus reinforcing the nanocomposites, while a filler length smaller than “Lc” cannot provide stress, thus 
weakening the system. This explanation reveals that “Lc” significantly affects the effective aspects of nanoparticles 
in nanocomposites because “Lc” controls the stress flow and strengthening success. However, former models 
usually did not consider the faulty interphase and “Lc” in nanocomposite mechanics.

Hui-Shia model40 considers the perfect interface between polymer and filler in the composites. Consequently, 
it cannot estimate the nanocomposite modulus when the interface/interphase is imperfect. Actually, it is 
necessary to develop Hui-Shia model considering an imperfect interphase in nanocomposites. The hypothesis of 
the interphase section in a HNT-based system is essential because the interphase zone controls the performance 
of composites. The thickness of interphase is defined at the round of HNTs and varies from the surface of 
nanoparticles to nearby polymer matrix. The interphase thickness does not relate to the volume fraction of HNTs, 
but the interfacial adhesion between HNT and polymer matrix affects the interphase thickness. Considering the 
interphase section enhances the accuracy of a model for predicting the nanocomposite’s performance.

Some papers have studied the prediction of tensile modulus for polymer nanocomposites containing 
HNTs below and after mechanical percolation5,19,41,42. The models before mechanical percolation assumed the 
dispersion of all nanoparticles in the system, but the networking of both HNT and surrounding interphase was 
supposed after mechanical percolation. However, the mentioned models have reflected the perfect interphase 
around the HNT, but they neglected the imperfect interphase weakening the stress transferring. In this article, the 
modulus of HNT-based samples is analyzed below mechanical percolation assuming the imperfect interphase. 
The nanocomposite characteristics such as operative aspect ratio and operational HNT concentration are 
expressed by “Lc”. Moreover, “Q” as the efficiency of load moving by interphase is defined. Furthermore, Hui-
Shia model is developed by the stated terms to take the deficient interphase and the stiffness of HNT sample 
into account. The established model efficiently reflects the effectiveness’ of HNT size, interfacial shear modulus, 
“Lc,” and stress transfer efficiency on the stiffness. The roles of all factors in the efficiency of stress transferring 
and the modulus of the system are plotted and explained. Moreover, calculations of established techniques are 
connected to the experimental data of various nanocomposites, and the mentioned terms are estimated for the 
samples. All parameters and equations are meaningful and reasonable enabling the modulus prediction for the 
HNT-filled systems.

Equations
“Lc” is the lowest filler length, which is crucial to reach the normal stress to the supreme filler’s modulus, initiating 
the effective stress shifting via an interphase piece38.

“Lc” has previously been expressed for CNT-based examples43, which is also valid for HNT-filled materials:

	
Lc =

EfR

Gi
� (1)

Here “Ef” is the HNT modulus, “R” is the HNT radius and “Gi” is the interfacial shear modulus. As mentioned, 
a HNT length smaller than 2Lc cannot deliver stress transferring, but a HNT length of more than 2Lc enables 
stress conveyance.

Assuming the definition of “Lc” for stress transferring and HNT length, a parameter for the efficiency of stress 
transfer can be given by:

	
Q =

l

4Lc
� (2)

Here “l” is the HNT length. “Q” demonstrates a criterion for the extent of stress transferring in nanocomposites. 
When l = 2Lc, HNT cannot provide the stress transferring. So, Q = 1/2 reveals no stress transferring through 
the imperfect interphase. However, Q > 1/2 can provide the stress transferring via the imperfect interphase 
reinforcing the system. “Q” implicitly expresses the amount of interfacial bonding, because the stress moving via 
the interphase directly associates with the interfacial connections.

Inserting “Lc” from Eq. (1) into Eq. (2) causes:

	
Q =

Gil

4EfR
� (3)
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 which correlates the “Q” to the “Gi” and HNT characteristics.

The defective interfacial bonding weakens the operational opposite aspect ratio (αeff) and operative volume 
portion (φeff) of particles in the samples44.

“αeff” and “φeff” were suggested in CNT examples44 appropriate for HNT-filled system as:

	
αeff = α(

8L2
c

l2
+ 1)� (4)

	
φeff = φf [

1

2
+ (

l − 2Lc

l2
)(l − Lc)]� (5)

 where “α” as 2R/l is the reverse aspect ratio and “φf” is the volume portion of HNTs in the material.

