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1. Introduction 

Prepreg consists of reinforcement pre-impregnated with the partially cured (B-staged) 

matrix resin. Therefore, prepreg has a degree of flexibility which allows it to fit a 

mold of complex shape [1]. The most popular manufacturing process of prepreg is 

hand layup, which provides a feasible method to precisely control ply placement. 

During this layup process, a stack of plies are first cut off from the prepreg tape at 

certain orientation and then piled up and consolidated according to the desired layup 

schedule at room temperature (22-25 ℃). Pressure will be then applied on the 

laminate, aiming to remove air trapped between layers as well as improve adhesion 

between plies [2]. The laminate is then placed onto the tool surface. However, as a 

laminate is placed onto a mold of complex shape, the plies are obliged to conform to 

the geometry of the mold surface. Ply bending will lead to compressive load. Since 

the matrix of uncured prepreg is soft, it cannot provide enough shear stiffness to 

prohibit fibers from microbuckling within the compressed zone [3]. Microbuckling 

has been regarded as a failure mechanism for hard resin when the unidirectional 

composite experiences compressive load in the fiber direction. On the other hand, it 

should be treated as a recoverable deformation rather than a failure mechanism for 

soft resin [4]. This phenomenon will adversely affect the manufacturing efficiency 

and quality of the laminate. Therefore, the purpose of this research is to predict 

bending capability as well as understand microbuckling phenomenon of uncured 

prepreg during manufacturing process, which has extensive applications to the 

industry.  
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The thesis is organized and presented as follows. Chapter 2 will document 

background knowledge and literature review of existing work on the related topic. 

Explanation of microbuckling phenomenon, definition of elastic memory composite 

and interpretation of viscoelasticity of uncured prepreg will be presented.  

A theoretical solution as well as experiment implementation will be documented in 

chapter 3. Details of experimental setup including hand layup process and observation 

of compressed fibers will be covered. Different parameters that may affect the onset 

of microbuckling phenomenon will be thoroughly evaluated during the derivation of 

theoretical solution.  

Theoretical and experimental results will be addressed in chapter 4. A theoretical 

estimate will be derived to develop the microbuckling wavelength as well as the 

critical load in order to predict the bending capability of uncured prepreg during 

forming. This analysis is extended by comparing different theoretical solutions with 

experimental results. The thesis will conclude with a discussion of general results and 

suggestion of future work. 
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2. Background Knowledge and Literature Review 

2.1. Basic Concept and Advantage of Composite 

Composite material refers to a material that includes several components in different 

phases. The reinforcing fibers (reinforcement) along with the resin (matrix) that 

serves as a binder to hold fibers together are the two components of commonly used 

polymer based composites. Composites can be characterized into two categories: 

advanced composites and engineering composites. Advanced composites generally 

refer to long and high performance reinforcement such as carbon, graphite and 

aramid. Engineering composites are usually characterized by shorter fibers with 

relatively low mechanical properties such as glass. Reinforcement is designed to 

provide strength and carry the majority of the load in fiber direction while matrix 

serves to maintain the desired shape, transfer load between fibers and protect fibers 

from environment [1]. 

Composites have advantages over traditional metals and alloys due to their unique 

properties such as low weight, high specific strength and stiffness, good fatigue 

resistance and ease of manufacturing of complex shape by using molds [1]. In order 

to quantify the mechanical advantage of composite materials, specific strength (
𝜎𝑢𝑙𝑡

𝜌
) 

and specific modulus (
𝐸

𝜌
) are usually calculated [5], exhibiting high values in respect 

to most metallic materials. Figure 2-1 indicates the specific strength as a function of 

specific modulus for metals and alloys, polymers, foams, ceramics and composites.  
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Figure 2-1 Specific strength as a function of specific modulus for materials 

2.2. Manufacturing Process of Composite Materials 

Composite materials can be characterized into two major categories based on the 

resin type: thermoset composites and thermoplastic composites. Thermoplastic 

composites do not have chemical reactions like curing or crosslinking during 

manufacturing process. They are melted to flow into and fill the mold and then cooled 

to maintain the desired shape [1]. On the other hand, thermoset resins are usually 

liquid at room temperature. They are mixed with reinforcement and solidified due to a 

chemical reaction called crosslinking or curing. The composite materials used in this 

research are epoxy based thermosetting composites. Therefore, only manufacturing 

process of thermosetting composites will be discussed. 
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2.2.1. Definition of B-stage 

Among the various reinforcement forms of thermosetting composites, prepreg is the 

most common type that is widely used in manufacturing advanced composites. 

