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Abstract 

A study on thermal insulation performance of 

electrospun fiber mat laden with nano/micro particles 

 

Chang Ki Yoon 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

As the worldwide interest is focusing on the energy efficiency, the 

insulation material and techniques which can reduce energy loss 

become rising. One of the effective method is using super insulation 

material. 

Super insulation material is an insulation material whose thermal 

conductivity is less than the air`s thermal conductivity (26mw/m∙K). 

The aerogel panel and vacuum insulation panel are the most popular 

super insulation material. Both materials have low thermal 

conductivity, but they are too expensive and the manufacturing 

process is complicate. Also the mechanical strength of materials is 

bad for in daily life. To substitute the existing super insulation 

material, we invested the new method for super insulation material 

and manufacturing process. 
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New material is made with electrospinning method which can make 

micro-nano fiber with polymer. Using this polymer fiber as a bonding 

material, we tried to make micro-nano particle based super 

insulation material. The particles were glass hollow beads and silica 

aerogel. Both particles have low density and thermal conductivity, so 

they are used in many areas for insulation. The thermal conductivity 

of made with the glass hollow bead was about 31 mw/m∙K, but the 

silica aerogel had 22 mw/m∙K thermal conductivity.and, we tried 

thinner fiber which made with NaCl, and the fiber mat without 

particles had the 31 mw/m∙K. 

As the new super insulation material is made with polymer, so it is 

easy to burn. Therefore, the fire retardant used to protect the fibers 

from the flame. The thermal conductivity of the film was influenced 

little but when the fiber had the pores on the surface, the thermal 

conductivity was decreased than before. Also the resultant of TGA 

was increased. 

The mechanical property was tested with tensile stress. As the mat 

was made with fibers, so the all-round samples` tensile stress was 

pretty low. In the case of NaCl added the value was increased, on the 

other hand, when fire retardant added, the value was decreased 

drastically. 

 

Keywords : Electrospinning, micro-nano particle, Silica aerogel, PLA, 

Thermal conductivity, fire retardant 

Student Number : 2013-20688 
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Chapter 1. Introduction 

 

1.1 Overview and problem description 

 

As interest in energy issues has increased in recent days, 

people are trying to solve energy problems by finding use it in 

efficient way, not simply using it less. This is the worldwide 

trend about the rising business in energy area. In 2016, energy 

efficiency market recorded a 3.6% growth rate in the industrial 

sector (growth rate 4.7%), transportation sector (3.8%), home 

and commercial sector (2.2%) 

On the other hand, the energy concentration gained 1.8% last 

year due to the decline in demand due to the decline in crude 

oil prices, bringing about an improvement that is more than 

three times better than 2005 – 2014. As of the end of 2003, 

energy efficiency regulations are being implemented in 30% of 

the world's countries. The International Energy Agency (IEA) 

emphasized the need for the introduction of relevant regulations 

to improve energy efficiency, arguing that relevant regulations 

can quickly establish technology development and 

commercialization on the 2016 report. As of the end of 2015,  
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Figure 1.1 Annual changes in global primary energy intensity 

1981-2016 [1] 

 

30% of the countries in the world were introduced regulations 

about energy efficiency, and it is widely applied across a 

variety of fields such as lighting, compulsory use of mini 

vehicle, air conditioning and home appliances [1]. 

European Union (EU) try continuously to reduce energy 

consumption by increasing energy efficiency improvement, 

mandating renovation to improve building energy efficiency, 

and simplifying the energy efficiency evaluation of all products. 

To improve energy efficiency at the EU level, upward (27% ⟶ 

40%), imposing legally binding force "Energy efficiency 

guideline revision bill "was reviewed at the general meeting in 
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January 2018 [2].  

In the case of Korea governments, they decided to invest 14 

trillion Won in 2017 as a following measure of Jul. 2015 energy 

sector industry application and revitalization of renewable 

dissemination in Nov. 2016. The Domestic companies, Korea 

Electric Power Corporation and a private company, LG U-plus 

will invest an additional 500 billion Won in the next 10 years to 

promote energy 

 

Figure 1.2 Buildings sector energy consumption, energy 

intensity and floor area (2010-16) [1] 

 

efficiency 20%. Also, the government will utilize public 

facilities, parks and public spaces in Gwangju & Jeonnam 

Collective Innovation City to promote large-scale smart energy 

construction. Furthermore, the small and medium-scale smart 
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energy system construction will be promoted by cooperating 

with municipalities and public institutions that need technical 

support. In particular, with the development of the Dubai smart 

grid station model business, government will provide 

technology for companies that wish to enter overseas business 

and jointly promote the development of a business model for 

the locality [3]. 

In this situation, the most focused solution for the energy 

efficiency problem is super insulation material. A super 

insulation material is generally a thermal insulation material 

whose thermal conductivity is lower than the thermal 

conductivity (26mW/m∙K) of air at room condition (300K, 

1atm). Currently, aerogel panel and vacuum insulation panel are 

super insulation materials typically used. When using super 

insulation materials, insulation performance increases by more 

than 20% compared to existing insulation materials, and thus it 

can make economical achievement not only in simple 

cooling/heating system but also in various fields. However, 

aerogel panel has limit in their usage due to the disadvantage 

that they are expensive to manufacture and extremely low 

mechanical strength. Vacuum panel has the best insulation 

performance (~ 4mW/m∙K), but the insulation performance is 

drastically reduced by the little defect. The reason why the 

super insulation material is used only in some areas until now  
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Table 2.1 Super insulation materials [4] 

Material Structure shape 
Thermal 

conductivity 
Main Usage 

Vacuum 

Insulation 

Panel 

 

4 mW/m∙K 

Protecting 

cultural 

assets 

Gas Filled 

Panel 

 

18-20 

mW/m∙K 

Building 

insulation 

Cooler box 

Hollow 

Nanosphere 
 

20 mW/m∙K 

Light 

filtration 

Drug delivery 

(on 

research) 

Aerogel 

 

15-20 

mW/m∙K 
Space shuttle 

 

is that the mechanical strength and applicability are too bad to 

be used as general insulation materials. Also manufacturing 

process of it is not economical and complicate [3]. 

The disadvantages in mechanical strength of super insulation 

materials may be easily solved by using composite materials. 