Rearranging of Eq. 2 results in an equation for “Lc” as a function of “Q” as:

	
Lc =

l

4Q
� (6)

If “Lc” in Eqs. 4 and 5 is replaced by Eq. 6, “αeff” and “φeff” are linked to “Q” by:

	
αeff = α(

1

2Q2
+ 1)� (7)

	
φeff = φf [

1

2
+ (1− 1

2Q
)(1− 1

4Q
)]� (8)

 which easily associate the effective terms to “Q”.

The mentioned terms for the defective interfacial attachment in the HNT-reinforced system are applied to 
expand the Hui-Shia model.

Hui-Shia model40 reflects the perfect interfacial connection among polymer matrix and particles in the 
nanocomposite’s modulus. Also, this model considers the aspect ratio of filler, which is important for the 
nanocomposites containing long and thin nanoparticles such as HNTs. Actually, original Hui-Shia model cannot 
consider the imperfect interphase in the nanocomposites and we developed this model to estimate the modulus 
of HNT-filled samples.

Hui-Shia model is expressed by:

	
E11 =

Em

1− φf
A

� (9)

	
E22 =

Em

1− φf
4 (

1
A + 3

A+B)
� (10)

	
A = φf +

Em

Ef − Em
+ 3(1− φf)[

(1− g)α2 − g
2

α2 − 1
]� (11)

	
B = (1− φf)[

3(α2 + 0.25)g − 2α2

α2 − 1
]� (12)

	
g =

π

2
α� (13)

 in which “E11” and “E22” denote the longitudinal and transverse moduli of composites, correspondingly, and 
“Em” is the polymer medium modulus.

“A” and “B” in the Hui-Shia equation can be modified supposing the features of HNT. HNT features include high 
stiffness (140 GPa45) and a short reverse aspect ratio (α = 60/1500 = 0.04 when R = 30 nm and l = 1500 nm). So, 
Ef – Em > > Em and α2 ≈ 0. These comments simplify A (Eq. 11) and B (Eq. 12) as:

	
A = φf + 3(1− φf)(

g

2
)� (14)

	 B = (1− φf)(−0.75g)� (15)

If “αeff” and “φeff” for the incomplete interfacial attachment between the polymer host and HNTs are inserted 
in the Hui-Shia model (Eqs. 9–13), the simplified model is given by:

	
E11 =

Em

1− φeff
Aeff

� (16)
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E22 =

Em

1− φeff
4 ( 1

Aeff
+ 3

Aeff+Beff
) � (17)

	
Aeff = φeff + 3(1− φeff)(

g

2
)� (18)

	 Beff = (1− φeff)(−0.75g)� (19)

	
g =

π

2
αeff � (20)

 which correlate the various moduli of the system to the effective terms.

If “αeff” (Eq. 4) and “φeff” (Eq. 5) are used in the latter equations, the simplified model considers the role of 
“Lc” in the modulus of the system. Also, substituting “αeff” and “φeff” from Eqs. (4) and (5) into Eqs. (16)–(20) 
enables the estimation of the nanocomposite’s moduli by “Q”.

The modulus of a sample comprising randomly 3D arranged HNTs is calculated46 by:

	 E = 0.49E11 + 0.51E22� (21)

 which reflects the contributions of longitudinal and transverse moduli in the modulus of a nanocomposite.

“φf” is calculated by the weight fraction of nanofiller in nanocomposites (wf) as:

	
φf =

dc
df

wf � (22)

	
dc =

dmdf
(1− wf)df + wfdm

� (23)

 where “dc”, “df” and “dm” are the density of nanocomposite, HNTs and polymer medium, respectively.

Results and discussion
Examination of “Q”
The effects of various features on the “Q” factor (Eqs. 2 and 3) are plotted in Fig. 1. Each plot demonstrates the 
impact of one factor on the “Q” at the middling points of the variables. The average/constant values of the factors 
are supposed as l = 1500 nm, Ef = 140 GPa45, R = 30 nm, and Gi = 10 GPa as the average value obtained from 
Table 1.

