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ABSTRACT

Glass fiber reinforced composites have been widely used as alternative materials for 

decades because of their better mechanical properties. Two types of glass fiber, chopped 

strand mat (M) and woven (W), were combined together by using unsaturated polyester resin 

(UPR) and different stacking sequence. Totally 6 stacking sequences were designed to 

investigate the effect of stacking sequence based on the tensile properties and fracture 

toughness as follows: [M4/M4], [W4/W4], [M4/W4], [M/W]4, [M/W/M/W]S, [W/M/W/M]S, 

and a Teflon film was inserted to the center layer as an initial crack during fracture test. The 

same stacking sequences were used to verify the optimum fabrication conditions such as 

vacuum, mixing with multi-walled carbon nanotubes (MWCNTs) into UPR. Several factors 

such as density, Young’s modulus, Poisson’s ratio and interlaminar fracture toughness of 

composites were calculated from the experiment data. From the result, the [W/M/W/M]S

combination was founded to be the best stacking sequence based on these factors. Besides, 

the vacuum assistant and MWCNTs had a positive effect on fracture toughness in mode I and 

mode II tests. Consequently, the properly designed structure is recommended under different 

fabrication conditions.



VII

CONTENTS

ACKNOWLEDGEMENTS ............................................................................................... V

ABSTRACT.......................................................................................................................VI

LIST OF FIGURES ..........................................................................................................IX

LIST OF TABLES ............................................................................................................XI

ABBREVIATIONS ......................................................................................................... XII

CHAPTER 1: Introduction................................................................................................. 1

1.1 Materials...................................................................................................................... 3

1.1.1 Unsaturated polyester resin (UPR)......................................................................... 3

1.1.2 Glass fibers ........................................................................................................... 4

1.1.3 Multi-walled carbon nanotubes (MWCNTs) .......................................................... 6

1.2 Objectives and contents of dissertation......................................................................... 6

1.2.1 Objectives of dissertation ...................................................................................... 6

1.2.2 Thesis outline ........................................................................................................ 7

CHAPTER 2: The effect of stacking sequence and fabrication condition on mechanical 

properties of various glass fibers/ unsaturated polyester resin composites ...................... 8

2.1 Introduction ................................................................................................................. 9

2.2 Experiment ................................................................................................................ 10

2.2.1 Materials ............................................................................................................. 10

2.2.2 Composite structure fabrication ........................................................................... 10

2.2.2.1 Matrix modification.......................................................................................... 10

2.2.2.2 Composite structure fabrication ........................................................................ 10

2.2.3 Measurements ..................................................................................................... 12

2.3 Results and discussion ............................................................................................... 13

2.3.1 Density of composite structure ............................................................................ 13

2.3.2 Tensile properties of composite structure............................................................. 15



VIII

2.4 Conclusion................................................................................................................. 20

CHAPTER 3: The effect of fabrication condition on fracture toughness of various glass 

fiber composites................................................................................................................. 21

3.1 Introduction ............................................................................................................... 22

3.2 Experiment ................................................................................................................ 24

3.2.1 Materials ............................................................................................................. 24

3.2.2 Composite structure fabrication ........................................................................... 24

3.2.3 Testing ................................................................................................................ 26

3.3 Calculations ............................................................................................................... 27

3.3.1 Double Cantilever Beam (DCB) test.................................................................... 27

3.3.2 End-notched flexure (ENF) test............................................................................... 29

3.4 Results and discussions.............................................................................................. 31

3.4.1 Mode I fracture test results .................................................................................. 31

3.4.2 Mode II fracture test results ................................................................................. 37

3.4.3 Mode I & mode II relations ................................................................................. 41

3.5 Conclusions ............................................................................................................... 43

CHAPTER 4: Conclusions and future work.................................................................... 44

4.1 Conclusions ............................................................................................................... 45

4.2 Future works.............................................................................................................. 46

REFERENCE.................................................................................................................... 47



IX

LIST OF FIGURES

Figure 1-1: Applications of glass fiber composites ………………………………...…………2

Figure 1-2: Evolution of engineering materials until 2020 ……………………………...……3

Figure 1-3: Unsaturated polyester resin (UPR) ……………………………………….………4

Figure 1-4: Influence of reinforcement type and quantity on composite properties …….……5

Figure 1-5: Chopped strand mat and Woven roving …………………………………….……5

Figure 1-6: Multi-walled carbon nanotubes (CM-130) ………………………………….……6

Figure 2-1: Configuration of tensile specimens ……………………………………….……12

Figure 2-2(a): Vacuum effect on Young’s modulus …………………………………………16

Figure 2-2(b): MWCNTs effect on Young’s modulus …………………………….…………17

Figure 2-2(c): Vacuum & MWCNTs effect on Young’s modulus …………………………18

Figure 2-2: Young’s modulus of composites ………………………………………………18

Figure 3-1: Three fracture modes ……………………………………………………………22

Figure 3-2: Configuration of mode I and mode II specimens ………………………………25

Figure 3-3: Dimensions of DCB specimen …………………………………………………25

Figure 3-4: Dimensions of ENF specimen and experimental set-up ………………………26

Figure 3-5: Configuration of mode I and mode II specimens ………………………………27

Figure 3-6: Determination of correcting delamination length ………………………………29

Figure 3-7: Load-Displacement relation curves of different crack length in mode II test ….30

Figure 3-8: Linear regression function of compliance and delamination length cubed ……31

Figure 3-9: Load-Displacement Relation of Composite ……………………………………32

Figure 3-10: Delamination resistance curve of composites …………………………………32

Figure 3-11: Fiber bridge in center layers of composites ……………………………………33



X

Figure 3-12(a): Vacuum effect on mode I fracture toughness ………………………………34

Figure 3-12(b): MWCNTs effect on mode I fracture toughness ……………………………35

Figure 3-12(c): Vacuum & MWCNTs effect on mode I fracture toughness ………………36

Figure 3-12: Mode I fracture toughness of composites ……………………………………36

Figure 3-13(a): Vacuum effect on mode II fracture toughness ………………………………37

Figure 3-13(b): MWCNTs effect on mode II fracture toughness ……………………………38

Figure 3-13(c): Vacuum & MWCNTs effect on mode II fracture toughness ………………39

Figure 3-13: Mode II fracture toughness of composites ……………………………………39

Figure 3-14: The samples after mode II test …………………………………………………40

Figure 3-15: GIIC/GIC ratio of other fabrication conditions compare with only UPR fabrication 

condition …………………………………………………………………………………42



XI

LIST OF TABLES

Table 2-1: Fiber fraction for different cases …………………………………………………11

Table 2-2: Mass of composites in different stacking sequence ……………………………13

Table 2-3: Density of composites in different stacking sequence …………………………14

Table 2-4: Ultimate tensile strength in different stacking sequence (MPa)…………………15