Composite material has been concentrated as multi-functional 

material for a longtime, especially in insulation material area.  

insulation core 

Barrier film Foil bag 

50-100n
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Table 1.2 Pros and Cons of super insulation materials [4] 

Material Pros &Cons 

Vacuum 

Insulation 

Panel 

Pros 
Lowest thermal conductivity among the 

existing thermal insulation material 

Cons 
Hard to use in everyday life due to 

expansive price and low construct ability 

Gas Filled 

Panel 

Pros 
Easy manufacturing process 

High construct ability 

Cons 

Toxic gas emission when it burn 

Decline of thermal insulation 

performance 

Hollow 

Nanosphere 

Pros 
Most various usage (medical, cosmetic, 

filtration, etc.) 

Cons 
Still on research step 

Bad massive manufacturing process 

Aerogel 

Pros Most using super insulation material 

Cons 
Low mechanical strength 

Expansive manufacturing process 
 

Glass reinforced composite materials are used in many fields 

because they are cheap and light. Particularly, due to the heat 

insulation property, it has attracted some attention as an 

additive for insulating materials. Among them, hollow particles 

have a high heat ability because they are hollow. However, 

since the glass wall is fragile in the conventional manufacturing 

process, it may deteriorate mechanical properties and heat 

insulation performance. Therefore, a new manufacturing 

process is needed to solve these drawbacks.  
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1.2 Micro-nano scale particle and thermal insulation 

model 

 

1.2.1 Micro-nanoparticle 

 

Micro-nanoparticle is as diverse as those used to strengthen 

the strength and make up for the weakness of conventional 

polymers in composite materials form. In order to improve the 

insulation performance, a material with low thermal 

conductivity is the top priority. Hollow glass bead and silica 

aerogel were used for the experiments. Both materials have 

considerably low thermal conductivity and density, so they are 

already used as additives for heat insulation. In the case of 

hollow particles, it is mixed with existing polymer finishing 

materials and used as insulation paint applied on the roof of a 

building. Silica aerogel is manufactured in the form of panel or 

blanket, and is widely used in aerospace industry. 

 

1.2.2 Knudsen effect 

 

Knudsen diffusion is one of the key parts to explain the low 

thermal conductivity of micro-nano particles. Knudsen 

diffusion is the way to explain the movement of the molecules 

in the smaller space than mean free path of the molecules. If 
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Figure 1.3 FE-SEM image of the glass hollow beads 

 

 

Figure 1.4 Model of Fourier diffusion and Knudsen diffusion 

 

~100 μm 

~100 nm 

분

Fourier diffusion 

분

Knudsen diffusion 
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the distance between the walls is smaller than the molecule`s 

mean free path, molecules will collide with the wall more 

frequently than with each other [5]. When molecules crash into 

particles or walls, kinetic energy what molecules had is 

delivered to them. Through this process the heat energy 

delivered by the collision between the molecules interrupted by 

the walls. As a result, the thermal conductivity of the micro-

nano particle can be lower than other materials. 

 
Figure 1.5 Pore size and the thermal conductivity changes [4] 
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1.3 Research object 

 

Considering these points, we want to make new super insulation 

material by combining the merits of the existing super 

insulation and that of the composite material. The minimum 

thermal conductivity can be achieved by using silica aerogel as 

the main part of the composite and polymer as the binder of the 

super insulation material. For this purpose, the electrospinning 

process is used. If the electrospinning process is used, the 

maximum specific surface area of composite material that have 

the minimum contact area between polymer fiber and silica 

aerogel can be made. Thus, it is thought that the development 

of the basic type super insulation material having a mechanical 

rigidity can be proceeded. 

The solution is injected randomly in the form of a droplet and 

deposited at a uniform thickness on the basal plane. When 

electrostatically sprayed onto the micro-nano particles, the 

PLA solution penetrates evenly between the particles and 

forms a thin mat. The thin mat thus formed maintains the shape 

of the mat with an air layer between the particles by connecting 

with the PLA solution in the form of an entangled shape formed 

like the droplet. In the case of the air layer produced in this way 

has a low thermal conductivity and leads to a considerable heat 

insulating efficiency. 
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Figure 1.6 Structure of the aerogel-polymer fiber mat 
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Chapter 2. Experiment 

 

2.1 Polymer 

 

2.1.1 Poly Lactic Acid (PLA) 

 

Poly lactic acid (PLA) is one of the biodegradable 

thermoplastic. The lactic acid and the cyclic di-ester are used 

for main monomers. Using dehydration reaction, the 

polymerization can be completed [6]. 

PLA was used as bonding polymer for super insulation 

material. In the experiment, PLA is mixed with micro-

nanoparticles through electrospinning to form a composite 

material. PLA is expected to be able to further increase the 

insulation performance even if it has a low thermal conductivity 

of 130 mW/m∙K and a low polymer content. In addition, PLA can 

be used as an eco-friendly material that is already widely used 

in daily life. 
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Figure 2.1 Polymerization of poly lactic acid(PLA) 

 

2.1.2 Ammonium Polyphosphate (APP) 

 

Ammonium Polyphosphate (APP) is a sort of polymer with 

unusual polymer characteristic. It is inorganic salt 

of polyphosphoric acid and ammonia. Its chemical formula is 

[NH4 PO3]n(OH)2 showing That each monomer consists of a 

phosphorus atom with three oxygen atoms and one negative 

charge neutralized by an ammonium cation leaving two bonds 

free to polymerize [7]. Therefore, APP has water solubility, 

and this helps APP can be mixed easily with other materials. 

From this point of view APP is used as phosphate flame 

retardant in these days, which is usually used as substitute of 

halide flame retardant. The halide flame retardant has high 
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performance, but when it is burnt, it can release toxic gas which 

can occur cancer in human body.  

 

2.1.3 preparation of polymer solution 

 

Polymer solution was prepared using dichloromethane (DCM) 

and nn-dimethyleacetamide (DMAc) mixture as a solvent. 

Solvent ratio was in the weight of ratio of 10:1, respectively. 

PLA concentrations were set as 5wt%, 7.5wt%, and 10wt% [8]. 

To control the thickness of fiber NaCl was used 0.1wt%. Ions 

in the solution makes the electro force field between them, and 

help to make more fiber branches from the fibers [9]. PLA and 

APP weight ratio was 6:1 respectively [10].  

Figure 2.2 Ammonium polyphosphate (APP) 
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Figure 2.3 PLA/(DCM/DMAC) solution 

 

2.2 Process 

 

2.2.1 Electrospinning 

 

Electrospinning method is one of the easy way to make the 

micro-nano fiber. Causes. It applies high voltage between the 

injection needle of the syringe pump and the metal substrate, 

usually steel or aluminum plate [11]. In this process the 

polymer solution droplets are dispersed evenly into very fine 

droplets, and they make a number of micro-nano fibers and 

fiber based mat. Unlike ordinary mat, the mat thus formed has 

a wider body surface area.  