Figure 1a shows the character of “R” in the “Q” using Eq. (3). A low value of “R” enhances the “Q”, but “Q” 
weakens at high values of “R”. Consequently, narrow HNTs are appropriate to grow the “Q”. In contrast, thick 
HNTs undesirably decrease the “Q”. This relation is meaningful because skinny HNTs enlarge the surface area and 

Fig. 1.  The calculations of “Q” at many series of (a) HNT radius, (b) length of HNT, (c) interfacial shear 
modulus and (d) “Lc” using Eqs. (2) and (3).
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interphase section. Meanwhile, a big interphase strengthens the stress shifting47,48, and skinny HNTs reasonably 
increase the effective stress moving and “Q”. However, thicker HNTs abbreviate the interface/interphase section 
and limit the stress shifting. So, a smaller “Q” is expected with denser HNTs, confirming the correction of the 
suggested equation.

Figure 1b demonstrates the variation of “Q” at various ranges of HNT length (Eq. 3). “Q” is 0.3 at l = 500 nm, 
but “Q” improves to 1.79 at l = 3000 nm. “Q” directly correlates to HNT length, and larger HNTs produce the 
higher “Q”. This observation can be explained by the simple notion that the larger HNTs provide a big surface 
area and numerous connections between polymer chains and particles. The high interactions cause a high 
amount of stress transferring, thus growing the “Q”. In contrast, short HNTs have a low surface area causing 
few connections between polymer chains and nanofillers. Consequently, short HNTs yield poor stress shifting, 
therefore deteriorating the “Q”. This evidence proves the suitability of Eq. 3 to accurately describe “Q”.

Figure 1c establishes a link between “Q” and “Gi” according to Eq. (3). Gi = 4 GPa produces a “Q” of 0.38, 
whereas Gi = 20 GPa maximizes “Q” to 1.8. This plot shows that the interfacial shear modulus directly correlates 
to “Q”. A higher value of the interfacial shear modulus results in a stronger interphase in the system, and the 
extent of stress shifting increases with a stronger interphase. Accordingly, a greater interfacial shear modulus 
produces a bigger “Q”. In contrast, a negligible interfacial shear modulus results in a faintness of the interphase 
for stress moving, reducing the “Q”. Hence, it can be concluded that the interfacial shear modulus directly 
controls “Q,” supporting Eq. (3).

Figure 1d represents the correlation of “Q” to “Lc” using Eq. (2). A shorter “Lc” produces a higher “Q”, but 
the “Q” decreases at high “Lc”, establishing an inverse link between “Q” and “Lc”. This correlation is also correct 
because a short “Lc” results in a stronger interphase, easing the stress moving. At the same time, a larger “Lc” 
results in a weakness of the interphase section, reducing the stress transfer. There is an inverse relationship 
between “Q” and “Lc”, because a higher “Q” demonstrates a higher efficiency of stress transferring, which is 
obtained at lower “Lc”. Conversely, a low “Q” shows inefficient stress shifting through the interphase section, 
which validates the high level of “Lc”. As a result, it can be concluded that Eq. (2) indeed associates the “Q” with 
“Lc” in the current system.

Examination of effective HNT concentration
The roles of “Lc” and “Q” in the effective volume portion of HNTs (φeff) are plotted according to Eqs. (5) and 
(8) at constant φf= 0.02 and l = 1500 nm in Fig. 2. As shown in Fig. 2a, Lc = 200 nm maximizes the “φeff” 
to 0.023, but Lc = 700 nm reduces the “φeff” to about 0.011. Therefore, “Lc” adversely manipulates the “φeff

”, and to achieve a higher value for the effective HNT volume portion, it is necessary to shorten the “Lc”. This 
occurrence is expected because a lower “Lc” reveals the development of a sturdier interphase in the system, 
which significantly strengthens the nanocomposites. In contrast, a high “Lc” displays a weak interphase, which 
is ineffective on the system’s stiffness. It is assumed that the stiffening efficiency of HNTs directly associates with 
the modulus of the interphase section. Consequently, a tougher interphase represents a smaller “Lc” and grows 
the efficiency of HNT concentration. In contrast, a poorer interphase causes a larger “Lc” and diminishes the 
HNT efficiency for reinforcing. These findings verify the suggested equation.