Prepreg is a tape of composite material with fibers pre-impregnated with partially 

cured resin (B-stage). B-stage usually refers to a resin that has been heated to cure to 

a pre-determined degree of chemical conversion and then cooled to withhold the 

complete polymerization [6]. At this point, the resin is in a rubbery state and partially 

cured. B-stage is defined to have a degree of cure (DOC) less than 0.29. The degree 

of cure is a manufacturing parameter usually defined as: 𝛼 =
𝐻(𝑡)

𝐻𝑢
 where 𝐻(𝑡) is the 

heat discharged by crosslinking reaction and 𝐻𝑢 is the ultimate heat of reaction [7]. 

Figure 2-2 shows a molecular structure of a typical B-stage partially cured resin. 

 

Figure 2-2 Molecular structure of B-stage partially cured resin [5] 

2.2.2. Prepreg Manufacturing Process 

Unidirectional (UD) prepreg tape can be manufactured by two common processes: 

hot melt process and solvent dip process [8]. During the hot melt process, solid resins 

are melt and cast onto release paper to produce a matrix film. Fibers are then 

impregnated into the matrix film [8]. Degree of cure is mainly controlled by the resin 
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supplier. Some additional cure (B-stage) may occur during the process. Figure 2-3 

shows a typical hot melt process.  

 

Figure 2-3 Illustration of hot melt process 

Solvent dip process refers to a process during which solid and liquid resins are 

dissolved in solvents (like acetone) and placed in a resin tank [8]. Fibers are pulled 

through the resin bath. Solvents are evaporated when wet fibers go through an oven. 

At last, fibers are impregnated into the paper film. Partially cure (B stage) occurs in 

the oven. Figure 2-4 shows an illustration of a typical solvent dip process. 

Understanding the manufacturing process of prepreg is useful to comprehend the 

benefits as well as the applications of prepreg technology. Advantages of prepreg 

include control of laminate thickness and fiber volume fraction, low void content and 

clean process. The various advantages of prepreg lead to numerous applications 

which include aircraft components, automotive, other forms of transportation and 

sport equipment.  
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Figure 2-4 Illustration of solvent dip process 

2.2.3. Hand Lay-up Process 

A common manufacturing process associated with prepreg is hand lay-up. A stack of 

plies are first cut off from the prepreg tape at pre-determined orientation. They are 

placed onto the mold surface and then stacked and consolidated according to the 

desired layup schedule. Heat may be applied to improve stickiness (tack). Vacuum 

bagging process is then applied to remove trapped air and add pressure on the 

laminate. The laminate is then placed into an oven to obtain a void free, consolidated 

and stiff final product. Figure 2-5 shows a typical vacuum bagging layup process.  



8 

 

 

 

Figure 2-5 Typical vacuum bagging layup process [9] 

2.3. Microbuckling of Uncured Prepreg during Manufacturing 

Microbuckling is an axial instability of fibers during compressive load. As shown in 

