
Advances in Nano Research, Vol. 16, No. 2 (2024) 127-140 
https://doi.org/10.12989/anr.2024.16.2.127 

Copyright ©  2023 Techno-Press, Ltd.  
http://www.techno-press.org/?journal=journal=anr&subpage=5                                                  ISSN: 2287-237X (Print), 2287-2388 (Online) 

 

1. Introduction 
 

As worries about environmental impacts of consuming 

hard-to-degrade products escalate, more and more 

researchers/ practitioners are considering the industrial use 

of eco-friendly materials in different sectors (Kamarian and 

Song 2022). Thanks to their low cost, biodegradability, light 

weight, and wide availability, natural fibers (NFs) have 

been widely utilized to develop different composites for a 

variety of industries (e.g., automotive industry, railway  
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infrastructures, construction industry, home and office 

furniture, etc.). 

Of the pool of commercially available NFs, the AF has 

been the choice for synthesizing countless NF composites. 

Extracted from the Musa textilis (i.e., a plant) (Ochi 2006), 

AF is dominantly produced in the Philippines wherein 84% 

of total demand for the abaca around the globe is being 

supplied at an annual average rate of 68,000 t/year (Barba et 

al. 2020). In terms of appearance, the abaca plant looks like 

a banana tree in that it has a root system in the middle from 

which 12–30 stems are originated. Growing to up to 8 m, 

the stems (i.e., stalks) are peeled to obtain AF. With lengths 

in the range of 1.5–3.5 m, the AFs exhibit various colors 

ranging from white to red and then to brown and black or 

purple  (Vijayalakshmi et al. 2014). Being a highly strong 

commercially available NF, AFs have found diverse 

applications. The ever-increasing industrial application of 

AF as a sustainable source of fiber is associated with its 
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Abstract.  Upon direct/indirect exposure to flame or heat, composite structures may burn or thermally buckle. This issue 

becomes more important in the natural fiber-based composite structures with higher flammability and lower mechanical 

properties. The main goal of the present study was to obtain an optimal eco-friendly composite system with low flammability 

and high thermal buckling resistance. The studied composite consisted of polypropylene (PP) and short abaca fiber (AF) with 

eggshell powder (ESP) and halloysite clay nanotubes (HNTs) additives. An optimal base composite, consisting of 30 wt.% AF 

and 70 wt.% PP, abbreviated as OAP, was initially introduced based on burning rate (BR) and the Young’s modulus determined 

by horizontal burning test (HBT) and tensile test, respectively. The effects of adding ESP to the base composite were then 

investigated with the same experimental tests. The results indicated that though the BR significantly decreased with the increase 

of ESP content up to 6 wt.%, it had a very destructive influence on the stiffness of the composite. To compensate for the 

damaging effect of ESP, small amount of HNT was used. The performance of OAP composite with 6 wt.% ESP and 3 wt.% 

HNT (OAPEH) was explored by conducting HBT, cone calorimeter test (CCT) and tensile test. The experimental results 

indicated a 9~23 % reduction in almost all flammability parameters such as heat release rate (HRR), total heat released (THR), 

maximum average rate of heat emission (MARHE), total smoke released (TSR), total smoke production (TSP), and mass loss 

(ML) during combustion. Furthermore, the combination of 6 wt.% ESP and 3 wt.% HNT reduced the stiffness of OAP to an 

insignificant amount by maximum 3%. Moreover, the char residue analysis revealed the distinct differences in the formation of 

char between AF/PP and AF/PP/ESP/HNT composites. Afterward, dilatometry test was carried out to examine the coefficient of 

thermal expansion (CTE) of OAP and OAPEH samples. The obtained results showed that the CTE of OAPEH composite was 

about 18% less than that of OAP. Finally, a theoretical model was used based on first-order shear deformation theory (FSDT) to 

predict the critical bucking temperatures of the OAP and OAPEH composite plates. It was shown that in the absence of 

mechanical load, the critical buckling temperatures of OAPEH composite plates were higher than those of OAP composites, 

such that the difference between the buckling temperatures increased with the increase of thickness. On the contrary, the positive 

effect of CTE reduction on the buckling temperature decreased by raising the axial compressive mechanical load on the 

composite plates which can be assigned to the reduction of stiffness after the incorporation of ESP. The results of present study 

generally stated that a suitable combination of AF, PP, ESP, and HNT can result in a relatively optimal and environmentally 

friendly composite with proper flame and thermal buckling resistance with no significant decline in the stiffness. 

Keywords:  abaca fiber; cone calorimeter test; dilatometry test; eco-friendly composites; egg shell powder; halloysite 

nanotubes; horizontal burning test; polypropylene; tensile test; thermal buckling analysis 
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acceptable mechanical strength coupled with long 

durability, high flexibility and resistance to saltwater, 

favorable buoyancy behavior, and adequate length of the 

fibers. Basically, AF is composed of cellulose (~60%) with 

minor amounts of hemicellulose (~21%), lignin (~12%–

16%), and pectin (~1%) (Sun et al. 1998). The high strength 

and stiffness of AF, compared to other NFs, are known to be 

related to its high Runkle ratio (Liu, K. et al. 2013) and 

cellulose-to-hemicellulose and lignin ratio (Vijayalakshmi 

et al. 2014) alongside a microfibril angle that is close 

orienting along the fiber bundle (Madsen and Gamstedt 

2013). Many recent studies have elaborated on the 

application of AF as reinforcement in various composites, 

thoroughly evaluating the behavior of the AF under 

different loading schemes (i.e., bending (Vijaya Ramnath et 

al. 2014), tensile (Vasquez and Diaz 2017), compressive 

(Manickavasagam et al. 2014), impact (Shaik and 

Subramanian 2021, Vijaya Ramnath et al. 2014), and 

thermal (Li et al. 2017) loading). 
As a byproduct of poultry, chicken eggshell is known to 

seriously pollute the environmental around the world. It has 
a tri-layer structure where an intermediate spongy layer is 
coated with an outer layer of cuticle and an inner shell 
(Kang et al. 2010). Chemically describing an eggshell, it is 
reportedly composed of calcium carbonate (~94 wt.%) 
together with minor amounts of magnesium carbonate (~1 
wt.%), calcium phosphate (~1 wt.%), and organic matter 
(~4 wt.%) (Tsai et al. 2006). According to the literature, 
eggshells can serve as biofiller in PP composites to cut the 
corresponding demand for talc and CaCO3 by up to 75%. At 
the other end of the spectrum, this apparently waste material 
has been regarded as an eco-friendly catalyst, a bio-
stabilizer for bone tissues, an adsorbent for particular metal 
contaminants, and a precursor for fabricating microporous 
CaO, among other advanced applications (Jena and Sahoo 
2019, Jirimali et al. 2018, Xu et al. 2019). 