Table 2-5: Poisson’s of composites in different stacking sequence …………………………19

Table 3-1: Flexural modulus of composites (GPa) …………………………………………40

Table 3-2: Fracture toughness ratio of mode II/mode I………………………………………41



XII

ABBREVIATIONS

FRP: Fiber reinforced polymers

UPR: Unsaturated polyester resin

CSM: Chopped strand mat

W: Woven (roving)

MWCNTs: Multi-walled carbon nanotubes

MEKP: Methyl ethyl ketone peroxide

DCB: Double cantilever beam

ENF: End-notched flexural

ASTM: American Society for Testing and Materials

NPC: Non-Precracked

CC: Compliance calibration



1

CHAPTER 1:

Introduction
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A composite material (also called a composition material or shortened to composite) is a 

material made from two or more constituent materials with significantly different physical or 

chemical properties, when combined, produce a material with characteristics different from 

the individual components. The individual components remain separate and distinct within 

the finished structure, differentiating composites from mixtures and solid solutions [1,2]. The 

straw and mud combined to form bricks were the earliest man-made composite materials 

used for building construction at around the 1,500 B.C.

Figure 1-1: Applications of glass fiber composites

The first glass fiber was known when it was combined with a plastic polymer by Owen 

Corning in 1935, [3]. From that time, fiber reinforced polymers (FRP) as strong alternative 

materials became well-known in industry as well as in military aircraft because of their 

lightweight and better mechanical properties [3]. Nowadays, Fiber-reinforced composites 

materials were used in aircrafts, automotive, shipbuilding and several industries have been 

growing (Figure 1-1), because of their better mechanical properties, higher fracture toughness 

and Young’s modulus than other materials [4-6], and they also exhibit the desirable 

characteristics including low density, high specific strength, high specific modulus, high 

corrosion resistance, and low cost [7]. Michael F. Ashby has listed the evolution until 2020 
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(Figure 1-2) for the selection in mechanical design [8]. It is a convenient guide for designing 

the procedure of composite structure, as well as very helpful to explain the role of composite 

materials in the future material world.

Figure 1-2: Evolution of engineering materials until 2020

1.1 Materials

1.1.1 Unsaturated polyester resin (UPR)

Polyester molecules are the cross-linkers and reactive diluents work as agent to link the 

adjacent polyester molecules. The curing behavior is the specific characteristic of UPR, that 

was presented deeply in the reference [9] as follows: The curing reaction of UPR is a free 

radical chain growth cross-linking polymerization between the reactive diluents (styrene 

monomers) and unsaturated resin. At the room temperature, methyl ethyl ketone peroxide 

(MEKP) is used as a hardener for the UPR curing process. 
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Figure 1-3: Unsaturated polyester resin (UPR)

The commercial UPR shown in Figure 1-3, with the density around 1.15g/cm3, and MEKP, 

both were made by Aekyung Chemical Company (Chung nam, South Korea).

After injection of MEKP into UPR and quickly mixing evenly, the curing process will start 

and leads to volumetric shrinkage. The initiator decomposes to form free radicals initiating 

polymerization which link adjacent unsaturated resin chains through connecting styrene 

monomers by both inter- and intra-molecular reactions (three-dimensional networks). As the 

polymerization continues, the temperature and degree of polymerization increases causes 

shrinkage.

1.1.2 Glass fibers

There are many types of artificial synthesis fibers in the world of fiber reinforcement 

composites, such as glass fibers, carbon fibers, kevlar fibers and so on [9], which maybe 

continuous or discontinuous. Continuous-fiber composites normally have a preferred 

orientation, while discontinuous fibers generally have a random orientation. Examples of 

continuous reinforcements include unidirectional, woven cloth, and helical winding, while

examples of discontinuous reinforcements are chopped fibers and random mat. The type and 
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quantity of the reinforcement determine the final properties (Figure 1-4). 

Figure 1-4: Influence of reinforcement type and quantity on composite properties

The commercial glass fibers include chopped strand mat (CSM) and woven (roving) were 

shown in Figure 1-5, both of them were purchased from Kimchon plant company in South 

Korea.

 

Figure 1-5: Chopped strand mat (left) and woven roving (right)



6

1.1.3 Multi-walled carbon nanotubes (MWCNTs)

The carbon nanotubes were discovered by Iijima [10] in 1991, then the single-walled 

carbon nanotubes, double-walled carbon nanotubes and multi-walled carbon nanotubes were 

gradually known because of their outstanding electronic, physical, and mechanical properties 

as time goes by. As of now, carbon fiber has been extensively studied and possesses high 

specific tensile strength and modulus, as well as moderate conductivity [11], which originates 

from the highly ordered hexagonal carbon structure with low defect density [12].

Figure 1-6 shows The MWCNTs (CM-130) with an outside diameter of 10-15 nm, an 

inside diameter of 5-10 nm, and length of 10-30 µm supplied by Hanwha Chemical Company 

in South Korea.

Figure 1-6: Multi-walled carbon nanotubes (CM-130)

1.2 Objectives and contents of dissertation

1.2.1 Objectives of dissertation

The effort in this dissertation aims to obtain the best combination sequence of CSM and 

woven reinforced composites, based on the tensile properties and interlaminar fracture 

toughness from mode I and mode II test. Then, the performance of same stacking sequence 

will be investigated under the vacuum assistant fabrication condition, mixing MWCNTs into 



7

UPR condition as well as these two fabrication methods combining together, the fracture 

toughness will be obtained according to the same procedure in the previous calculation. The 

effect of vacuum assistant and MWCNTs will be checked by comparison with our previous 

study. Finally, analysis of all the stacking sequence and fabrication conditions influence will 

recommend the suitable stacking sequence for each fabricate condition for the future 

industrial production.  

1.2.2 Thesis outline

In Chapter 2, the optimum stacking sequence and fabrication condition were investigated 

based on the density and tensile properties of composites.

The same stacking sequence and fabrication condition were used again in Chapter 3 to 

perform fracture test to analyze the interlaminar fracture toughness results and get the 

optimum conditions for industry application.