Figure 2-6, two common microbuckling modes that are associated with composites 

manufacturing are out-of-plane fiber microbuckling (also known as ply wrinkling) 

and in-plane microbuckling [10]. The out-of-plane properties depend highly on the 

bending stiffness of the ply. Since the bending stiffness of a ply is significantly larger 

than the fiber, Dedwell et al. concluded that during consolidation over a quadrant 

mold, out-of-plane ply wrinkling is predominant and consists of much larger 

wavelength than microbuckling wavelength observed in fibers [2]. In addition, 

Hallander et al. performed an experiment to examine the parameters such as layup 

schedule, ply thickness and inter-ply friction which potentially affect out-of-plane 

wrinkle development during forming [11]. Part of the study in [12] attempts to 

propose the key factors to realize a wrinkle-free out-of-plane forming. By 

implementing off-axis and radius forming test, Potter pointed out that with a very 

slow forming rate or an increased temperature, out-of-plane wrinkles can be 

effectively eliminated [12]. Due to the low shear stiffness of soft matrix, in-plane 
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microbuckling phenomenon of uncured prepreg has been commonly observed during 

forming on a complex mold. However, compared with the out-of-plane defect 

investigation, little work has been carried out to evaluate in-plane microbuckling 

behavior of uncured prepreg during forming. 

 

Figure 2-6 Illustration of two microbuckling modes [13] 

2.4. Elastic Memory Composite (EMC) 

In order to obtain a theoretical solution to model in-plane microbuckling of uncured 

prepreg, it is essential to introduce the concept of elastic memory composite (EMC). 

Generally, EMC is similar to the traditional advanced fiber-reinforced composite 

except that the matrix includes shape-memory function, which enables EMC to 

achieve a large bending deformation [3]. Figure 2-7 (a) shows a picture of EMC 

laminate under bending. In-plane microbuckling response has been considered as the 
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primary deformation mode when EMC is under bending. Both experimental 

observations and theoretical solutions have been carried out to model microbuckling 

of EMC under bending. Wang et al. presented an analytical solution to derive 

microbuckling wavelength as well as critical load by combining Timoshenko’s elastic 

foundation method with the energy method [3]. Moreover, Campbell et al. also 

managed to provide a theoretical solution of microbuckling wavelength [14]. As 

shown in Figure 2-7 (b), the microbuckling photo of EMC under bending behaves as 

a sinusoidal-like shape [4]. According to Wang et al., the experimental results 

demonstrated a microbuckling wavelength 𝜆 of EMC under bending ranging from 1 

to 3 mm [4], which coincides with the experimental observations of uncured prepreg 

forming on a bending mold. Consequently, analytical microbuckling solutions used to 

model EMC under bending are plausible to apply to modelling uncured prepreg 

forming on a complex mold.  

 

Figure 2-7 Bending behavior of EMC [4] 
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2.5. Viscoelasticity of Uncured Prepreg 

2.5.1. Basic Concept of Viscoelasticity 

Viscoelasticity has been considered as the material property used to interpret both 

elastic and viscous properties of the material when deformation occurs. Viscoelastic 

effect is usually triggered by energy stored and dissipated at different temperatures. 

Figure 2-8 shows a comparison between elastic and viscoelastic materials under 

loading and unloading conditions. Viscoelasticity of uncured prepreg results from the 

movement of matrix polymeric chains when load is applied [15].  According to 

Ginnadakis et al., this chain movement within the epoxy matrix which is activated by 

loading potentially influences the mechanical properties of uncured prepreg [15]. 

Although uncured prepreg can be considered viscoelastic, the microbuckling effect 

evaluated in this research will only be considered as an elastic deformation in order to 

obtain a suitable theoretical model. In order to compare the theoretical solution with 

the experimental results, shear modulus 𝐺𝑚 of matrix needs to be evaluated. Dynamic 

modulus is often used to describe the mechanical properties of viscoelastic materials. 