With the chemical formula Al2Si2O5(OH)4.2H2O, the 

HNTs represent a nano-sized class of kaolin clays that are 

composed of two-layer structures of Al, Si, H, and O. With 

their highly porous nature, HNTs have served as 

reinforcement for plastic composites (Deng et al. 2008, Liu 

et al. 2008) and particular medical and biological uses 

(Massaro et al. 2017, Santos et al. 2018). In particular, 

studies have highlighted the applicability of HNTs as 

nanofiller, even at dosages as low as 3–6 wt.%, to achieve 

remarkable improvements in compressive modulus and 

strength as well as thermal stability (Liu et al. 2013, 

Naumenko et al. 2016). 

Globally known as a highly popular base polymer, PP is 

obtained by catalyst-assisted polymerization of the 

propylene under relatively mild conditions in terms of 

pressure and temperature (Busico and Cipullo 2001, 

Maddah 2016, Shubhra et al. 2013). The wide applications 

of PP, especially in fiber and plastic industries, root in its 

versatile characteristics. A distinctive feature of PP, as 

compared to conventional polymers like polyamides, comes 

in the face of the fact that it does not absorb moisture, 

making it an alternative of choice for numerous 

applications. Furthermore, post-synthesis modifications can 

be applied to further enhance the PP properties.  

Natural composites are known to come with particular 

disadvantages that can partly underpin their significant 

benefits. Most importantly, these composites are known to 

exhibit relatively poor mechanical performance and be 

highly flammable and moisture-absorbing. To address these 

disadvantages, researchers have introduced HNTs, 

ammonium polyphosphate (APP), magnesium hydroxide 

(MH), and ESP, among other additives, to modify NF 

composites (Balan et al. 2020, Kamarian et al. 2022). 

Investigating AF-reinforced composites, Li et al. (2017) 

evaluated the impacts of combining nanoclays (NCs) with 

HNTs and APP on AF/vinyl ester composites in terms of 

thermal stability, flammability, and mechanical performance, 

ending up concluding that introducing the additives at 

optimal dosage can improve the synthesized composite in 

terms of fire resistance while slightly degrading its bending 

and tensile strengths. In another piece of research, Nguyen 

Tran et al. (2021) used ESP as a biowaste material to 

modify an AF/PP composite and checked the resultant 

changes in mechanical performance and fire resistance of 

the product. Preparing composite specimens through 

injection molding, they based their analyses on various tests 

(e.g., bending, tensile, and horizontal burning experiments). 

Findings suggested that the ESP can be utilized to improve 

fire resistance although it may lower the mechanical 

performance of the composite. Li et al. (2013) presented a 

work where they tried to figure out how NCs affect the 

tensile behavior and fire resistance of short AF/PP 

composites and ended up reporting significantly improved 

tensile behavior and fire resistance by incorporating the 

NCs at an optimal dosage. 

In practice, composite structures may be exposed to 

flame or high-temperature environments encountered in 

particular applications (Carrera et al. 2016, Eslami 2010), in 

which case some destructive effects may render inevitable. 

Depending on the type of composite and the working 

conditions, burning (Mouritz and Gibson 2007, Qiu et al. 

2022, Renner et al. 2021) or thermal buckling (Behdinan 

and Moradi-Dastjerdi 2022, Dai and Safarpour 2021, Shan 

and Huang 2022) may occur. The NF-made composites are 

even more sensitive to such harsh conditions due to the 

significantly weaker fire resistance and mechanical 

performance of the NFs, as compared to the synthetic fibers 

(Chalapathi et al. 2022, Kamarian et al. 2022). 
The present research is motivated by lack of studies 

where burning and thermal expansion/thermal buckling of 
PP/AF composites are investigated simultaneously. The 
main objective of the present research is to introduce an 
optimal eco-friendly composite system that is adequately 
resistant to flame and thermal buckling. First, optimum 
content of AF was obtained for AF/PP composites by 
performing a series of preliminary fire tests, namely HBT 
for determining the BR, and tensile test for Young’s 
modulus. Then, the effects of adding ESP at different 
content ranging from 0 to 6 wt.% on the flammability and 
stiffness were investigated. In order to compensate for the 
destructive effects of ESP on the mechanical properties, a 
small amount of HNT (3 wt.%) was further added to the 
AF/ PP/ESP composite. Next, CCT and dilatometry test 
(DT) were conducted for detailed investigation of fire-
resistance and CTE of the proposed optimal composites. 
Finally, given the thermo-mechanical properties, an FSDT- 

128



 

Optimal flammability and thermal buckling resistance of eco-friendly … 

 

 

based theoretical model was used to analyze the critical 

buckling temperatures of the proposed composite system. 

The workflow of the present study is shown in Fig. 1. 

 

 

2. Materials and methods 
 
2.1 Preparation of eco-friendly AF/PP/ESP/HNT 

composite specimens 
 

This section is devoted to describing the preparation of 

AF/PP composite samples with HNT and ESP additives. 

AFs were first cut into short fibers and mixed with PP. The 

mixture was dried in an oven at 60 oC overnight. 