Figure 2b depicts the role of “Q” in “φeff” based on Eq. 8. Q = 0.5 results in a low “φeff” of 0.01, but at 
Q = 1.2, “φeff” increases to 0.019. These results demonstrate that “Q” directly controls the “φeff” in the system. 
An excellent range of “Q” exhibits high interphase efficiency for stress moving, which increases the reinforcing 
efficiency of HNTs in the samples. However, a small “Q” reveals poor stress transferring due to the weak 

Fig. 2.  Dependence of the effective volume portion of HNTs on the (a) “Lc” and (b) “Q” using Eqs. (5) and (8).

 

Samples [Ref.] Em (GPa) R (nm) l (nm) Ef (GPa) Gi (GPa) Lc (nm) Q

PA6/HNTs49] 2.80 30 1500 140 8.50 494.1 0.76

PA610/HNTs50 2.00 30 1500 140 9.50 442.1 0.85

PVA/HNTs51 0.25 25 1200 140 12.5 280.0 1.07

PLA/HNTs52 1.72 30 1500 140 9.00 466.7 0.80

Table 1.  Characteristics of various HNT-reinforced nanocomposites.
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interphase, which depreciates the efficiency of HNTs in the samples. As mentioned, the nanoparticle’s efficiency 
correlates to the extent of interphase strength/modulus because both HNT and the adjoining interphase 
simultaneously strengthen the samples. A higher “Q” represents the significant efficiency of the interphase for 
load carrying, which clearly validates the significant efficiency of nanoparticles in the samples. Therefore, Eq. 8 
correctly relates “φeff” to “Q” in the HNT-filled system.

Comparison of models’ predictions with experimental facts
Here, the estimations of the old and progressed models are linked to the tested data of some specimens from 
published papers49–52. Table 1 shows the samples and their properties as found in the original references. The 
studied samples are nanocomposites, because the radius of HNT was reported from 25 nm to 30 nm. Additionally, 
the spacing between the HNT in the nanocomposites is not high to exceed the nanoscale. The HNT modulus 
is 140 GPa, according to the results reported in45. Figure 3 compares the tested and theorized results for the 
examples. The Hui-Shia model expectedly overpredicts the moduli of samples since it undertakes the complete 
interfacial bonding between HNTs and medium.

In contrast, the model calculations assume the imperfect interphase correctly and therefore, accurately follow 
the experimental data. The acceptable agreements among the tested values and the hypothetical data of the 
advanced model reveal that the progressive model can accurately predict the modulus of the examples.

Table 1 demonstrates the values of “Gi” calculated by the advanced model. The maximum “Gi” is obtained for 
the PVA/HNTs sample, while the PA6/HNTs system shows the lowest “Gi”. “Gi” and the HNT radius are inserted 
into Eq. (1) to approximate “Lc” for the examples. “Lc” varies from 280 to 494.1 nm for the examples. The smallest 
and the largest “Lc” are detected in the PVA/HNTs and PA6/HNTs nanocomposites, respectively. The “Lc” and 
“l” values are substituted into Eq. (3) to predict the “Q”. “Q” changes from 0.76 to 1.07 for the current products. 
The maximum and smallest levels of “Q” occur in the PVA/HNTs and PA6/HNTs samples, correspondingly. 
The values of “Gi”, “Lc”, and “Q” reveal that the sturdiest interphase and the most compatibility between polymer 
matrix and nanofiller are obtained in the PVA/HNTs system. At the same time, PA6/HNTs nanocomposite 
contains the poorest interphase zone based on these calculations.

Assuming the reported results in Fig. 3, the PVA/HNTs nanocomposite (Fig. 3c) shows the biggest modulus 
improvement compared to the other samples. Meanwhile, the PA6/HNTs system (Fig. 3a) presents the poorest 
modulus because the modulus of the nanocomposite improves to 5.3 GPa at 30 wt% HNTs (Em = 2.8 GPa). 
The PVA and PA6 samples display the highest and the lowermost increments in the modulus, which cause 
the strongest and the weakest interphases, respectively. Accordingly, the advanced model accurately considers 
the reinforcing usefulness of the interphase in the samples. Moreover, all calculations for “Gi”, “Lc” and “Q” 
determine the same trend among interfacial/interphase terms. In other words, the PVA/HNTs system displays 
the highest “Gi” and “Q” and the lowermost “Lc” among the samples. The accurate calculations of “Gi”, “Lc”, and 
“Q” for the current systems approve the suitability of the advanced model.