Chapter 4 summarizes the result of whole dissertation and plan of future works.
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CHAPTER 2:

The effect of stacking sequence and fabrication 

condition on mechanical properties of various 

glass fibers/ unsaturated polyester resin

composites 
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2.1 Introduction

Polymer composites have been widely used in many engineering fields due to their 

reliable properties, including high modulus and strength, low creep and good elevated 

temperature performance. Among them, glass fiber reinforced thermosetting resin is a 

common material because of its desirable characteristics, such as high specific strength and 

modulus in aerospace, automotive, shipbuilding and several industries [4-6]. 

For the better performance of these composites, the enhancement of composite matrix is 

an effective method. Many researchers added MWCNTs into the UPR to enhance the matrix

property. After a well dispersion of MWCNTs in UPR pre-dispersed in tetrahydrofuran 

solvent with ultrasonication, the tensile strength, tensile modulus, impact strength and 

elongation-at-break of the nanocomposite were increased [13]. The different weight ratios of 

MWCNTs showed strongly positive influence on tensile and flexural strengths [14,15], and 

the fracture strain of composites was also enhanced [15]. The tensile strength of composites 

was decreased while the MWCNTs ratios increased [14-17], which means there is a certain 

ratio yielding the highest tensile strength values. The best weight ratio of MWCNTs mixing 

with UPR was investigated by stirrer method [17].

As can be seen from the current literature, most studies focus on epoxy resin and carbon 

fiber. Even though UPR, CSM and woven are also well-known in composites area, not any 

paper related to the effect of combination sequence of CSM and woven on their tensile 

properties under the vacuum assistant condition, MWCNTs modified UPR and these two 

conditions combined together. From our previous investigation [18], the fiber changes had a 

strong influence on tensile properties of composite structure, and the vacuum assistant had a 

positive tendency on the density, decomposition and tensile strength of composites. Therefore, 

this chapter aims to obtain higher mechanical properties of glass fibers/ unsaturated polyester 
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resin composites based on the suitable stacking sequence and fabrication condition.

2.2 Experiment

2.2.1 Materials

The reinforcement components are glass fiber chopped strand mat (300 g/m2 density) and 

woven (570 g/m2 density), both of them were made by Kimchon Plant Company (Seoul, 

South Korea).

The unsaturated polyester resin (EC-304), whose density is around 1.15g/cm3, and methyl 

ethyl ketone peroxide (MEKP), both were made by Aekyung Chemical Company (Chung 

nam, South Korea).

The MWCNTs (CM-130) with an outside diameter of 10-15 nm, an inside diameter of 5-

10 nm, and length of 10-30 µm were supplied by Hanwha Chemical Company (Ulsan, South 

Korea).

2.2.2 Composite structure fabrication

2.2.2.1 Matrix modification

In this study, MWCNTs were mixed with UPR by a Hotplate & Magnetic Stirrer machine 

(TS-17S, Jeio Tech, Seoul, South Korea) at 60℃ and 2000 rpm for 1h based on our previous 

results [19]. Then, the mixing temperature was reduced to the initial curing temperature range.

2.2.2.2 Composite structure fabrication 

The fiber-reinforced composite was fabricated by 8 layers of fiber and matrix using the 

hand lay-up method. CSM and Woven layers were stacked as following different stacking 

sequence: [M4/M4], [W4/W4], [M4/W4], [M/W]4, [M/W/M/W]S and [W/M/W/M]S. The same 
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stacking sequence was used again to fabricate under other fabrication conditions: vacuum, 

adding MWCNTs and applying vacuum after mixing with MWCNTs. 

During the fabrication, the ratio of fiber and matrix followed Table 2-1 according to our 

previous results [20]. The CSM weight fraction was 0.25 and the woven weight fraction was 

0.5 during the fabrication process. In the meantime, the UPR was mixed with optimum 

hardener ratio (1 wt.%) by hand in 30 seconds. The curing process was maintained for 24 

hours after fabrication in room temperature. After curing process finished, an oven (Hanyang 

Scientific equipment, Seoul, South Korea) was used for post-curing at 80℃ for 2 hours since 

this process could remove air voids and improve crosslinking of the matrix and fiber. Finally, 

each plate will be cut into five specimens by diamond cutter (The University of Ulsan, Ulsan, 

South Korea) in a rectangular shape. The length of the specimen was 200 mm, 20 mm in 

width and the thickness was varied in each plate.

Table 2-1: Fiber fraction for different cases

In the case of using the vacuum during fabrication, a vacuum bag (Airtech, CA, USA) was 

used to pack composite samples, cover a bleeder (Jet Korea Aerospace Industry, 

Gyeoungsangnamdo, South Korea) and a peel ply (Airtech, CA, USA) on samples. After that, 

vacuum was maintained using a high vacuum pump (W2V10, Woosung Automa, Gyeonggido, 

South Korea) to assist the curing process for 5 hours.
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2.2.3 Measurements

The tensile test was conducted using a universal testing machine (DTU-900MHN) at a test 

speed of 2 mm/min according to ASTM D3099. The center position of samples was marked 

after cleaning by the 200 CATALYST-C on the surface and a strain gauge (FCA-2-11-1LJB. 

Tokyo Sokki Kenkyujo Co., Ltd) was attached on the center of samples for measuring strain 

(Figure 2-1). Besides, two laser tapes were attached on the samples at the point 40 mm from 

the center, totally 80 mm gauge length was used for test. The tensile properties were analyzed 

to evaluate the effect of fabrication conditions on various composites structures.

Figure 2-1: Configuration of tensile specimens
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2.3 Results and discussion

2.3.1 Density of composite structure

A vacuum pump was used for post-curing process after hand lay-up fabrication, which has 

been known as a hybrid fabrication method [21]. Vacuum was useful to remove the 

unnecessary resin from samples to the cover layers such as bleeder and peel ply, even to the 

vacuum hoses in sometimes during experiment. The effect of vacuum was decided by the 

polymerization process of materials. If the process time was too short, then applying vacuum 

will not have too much influence for the material properties. 

Table 2-2: Mass of composites in different stacking sequence

As shown in Table 2-2, after applying vacuum for the same stacking sequence, the mass 

was reduced obviously. Each case of composites had a small value of mass and the lightest 

sample was [M4/M4] after applying vacuum, only 20.25g (decreased 35.79%). The others 

were: [W4/W4] (23.71g, decreased 21.93%), [M4/W4] (23.01g, decreased 26.61%), [M/W]4 

(23.61g, decreased 20.53%), [W/M/W/M]S (22.02g, decreased 33.81%) and [M/W/M/W]S 

(22.07g, decreased 34.14%). 