Subsequently, the mixture of short AFs, PP (Chemko 

S.C.Corp., South Korea), HNT, and ESP (Edentown F&B, 

Poonglim Industrial Co. Ltd, South Korea.) was transferred 

into an extruder (SJZS-10B, Wuhan Ruiming Experimental 

Instrument Manufacturing Co., Ltd., China) where it passed 

a path with four different temperature zones (175, 180, 185, 

and 190 oC). Upon exiting the extruder, the molten 

composite passed over a conveyor exposed to a cooling 

system as a filament. After cooling down to room 

temperature the filament was inserted into a miniature 

granulator where it was converted into same-sized pellets. 

The process of extrusion and conversion into uniform 

pellets was repeated once more to reach higher homogeneity 

 

 

The AF/PP/ESP/HNT composite pellets were then 

transferred in a mold followed by hot pressing at 180 ℃ 

and pressure of 7 MPa. The composite sheets were then 

cooled to room temperature. The sheets were ultimately cut 

into suitable dimensions for the HBT, CCT, dilatometry test 

and tensile test. Fig. 2 illustrates the manufacturing process 

of PP/AF/ESP/HNT composites. 

 

2.2 Experimental tests  
 
2.2.1 Horizontal Burning Test 
The HBT standard was carried out according to standard 

of the testing procedure detailed in the UL-94 utilizing a 

portable igniter. This test serves as preliminary indicator of 

acceptable flammability for a specific application 

(Karunakaran et al. 2016). The dimensions of the specimens 

were 125 × 12.5 × 3 mm3. The BR, dripping time, and 

flame propagation of the sample can be determined by this 

method based on the first reference to the second reference 

marks which are at 25 mm and 100 mm from the end of the 

sample. Fig. 3 demonstrates the experimental setup as well 

as the relevant dimensions. The sample was clamped on the 

retort stand and flame was applied for 30 ±1 s at a 

transverse axis with 45 ±2° inclination relative to the free 

end of samples. The burner was eliminated after 30 ±1 s or 

when the combustion front of the specimen reached the 25 

mm mark (Karunakaran et al. 2016). The timing device was  

 

Fig. 1 The workflow of the present study 
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Fig. 3 HBT set-up based on UL94 standard 

 

 

turned on when the combustion front reached the 25 mm 

mark to measure the time for the flame to spread to the 

benchmark. 

 

2.2.2 Cone Calorimeter Test 
The cone calorimeter is often regarded as the most 

significant bench-scale instrument for fire testing of solid 

materials (Zhang et al. 2019). This device has been also 

approved by the International Organization for Standardization 

(ISO5660-1). A schematic diagram of fire testing by CCT is 

also depicted in Fig. 4. The horizontal dimensions of the 

sample were (100 ± 1) mm 9 (100 ± 1) mm, while its the 

thickness was 3 mm. The tests were conducted at 

atmospheric ambient with sufficient ventilation. The edges 

and back of the specimens were covered by aluminum foil. 

The specimen was then placed in a metal plate with a 

ceramic fiber bed to reduce the effect of heat loss on its 

back. The distance between the vertex of the specimen and 

cone heater was 25 mm. The heat flux was 50 kW m2. The 

parameters such as MARHE, HRR, TSR, THR, TSP, and 

ML during combustion were addressed.  

 
2.2.3 Dilatometry 
Dilatometry measures the dimensional change of a  

 

 

Fig. 4 Scheatic diagram of fire testing based on CCT 

 

 

substance by temperature under negligible load and a 

specified atmosphere. Dilatometry test is utilized to 

determine the CTE of the composites. To this end, the 

samples were cut into cylinders or rectangular cubes with a 

length of 2-5 cm and a thickness of 3-10 mm. The samples 

should be cut in such a way that its two sides remain fully 

flat to be in proper contact with the pushing rod and the end 

of the ceramic base. According to Fig. 5, the sample is first 

placed on a ceramic base made of alumina or quartz. At the 

end of the specimen, a rod transmits the changes in its 

expansion to the computer to read the displacement. A 

thermocouple is placed near the sample to measure the 

temperature. The furnace heats the sample at a certain 

heating rate, then, the length variations are recorded as a 

function of temperature. 

 

Fig. 2 Schematic of manufacturing of AF/PP/ESP/HNT composites using extruder–compression process 
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Fig. 6 Schematic of a rectangular composite plate exposed 

to thermal environment and subjected to mechanical 

compressive loads 
 
 

2.2.4 Tensile Test  
Tensile test was performed based on ASTM D3039 

standard using a universal testing machine (Instron, USA - 

Load cell capacity ranges from 5N to 5MN). A 2.5-ton load 

cell was employed in the tensile test of the samples 

measuring 75 mm in length and 10 mm at its widest section. 

The crosshead speed was also set at 2 mm/min. 

 

2.3 Thermal stability of composite plates 
 
2.3.1 Stability equilibrium equations 
In this subsection, the governing equations for thermal 

buckling of composite plates are derived. Although the 

composite systems in the present study consist of short AF, 

PP, ESP and HNT, the stability equations are provided here 

in the general form for rectangular composite plates with 

symmetric cross-ply lay-ups in order to verify the numerical 

results. First, consider a rectangular laminated plate with 

thickness ℎ in z direction, length 𝑎 in x- direction and 𝑏in 

y-direction
 
that is under compressive loads as shown in Fig. 

6.  

Based on FSDT, the displacement components (𝑢 , 𝑣
 

and 𝑤) of the plate may be defined as (Reddy 2003) 
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where 𝑢0 and 𝑣0 are the displacements of middle surface 

 

 

in the 𝑥 and 𝑦directions, 𝑤0  is the transverse deflection, 

and 𝜙𝑥 and 𝜙𝑦 are the rotations of the middle surface of 

the plate about𝑦and𝑥axes, respectively. The linear strain 

components associated with the displacements introduced in 

Eq. (1) are defined as (Reddy 2003) 
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(2) 

The constitutive law for the plate under thermal loads is 

defined as follow (Reddy 2003) 
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 (3) 

where𝑄𝑖𝑗denote the reduced stiffness coefficients (Reddy 

2003). The governing stability equations in the present 

study are obtained using energy method (Reddy 2003), as 

follows 

𝛿(𝑈 +𝑊) = 0 (4) 

where 𝑈 and 𝑊 represent the total strain energy and the 

total work of external loads. It should be noted that the 

effects of thermal stresses as well as the compressive loads 

appear as external load work in the present study. The strain 

 