Analyses of advanced model
All factors in the advanced model are evaluated by plotting their contributions to the modulus of the system. 
A plot shows the effect of a parameter on the nanocomposite’s modulus at standard ranks of other issues. The 
typical ranges of factors are φf= 0.02, l = 1500 nm, Ef = 140 GPa45, Em = 2 GPa, Gi = 10 GPa, and R = 30 nm. The 
plotted schemes determine the modulus of samples at several series of factors.

Fig. 3.  Experimental and calculated moduli by old and progressed models for HNT-based (a) PA649, (b) 
PA61050, (c) PVA51, and (d) PLA52 examples.
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Figure 4 shows the impact of “Lc” on the system’s modulus. Lc = 200 nm harvests a modulus of 2.6 GPa. 
Nonetheless, the modulus reduces to 2.11 GPa at Lc = 700 nm. The results demonstrate an inverse link between 
the modulus of the samples and “Lc”. They indicate that a shorter “Lc” causes a more robust system, while a higher 
“Lc” diminishes the stiffness of the HNT-filled system. Indeed, the lowest rank of “Lc” is optimal for achieving 
the system’s highest reinforcement. The nanocomposite modulus inconsistently links to the “Lc” because the 
modulus of the system linearly reduces at Lc < 500 nm, but it is relatively constant at too high “Lc”.

A shorter “Lc” establishes a higher proficiency of the interphase for tension bearing and moving38,39. A lower 
“Lc” displays a stronger interphase, which transports a higher amount of stress. Clearly, the sample includes a 
higher modulus in this condition because a tougher interphase endures and shifts a higher amount of stress. 
In comparison, a big “Lc” reveals the creation of a poor interphase in the samples. A weak interphase cannot 
tolerate a high volume of tension and fades easily, which fails the modulus of material. It can be said that a 
high “Lc” undesirably lessens the modulus since it deteriorates the tension carrying via an interphase piece. 
Accordingly, the advanced model appropriately links the composite’s modulus to “Lc”.

Figure 5 demonstrates the character of “Q” in the modulus by the innovative model. Q = 0.5 introduces a 
modulus of 2.1 GPa, though the maximum stiffness is 2.35 GPa at Q = 1. Therefore, “Q” directly manipulates 
the modulus of the materials and a greater “Q” is essential to upsurge the modulus of the system. It can be said 
that the modulus of the samples linearly associates with “Q”, and that the modulus constantly increases as “Q” 
enhances.

A higher “Q” results in more efficient stress transfer via the interphase piece, which positively controls the 
reinforcing of the system. A nanocomposite needs a robust interphase for transferring of stress. A higher “Q” 
exhibits increased effectiveness of the interphase for stress-bearing, which grows the modulus of the materials. 
Conversely, a low “Q” results in the creation of a weak interphase, which easily breaks during loading and cannot 
tolerate tension. A lower “Q” shows less efficiency of the interphase section for stress transfer, which makes a 
weaker nanocomposite. This evidence confirms the direct link between the rigidity of examples and “Q”, as 
mentioned by the model.

In Fig. 6, the variation of the system’s modulus by “Gi” is plotted. The minimum “Gi” of 4 GPa harvests a 
modulus of 2.05 GPa. Nonetheless, the stiffness reaches 2.58 GPa at Gi = 20 GPa. A higher interfacial shear 
modulus produces a higher stiffness of the system. Hence, there is a direct relationship between the stiffness 
and the interfacial shear modulus. The nanocomposite’s modulus linearly increases with an interfacial shear 
modulus of Gi < 14 GPa, but higher levels of the interfacial shear modulus have a poor effect on the modulus of 
the system. Generally, it is essential to maximize the interfacial shear modulus to obtain a stiffer system.

A higher value of the interfacial shear modulus represents a stronger interphase in the system, intensifying 
the reinforcing. An excellent interfacial shear modulus expresses the desirable characteristics of the interphase 
section, which results in a high reinforcing efficiency. In comparison, a negligible interfacial shear modulus 
displays the feebleness of the interphase section, which consequently cannot reinforce the samples. Indeed, a poor 
interphase with a low interfacial shear modulus has a poor influence on the reinforcing of the nanocomposites 
because the interphase is not tough enough to reinforce the large volume of the weak polymer matrix. Based on 
this explanation, “Gi” directly controls the system’s modulus certifying the innovative model.