Comparing the UPR + MWCNTs and the UPR + Vacuum + MWCNTs fabrication 

conditions, the similar result was drawn with the previous two groups. After applying the 
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vacuum, all the samples reached lighter mass. The mass decreased 35.87%, 6.59%, 5.95%, 

11.37%, 24.64% and 32.18% in [M4/M4], [W4/W4], [M4/W4], [M/W]4, [W/M/W/M]S and 

[M/W/M/W]S, respectively. 

From these results, it was very obvious that the vacuum had a positive effect to reduce the 

mass of composites structure, but the MWCNTs did not show a similar influence on the 

composites’ mass. The reason of this result was that the vacuum could remove extra resin 

from the composite plates during the curing process. For future fabrication, the vacuum 

assistant will be an effective method to get lighter products.

Table 2-3: Density of composites in different stacking sequence

Table 2-3 is the density of composites in different stacking sequence, where the density 

results also had a similar tendency with the mass of composites. For only considering the 

MWCNTs effect, the density was almost same for the same stacking sequence, which means 

it’s not a good choice to improve the density of composites or get lighter parts in the same 

fabrication condition. But for the vacuum effect in UPR and UPR + Vacuum these two 

conditions, the density of composites were increased after applying vacuum. The density of 

[M4/M4], [W4/W4], [M4/W4], [M/W]4, [W/M/W/M]S and [M/W/M/W]S were increased 10%, 

4.5%, 7.1%, 8.33%, 13.3% and 14.57%, respectively. Analogous results were also shown in 

the UPR + MWCNTs and the UPR + Vacuum + MWCNTs these two fabricate conditions, 
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after adding the MWCNTs into the UPR, where the density of composites using a vacuum 

were increased to a higher value than without the vacuum assistant, The density increased 

10.87%, 2.44%, 3.89%, 4.61%, 10.07% and 10.67% in [M4/M4], [W4/W4], [M4/W4], [M/W]4, 

[W/M/W/M]S and [M/W/M/W]S, respectively. Therefore, the density increase of composites 

may be attributed to the removing of a significant amount of UPR.

2.3.2 Tensile properties of composite structure

Table 2-4 shows the ultimate tensile strength for each case of composite plates where the 

vacuum assistant showed a good effect on tensile strength and MWCNTs had a strongly 

impact on that. By comparing with only UPR fabrication, the UPR + Vacuum + MWCNTs 

fabrication condition had the highest tensile strength, and the MWCNTs had a stronger effect 

on tensile strength than vacuum assistant of composite plates. The [W4/W4] under vacuum & 

MWCNTs combined condition had the highest tensile strength (356.2 MPa).

For these three fabrication conditions, the tensile strength of [M4/M4] increased 27.94%, 

139.55% and 152.63% under vacuum assistant, MWCNTs and vacuum & MWCNTs 

combined conditions, respectively. The other stacking sequences: [W4/W4] (23.45%, 40.86%, 

106.36%), [M4/W4] (9.03%, 17.23%, 101.52%), [M/W]4 (31.08%, 36.81%, 136.4%), 

[W/M/W/M]S (48.89%, 62.79%, 160.13%) and [M/W/M/W]S (29.89%, 137.89%, 154.55%). 

Table 2-4: Ultimate tensile strength in different stacking sequence (MPa)
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When the fibers only combine with UPR fabrication condition, the [W4/W4] combination 

had the highest Young’s modulus (16.49 GPa) in 6 stacking sequences (Figure 2-2 (a)), and

[M4/M4] showed the lowest value (8.03 GPa). Other stacking sequences show medium value, 

and the order is as follows: [W/M/W/M]S (14.8 GPa), [M/W]4 (12.84 GPa), [M4/W4] (12.25 

GPa) , [M/W/M/W]S (10.44 GPa). The reason for this order is the fiber length and structure 

were different, Woven had longer fiber length and orthogonal braided structure, while CSM

had the random directions and the short length of fiber. The longer fiber reinforced 

composites showed higher viscoelastic properties, Young's modulus, and melting temperature 

but showed less uniform distribution of fibers [19].

(a) Vacuum effect on Young’s modulus

For the same stacking sequences under vacuum assistance during the experiment, the 

Young’s modulus values for samples were increased to varying degrees shown in Figure 2-2 

(a). [W4/W4] had the highest value 19.93 GPa (increased 20.86%), the Young’s modulus of 

other stacking sequences as follows: [W/M/W/M]S 16.55 GPa (increased 11.82%) , [M/W]4
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15.66 GPa (increased 21.96%), [M4/W4] 14.1 GPa (increased 15.1%), [M/W/M/W]S 13.12 

GPa (increased 25.67%), [M4/M4] 10.17 GPa (increased 26.65%). It means that the vacuum 

has a positive effect on the elastic modulus of fiber-reinforced composites. Considering the 

elastic modulus of samples under the vacuum effect, the stacking sequence [W4/W4] was

recommended.

(b) MWCNTs effect on Young’s modulus

Fig 2-2 (b) showed the MWCNTs effects on the elastic modulus of samples, where 

MWCNTs had a positive influence on the Young’s modulus among all the stacking sequences. 

The [W4/W4] combination had the best performance in all the stacking sequences. The 

Young’s modulus increased from 16.49 GPa to 21.24 GPa (28.81%), The Young’s modulus of 

[M/W/M/W]S, [M/W]4, [W/M/W/M]S, [M4/W4], [M4/M4] increased 5.7 GPa (54.59%), 2.92 

GPa (22.74%), 0.41 GPa (2.77%), 2.3 GPa (18.78%) and 3.39 GPa (42.22%), respectively.

The effect of MWCNTs presents the same tendency with our previous experiment conclusion 

[20]. Thus, for mixing MWCNTs cases, the combination of [W4/W4] was recommended
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among all the stacking sequences based on higher Young’s modulus.

(c) Vacuum & MWCNTs effect on Young’s modulus

Figure 2-2: Young’s modulus of composites

As can be seen from Fig 2-2 (c), Vacuum & MWCNTs combinations have a strong effect

on the Young’s modulus for each stacking sequence and present a better performance than 

only vacuum or MWCNTs effect. The combination of [W4/W4] (22.79 GPa) possessed the 

highest value than others. [M4/M4] showed the lowest Young’s modulus in all stacking 

sequence (12.07 GPa). Each of the samples has achieved significantly higher Young’s

modulus. Order of others is as follows: [W/M/W/M]S (21.61 GPa), [M/W]4 (17.55 GPa), 

[M4/W4] (17.4 GPa), [M/W/M/W]S (16.88 GPa). Under the vacuum & MWCNTs combined

fabrication condition, the [W4/W4] combination was recommended because of the higher 

Young’s modulus.

Table 2-5 shows the Poisson’s ratio of composites in different stacking sequence. 