Fig. 5 Schematic diagram of dilatometry instrument 
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energy of the structures is obtained as follows (Li and Yu 

2015) 

𝑈 =
1

2
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(5) 

The total work done by the external loads, namely 

thermal loads (𝑁𝑥
𝑇 and 𝑁𝑦

𝑇) and mechanical loads (𝑃𝑥 and 

𝑃𝑦) can be calculated by (Li and Yu 2015) 
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(6) 

where 𝑁𝑥
𝑇 and 𝑁𝑦

𝑇 are defined as follows 
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]𝛥𝑇(1, 𝑧)𝑑𝑧 

(7) 

where 𝛼𝑖𝑗 , 𝛥𝑇 , and 𝜃  represent the reduced stiffness 

coefficients, CTE, temperature difference relative to the 

reference temperature, and the angle that the long fibers 

make with x-directions, respectively. By inserting Eqs. (6 

and 7) into Eq. (5), the following out-of-plane equations 

may be obtained for rectangular composite plates with 

symmetric cross-ply lay-ups. 
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𝜕𝑥2
) + 𝑘𝑠𝐴44 (

𝜕𝜑𝑦

𝜕𝑦
+
𝜕2𝑤

𝜕𝑦2
) 

−(𝑃𝑥 + 𝑁𝑥
𝑇)
𝜕2𝑤

𝜕𝑥2
− (𝑃𝑦 +𝑁𝑦

𝑇)
𝜕2𝑤

𝜕𝑦2
= 0 

(8) 

in which 𝐴𝑖𝑗 and 𝐷𝑖𝑗 are the transformed stiffness 

coefficients defined as 

(𝑨𝒊𝒋, 𝑫𝒊𝒋) = ∫ 𝑸̄𝒊𝒋(𝟏, 𝒛
𝟐) 𝒅𝒛

𝒉/𝟐∫

−𝒉/𝟐

 (9) 

Furthermore, 𝑘𝑠 in Eq. (8) refers to the shear correction 

factor that is taken here as 5/6  (Reddy 2003). Simply 

supported boundary conditions are considered here which 

are stated as 

𝑤 = 0, 𝜑𝑦 = 0, 𝐷11
𝜕𝜑𝑥
𝜕𝑥

+ 𝐷12
𝜕𝜑𝑦

𝜕𝑦
= 0, 𝑎𝑡𝑥 = 0, 𝑎 

𝑤 = 0, 𝜑𝑥 = 0, 𝐷12
𝜕𝜑𝑥
𝜕𝑥

+ 𝐷22
𝜕𝜑𝑦

𝜕𝑦
= 0, 𝑎𝑡𝑦 = 0, 𝑏 

(10) 

An analytical solution is proposed in the form of: 

𝑤(𝑥, 𝑦) = ∑𝑊𝑚𝑛 𝑠𝑖𝑛
𝑚𝜋

𝑎
𝑥 𝑠𝑖𝑛

𝑛𝜋

𝑏
𝑦

𝑚,𝑛

 

𝜑𝑥(𝑥, 𝑦) =∑𝛹1𝑚𝑛 𝑐𝑜𝑠
𝑚𝜋

𝑎
𝑥 𝑠𝑖𝑛

𝑛𝜋

𝑏
𝑚,𝑛

𝑦 

𝜑𝑦(𝑥, 𝑦) = ∑𝛹2𝑚𝑛 𝑠𝑖𝑛
𝑚𝜋

𝑎
𝑥 𝑐𝑜𝑠

𝑛𝜋

𝑏
𝑦

𝑚,𝑛

 

(11) 

where m and n denote the number of half-waves in x and y-

directions. The suggested solution satisfies the boundary 

conditions of Eq. (10). After inserting Eq. (11) into Eq. (8), 

the following equation is obtained. 

[

𝐾11 𝐾12 𝐾13
𝐾21 𝐾22 𝐾23
𝐾31 𝐾32 𝐾33

] [

𝑊𝑚𝑛
𝛹1𝑚𝑛
𝛹2𝑚𝑛

] = [
0
0
0
] (12) 

where 𝐾𝑖𝑗  are can be found as: 

𝐾11 = (𝑘𝑠𝐴55 − (𝑃𝑥 + 𝑁𝑥
𝑇)) (

𝑚𝜋

𝑎
)
2

 

+(𝑘𝑠𝐴44 − (𝑃𝑦 +𝑁𝑦
𝑇)) (

𝑛𝜋

𝑏
)
2

 

𝐾22 = 𝐷11 (
𝑚𝜋

𝑎
)
2

+ 𝐷66 (
𝑛𝜋

𝑏
)
2

+ 𝑘𝑠𝐴55 

𝐾33 = 𝐷66 (
𝑚𝜋

𝑎
)
2

+ 𝐷22 (
𝑛𝜋

𝑏
)
2

+ 𝑘𝑠𝐴44 

𝐾12 = 𝐾21 = (
𝑚𝜋

𝑎
)𝑘𝑠𝐴55 

𝐾13 = 𝐾31 = (
𝑛𝜋

𝑏
)𝑘𝑠𝐴44 

𝐾23 = 𝐾32 = (𝐷12 + 𝐷66) (
𝑚𝜋

𝑎
) (
𝑛𝜋

𝑏
) 

(13) 

Now, a nontrivial solution is sought for Eq. (13). 