PLA 
PLA 

Dry 80℃, 24h 
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PLA 

Solution 

DMAC DCM 

Stirring 800rpm 24hr 

PLA 
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Figure 2.4 Electrospinning device 

 

 

 

Because of the characteristic that output of experiment is easily 

affected by the experimental conditions, many researches 

related to the change of the shape of the fiber and have also 

been advanced., the shape of the fiber can be changed into  

High Voltage 

+ 

+ 

+ 
Drop 

Ground

Screen 

High Voltage 

+ 
+ 

+ 
+ 

+ 
+ 

+ + 
+ 

+ 

+ 
+ + 

+ + 

+ + 
+ 

+ 
+ 

+ 
+ 

High Voltage 

+ + + 
+ 
+ + 
+ 

+ + 
+ + 
+ + + 

+ + + + 
+ 

+ 
+ 

+ + + + 
+ + 

Figure 2.5 Process of making conducted droplets 
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Figure 2.6 Elecrospun polymer fiber 

 

desired shapes by controlling experimental variables, like 

voltage, distance, viscosity, relative humidity, temperature, and 

solvent. In particular, in the case of the porous structure, the 

shape can be changed by the type and ratio of the solution and 

the relative humidity [12]. 

 

2.2.2 Metal pin 

 

For electrospinning with PLA metal pin plate was used for 

substrate instead of normal metal plate. The metal pins are 

good for samples when take those from the substrate. In the 

case of normal substrate, PLA samples stick too hard to take 
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them off from the metal plate, but metal pins had less contact 

area with samples so it was easy to take them off. Additionally, 

metal pin plate had uniform size, it was handy for measuring 

several values of samples. 

 

2.2.3 Motored sieve for suppling micro-nano particles. 

 

To supply micro-nano particles with uniform rate, sieve with 

mesh size 100㎛ was used, and pendulum motor used. To 

supply particles, motor was held on the sieve and, voltage and 

current was regulated between 1.8-2.0V and 0.15-0.20A for 

steady supply of particles. Particles were prepared in the 

cylinder to concentrate the area to the samples. 

 

Polymer fibers with particles 

Thin film cover 

Figure 2.7 Substrate with metal Pins and the way to make 

fiber mat 
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Figure 2.8 Motor and holder for sieve 

 

2.2.4 Porous fiber 

 

A porous structure is made by the following scheme. As the 

solvent evaporates from droplets and air and moisture enter 

into the remaining space. In this process, the phase of polymer 

solution separates into polymer lean and rich phase. After the 

remaining solvent has evaporated, the remaining polymer is 

formed in the shape of air and moisture. In this paper, relative 

humidity (RH) was controlled. The controlled conditions were 

RH30% for low humidity and RH60% for high humidity [8]. 
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Figure 2.9 Process of making micro-nanoparticle/polymer fiber 

composite 
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Figure 2.11 Electrospun porous fiber 

Figure 2.10 Scheme of porous structure on fiber 

[13] 
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2.3 Measurement 

 

2.3.1 Thermal conductivity 

 

Thermal conductivity was measured with the transient method. 

The transient method is one of the thermal property 

measurement, unlike the laser measuring method, it has its own 

heat source for measurement. Advantages of the transient 

method is it is more correct than other method and easy to 

apply to various materials. However, it is necessary to make 

enough size for measure the thermal property and it was hard 

to make with electrospinning method. Therefore, test samples 

were measured with thermal property measuring device 

(THB-1, Linseis) which can measure the small size samples. 

Samples were measured 2 times each and 2 minutes cooling 

under room condition (300K, 1atm). Measured values were 

compared with other authorized values and calculated the 

correcting formula, and applied to reduce the uncertainties. 
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Figure 2.12 Thermal conductivity measurement device 

 

2.3.2 Thermal stability 

 

General heat resistance measurement method of polymer is to 

measuring flame retardancy, but fiber based mat structure 

make samples burn easily. So, it is hard to measuring flame 

retardancy, instead, thermal stability was measured. Thermal 

stability was measured with thermogravimetric analyzer (TGA 

Q50, TA instruments). TGA was performed at a heating rate of 

20℃/min, with nitrogen flowing condition (60 ml/min) and 

temperature fane from ambient to 700℃ [10]. 
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Figure 2.13 Thermogravimetric analysis TGA 

 

2.3.3 Tensile strength 

 

Tensile strength was obtained using universal testing machine 

(UTM LR50K, Lloyd instruments). ASTM D882 was referred 

as a reference of test specification. The samples were cut from 

the mats with typical dimensions of 50 ⅹ10 ⅹ1 mm with paper 

template. 
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Figure 2.14 UTM for tensile stress measuring 

 

2.3.4 Brunauer, Emmett and Teller (BET) measurement 

 

BET measurement is one of the specific surface area measuring 

method. It based on the Brunauer, Emmett and Teller (BET) 

theory, which is using absorption of the gas molecules under 

low temperature. When the temperature under the boiling point 

of the gas, the molecules lose their energy and stick on the 

surface of the solid specimen, and calculating the change of the 

volume faction of the emitted gas from the exit. The measuring 
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was performed with BET measuring machine (ASAP2010, 

Micrometrics). 

 

 

Figure 2.15 BET measuring device and measuring method 
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Chapter 3. Properties of PLA fiber/micro-

nanoparticle composite mat 

 

3.1 shape change of fiber in relation to PLA 

concentration 

 

It can be seen that the shape of the fibers is changed by the 

concentration of PLA solution as the following FE-SEM image. 