The storage modulus 𝐺′ represents the elastic deformation and the energy that can be 

recovered while the loss modulus 𝐺′′ demonstrates the viscous portion and the energy 

dissipated [16]. In this research, since the model is treated as an elastic deformation to 

obtain a suitable theoretical model, the shear modulus of matrix 𝐺𝑚 can be considered 

as the storage modulus 𝐺′ of the partially cured epoxy resin. 
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Figure 2-8 Characteristics of (a) Elastic Materials (b) Viscoelastic Materials 

2.5.2. Measurement of Storage Modulus of B-Stage Epoxy Resin 

The value of 𝐺′ is usually measured by a dynamic oscillatory test. Oscillatory 

rheology refers to an oscillatory shear measurement test by subjecting a specimen to a 

sinusoidal shear stress and determining the resultant stress response [17]. Figure 2-9 

illustrates a graphic representation of a typical oscillatory shear test setup. Oscillatory 

test is employed to characterize and quantify both viscous-like and elastic-like 

material behavior at different frequencies (time scale). O’Brien et al. examined the 

relaxation modulus of an epoxy resin over the entire curing process by exploiting an 

oscillatory test [7]. Additionally, Das studied stress relaxation behavior of prepreg 

during cure and concluded that the relaxation modulus is case dependent [6]. Hardis 

et al. investigated an in-situ cure monitoring by means of Raman spectroscopy and 

dielectric analysis (DEA) and differential scanning calorimetry (DSC) in order to 

obtain a best-fit reaction model and describe the cure process of epoxy resin [18].  
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Figure 2-9 Schematic representation of a typical oscillatory shear test 

Based on the current study on the epoxy resin, obtaining the value of 𝐺′of the 

uncured prepreg used in the experiment is difficult because it is highly dependent on 

temperature, curing status and the type of epoxy resin used in the prepreg. Generally, 

the storage modulus of an epoxy resin ranges from 10 to 105 Pa as the resin cures, 

exhibiting a nonlinear behavior. The detailed estimate of the value of 𝐺′ will be 

covered in chapter 4.  
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3. Materials and Methods 

3.1. Theoretical Solution of Microbuckling of Uncured Prepreg 

3.1.1. Classical Analytical Solution for Fiber Microbuckling 

Failure mechanisms and strength of cured continuous-fiber composites under 

longitudinal compressive load was studied initially by Rosen and Dow [19, 20].  

Rosen evaluated the longitudinal compressive failure and recognized that this failure 

mode is related to microbuckling of fibers within matrix [21]. The classical solution 

was derived based on Timoshenko’s elastic foundation method. As shown in Figure 

3-1, two idealized microbuckling patterns were proposed, namely the extensional 

mode which is observed at low fiber volume ratio and the shear mode which is 

observed at high fiber volume ratio. The extension mode, just as the name implies, 

refers to the matrix under tension; while the shear mode means matrix under shear.  

 

Figure 3-1 Microbuckling modes under compressive load (a) shear mode (b) 

extensional mode 
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According to Rosen [19, 20], the critical stress at which microbuckling occurs for 

both extension and shear modes can be expressed as: 

𝜎𝑐𝑟
𝑆 =

𝐺𝑚

1 − 𝜈𝑓
+

𝜋2𝐸𝑓𝑡2𝜈𝑓

12𝜆2
 (1) 

𝜎𝑐𝑟
𝑇 =

𝜋2𝐸𝑓𝑡2𝜈𝑓

12
[

1

𝜆2
+

24𝐸𝑚𝜆2

𝜋4𝑐ℎ3𝐸𝑓
] (2) 

where 𝜎𝑐𝑟
𝑆 and 𝜎𝑐𝑟

𝑇 represent the critical stress of shear mode and extension mode 

respectively; 𝐺𝑚 and 𝐸𝑚 are shear modulus and Yong’s modulus of matrix; 𝜈𝑓 and 𝐸𝑓 

are Poisson’s ratio and Young’s modulus of fiber;  𝜆 is the wavelength of the 

sinusoidal-like microbukling curve; t is the laminate thickness; and c is the half-

spacing between adjacent fibers.  

As mentioned previously, the classical solutions were inspired by microbuckling in 

cured composites. The critical stress at which microbuckling phenomenon occurs 

predicted by equation (1) and (2) are larger than that of uncured prepreg. The 

experimental results indicate that only shear mode is observed in uncured prepreg 

from digital microscope. According to equation (1), the critical microbuckling stress 

will have a minimum value when 𝑡 ≪ 𝜆. Experimental observations show that the 

microbuckling wavelength ranges from 1.5 to 3 mm while laminate thickness is from 

0.29 to 1.1 mm. When 𝜆 is a maximum, it means that the microbuckling wavelength 

equals to the length of the spemen, which contradicts the experimental results [3]. 