𝑑𝑒𝑡 [

𝐾11 𝐾12 𝐾13
𝐾21 𝐾22 𝐾23
𝐾31 𝐾32 𝐾33

] = 0 (14) 

Solving Eq. (14) yields the following relation 

𝛥𝑇𝑐𝑟 =
𝑓1 − 𝑓2
𝑓3

 (15) 

where 

𝑓1 = (𝑘𝑠𝐴55 − 𝑃𝑥)(
𝑚𝜋

𝑎
)2 + (𝑘𝑠𝐴44 − 𝑃𝑦)(

𝑛𝜋

𝑏
)2 

𝑓2 = (𝑘12
2 𝑘33 + 𝑘13

2 𝑘22 − 2𝑘12𝑘13𝑘23)/(𝑘22𝑘33 − 𝑘23
2 ) 

(16) 
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𝑓3 = (
𝑚𝜋

𝑎
)2𝑁𝑥

𝑇 + (
𝑛𝜋

𝑏
)2𝑁𝑦

𝑇 

(
𝑁𝑥
𝑇

𝑁𝑦
𝑇) = ∫ [

𝑄̄11 𝑄̄12
𝑄̄12 𝑄̄22

]
+ℎ/2

−ℎ/2

{
𝛼𝑥
𝛼𝑦
} 𝑑𝑧 

The buckling temperatures of the structure are 

calculated for different values of m and n. The minimum 

obtained value is considered as the critical buckling 

temperature, denoted by the symbol of 𝛥𝑇𝑐𝑟 . 

 

2.3.2 Verification study 
Here, two comparative examples were provided to show 

the accuracy of the proposed closed-form solution. In the 

first example, the buckling temperatures of a square 

composite plate were studied and the results of the present 

study were compared with those in the literature. The 

thermo-mechanical properties of this example are assumed 

to be as follows:  

𝐸1 = 15𝐸2 ,   𝐸3 = 𝐸2 ,   𝐺12 = 𝐺13 = 0.5𝐸2 ,    
𝐺23 = 0.3356 ,   𝜐12 = 𝜐13 = 0.3  
𝛼1 = 0.015𝛼0 ,   𝛼2 = 𝛼3 = 𝛼0 ,   𝛼0 = 10−6/𝑜𝐶 

The non-dimensional critical buckling temperatures of 

the structure were obtained for two thickness-to-width 

ratios. Table 1 compares the results of the present study 

with the findings of finite element method (FEM) by Kant 

and Babu (2000) and generalized differential quadrature 

method (GDQM) by Kamarian et al. (2017). Based on 

Table 1, the proposed closed-solution of Eq. (15) can 

accurately predict the buckling temperature of composite 

plates with the maximum difference of about 1%.  

In the second example, the variations of 𝛥𝑇𝑐𝑟of a square 

composite plate are provided versus compressive load. The 

plate is assumed to be subjected to equal compressive load 

in the x and y directions (𝑃𝑐 = 𝑃𝑥 = 𝑃𝑦). As expected, the 

value of 𝛥𝑇𝑐𝑟  gradually decreased with 𝑃𝑐enhancement. 

According to Fig. 7, 𝑃𝑐 = 10.931𝑘𝑁/𝑚  may lead to 

buckling in the structure even if no thermal stress is 

generated in the structure. Reddy (2003) obtained similar 

results ( 𝑃𝑥 = 𝑃𝑦 = 10.958𝑘𝑁/𝑚 ) for the critical 

mechanical buckling load of the composite plates in the 

absence of thermal loads. Therefore, Eq. (15) is accurate 

enough to handle the stability analysis of the composite 

plates in the present study. 

(

𝐸1 = 25𝐸2 ,   𝐸3 = 𝐸2 ,   𝐺12 = 𝐺13 = 0.5𝐸2 ,  
 𝐺23 = 0.2 ,   𝜐12 = 𝜐13 = 0.25 ,   𝛼1 = 3𝛼2
          𝑎 = 𝑏 ,   𝑎/ℎ = 25  ,   𝑃𝑐 = 𝑃𝑥 = 𝑃𝑦

) 

 
 

3. Results and discussion 
 

3.1 Optimal AF/PP composites 
 

First, an optimal combination of AF and PP (OAP) was 

obtained for the base composite. The first parameter to be 

measured is the rate of burning which can be determined 

based on HBT (see Fig. 8). PP is a petroleum-based 

compound with vigorous flammability capable of producing 

smoke and toxic substances such as hydrogen halides. On 

the other hand, high flammability of natural fibers can be 

 
Fig. 7 The variations of non-dimensional buckling 

temperature (𝛥𝑇𝑐𝑟 = 100𝛥𝑇𝑐𝑟𝛼0) of a square composite 

plate versus mechanical compressive load 

 

Table 1 the variations of non-dimensional buckling 

temperature (𝛥𝑇𝑐𝑟) of a square (𝑎 = 𝑏) composite plate 

  Method 

ℎ/𝑏 𝛥𝑇𝑐𝑟 
Analytical 

(Present) 

GDQM 

(Kamarian et 

al. 2017) 

FEM 

(Kant and 

Babu 2000) 

01.0  100𝛥𝑇𝑐𝑟𝛼0 0.0996 0.0997 0.0996 

1.0  𝛥𝑇𝑐𝑟𝛼0 0.0778 - 0.0770 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Schematic representation of a specimen under HBT: 

(a) Initial reference point, (b) 150s after ignition, and (c) 

terminal reference point 
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Fig. 9 HBT results for the BR of PP/AF composites at 

different AF content from 0 to 36 wt.% 

 

 

Fig. 10 Young’s modulus of AF/PP composites at different 

AF contents from 0 to 30 wt.% 

 

 

Fig. 11 The effects of ESP and HNT loadings on the BR of 

the base composite 

 

 

assigned to their lignin content. For instance, AF includes 

60, 24, and 13% cellulose, hemicellulose, and lignin, 

respectively.  As mentioned in Section 2.2.1, the UL94 

standard suggests that the BR should be below 40mm/min. 

However, a safety factor (S.F) of 1.1 is considered here to 

compensate for the possible and unpredictable errors,  

 

Fig. 12 The effects of ESP and HNT loadings on the 

Young’s modulus of the base composite 

 

Table 2 The combinations of three main composites 

Sample code Combination 
Young’s modulus 

(GPa) 

BR 

(mm/min) 

OAP 
30 wt.% AF+70 

wt.% PP 
2.36 31.7 

OAPE OAP+6 wt.% ESP 1.68 28.1 

OAPEH 
OAP+6 wt.% ESP+ 

3 wt.% HNT 
2.29 27.6 

 

 

leading to maximum allowed BR value of 36.36 mm/min. 