The fiber made with low concentration PLA solution has more 

beads shape structures. The cause of beads formation is 

Rayleigh instability of PLA solution. Instability is caused by 

surface tension as it forces a liquid to assume a smaller surface 

area per unit mass which is the form of a sphere [14]. Rayleigh 

instability driven by surface tension can be suppressed by 

viscoelastic force of the fluid jet. Where the viscoelastic force 

suppresses or resists the instability, smooth fibers will form 

[15]. The viscoelasticity of the solution can be increased by 

increasing the polymer concentration or molecular weight 

which has been shown to be effective in eliminating beads 

formation [14]. However, this also has the effect of increasing 

the fiber diameter. 
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Figure 3.1 Electrospun fiber mat 

 

 

Figure 3.2 Dimeter change of bead structure [16] 
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Figure 3.4 Thickness change of fiber by PLA solution 

concentration change 

 

When electrospinning is carried out with mixing the micro-

nano particles from the outside, as shown in the following FE-

(a) (b) (c) 

Figure 3.3 Fiber shape change by the concentration change 

(a)5wt% (b)7.5wt% (c)10wt% 
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SEM images (Figure3.3), the particles are coating polymer 

fibers as follows. While in the process of being mixed with the 

micro-nano particles, each particles are conducted by electro 

field and perform like micro scale substrate. Therefore, each 

particle draws polymer solution from droplet and they make 

branch toward particles and they stick together, like the 

following images show. In figure3.5 there is no big difference 

about fiber thickness between 5wt% and 10wt%. This assumes 

the effect of particles. Each particle acted like substrate and it 

draw the polymer solution and this moves interrupted Rayleigh 

instability on fiber. When there is less particles, is was hard to 

resist Rayleigh instability with only viscoelastic force but each 

particles makes lots of branch, and effect of instability on each 

branch become reduced and naturally viscoelastic force was 

able to suppress it. Therefore, following experiment 5wt% 

polymer solution used instead of other high concentration 

solutions.  
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Figure 3.6 Thickness change of the fiber 

   

(b) (a) 

Figure 3.5 FE-SEM image of (a)5wt% and (b)10wt% with silica 

aerogel 
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3.2 Comparison of insulation performance 

 

It was obvious that the thermal conductivity of the electrospun 

specimen was lower than that of bulk PLA polymer block. It can 

be considered that the internal structure of electrospun sample 

is the fiber intertwined structure, so the air is contained in the 

inside, and they make air-PLA composite structure. The total 

volume fraction of the fiber in the sample is 3.02% and air make 

up the rest of volume, and these air pockets interrupt smooth 

heat transfer inside of the sample. The fiber thickness is about 

1-2㎛ and the width of the polymer beads about 3-5㎛. The 

wrinkles are shown in the figure3.3, those wrinkles are caused 

by the high energy from the FE-SEM. 

 

Figure 3.7 Structure of the electrospun fiber mat 
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3.3 Porous structure 

 

Porous structures were created during the experiment. The 

structure of the fiber can be influenced by the environment and 

the kind of the solvent. Especially, as shown in the scheme, the 

pore on the fiber can be controlled by the relative humidity of 

the condition. As the humidity goes higher, it is easier to make 

pores on the fiber surface. Also as shown in the following 

figures, the concentration of polymer solution also has influence 

on the porosity of fiber. As the concentration increases the 

shape of the pore become clear, but the size of pore also 

become larger. When the weight percent become 10wt%, the 

pores become too large or dimple shape. These pores and 

dimples makes the specific surface area of the fiber mats larger 

and give expectations in the improving insulation performance 

 

 

(c) (b) (a) 

Figure 3.8 Porous fiber shape change by the concentration 

change (a)5wt% (b)7.5wt% (c)10wt% 
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Figure 3.9 BET measuring two samples under different condition  

 

 

Figure 3.10 Mesh shape structure under 10wt% concentration 

 

The thermal conductivity changes in this scale, there was no 
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notable changes. This is due to the size of the pore and the ratio 

of pores. To make definite effect by Knudsen effect, the pore 

size should become smaller than 50nm, but in this samples the 

pore size was larger than 0.5㎛ and this is too large to reduce 

the thermal conductivity with Knudsen effect. On the other 

point, these pores can act like air pockets, but the volume 

fraction of these particles is not enough than air spaces which 

exist between fibers. Therefore, it was hard to expect the 

effect of pores in 1㎛~0.1㎛ scale. 

 

3.4 Glass hollow beads 

 

Glass hollow bead is a micro particle with hollow space in the 

middle of micro glass particle. This hollow space keeps the 

energy moving to other molecule, therefore, glass hollow beads 

are able to sustain low thermal conductivity. The thermal 

conductivity of glass hollow beads is about 47 mW/m∙K and its 

density is 100-140kg/m3. The difference of the thermal 

conductivity and density results from the experiment shows 

from the following figure. 



- 36 - 

 

Neat/No GHB Pore/No GHB Neat/GHB Pore/GHB
1

2

3

4

5

6

 

 

 BET

 Lanmuir

S
p

e
c
if
ic

 s
u

rf
a

c
e

 a
re

a
 (

m
2
/g

) 

Samples  

Figure 3.11 Specific surface area of glass hollow bead sample 

and porous fiber 
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Figure 3.12 Thermal conductivity of glass hollow bead sample 

and porous fiber 
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The calculation of thermal conductivity by two or more composite 

materials follows effective medium theory [17]: 

 

(1 − ∅)
𝑘𝑚−𝑘𝑒𝑓𝑓

𝑘𝑚+2𝑘𝑒𝑓𝑓
+ ∅

𝑘𝑝−𝑘𝑒𝑓𝑓

𝑘𝑝+2𝑘𝑒𝑓𝑓
= 0  (3-1) 

 

The result from the above equation is about 66.62 mW/m∙K, which 

is bigger than the value in the figure3.9. From this result, there is 

also an effect of other factors which can reduce the thermal 

conductivity as well as the effect of the glass hollow particles in 

general. 

 

 

Figure 3.13 FE-SEM image of glass hollow bead/PLA fiber 

structure 
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The thermal conductivity and density of glass hollow beads and 

PLA fiber mixture is lower than that of neat PLA fiber. This can 

be explained with the Figure3.13. In the Figure 3.13, the beads 

are entangled with the PLA fibers and these entangled beads 

naturally make the gap which can be a larger air pocket between 

the fibers. As a result of making the larger air pockets, it is 

much hard to transfer the energy, also even the energy conduct 

through the particles is disturbed by the lots of layer changes 

and scattered to other directions. Also the density of mixture 

can be lower than that of neat PLA fiber from 13.49 kg/m3 to 

6.81 kg/m3 due to the larger air pockets. The internal specific 

surface area was also drastically increased from 1.45 m2/g to 

4.39 m2/g. When comparing Figure 3.11 and 3.12, it seems like 

pores on the fiber have a very low effect on the increasing the 

insulation performance of the fiber mat. This can be explained 

by the diffusion of the air molecules just explain in the Chapter 

1.2.2. Knudsen effect. 

When making samples using particles, the strong adhesion 

between particles and polymer fibers is one of the important 

factor for mixed material. To confirm the adhesion of particles 

tested the movement of the particles which stick on the fibers. 