Poisson’s ratio of each composites was measured by the strain gauge and recorded by the
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STRAINSMART software automatically. As one of the basic factors of material properties, it 

will be used for the future finite element analysis to check the simulation results.

Table 2-5: Poisson’s ratios of composites in different stacking sequence

From above results, when mat or woven was used only to fabricate composite plates, we 

could observe woven had a better tensile property (higher tensile strength and Young’s 

modulus) than mat because woven had a long fiber and orthogonal structure. The chopped 

strand mat showed great potential when the matrix is added by MWCNTs since chopped 

strand mat had random, short fibers which could combine with MWCNTs easier for one layer, 

and also combine with other layers more tightly. As for combining these two kinds of fibers, 

[W/M/W/M]S had the best performance among four stacking sequences, it proved that the 

composite structure had a great influence of tensile properties and the detailed reasons will be 

investigated in Chapter 3.
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2.4 Conclusion

In this chapter, different fabrication condition was applied to investigate the effect of 

stacking sequence on tensile properties of various glass fiber composites. The stacking 

sequence strongly impacted the tensile properties of fiber-reinforced composites. Applying 

vacuum has a positive influence on the density, thickness, mass and tensile properties of 

composites. In comparison to the compression molding method, a vacuum may have less

effect on the mechanical properties but it is a simple, more flexible and convenient method 

with a variety of product geometries. MWCNTs also possessed a good effect on the tensile 

properties of composite structure. Additionally, the vacuum & MWCNTs combined 

fabrication condition showed the best performance among all the conditions. Therefore, based 

on the better performance in all the factors (density, thickness, mass and tensile properties), 

the [W4/W4] combination under vacuum & MWCNTs fabrication condition was 

recommended temporarily. For the future application in the industry, the fracture toughness 

will be considered, either. After analyzing all the factors of composites, the best stacking 

sequences will be suggested for future products in several industrial fields.
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CHAPTER 3:

The effect of fabrication condition on fracture 

toughness of various glass fiber composites 
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3.1 Introduction

There are three modes in fracture mechanics applying force to enable a crack to propagate: 

mode I, mode II and mode III (mix-mode) are shown in Figure 3-1. 

Mode I (opening mode): a tensile stress normal to the plane of the crack.

Mode II (sliding mode): a shear stress acting parallel to the plane of the crack and 

perpendicular to the crack front.

Mode III (tearing mode): a shear stress acting parallel to the plane of the crack and parallel 

to the crack front.

Figure 3-1: Three fracture modes

There are many types of specimen which could be used to investigate the fracture 

toughness, such as double cantilever beam, end-notched flexural, compact tension and so on. 

Fracture toughness is a quantitative indicator in mode I and mode II fracture test, the critical 

values of the stress intensity factor or the strain energy release rate that has been used to 

measure the interlaminar fracture toughness of composite materials [22,23]. The interlaminar 

fracture toughness has been identified as a prime factor in controlling the growth of existing 

delamination [24]. Surface treatments could change the level of adhesion between fibers and 
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matrix, thus will result in an increase of the fiber-matrix interfacial shear strength and 

interlaminar fracture toughness [25]. A double cantilever beam (DCB) type specimen has 

been utilized by a number of works [26-28] to determine mode I interlaminar fracture 

toughness of fiber reinforced composite materials. The carbon nanotubes modified laminates 

so that they could exhibit higher mode II interlaminar fracture toughness value and 

interlaminar shear strength than the base laminates [29]. Several results focused on fracture 

toughness of the unidirectional fiber composites [30-34], and several of them considered 

CSM or Woven separately [35,36]. However, there are not many papers considering the 

combination of both materials and their stacking sequence effect on fracture toughness. The

stacking sequence is also an influential factor of composites which affected the impact 

resistance [37], the maximum strength [38] and the energy release rate distributions [39].

Only a few papers considered the effect of stacking sequence on fracture toughness.

As can be seen from the current literature, most studies focus on epoxy resin and carbon 

fiber. There are a few papers which consider the effect of combination sequence of CSM and 

woven on their fracture toughness under the vacuum assistant condition, MWCNTs modified 

UPR and these two conditions combined together. From our previous investigation [20], the 

fiber changes had a strong influence on tensile properties of composite structure, and the 

vacuum assistant had a positive tendency on the density, decomposition and tensile strength 

of composites. Motivated by the above conclusions, this chapter aims to obtain the best 

combination sequence of CSM and woven reinforced composites based on the interlaminar 

fracture toughness from mode I and mode II test first. Secondly, the performance of same 

stacking sequences was investigated under the vacuum assistant fabrication condition, mixing 

MWCNTs into UPR condition as well as these two fabrication methods combining together,

thus obtained the fracture toughness according to the same procedure in the previous 

calculation. The effect of vacuum assistant and MWCNTs were checked by comparison with 
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our previous study. Finally, analysis of all the stacking sequence and fabrication conditions 

influence will recommend the suitable stacking sequence for each fabrication condition in the 

future industrial production.  

3.2 Experiment

3.2.1 Materials

The reinforcement components are glass fiber chopped strand mat (300 g/m2 density) and 

woven (570 g/m2 density), both of them were made by Kimchon Plant Company (Seoul, 

South Korea).

The unsaturated polyester resin (EC-304), whose density is around 1.15g/cm3, and methyl 

ethyl ketone peroxide (MEKP), both were made by Aekyung Chemical Company (Chung 

nam, South Korea).

The MWCNTs (CM-130) with an outside diameter of 10-15 nm, an inside diameter of 5-

10 nm, and length of 10-30 µm were supplied by Hanwha Chemical Company (Ulsan, South 

Korea).

3.2.2 Composite structure fabrication

The composites plates were fabricated by 8 layers of different glass fibers reinforced UPR 

using the hand lay-up method. CSM and Woven layers were stacked as the same sequences as 

Chapter 2, as well as the same fabrication conditions were used. During the fabrication, the 

initial crack was created by inserting a 25 µm thickness Teflon film in the mid-plane of all 

plates. The size of composites plates were 220 mm in length and 240 in width. The weight 

fraction of CSM and woven were 25% and 50% in composite fabrication, which were already 

illustrated in Table 2-1. Besides, the UPR was mixed with hardener (optimum ratio 1 wt.%)
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by hand in 30 seconds. 

The curing process was maintained for 24 hours after fabrication in room temperature. 

After the curing process finished, the plates were kept in an oven at 80℃ for 2 hours for 

post-curing. Then, the plates will be cut by a diamond cutter in a rectangular shape. The DCB 

(Double cantilever beam) and ENF (End-notched flexural) samples with the same parameters 

were obtained (200 mm in length and 20 mm in width), while the thickness varied with 

different samples (Figure 3-2).