The HBT results can be found in Fig. 9. Accordingly, the 

fire resistance of the composites gradually decreased with 

enhancing AF content from 0 to 36 wt.%. For the case with 

36 wt.% AF, the burning rate exceeds the permissible limit. 

Therefore, the maximum allowed AF content is 30 wt.%. In 

the next step, tensile test was applied on the composite 

specimens with different AF contents (0-30 wt.%) to 

determine the Young’s modulus, whose results can be seen 

in Fig. 10. Moreover, an increase in the AF content from 0 

to 30 wt.% incremented the stiffness from 0.82 to 2.36 GPa. 

According to HBT and tensile test results, the optimum AF 

content satisfying the HBT standard with the highest 

stiffness is 30%. Therefore, the OAP sample comprising 70 

wt.% PP and 30 wt.% AF is defined as the base composite 

(See Table 2).  

 
3.2 OAP composites with suitable content of ESP and 

HNT 
 
3.2.1 OAP/ESP composites  

The effect of ESP incorporation on the flammability and 

stiffness of the OAP composite was investigated. To this 

end, two composites were fabricated containing 3 and 6 

wt.% ESP which were subjected to HBT test. Based on Fig. 

11, the BRs of both samples fall within the permissible 

range (BR<36.36 mm/min) considering the safety factor of 

1.1. Furthermore, higher ESP contents resulted in larger 

flame resistance of the base composite. Bio-waste ESP 

contains high levels of calcium carbonate (94%) and 

organic materials (5%). Hence, ESP acts as a flame-

retardant filler due to its high calcium carbonate content. 

During combustion, calcium carbonate decomposes to  
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liberate carbon dioxide and calcium oxide. The carbon 

dioxide functions as a diluent, reducing the oxygen 

concentration in the vicinity of the flame and inhibiting 

combustion. In addition, the formation of calcium oxide 

creates a protective layer that functions as a heat barrier, 

shielding the underlying composite material from the heat 

source and decreasing the overall combustibility. With this 

explanation, the experimental results correctly state that 6% 

ESP can decrease the burning rate of the OAP composite up 

to 22% (from 33.2 mm/min to 26.0 mm/min). Then, tensile 

test was performed on the composite samples to obtain the 

Young’s modulus, whose results are demonstrated in Fig. 

12. The experimental results showed Young’s moduli of 

1.85 and 1.65 GPa for the OAP composites containing 3 

and 6 wt.% ESP, respectively. Thus, ESP incorporation 

significantly decreased the stiffness due to the aggregation 

and poor adhesion between the filler and matrix.  

 

 

3.2.2 OAP/ESP/HNT composites 

Based on previous subsection, although OAP 

composites containing 6% ESP (i.e. OAPE) showed better 

fire performance (see Table 2), its stiffness is very poor. In 

such condition, another eco-friendly additive, called HNT, 

is suggested to be utilized. It has been shown that an 

appropriate amount of HNTs can significantly enhance both 

the mechanical properties and flame resistance of the 

composites (Kamarian et al. 2022). Accordingly, the idea of 

adding 3% HNT along with 6% ESP into the OAP 

composite (OAPEH composite, as shown in Table 2) was 

experimentally explored by measuring its flammability and 

stiffness using the same experimental setups. It should be 

noted that the incorporation of HNT provides the composite 

system with additional flame-retardant properties. During 

combustion, HNT's unique nanotubular structure assists in 

the formation of a protective char layer. This layer of char 

  

  

  
Fig. 13 CCT results for OAP and OAPEH composite samples 
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(a) 

 
(b) 

Fig. 14 Char residue of a) OAP composite and b) OAPEH 

composite 
 

 

acts as a physical barrier, preventing further heat transfer 

and flame spread. In addition to enhancing the barrier 

effect, the high aspect ratio of HNT promotes the formation 

of a compact and cohesive char structure. Furthermore, the 

synergistic effect of ESP and HNT in reducing the 

flammability of the OAPEH needs to be considered. 

Through the release of carbon dioxide, ESP contributes to 

gas phase flame inhibition, whereas HNT enhances char 

formation and functions as a physical barrier to heat and 

flame propagation. This combination results in composites 

with enhanced flame retardancy properties. Figs. 11 and 12 

demonstrate the significant role of HNT in the stiffness of 

OAP composites such that the Young’s modulus of OAPEH 

(2.29 GPa) was close to that of OAP (2.36 GPa). Moreover, 

the fire resistance of OAPEH was slightly higher than that 

of OAP. Hence, OAPEH is a proper candidate in the 

applications requiring both flammability and stiffness.   

Cone calorimeter test 

As mentioned earlier, HBT is a preliminary fire test 

which does not provide many details about the performance 

of the composite upon exposure to flame. Therefore, CCT 

was applied to make a more accurate and detailed 

comparison between the flammability of OAP and OAPEH 

composites. Fig. 13a compares the HRR curves for the 

samples showing. As seen, the HRR curve of OAPEH is 

generally lower than that of OAP. The average HRR for the 

lower curve is about 23.4% less than the other. A 

remarkable reduction (17.0%) was observed in the peak 

HRR (from 686.60 kW/m2 to 569.99 kW/m2) upon adding 6 

wt.% ESP and 3 wt.% HNT. THR is defined as the integral 

of HRR curves over the duration of the experiment. The 

experimental results (Fig. 13b) indicated that the THR of 

the OAPEH composite was 12.1% less than that of the 

OAP. It means the presence of ESP and HNT may restrict 

the development of fire. MARHE refers to the maximum 

average rate of heat emission which can be employed to 

rank the hazards of developing fires. MAHRE can be 

defined as the cumulative heat release from t = 0 to time of t 

per unit of time. The MAHRE can be regarded as an 

ignition modified rate of heat emission parameter to rank 

the materials in terms of their ability to measure fire spread 

to other objects. The experimental results (Fig. 13c) 

presented the lower MAHRE value for OAPEH composite 

compared to OAP during the burning time, indicating a 

reduction in the hazard of fire propagation. Based on the 

cone calorimetry, the value of MARHE for OAP and 

OAPEH samples was 528.7 and 446.4 kW/m2, respectively.  