Before performing the test, there are some assumption. First, 

pretend the fiber mat as a solid plate. Second, force is applied 

on fiber mat uniformly. Both assumption come from the 
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characteristic of electrospinning method. The fiber set 

randomly on wide range with plenty of thickness. Therefore, 

there are more than millions of fibers and this scale of pile of 

fibers can be treated as a mat. For second assumption the 

millions of fibers will have influence on a random particle, 

because every fiber connected each other and the total forces 

on each particle can be thought same. The shape of particles 

and fiber is on the Figure 3.14(b).  

The test was performed with easy way. Check the strain of the 

particles after pulling the fiber mat sample. For the test sample 

prepared with 20ⅹ5 mm2 size, and set between the blades of 

digital Vernier calipers. The blade was pulled about 5mm and 

the check the location changes of the particle and the make the 

relation between distance from the datum point.  
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Figure 3.15 Vernier calipers for test  

 

(b) (a) 

Figure 3.14 (a)Shape of the glass hollow bead/PLA fiber mat 

(b)image of dispersed particle on the fiber 
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Figure 3.16 Location change of particles and trend line 

 

3.5 Silica aerogel (SAG) 

 

Experiments were carried out by replacing the externally 

entrained particles with hollow particles to silica aerogel 

particles. The thermal conductivity of the silica aerogel 

particles is about 22 mW/m∙K, which is lower than that of the 

glass hollow beads. The thermal conductivity of changed 

samples is as follows.  
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Figure 3.18 Change of thermal conductivity of PLA based sample 

Experimental results show that the thermal conductivity is not 

(b) (a) 

Figure 3.17 (a)Shape of the silica aerogel/PLA and (b)FE-

SEM image 
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significantly different from that of silica aerogel. Basically, 

when the polymer and silica aerogels are used together, 

theoretically, the result should be about 35.6 mW/m∙K, but the 

silica aerogel-fiber net structure makes the gap between the 

fibers wider, so that the thickness of the air layer becomes 

thicker. Additionally, the low thermal conductivity of silica 

aerogel helped to reduce the thermal conductivity of samples. 

The density of samples decreased, these results also are 

influenced by the thickened air pockets, and silica aerogel`s low  
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Figure 3.19 Change of density of PLA based sample 

 

density. The density of the sample was about 3.75 kg/m3, and 
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this value is four times lower than neat PLA and half of the 

value from the experiment using glass hollow beads. In the case 

of fibers with silica aerogel, the fibers become thinner and the 

silica aerogel particles adhered to the fiber periphery. This is 

because the same reason with the case of the glass hollow 

beads, electrical attraction between the solution and silica 

aerogel. The difference is that the density of silica aerogel 

particle is lower than glass hollow beads` density, so the 

floating small silica aerogels drawn by the electrical force and 

stick on the fiber. On the other hand, glass hollow beads have 

higher particle density, so it is hard to be drawn to the fiber, 

but they draw the fiber to them instead. This difference can be 

seen in the Figure 3.13 and Figure 3.17(b) these differences 

also make a thermal conductivity difference. As the silica 

aerogels cover the polymer fiber, the thermal energy must pass 

through the silica aerogel layer to get the polymer fiber. 

However, in the case of the glass hollow beads, there was no 

additional layer covering the polymer fiber.  
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Figure 3.20 Change of Fiber thickness by laden particle changing 

 

3.6 Permanency of thermal insulation performance of 

fiber mat 

 

One of the important point for insulation material is the 

permanency of insulation efficiency. Most of insulation 

materials used in everyday life has problems on permanency. 

For example, polyurethane foam is usually used as insulation 

material for building, but as time goes the efficiency of it comes 

lower. This is due to the gas which block the thermal energy`s 

delivery and the space was roomed by the air and vapor.  
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Figure 3.21 Thermal conductivity change of PU foam insulation 

material 
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Figure 3.22 Thermal conductivity Change of fiber mats after 

6monthes 
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In the case of the fiber mat based super insulation material, it 

is already filled with the air and vapors which naturally exist in 

the air therefore, there is no changes in thermal conductivity 

theatrically. As shown in the Figure 3.22 the thermal 

conductivity of both cases, new one and 6 months later one, did 

not had a big difference. The little changes can be thought as 

some measuring error. 

 

3.7 Control of fiber thickness using NaCl 

 

In order to reduce the changes of the performance by the type 

of the polymer, the thickness of the polymer fiber should be 

thinner than before. Through this process, the importance of 

polymer thermal conductivity can be reduced, as a result the 

polymer which has better mechanical properties can substitute 

the lower one. To thin down the fiber, metal salt commonly used. 

In this experiment, NaCl was used as an additive to make 

thinner polymer fiber. 

As experimental results showed in the Figure 3.25, the shape 

of the NaCl added polymer fiber become thinner and the number 

of fiber increased. Through the FE-SEM image, the NaCl added 

sample may have higher density than the PLA sample without 

NaCl, but actually its density is about 8.58kg/m3, it is lighter 
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Figure 3.23 Scheme of ion working [8] 

 

 

Figure 3.24 PLA/NaCl solution 

 

than the neat PLA sample. This is due to the NaCl dissolution 

of the ions in the PLA solution. Though the NaCl is the salt and 

PLA 
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SLS NaCl 

Ultra sonication 25W 1.5hr 

Stirring 600rpm 24hr 

PLA/NaCl 

Solution 
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hard to melt in the organic solvent, it is possible to dissolve 

apart of NaCl in the polymer solution. Therefore, the some of 

the fibers have the NaCl crystals embedded in side of the fiber. 

In the case of fibers with silica aerogel, the fibers were thinner 

than the fibers without NaCl. This is because the electrical 

attraction between the ions in the solution and silica aerogel 

particles, and this force is stronger than the force between the 

conducted particle and polymer. Form this difference, the 

shapes of the fibers have big difference. Basically, both fibers 

covered with silica aerogel particles but as seen in the figure 

3.25, NaCl added sample has thinner fiber and more silica 

aerogels cover the fiber. Also the size of silica aerogel is bigger 

than the samples without NaCl. However, thermal conductivity 

and density is 22.65 mW/m∙K and 4.18 kg/m3, which is similar 

value with PLA with silica aerogel sample without NaCl. 