Figure 7 depicts the calculations of the nanocomposite’s modulus at numerous HNT weight proportions. 
The average densities of HNTs and the polymer medium are presumed as 2.5 and 1 g/cm, correspondingly. The 
highest concentration of HNTs produces the maximum modulus. The modulus of the system reaches 2.65 GPa 
by 10 wt% HNTs. As a result, a higher amount of HNTs is more desirable for reinforcing the nanocomposites. 

Fig. 4.  The calculations of the composite’s modulus at various levels of “Lc”.
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The modulus linearly relates to the HNT weight fraction, and a higher HNT content usually makes a tougher 
sample.

Since HNTs are significantly stronger than the polymer media, a higher modulus for the system is expected by 
using a higher content of HNTs. In fact, a high amount of HNTs significantly reinforces the samples because the 
polymer medium is much poorer than the HNTs, and therefore, HNTs play a reinforcing character in the system. 
A small quantity of HNTs cannot strengthen the samples since the system comprises a significant concentration 
of a poor polymer medium. All earlier models have considered the filler concentration as the driving force for 
the nanocomposite’s performance because the exceptional features of nanoparticles such as HNTs considerably 
manipulate the performance of the samples27,53–55. Therefore, the progressed model appropriately handles the 
inspiration of HNT concentration on the modulus of the system.

Figure  8 depicts the association of the stiffness with the HNT length. l = 500  nm produces the lowest 
modulus of 2 GPa, while the maximum stiffness is 3.16 GPa at l = 3000 nm. So, longer HNTs make a tougher 
nanocomposite, and HNT length directly governs the modulus. Short HNTs cannot reinforce the samples 

Fig. 6.  Estimations of the system’s modulus at several points of interfacial shear modulus using the progressive 
model.

 

Fig. 5.  Correlation of “E” to “Q” by the innovative model.
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because l = 500 nm harvests a modulus of 2 GPa, which is equal to the modulus of the polymer matrix (Em = 2 
GPa is assumed in all calculations). Accordingly, the application of long HNTs is essential to stiffen the samples. 
Additionally, the HNT length of 3000 nm maximizes the modulus to 3.16 GPa, the highest value reported in 
this paper. Consequently, the HNT length is the most critical parameter for managing the reinforcement of the 
system, assuming an imperfect interphase.

HNT length has no influence on the “Lc” based on Eq.  1, but it directly changes the “Q” (Eq.  2). This 
means that longer HNTs cause more efficient stress transferring in nanocomposites. Moreover, Eqs. 4 and 5 
demonstrate that longer HNTs produce higher values of the operative aspect ratio and operational concentration 
of the nanofiller. This shows that long HNTs increase the effectiveness of stress transferring, aspect ratio, and 
filler amount. Therefore, long HNTs undoubtedly promote the reinforcing of samples. Conversely, short HNTs 
deteriorate adequate levels for stress transferring, aspect ratio, and concentration of filler, which expectedly 
weaken reinforcing. These observations endorse the suitability of the advanced model to predict the stiffness at 
various extents of the HNT length.

Figure 9 reveals the association of the composite’s modulus with the HNT radius. The modulus improves to 
2.7 GPa at a HNT radius of 20 nm, whereas R = 60 nm weakens the modulus of the nanocomposites to 2.04 GPa. 

Fig. 8.  Significance of HNT length on the “E”.

 

Fig. 7.  Correlation of nanocomposite’s modulus to HNT weight%.
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These calculations establish an opposite link among the modulus of the samples and the HNT radius. Slimmer 
HNTs produce a stiffer system, but thicker HNTs deteriorate the stiffness of nanocomposites. The results show 
that thick HNTs (R = 60 nm) are ineffective on the sample’s modulus since the modulus is relatively identical 
to the polymer modulus (Em = 2 GPa is considered). The modulus of the system inconstantly changes with the 
HNT radius, and narrower HNTs produce better results.