The fourth parameter is mass loss (ML), as illustrated in 

Fig. 13d. As seen, the difference between the ML curves of 

OAP and OAPEH gradually increased by time, suggesting 

that a combination of ESP and HNT acted as a mass 

transport barrier and slowed down the release of 

combustible species, thus, reducing the fuel supply of the 

fire.  

Smoke is a common product of almost all fire types, 

posing a major hazard to life. Smoke particles can decrease 

visibility due to absorption and scattering of light which 

may lead to disorientation. Cone calorimeter can be 

employed to measure the total smoke release (TSR) and 

total smoke production (TSP). The CCT results showed a 

significant decrease in both TSR and TSP parameters of the 

sample containing ESP and HNT. The differences between 

the curves (Figs. 13e and f) got more prominent over time. 

The cone calorimeter recorded the TSP of OAP and 

OAPEH samples as 8.7 and 7.9 m2, respectively, showing a 

9.2 % reduction. Furthermore, the TSR values of the 

mentioned samples were 983.8 and 893.6 m2/m2, 

respectively. 

Figs. 14a and b, which correspond to the char residue 

analysis, reveal distinct differences in the formation of char 

between samples containing ESP and HNT and those that 

do not. In the case of the OAP composites, a stratum of 

predominantly carbonaceous black and yellow ash can be 

observed. The presence of fractures within the char layer 

indicates a relatively weaker structure, permitting the 

exposure of the layers beneath. In addition, the presence of 

microscopic openings along the gray ash's perimeter 

suggests the release of volatile components during 

combustion. The OAPEH composite, in contrast, has a 

distinct char morphology. A layer of white carbon covers 

the surface, indicating a more effective flame-retardant 

mechanism. In certain areas, a veneer of black ash is 

visible, indicating the presence of partial combustion. 

Compared to the OAP composites, the thicker and more 

cohesive character of the char layer suggests a stronger char 

formation with less cracking and fragmentation. The limited 

presence of cracks and microscopic structural holes along 
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Fig. 15 The variations of the curves 𝛥𝐿/𝐿0 versus 𝑇 

obtained from dilatometry experiments 

 

Table 3 Linear CTE of OAP and OAPEH composites 

Temperature range 
Composite Type 

Reduction (%) 
OAP OAPEH 

30 − 70∘C 66.8 54.5 18.4 

70 − 110∘C 61.0 50.1 17.9 

30 − 110∘C 63.9 52.3 18.2 

 

Table 4 Thermo-mechanical properties of OAP and OAPEH 

composites for buckling analysis 

Material 
Properties 

𝛼(× 10−6/0𝐶) 𝐸(𝐺𝑃𝑎) 𝜐 

OAP 63.9 2.36 0.3 

OAPEH 52.3 2.82 0.3 

 

 

the perimeter of the OAPEH composites further confirms 

their enhanced flame retardancy. 

The incorporation of ESP and HNT has an effect on the 

char residue properties of AF/PP composites. The presence 

of ESP promotes the formation of carbonaceous char, 

resulting in a structure that is more compact and less 

fragmented. This is because the decomposition of calcium 

carbonate releases carbon dioxide, which promotes the 

formation of a protective char layer. The ESP-containing 

char has enhanced integrity and reduced porosity, preventing 

oxygen and heat from reaching the underlying material. 

Similarly, HNT incorporation contributes to the construction 

of a cohesive and dense char structure. HNT's nanotubular 

structure permits the capture of volatile gases and the 

formation of a stable char network. This prevents heat and 

flame from penetrating the composite material, providing an 

additional barrier against the spread of combustion. The co-

presence of ESP and HNT in the OAPEH composite leads 

to a synergistic effect on the char residue. The ESP 

promotes the formation of carbonaceous char, while the 

HNT aids in the formation of a compact and cohesive char 

structure. As a result, the char residue exhibits enhanced 

structural integrity, decreased fracture, and reduced 

porosity. This cohesive char layer functions as an insulating 

barrier, reducing heat transfer and limiting the flame's 

access to fuel. The observed differences in char residue 

morphology between OAP and OAPEH composites provide 

additional evidence for the flame-retardant properties of the 

latter. Compared to the OAP composites, the white char 

deposit on the surface of the OAPEH composite indicates a 

higher degree of carbonization and reduced combustion. 

The presence of black ash in certain areas indicates 

localized combustion, but the char layer as a whole remains 

cohesive and intact. 

In general, it can be concluded that the addition of ESP 

and HNT to AF/PP composites significantly improved their 

flame retardancy. The ESP acted as a flame-retardant filler 

by emitting carbon dioxide and forming a protective char 

layer, while the HNT enhanced the char formation and 

formed a cohesive barrier against heat and flame 

propagation.  

Dilatometry test 

Linear CTEs below the resin glass transition 

temperature can be calculated from the slope of the curves 

of 𝛥𝐿/𝐿0versus 𝑇obtained from dilatometry test, as shown 

in Fig. 15. These values are reported in Table 3 for the three 

temperature ranges of 30 − 70∘𝐶, 70 − 110∘𝐶, and 30 −
110∘𝐶 for OAP and OAPEH composites. As observed, the 

CTE reduced with the addition of ESP and HNT for all 

temperature ranges such that the incorporation of 6 wt.% of 

ESP and 3 wt.% of HNT resulted in an 18% reduction in the 

CTE.  

Critical buckling temperature 

The difference between the critical buckling 

temperatures (𝛥𝑇𝑐𝑟) of OAP and OAPEH composite plates 

is examined in this subsection. The thermo-mechanical 

properties of the composites are listed in Table 4 based on 

the experiments discussed in previous Sections 3. 

Noteworthy, the Poisson’s ratio is assumed to be 0.3 for 

composites made of abaca and PP, according to Vilaseca et 

al. (2010). The length and width of the plate are considered 

to be 100𝑚𝑚while the thickness varies from 5𝑚𝑚 to 

10𝑚𝑚. The plate is supposed to be exposed to thermal 

environment with uniform temperature distribution. In 

addition, it is assumed that the compressive mechanical 

loads are applied to the plates at the edges. Note that the 

analysis here is for the cases with equal compressive loads 

in x and y directions (𝑃𝑥  = 𝑃𝑦 = 𝑃𝑐). 