Figure 3-2: Configuration of mode I and mode II specimens

Figure 3-3: Dimensions of DCB specimen
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According to ASTM D5528-3, piano hinges will be attached at the edges of DCB samples. 

Both of the hinges and samples attachment area were smoothed by rough sandpaper, and then 

cleaned by acetone before using rabbit bond to attach them together. What’s more, DCB 

samples were marked at the crack tip position and crack propagation length with every 5 mm 

interval for 10 positions. The dimensions of DCB specimen were given in Figure 3-3.

Figure 3-4: Dimensions of ENF specimen and experimental set-up

Non-Precracked (NPC) method was used for ENF specimens which followed ASTM 

D7905/D7905M-14, 3 crack lengths (20 mm, 30 mm and 40 mm from the crack end) were 

marked for applied loading. NPC toughness means the interlaminar fracture toughness value 

which was determined from the pre-implanted insert. The dimensions of ENF specimen were 

given in Figure 3-4.

3.2.3 Testing

DCB specimens were tested by a tension loading at 2.4 mm/min test speed, the crack 

propagation was visually recorded by naked-eyes and stopwatch timer while matching with 

load and displacement by time. ENF samples were tested by 3 points bending method at 0.8 

mm/min test speed and the span length was fixed in 100 mm. All of the tests were performed 
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by EUN SUNG universal testing machine (Figure 3-5) and the load and displacement data 

were recorded by DT board (DAQ DT9839) at a frequency of 200 Hz.

Figure 3-5: Configuration of fracture testing machine

3.3 Calculations 

3.3.1 Double Cantilever Beam (DCB) test

On the DCB samples, 10 positions were marked at every 5mm from the crack tip which is 

denoted by ��, up to 50mm as crack propagation length for later calculation. Modified beam 

theory method was used to calculate the interlaminar fracture toughness according to ASTM 

5528 [40] and the equation is as follows:

                       �� =
���

��(��|�|)
                         (3-1)

Here:
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- �� = mode I interlaminar fracture toughness, kJ/m2,

- � = load, N.

- � = load point displacement, mm.

- � = specimen width, mm.

- � = delamination length, mm.

-� = correcting delamination length due to the rotation of beam during loading, mm. It 

can be calculated by linear relation of the cubic root of compliance ��/� and delamination 

length �. Where compliance is

                          C = �/�                         (3-2)

By using the Microsoft Excel, we can get the � value easily. Firstly, plot the curve of 

cubic root of compliance ��/� and delamination length �; after that, using linear regression 

method to fit the curve and export the function, then the accuracy of this function could be 

evaluated by �� value which should be close to �� = 1. Finally, solving the linear function 

and we will get � value.

An example is shown in Figure 3-6 for the procedure. The black curve is the true 

relationship of ��/� and �, and the red one is the linear regression function. �� = 0.998

means the fitting curve is reasonable, thus we can calculate � by solving the equation:  

0.0144x-0.0326=0, then x=2.26, which means � = 2.26.
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Figure 3-6: Determination of correcting delamination length

3.3.2 End-notched flexure (ENF) test

On the ENF samples, 3 crack length values were marked at 20mm, 30mm and 40mm from 

the crack tip. The first compliance calibration (CC) test was performed at crack length equal 

to 20 mm with 50% of critical load and the specimen was then repositioned at �=40mm with 

50% of critical load. Then, the non-precracked fracture test will be performed in the fixture 

�=30mm to get the mode II fracture toughness value.

The candidate fracture toughness of mode II is determined using the equation in ASTM 

7905 [41]:

                        �� =
������

� ��
�

��
                       (3-3)

where �  is the compliance calibration coefficient (CC coefficient), ����  is the 

maximum force from the fracture test, �� is the crack length used in the fracture test (30 
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mm), and � is the specimen width.

The CC coefficients, � and �, are to be determined using a linear least squares linear 

regression analysis of the compliance, C, versus crack length cubed data of the form:

                        � = � +���                       (3-4)

Where � is the intercept and � is the slope obtained from the regression analysis.

Figure 3-7: Load-Displacement relation curves of different crack length in mode II test

Load-displacement relation curves of CC test and NPC fracture test example are shown in 

Figure 3-7 and from these three curves’ regression function, the compliance for each crack 

length position could be easily calculated.

The linear regression function could be found to fit the compliance and the crack length 

cubed in Microsoft Excel. There are only 3 values of C and � from the curve (Figure 3-8). 

The red line was the real relation of compliance C and crack length cubed ��, while the 

black one was the linear regression function. �� = 1 means the result was matched perfectly. 
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Thus, according to equation (3-4), we can know for this case, � = 0.0094 and � = 9 ×

10��.

Figure 3-8: Linear regression function of compliance and delamination length cubed

The flexural modulus is calculated as follows:

                         ��� =
��

�����
                        (3-5)

Where � is the CC coefficient obtained during CC test of the specimen.

3.4 Results and discussions

3.4.1 Mode I fracture test results

Figure 3-9 shows the load-displacement curve for all the samples test by Double 

Cantilever Beam (DCB) test. It indicates load and displacement at first deviation from 

nonlinearity and at the visual onset of delamination from either edge. In addition, the 

compliance values could be extracted from the load-displacement curve for each specimen, 
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which is one parameter for calculating the interlaminar fracture toughness from Eq.1 

according to ASTM 5528.

Figure 3-9: Load-Displacement relation of composite

Figure 3-10: Delamination resistance curve of composites

The delamination resistance curve (Figure 3-10) was also generated by calculated values 
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according to ASTM. It is significantly dependent on the strength of resin, bridging fiber or 

interfacial strength of fiber and matrix [42]. The initial fracture toughness was very small in 

comparison with other crack propagation positions. In this study, longer crack length region 

was considered (>50mm), which is more intuitive to get better performance for different 

stacking sequence. The higher crack length showed more stable delamination resistance and 

constant values. The principal reason for the delamination resistance is fiber bridging in the 

center layer (Figure 3-11). 

Figure 3-11: Fiber bridge in center layers of composites

After applying tensile load, the crack started to propagate along the fragile part inside the 

matrix (UPR). When the center layers including at least one layer of chopped strand mat, the 

fiber bridging will be observed easier than others. Because the fibers will not break directly, it 

could pull each other to resist the crack propagation, then the fiber bridging was observed. 
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Even for woven, it also had the fiber bridging in the center layers, but it was only some short 

surface fibers not the original fiber. The fibers couldn’t cross layers like chopped strand mat  

because of its regular weave structure.