(b) (a) 

Figure 3.25 FE-SEM image of PLA/NaCl fiber mat 
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Figure 3.27 Change of thermal conductivity of PLA based sample 

(b) (a) 

Figure 3.26 FE-SEM image of PLA/NaCl with silica aerogle 

fiber mat 
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Figure 3.28 Change of density of PLA based sample 

 

3.8 Flame retardancy of fiber mat using Ammonium 

polyphosphate 

 

The Ammonium polyphosphate (APP) is attracting attention as 

a flame retardant which is mainly used as a phosphorus flame 

retardant agent instead of a halogen type flame retardant agent 

which is gradually decreasing in demand due to its toxic 

material. Experiments were carried out using PLA solution 

supplemented with APP. APP was mixed with PLA in a weight 

ratio of 6:1 to prepare a solution [9]. As a result of the 
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experiment, its insulation performance did not show a drastic 

decrease, it was lowered to about 35 mW/m∙K. Unlike the 

previous experiment, the thermal conductivity did not decrease 

even when NaCl was added. The FE-SEM images of the 

samples showed that there was no significant change in the 

thickness of the fibers and that the fibers were entangled 

themselves. The samples made under high humidity 

condition(RH60) showed its thermal conductivity was lower 

than the sample made with RH30 condition. With silica aerogel 

the thermal conductivity of both sample was 35.62 mW/m∙K  

 

 

Figure 3.29 PLA/APP solution 
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(RH30) and 34.40 mW/m∙K (RH60) for each. This phenomenon 

was also showed in the case of sample with silica aerogel. The 

thermal conductivity value was 22.87 mW/m∙K and 21.07 

mW/m∙K for each case. It seems that the nano-pores on the 

fiber helped to reduce the thermal conductivity of porous fiber. 

 

 

 

(b) (a) 

Figure 3.30 FE-SEM image of PLA/NaCl fiber mat under RH30% 

(a) (b) 

Figure 3.31 FE-SEM image of PLA/NaCl fiber mat under 

RH60% 
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Figure 3.32 Change of thermal conductivity of PLA based sample 

 

Flame retardancy of these mats was too hard to measure, due 

to its web shape internal structure. When measuring flame 

retardancy using vertical burning test (UL 94V), the sample 

was burnt everything as it started. This was due to the too 

much contact with air. The mat has the fiber structure inside 

and naturally the specific surface area increased and it made 

the samples burn easily. Therefore, its flame retardancy was 

measured using indirect way, using TGA to find out the weight 

ratio of resultant after burning. As the following figures shows, 

the resultant weight ratio was increased before mixing APP.  
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Figure 3.33 Change of density of PLA based sample 

 

Comparing the weight ratio, it is hard to say only APP left not 

PLA, because over 150℃ APP pyrolyze and make 

polyphosphonic acid layer, but in the Figure 3.34, the PLA`s 

burning temperature increased by 50℃. The polyphosphonic 

acid layers and char layer from polyphosphonic acid layers help 

keep PLA not to burn in high temperature. When comparing bulk 

with electrospun fiber mat, the result was like Figure 3.35. 

There was no big difference between both samples, but by the 

assumption, the little difference came from the difference of the 

surface area of both samples. The surface area of electrospun 
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sample was larger than the that of the bulk composite. 

Therefore, it was easier to burn in the high temperatue. When 

doing TGA test to SAG samples, they showed about 95% of 

total weight was consisted with silica aerogel, and the weight 

ratio of polymer was too low, it was hard to find big differences 

between the sample with APP and not. 
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Figure 3.34 TGA of neat PLA and PLA/APP composite (Bulk) 
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Figure 3.35 TGA of PLA/APP bulk and electrospun fiber mat 
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Figure 3.36 TGA of PLA/APP fiber mat with NaCl and not 
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Figure 3.37 TGA result of PLA/APP fiber mat with silica aerogel 

changing NaCl  

 

3.9 Tensile stress test of fiber mat 

 

the other important point of the superinsulation mat is the 

tensile strength of the mat. Traditional aerogel product had 

very low mechanical strength, so this mat was made to 

substitute traditional one. The tensile stress of neat PLA mat 

was 0.74MPa, but in the case of the NaCl was added, the result 

was about 0.8MPa. The thin fiber but having more branches 

which connecting other fibers helps to sustain rigid structure. 

However, in the case of When APP or silica aerogel mixed 

sample, the tensile stress was decreased, especially in the case 
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of the APP particle sample`s tensile stress was about 0.51MPa. 

This result was caused by the APP particles inside the fiber. Of 

course not resolved NaCl particles are also embedded in the 

fiber but the tensile strength is much stronger. Not like the NaCl 

particle, the size of APP particle was large, and this make the 

sudden change of surface gradient on the fiber. Also, as shown 

in the Figure 3.39, the surface of where the particles are 

embedded follow the shape of the APP particle, and it makes 

many notches on the surface of the fiber. Therefore, when the 

force applied on the fiber, even the thickness of fiber was 

thicker than the fiber without the APP particles, but it was much 

easier to be cut. In the same reason there was a difference 

between the two samples made under two different relative 

humidity conditions. The tensile stress of APP mixed sample 

made under RH 30% had a 0.51MPa, but the tensile stress of 

sample made with RH60% condition was about 0.3MPa. This 

can be explained in same way. When the sample made under 

high humidity condition, the fibers have porous structure. 

These pores on the fiber act as a notch, and make it easy to 

tear when it is pulled with strong force. Additionally, the 

dimples made by APP particles accelerate the destruction of 

fiber based mat. 
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Figure 3.38 Tensile stress of each samples 

 

 

 

(b) (a) 

Figure 3.39 FE-SEM image of (a)PLA/NaCl 

(b)PLA/APP/NaCl 



- 61 - 

 

 

Chapter 4. Prediction Simulation of Thermal 

Conductivity of Fiber Mat 

 

 

Figure 4.1 Step of simulation 

 

The prediction simulation was made based on the data from the 

experiment and theoretical models. Solid-gas coupling model 

on aerogel thermal conductivity model and thermal conductivity 

micro∙nano composite structure 
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of composite was used as a theoretical model. Coupling model 

was applied on silica aerogel and polymer fiber. Each fiber made 

with electrospinning had porous structure and this pore size 

was nearly 10nm, so the fiber was assumed like a rod like 

polymer aerogel. The solid-gas coupling model was applied as 

following [18]: 

 

𝑘𝑠−𝑐𝑒 = 𝐶6𝑘𝑝𝑎𝑟𝑡 + (1 − 𝐶6)𝑘𝑐𝑒    (4-1) 

 