Fig. 16 illustrates the variations of 𝛥𝑇𝑐𝑟  against 

compressive load for OAP and OAPEH composite plates. 

The results are depicted for two ℎ/𝑏ratios. As can be 

observed in Fig. 16a, the critical temperature of the OAP 

composite started at 48.82 oC and gradually decreased with 

the increase of compressive load until it reaching zero at 

𝑃𝑐 = 52.58𝑘𝑁/𝑚 (i.e. the mechanical buckling point). Fig. 

16a also shows the variations of buckling temperature of 

OAPEH composite versus mechanical load. It is clear that 

the OAPEH graph is above that of the OAP in a vast 

majority of temperatures due to the low CTE and almost the 

same Young’s modulus of the base composite in comparison 

to the sample incorporated with 6%ESP and 3% HNT. The 

theoretical results represent the significant influence of ESP 

and HNT additives on the stability of AF/PP composites. 

When the compressive load is larger than 50𝑘𝑁/𝑚, 

however, the OAP composite shows better performance 

137



 

Saeed Kamarian, Reza Barbaz-Isfahani, Thanh Mai Nguyen Tran and Jung-Il Song 

 

 

 

 

than the OAPEH due to its higher Young’s modulus. In 

other words, the negative effect of incorporation of ESP and 

HNT on the Young’s modulus is more prominent than their 

positive effects on the CTE when 𝑃𝑐 is larger than about 

43.5𝑘𝑁/𝑚 . Fig. 16b demonstrates similar trends for the 

bucking temperature of OAP and OAPEH composites 

against 𝑃𝑐  when ℎ/𝑏 = 0.1 . The only difference is the 

larger values of 𝛥𝑇𝑐𝑟  due to considering a thicker 

structure. The linear 𝛥𝑇𝑐𝑟  changes in Figs. 16a and b can 

be due to the constant and temperature-independent values 

of the thermo-mechanical properties (CTE, Young’s 

modulus and Poisson’s ratio) of Table 4.  

The influence of ESP and HNT additives on the stability 

of AF/PP composites are also examined as depicted in Fig. 

17. The variations of buckling temperature against 

thickness-to-width ratio are depicted in Fig. 17a in the 

absence of mechanical load (𝑃𝑐 = 0). As expected, the 

stiffness of the structure increases with an increment in the 

ℎ/𝑏 ratio which raises the resistance against thermal 

buckling, delaying the critical temperature. Furthermore, 

the difference between the curves of OAP and OAPEH 

increases as the structure gets thicker. Similar results are 

shown in Fig. 17b for 𝑃𝑐 = 100𝑘𝑁/𝑚. This case more 

clearly shows the remarkable effect of ESP and HNT on the 

stability of composite structures. As an example, the OAP 

composite structure with a thickness below 6.5 mm buckles 

even in the absence of temperature elevation, while this  

 

 

 

critical thickness is 6.3 mm for the ESP/HNT-incorporated 

sample. However, the difference between the curves gets 

more profound as the plate becomes thicker, since the 

OAPEH composite withstands higher temperature before 

buckling. For instance, when ℎ = 9𝑚𝑚 , the values of 

𝛥𝑇𝑐𝑟 are 101.8 and 122.2 ∘ 𝐶 for OAP and OAPEH 

composites, respectively.   

Noteworthy, Figs. 16 and 17 are presented with no 

consideration of the limit of the glass transition 

temperature, which of course does not affect the 

interpretation of the reported results. 

 

 
4. Conclusions 

 

An attempt was made in the present work to find an 

optimal eco-friendly composite composed of AF, PP, ESP, 

and HNT in terms of the flammability performance and 

thermal buckling behavior. Therefore, the flammability 

parameters, thermal expansion coefficient, and mechanical 

properties were examined as the most important factors. 

First, an optimal base composite made of AF and PP was 

introduced according to the data obtained from HBT and 

tensile test. Accordingly, 30 wt.% AF and 70 wt.% PP led to 

an optimal base composite. Then, a suitable combination of 

additives comprising 6 wt.% ESP and 3 wt.% HNT was 

used to achieve the OAPEH composite. The additives 

  
Fig. 16 Critical buckling temperatures of OAP and OAPEH composite plates versus compressive load for a) ℎ/𝑏 =
0.05 and b) ℎ/𝑏 = 0.1 

  
Fig. 17 The variations of critical buckling temperatures of OAP and OAPEH composite plates versus thickness for a) 

𝑃𝑐 = 0𝑘𝑁/𝑚 and b) 𝑃𝑐 = 100𝑘𝑁/𝑚 
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significantly reduced the BR with no sharp drop in the 

stiffness of OAP composites. In the next step, CCT was 

carried out on the OAP and OAPEH samples to attain more 

details on the performance of the composites in fire. The 

results indicated a 9~23% decrease in all flammability 

parameters such as HRR, THR, MARHE, TSP, and TSR 

upon adding 6 wt.% ESP and 3 wt.% HNT. The resulting 

char residue of the OAPEH composite had a more compact, 

less fragmented, and thermally stable structure, indicating 

that AF/PP composites incorporated with ESP and HNT had 

enhanced flame-retardant properties. Then, the dilatometry 

test was carried out to compare the CTE of OAP and 

OAPEH composites. It was found that the CTE of OAPEH 

was about 18% lower than that of the base composite. 

Finally, the influence of ESP and HNT on the thermal 

stability of OAP composites was analytically discussed. A 

closed-form solution was developed based on FSDT to 

estimate the critical buckling temperatures of the composite 

structures under mechanical compressive load. An optimal 

combination of ESP and HNT significantly enhanced the 

buckling resistance of composite structures under thermo-

mechanical loads. In short, the results of present study 

stated that a suitable combination of ESP and HNT can 

reduce the flammability properties as well as the CTE of 

eco-friendly PP/AF composites with no significant decline 

in the mechanical properties.  
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