Mode I interlaminar fracture toughness for each stacking sequence in only UPR and 

vacuum assistant fabrication condition are shown in Figure 3-12(a). When the fibers are only 

combined with UPR, the [W/M/W/M]S combination shows the highest fracture toughness 

value in all stacking sequence (706.37 J/m2), and [W4/W4] combination has the lowest value 

(550.57 J/m2). Other stacking sequences show medium value, and the order is as follows: 

[M4/W4] (655.78 J/m2), [M/W]4 (626.23 J/m2), [M4/M4](573.73 J/m2), [M/W/M/W]S (564.27 

J/m2). The reason for this order is the materials combination in center layers. Clearly fiber 

bridge could be observed in Figure 3-10, M/M and M/W combinations, where due to the 

chopped strand mat material characteristics, it is easier to produce fiber bridge than woven.

(a) Vacuum effect on mode I fracture toughness

After applying vacuum during fabrication, all samples showed higher fracture toughness 
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value than without vacuum assistant. The [W/M/W/M]S combination still showed the higher

value (861.76 J/m2), which means this sequence is superior to others under these two 

fabrication conditions. The order of fracture toughness under vacuum condition is almost the 

same as only UPR case, but [M4/W4] shows great potential under the vacuum effect (36.61% 

increased). The rest sequences are as follows: M4/W4 (895.85 J/m2), [M/W]4 (658.29 J/m2), 

[W4/W4] (635.11 J/m2), [M/W/M/W]S (628.15 J/m2), [M4/M4] (619.36 J/m2). These results 

also matched with our previous conclusion [18], which states the vacuum assistant had a 

positive effect on mode I fracture toughness. 

(b) MWCNTs effect on mode I fracture toughness

As can be seen from Fig 3-12(b), MWCNTs have a strong effect on the fracture toughness

for each stacking sequence. The combination of [M4/W4] (864.93 J/m2) possessed the highest 

value than others. [M/W/M/W]S showed the lowest fracture toughness value in all stacking 

sequences (681.91 J/m2). Because of the MWCNTs mixing with UPR, the fiber bridge in

center layers got enhanced than pristine fiber, and also the matrix has better performance. The 
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effect of MWCNTs presents the same tendency with our previous experiment conclusion [32]. 

Each of the samples with MWCNTs has achieved significantly higher fracture toughness 

value. Order of others is as follows: [W4/W4] (823.69 J/m2), [W/M/W/M]S (790.31 J/m2), 

[M/W]4 (771.05 J/m2), [M4/M4] (705.82 J/m2).

(c) Vacuum & MWCNTs effect on mode I fracture toughness

Figure 3-12: Mode I fracture toughness of composites

Figure 3-12(c) shows the fracture toughness in various stacking sequence under the 

vacuum assistant and MWCNTs addition. The [M4/M4] specimen showed a great potential of 

fracture toughness 865.04 J/m2 (50.77% increased). Considering the vacuum and MWCNTs 

effect, [W/M/W/M]S combination had the highest fracture toughness (876.63 J/m2). [W4/W4]

(825.18 J/m2), [M4/W4] (822.21 J/m2), [M/W]4 (716.04 J/m2), [M/W/M/W]S (678.01 J/m2) 

increased 49.88%, 25.38%, 14.34% and 20.16% separately in fracture toughness.

In all cases of mode I fracture test, [M4/W4] had the highest fracture toughness value under 

the vacuum assistant and MWCNTs addition condition. [W/M/W/M]S showed the highest 
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value when only combined with UPR and under vacuum & MWCNTs fabrication condition, 

and also presented higher values in the other two conditions. The main reason of mode I 

interlaminar fracture toughness was the fiber bridging in the center layers. Fiber reinforced 

composites can develop large scale bridging upon mode I fracture. Analyzing the 

bridging/toughening of short fibers in SMC plates with mode I crack, the modeling results 

show that the main parameters for toughening are fiber length and fiber bridge on the 

interface [43]. Due to the development of bridge ligaments, the fracture energy increases 

during crack propagation, both of bridging bundles and the toughness plays an important role 

in the ERR due to bridging [44]. The different fibers and their stacking sequences represented 

the different amount of fiber bridging which distinguishes fracture toughness values.

3.4.2 Mode II fracture test results

(a) Vacuum effect on mode II fracture toughness

Almost the same tendency was also achieved from mode II fracture test for various 

stacking sequences of composites and shown in Fig 3-13. [W/M/W/M]S combination still got 
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the highest toughness value without vacuum effect (2335.54 J/m2). That means during these 

two kinds of fracture test, the best choice for stacking sequence was [W/M/W/M]S. As can be 

seen in Figure 3-13(a), the order of fracture toughness for only UPR group samples were 

[M/W]4 (1887.82 J/m2), [M4/M4] (1683.03 J/m2), [M4/W4] (1658.44.97 J/m2), [M/W/M/W]S

(1442.52 J/m2), [W4/W4] (1337.50 J/m2).

For the same stacking sequences under vacuum assistance during the experiment, the 

fracture toughness values for samples were [W/M/W/M]S (2752.61 J/m2), [M/W]4 (2287.57 

J/m2), [M4/W4] (1876.56 J/m2), [M/W/M/W]S (1669.61 J/m2), [W4/W4] (1627.91 J/m2),

[M4/M4] (1597.61 J/m2), which means under the vacuum effect and without vacuum assistant, 

the best stacking sequence was [W/M/W/M]S combination. As similar with mode I test results, 

the vacuum assistance method still has a positive influence in mode II fracture toughness.

(b) MWCNTs effect on mode II fracture toughness

Figure 3-13(b) presents the different trend comparing with mode I test results, but the 

MWCNTs kept the strong effect on mode II fracture toughness. The combination of 
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[W/M/W/M]S possessed the highest value (3575.06 J/m2). [M/W/M/W]S shows the lowest 

fracture toughness value in all stacking sequences (1736.30 J/m2). Despite this, the MWCNTs 

still shows a strong influence on all the specimens. Each of the samples has achieved 

significantly higher fracture toughness value. The [M4/W4] increased 8.72% that is the lowest, 

[M4/M4], [W4/W4] and [M/W]4 increased 52.88%, 54.8%, 39.24% separately in mode II 

fracture toughness. Others’ fracture toughness values as follows: [M/W]4 (2628.68 J/m2), 

[M4/M4] (2573.0 J/m2), [W4/W4] (2070.45 J/m2), [M4/W4] (1803.08 J/m2).