The solid-gas coupling thermal conductivity, ks-ce comes like 

this. To explain the thermal conductivity inside of the aerogel 

chain, we need to assume the aerogel structure like the Figure 

4.2. The equivalent solid cubic elements are used to model the 

secondary particle thermal conductivity, kpart, and the solid–gas 

coupling thermal conductivity, kce. C6 is the non-dimensional 

contact length parameter, which expressed C6 = lcontact/a, in this 

case C6 was 0.2. From this point of view, 1-C6 can be solid-

gas coupling conduction path`s fraction. the secondary particle 

thermal conductivity, kpart can be calculated using Maxwell 

model 

𝑘𝑝𝑎𝑟𝑡 =
𝑘𝑝𝑎𝑟𝑡,𝑔+2𝑘𝑝𝑎𝑟𝑡,𝑠+2(𝑘𝑝𝑎𝑟𝑡,𝑔−𝑘𝑝𝑎𝑟𝑡,𝑠)∅

𝑘𝑝𝑎𝑟𝑡,𝑔+2𝑘𝑝𝑎𝑟𝑡,𝑠−(𝑘𝑝𝑎𝑟𝑡,𝑔−𝑘𝑝𝑎𝑟𝑡,𝑠)∅
𝑘𝑝𝑎𝑟𝑡,𝑠 (4-2) 
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where kpart,g is thermal conductivity of gas part and kpart,s is for 

solid part of particle. The kpart,g can be described by the 

Knudsen formula eqn.4-3: 

𝑘𝑝𝑎𝑟𝑡,𝑔 =
𝑘0

1+2𝐶3𝑙𝑔/𝑑𝑝𝑎𝑟𝑡,𝑝
     (4-3) 

 

Figure 4.2 Drawing of cubic element and secondary particles [18] 

where lg is mean free path of the gas molecule at 300K and 
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dpart,p is the mean pore diameter inside the secondary particle. 

C3 is used to characterize the energy transfer efficiency for gas 

molecules hitting the surface. This value is in the range 1.5-

2.0, and in the simulation C3 was 2.0. The k0 is thermal 

conductivity of the free still gas at atmospheric pressure and 

the value was  

 

𝑘0 = 1.7549 × 10−2 + 4.2968 × 10−10 ∙ p + 4.2316 × 10−18 ∙ 𝑝2 

        (4-4) 

 

The kpart,s tends to be reduced relative to the bulk material due 

to the size effect: 

 

𝑘𝑝𝑎𝑟𝑡,𝑠 =
3𝑑𝑝𝑎𝑟𝑡

3𝑑𝑝𝑎𝑟𝑡+8𝑙𝑝𝑎𝑟𝑡
𝑘𝑝𝑎𝑟𝑡,𝑏    (4-5) 

 

where dpart is the diameter of the secondary particle, kpart,b is 

thermal conductivity of the bulk, and the lpart is the mean free 

path of the phonon of the solid particles. 

The solid–gas coupling thermal conductivity, kce in Eq.4-1 can 

be expressed as: 

𝑘𝑐𝑒 =
𝑎

𝜋ℎ
𝑔𝑎𝑝

2 ∑ (
𝐷𝑖

𝑘𝑔,𝑖𝐴𝑖
+

𝑦𝑖

𝑘𝑝𝑎𝑟𝑡𝐴𝑖
)−1𝑁

𝑖=1    (4-6) 

 

Where hgap=(a - lcontact)/2 is the gap height, a is the cylindrical 
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cell height, and π hgap
2 is the total cross sectional area of the 

hollow cylindrical cells and the N is the number of partition, and 

in the simulation N was 1000. yi is the total length of the solid 

phase in the ith hollow cylinder with the corresponding gap size 

Di shown in Figure 4.2 (a) given by: 

 

y𝑖 = 𝑙𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 2√ℎ
𝑔𝑎𝑝

2
− (

𝑖ℎ
𝑔𝑎𝑝

𝑁
)

2

   (4-7) 

 

𝐷𝑖 = 𝑎 − 𝑦𝑖       (4-8) 

 

and The ring area of the ith hollow cylinder is then from the top 

view Ai: 

 

𝐴𝑖 = 𝜋(2𝑖 + 1)(
ℎ
𝑔𝑎𝑝

𝑁
)2     (4-9) 

: 

The total thermal conductivity of nanolayer part comes like: 

 

k = 𝑃𝑙𝑐 × 𝑘𝑠𝑐𝑒 + (1 − 𝑃𝑙𝑐) × 𝑘𝑔   (4-10) 

 

where the Plc is the volume ratio of the coupling zone, and the 

kg is the gaseous thermal conductivity in the gap: 
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𝑘𝑔 =
𝑘𝑔0

1+2𝐶3𝑙𝑐𝑒/𝐷𝑖
      (4-11) 

 

Where the lce is the mean free path of the cubic element, which 

𝑙𝑐𝑒 = 𝑙𝑔/𝐵, with 

 

B = (1 +
𝑙𝑔

𝑙𝑠
)/2   and    𝑙𝑠 = 10𝑎1𝑇𝑚/(𝛾1𝑇)  

        (4-12) 

 

Composite thermal conductivity model was used for fiber and 

aerogel mixture. Additionally, also air was added in the 

modelling as additive because super insulation material`s air 

volume fraction is more than 50 percent of its total volume. The 

equation for the effective thermal conductivity kpe of particles 

and nanolayer comes like following formula [19]: 

 

𝑘𝑝𝑒 =
[2(1−𝛾)+(1+𝛾)3(1+2𝛾)]𝛾

−(1−𝛾)+(1+𝛾)3(1+2𝛾)
𝑘𝑝   (4-13) 

 

After find the thermal conductivity without air, the effective 

thermal conductivity of composite keff comes from the Maxwell 

model once again [19]: 
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𝑘𝑒𝑓𝑓 =
𝑘𝑝𝑒+2𝑘𝑔+2(𝑘𝑝𝑒−𝑘𝑔)∅

𝑘𝑝𝑒+2𝑘𝑔−(𝑘𝑝𝑒−𝑘𝑔)∅
𝑘𝑔   (4-14) 

 

 

Figure 4.3 Prediction model of thermal conductivity of micro-

nanoparticle/polymer fiber mat 

 

As shown in the Figure 4.3, the most influence comes from the 

ratio of the aerogel, because silica aerogel takes the most space 

of the super insulation mat except the air, and its thermal 

conductivity is lower than other constituents, so it has more 

influence on the thermal conductivity. 



- 68 - 

 

Comparing the experiment values and predicted value, most of 

the both results coincide. However, the predicted thermal 

conductivity of fiber mat with fiber ratio 100%, particle ratio 0% 

was about 24-25 mW/m∙K, and this value has huge difference 

with the experiment value, 31.5 mW/m∙K. This gap was caused 

by the adoption of the suitable model for each cases. In the 

three cases, except fiber ratio 100%, particle ratio 0% condition, 

the pore size and the fiber thickness are small and thin enough 

to adapt the Knudsen effect for thermal conductivity modeling. 