Slim HNTs yield a low range for “Lc” (Eq. 1), which enhances “Q” (Eq. 3), reduces the operative inverse 
aspect ratio (Eq. 4), and grows the operational filler fraction (Eq. 5). Hence, narrower HNTs produce a powerful 
interphase section, increasing the effective stress transferring in the system. Additionally, slim HNTs enhance 
the efficiencies of the aspect ratio and concentration in the samples. Obviously, slim HNTs are appropriate for 
enhancing the efficiencies of both filler and nearby interphases in the system, increasing the reinforcing. In 
contrast, thick HNTs enlarge the “Lc”, which deteriorates the “Q” and the effective ranges of the filler aspect 
ratio and filler volume fraction. Accordingly, dense HNTs worsen the productivities of nanoparticles and the 
interphase zones in the samples, weakening the system’s reinforcement. Based on these findings, it can be 
concluded that the HNT radius adversely manipulates the system’s stiffness, ratifying the novel model.

Figure 10 expresses the yields of the novel model at some values of the HNT modulus. Ef = 80 GPa causes 
a stiffness of 2.53 GPa, although the modulus reduces to 2.13 GPa at a HNT modulus of 220 GPa. These results 
demonstrate an adverse link between the moduli of the samples and HNT. A poor modulus of the HNTs produces 
a sturdier nanocomposite. However, tough HNTs stiffen the samples. The HNT modulus linearly reduces the 
nanocomposite’s modulus at Ef < 140 GPa, but a further increase of the HNT modulus only insignificantly 
reduces the modulus of the samples. This plot demonstrates that low-modulus HNTs are desirable to reinforce 
the HNT-based system.

The HNT modulus directly controls the “Lc” based on Eq. 1. Thus, a higher modulus of HNT broadens the 
“Lc”, which deteriorates the stress transferring efficiency in the samples (Q in Eq. 3). Moreover, a longer “Lc” 
obtained by stiffer HNTs diminishes the actual aspect ratio and real concentration of the nanofiller (Eqs. 4 and 
5). These data reveal that stiffer HNTs detrimentally control the stress transferring and the efficiencies of the 
nanofiller and interphase section in the samples. As a result, stiffer HNTs produce poorer nanocomposites. In 
contrast, poor HNTs shorten the “Lc”, intensifying the stress shifting and the competencies of nanoparticles 
and nearby interphase in the samples. Clearly, poor HNTs advantageously reinforce the samples based on the 
progressive model. This result does not agree with the reported results of the earlier models for the modulus 
of the nanocomposites56–58 because stiffer HNTs typically yield a stiffer sample. However, the former models 
suppose a flawless interphase in the samples, while the current model considers a defective interphase section in 
which “Lc” plays a main character in the reinforcing. Thus, the novel model accurately links the modulus to the 
HNT modulus by considering a defective interphase zone.

Conclusions
In this paper, “Lc” was expressed, and its roles in the operative inverse aspect ratio, operative HNT concentration, 
and “Q” were explained. Also, the Hui-Shia model was expanded by assuming an imperfect interphase in the 
HNT-based system. Slimmer HNTs, longer HNTs, higher interfacial shear modulus, and shorter “Lc” produce 
a higher “Q”. “Lc” adversely manipulates the “φeff”, while a higher “Q” causes a greater “φeff”. The original 
Hui-Shia model overpredicts the moduli of samples due to the assumption of perfect interphase. In contrast, 
an acceptable agreement between experimental and theoretical values supports the accuracy of the developed 

Fig. 9.  Variation of stiffness by “R” by the proposed model.
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model. Additionally, calculations of “Gi”, “Lc”, and “Q” for the examples support the accuracy of the novel model. 
There is a reverse relation between the modulus of the samples and “Lc”. Meanwhile, a higher “Q” and a greater 
interfacial shear modulus produce a stiffer sample. The stiffness linearly relates to the HNT weight fraction, and 
a higher HNT concentration usually reinforces the system. l = 500 nm yields the lowest modulus of 2 GPa, while 
the modulus is maximum as 3.16 GPa at l = 3000 nm. Moreover, there is a converse connection between the 
modulus of samples and HNT radius, and a HNT with R = 60 nm is unsuccessful in toughening the composites. 
Hence, thinner and larger HNTs result in a tougher nanocomposite, and HNT length is the most significant 
factor in manipulating the rigidity of the system. The results reveal an opposite linkage between the moduli of 
the system and the HNTs. This output contradicts earlier predictions because the previous models supposed a 
flawless interphase, while the developed model assumes an incomplete interphase.

Data availability
The data that support the findings of this study are available on request from corresponding author.
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