(c) Vacuum & MWCNTs effect on mode II fracture toughness

Figure 3-13: Mode II fracture toughness of composites

The order of fracture toughness for the vacuum & MWCNTs effect is as follows: 

[W/M/W/M]S (1758.22 J/m2), [M/W/M/W]S (1436.71 J/m2), [M4/W4] (1429.56 J/m2), 

[M4/M4] (1322.79 J/m2), [M/W]4 (1284.75 J/m2) and [W4/W4] (1181.20 J/m2). It could be 

clearly observed that the fracture toughness for each of stacking sequence decreased from 

Figure 3-13(c). The reason for this was the increasing flexural modulus of composites. Table 
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3-1 showed the flexural modulus for each specimen. Under the vacuum assistant and 

MWCNTs effect, all the stacking sequence samples obtained higher flexural modulus, which 

means current specimens had a lower ability of deformable resistance during the material 

elastic limitation. However, the crack propagation was not considered in mode II fracture test. 

Thus, the samples were only broken locally after test (Figure 3-14). 

Table 3-1: Flexural modulus of composites (GPa)

Figure 3-14: The samples after mode II test

For the only chopped strand mat and only woven glass fiber samples, the results were 

similar with mode I results that woven still presents smaller value comparing with chopped 

strand mat, which means woven had smaller in-plane shear resistance ability in the center 
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layer. [W/M/W/M]S had the highest mode II fracture toughness value during all the  

composites structure, it showed the toughest materials, and [W4/W4] center layer combination 

had smallest in-plane shear resistance ability among others. In comparison with mode I 

interlaminar fracture toughness, all of the stacking sequences could relatively undergo higher 

mode II fracture loading except under vacuum & MWCNTs fabrication condition.

3.4.3 Mode I & mode II relations

Table 3-2: Fracture toughness ratio of mode II/mode I

From Table 3-2, we could find the ratio of GIIC/GIC is larger than 1, which means that each 

of these stacking sequences could yield higher toughness than mode I fracture toughness. If 

the GIIC/GIC ratio of some stacking sequences is larger, it means this kind of structure could 

withstand bigger shear stress. So for some specific parts were broken under lager shear stress, 

it should be chosen that the stacking sequence has a larger GIIC/GIC ratio.

From these four fabrication conditions, we want to find which one is the best fabrication 

condition. All of them used UPR as the matrix, so the only UPR fabrication condition group 

will be used as a standard group to compare with others. So in Figure 3-15, the x-axis is the 

GIIC/GIC ratio of only UPR fabrication condition, the Y-axis is other fabrication conditions’ 

GIIC/GIC ratio. By using the linear regression equation, we could obtain the slope of the 

vacuum assisted, MWCNTs and vacuum & MWCNTs combined fabrication conditions.

The slope value showed the effect of each fabrication condition so it could be used as an 
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indicator to check which fabrication condition has a strong influence compared with the 

standard group (only UPR fabrication condition). It will illustrate the effect of most structures 

under the fabrication condition, but it could not represent all of them. If the slope is larger 

than 1, it means that this kind of condition could significantly enhance the matrix and 

strongly impacted the fracture toughness, and this fabrication condition will be superior to 

use during fabrication. If the slope is larger than 0 but smaller than 1, it means that even the 

fabrication condition still has a positive effect to get a higher fracture toughness, it will not 

increase too much. The slope could only indicate the effect of fabrication conditions during 

fracture tests, however, it couldn’t represent all the mechanical properties for these 

fabrication conditions. 

Figure 3-15: GIIC/GIC ratio of other fabrication conditions compared with only UPR 

fabrication condition

From Figure 3-15, we can see that only the MWCNTs fabrication condition group has the 

slope larger than 1, which means the MWCNTs could significantly increase the fracture 
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toughness to a higher value for most structures compared with only UPR fabrication 

condition, and it was also shown in the above figures about the fracture toughness. The other 

two groups have the slope smaller than 1 which means even these two fabrication conditions 

had a positive effect on fracture toughness, it will not increase too much for most structures.

3.5 Conclusions

In this chapter, the mode I and mode II fracture behavior of various glass fibers reinforced 

UPR composites were investigated in different fabrication conditions. For the UPR only and 

the vacuum assistant fabrication condition, [W/M/W/M]S had the best performance in both 

mode I and mode II fracture test. [M4/W4] was the suitable sequence in MWCNTs mixing 

into UPR fabrication condition. For the combined fabrication condition (vacuum & 

MWCNTs), the stacking sequence [W/M/W/M]S was the best choice among all cases. 

Considering the performance and fracture toughness value, [W/M/W/M]S with the MWCNTs 

fabrication condition is recommended for all the cases and conditions. In consequence, the 

mode I and mode II interlaminar fracture toughness value of MWCNTs fabrication group was 

found that adding MWCNTs in the composite matrix was an effective method. The vacuum 

assistant was also an economic method to improve composite fracture toughness. In all the 

cases of stacking sequences, mode II fracture toughness is higher than mode I values.
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CHAPTER 4:

Conclusions and future work
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4.1 Conclusions

In this thesis, the mechanical properties and mode I, mode II fracture behavior of various 

glass fibers reinforced UPR composites were investigated in different fabrication conditions. 

For the experimental fabrication conditions, applying vacuum had a positive influence on the 

density, thickness, mass and tensile properties of composites. MWCNTs also possessed a 

good effect on the tensile properties of composite structure.

The stacking sequence strongly impacted the mechanical properties of fiber-reinforced 

composites. The [W4/W4] combination under vacuum & MWCNTs fabrication condition had 

a higher density, smaller thickness and light weight, and [W/M/W/M]S with the MWCNTs 

fabrication condition had a higher fracture toughness during all the cases, also [W/M/W/M]S

showed a very close to the mechanical properties of [W4/W4]. As for industry applications, 

applying vacuum is a simple and effective method to get lighter and higher mechanical 

properties composites products. In some parts that aim to withstand high strength, adding 

MWCNTs is a good way to achieve goals.
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4.2 Future works

Currently, the [W/M/W/M]S combination was the best choice of the laminated composite 

based on several factors (density, thickness, mass, tensile properties and mode I, mode II 

fracture toughness). All of results in this thesis are experiment results, the basic parameters 

such as Young’s modulus and Poisson’s ratio were obtained which could be helpful for the 

future simulation work. The mixed mode behavior will be used to study previous conclusion

and the interlayer reactions and failure criterion of composite laminates also should be 

considered during the finite element analysis, either. By fully considering the experiment 

results and finite element analysis results, laminated composites could be reliable of the 

future industrial application.
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