On the other case, the fiber only mat has micro scale fiber and 

pore, which make it hard to apply Knudsen effect on the fiber. 

For micro scale fiber mat, normal micro scale fiber and particle 

model was applied to predict the thermal conductivity in particle 

ratio 0%. In Figure 4.4, the changed predicting model makes 

gap between theoretical thermal conductivity and experiment 

value reduced, with 1.5% error. Additionally, in the Figure 4.4, 

the lowest thermal conductivity was about 24.39 mW/m∙K, 

when the volume fraction of the fiber was about 28-30%. This 

was lower than that of the air, due to the pore size reduction. 

In that condition, the fiber thickness and the pore size become 

smaller, and the Knudsen effect applied on the fiber. 
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Figure 4.4 Prediction model of thermal conductivity of polymer 

fiber/air mixture mat 
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Chapter5. Conclusion 

 

We investigated the super insulation material using 

electrospinning method as a base of mat. It was found that the 

electrospinning method helpful to make the bulk polymer as a 

fiber form for insulation material. The thermal conductivity of 

polymer, in the case of the PLA, was decreased about one forth, 

which was lower value than that of wood or Styrofoam. This 

phenomenon is due to the increase of portion of the air inside 

the fiber form insulation material. Like the other products for 

keeping warm, the air layer or pockets keep the energy 

transporting to other side. 

To improve the thermal insulation performance, additive which 

can reduce the thermal conductivity was needed. The most 

popular additives for thermal insulation are glass hollow beads 

and silica aerogel. The similar feature between the two material 

is the solid-gas structure in micro-nanoscale. As known, most 

gas material has good performance to insulate. When the scale 

comes to micro-nano scale, the molecule`s movement is 

restricted and this make the phonon scattering and the make 

the energy scattering. Therefore, the micro-nano particles 
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have the low thermal conductivity. Also the particles help to 

increase the size of the air pockets, and this make the thermal 

conductivity lower. 

The influence of polymer fiber was decrease the thermal 

conductivity of the mat and try to hold the particles on the fiber. 

As the thickness of fiber decreases, the thermal insulation 

performance improved. To make the thinner fiber NaCl was 

used. The metal salt, like the NaCl, divide into plus and minus 

ions when resolve in the solution. When the solution 

electrospun, the ions attract each other and make the thin 

branches between the fibers. Therefore, they make the thin 

fibers with lots of branches. The thermal conductivity of the 

mat decrease as that of the polyurethane foam. Also the 

increased branches give better mechanical property to the 

sample. 

As the thermal insulation material made with the polymer, the 

flame can be the weak point of the insulation material. To retard 

insulation material burning, the APP was used for flame 

retardant. When the flame trying to burn the polymer, the APP 

pyrolyze first, and make the protection coat to keep from 

burning. After mixing the APP, the TGA result shows the 

amount of resultant increased and this means that the APP 

works well as a flame retardant. 

The usage of electrospun mat is still limited in a few areas. 
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However, form this research, the possibility to apply in other 

area, like in insulation area, is proved enough. The advantage 

of fiber mat based insulation is the flexibility, thickness and the 

density. The low density with thin mat can lose the weight of 

the structure which can make the more rooms. This means it 

will be helpful to the transport and aerospace area. Also the 

flexibility of structure makes it easy to applicate in lots of 

industry construction situation. Thin and flex material can be in 

the everywhere even in narrow spaces, and this will help the 

reduce the energy loss during the process. This will be help full 

for reduce the energy waste. From these point of view, it can 

increase the energy efficiency which become an important part 

in now days’ energy problem. However, the fiber structures 

have low mechanical strength comparing with other thermal 

insulation material, so there are still more tasks for application 

in real life. 
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초록 

 

 

전 세계적 관심이 에너지 효율에 초점을 맞추게 되면서 에너지 손

실을 줄일 수 있는 초단열재 기술이 발전하고 있다. 초단열재는 

열전도율이 공기의 열전도율 (26 mW/m·K)보다 작은 단열재이

다. 에어로젤 패널과 진공 단열 패널은 가장 보편적인 초단열소재

이다. 두 소재 모두 열전도율이 매우 낮다는 장점이 있지만 너무 

비싸고 제조 공정이 복잡하다는 단점이 있다. 또한 재료의 기계적 

강도는 일상생활에 사용하기에 매우 나빠 한정적으로만 사용된다. 

이러한 기존의 단열재를 대체하기 위한 새로운 초단열재 제조 공

정을 실험하였다. 
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신소재는 전기방사를 이용, 이를 통해 만들어진 PLA 마이크로-

나노 섬유를 기반으로 만들어 졌다. 이 고분자 섬유를 결합재로 

사용하여 마이크로-나노 입자 기반의 단열재를 만들고자 하였다. 

입자는 유리 중공 입자와 실리카 에어로젤을 사용하였다. 두 입자 

모두 밀도와 열전도도가 낮기 때문에 단열을 위해 여러 영역에서 

사용된다. 유리 중공 입자가 들어간 단열 소재의 열전도도는 약 

31 mW/m·K, 실리카 에어로젤의 경우는 22 mW/m·K의 열전도

율을 가졌다. NaCl이 들어간 섬유는 더 얇게 만들어지면서, 입자 

없이 섬유만으로 31 mW/m·K의 열전도도를 가지게 되었다. 

새로운 초단열재는 고분자로 만들어 졌기 때문에 쉽게 탈 수 있다. 

따라서 화염으로부터 섬유를 보호하기 위해 난연제를 첨가하여 가

공을 진행하였다. 필름의 열전도율에는 거의 영향이 없었지만, 표

면에 기공이 있을 때 열전도율은 이전보다 5% 가량 낮아졌다. 또

한 TGA의 결과도 증가했다. 

또한 인장 응력을 측정하였다. 소재자체가 섬유기반의 매트이기 

때문에 모든 견본의 인장 응력이 폴리머 필름에 비해 낮은 것을 

확인 할 수 있다. 다만, NaCl을 첨가 한 경우에는 인장 응력 값이 

증가하는 반면, 난연제를 첨가한 경우 값이 급격히 감소하는 것을 

볼 수 있다. 

 

주요어 : 전기방사, 마이크로-나노 입자, 실리카 에어로젤, PLA, 

열전도도, 난연제 

학 번 : 2013-20688 
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