Therefore, equation (1) used to predict the critical microbuckling stress is not valid 
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for uncured prepreg. Consequently, a new solution needs to put forward to model 

microbuckling of uncured prepreg under bending. 

3.1.2. Microbuckling Solution of Uncured Prepreg Inspired by EMC 

under Bending 

In order to study the characteristics of microbuckling of uncured prepreg, it is 

essential to develop a suitable model to determine the microbuckling wavelength. By 

associating energy stored in a representative volume to Timoshenko’s elastic 

foundation energy method, the microbuckling wavelength can be determined [13]. 

Additionally, several assumptions need to be applied based on the experimental 

observations of microbuckling of uncured prepreg: (1) Only in-plane microbuckling 

phenomenon is considered, which means this is a 2D instead of a 3D model; (2) Only 

shear mode is considered and all fibers buckle as a sinusoidal function with the same 

mode number (number of waves along the fiber length) [3]; (3) Only elastic 

deformation rather than viscoelastic deformation is considered. Figure 3-2 shows a 

simplified 2D model used to illustrate fiber microbuckling of uncured prepreg in a 

representative volume. 
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Figure 3-2 Simplified 2D model to illustrate the fiber microbuckling of uncured 

prepreg [13] 

The energy stored in a representative volume is given as [21]: 

𝑈 =
1

2
∫ 𝜎𝑖𝜀𝑖

𝑉

𝑑𝑉 (3) 

 Thus, the energy stored in matrix which experiences shear can be expressed as: 

𝑈 =
1

2
∫ 𝐺𝑚𝛾𝑚

2𝑑𝑉
𝑉

 

 

(4) 
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where 𝐺𝑚 and 𝛾𝑚 are shear modulus and shear strain of matrix. Figure 3 indicates the 

simplified model of the 2D problem. The sinusoidal function of fiber displacement 

can be expressed as: 

𝑦 = 𝑎𝑠𝑖𝑛 (
𝑚𝜋𝑥

𝑙
) (5) 

where a is the amplitude; m is the mode integer number; l is the half fiber length. By 

evaluating the geometry of a small element within matrix, Wang et al. were able to 

obtain an expression of matrix shear strain, which is [3]: 

𝛾𝑚 = (1 +
ℎ

2𝑐
)

𝑑𝑦

𝑑𝑥
 (6) 

where h is the fiber diameter; c is the half spacing between adjacent fibers. 

Appling equation (5) and (6) to equation (4) and integrating over a volume fraction 

with thickness t, the integral becomes: 

 

 

Timoshenko proposed a buckling solution of a bar on an elastic foundation [21]. 

According to Timoshenko, the elastic foundation can be modeled by introducing a 

modulus of the foundation 𝛽, where 𝛽 =
𝑘

𝑑
 if 𝑘 represents the spring constant and d is 
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the distance between those springs. Thus, the total energy of deformation within 

elastic matrix can be expressed as: 

𝑈 =
𝛽

2
∫ 𝑦2𝑑𝑥

𝑙

0

=
𝛽𝑙𝑎2

4
 (8) 

Then the critical load at which fiber microbuckling occurs is given by Timoshenko 

[21]: 

𝑃𝑐𝑟 =
𝜋2𝐸𝑓𝐼𝑓

𝑙2
(𝑚2 +

𝛽𝑙4

𝑚2𝜋4𝐸𝑓𝐼𝑓
) (9) 

where 𝐼𝑓 is the area moment of inertia of fiber cross section and equal to 
𝜋ℎ4

64
. 

In order to find the minimum value of 𝑃𝑐𝑟, Wang et al. take the derivative of 𝑃𝑐𝑟 with 

respect to m and obtains the value of 𝛽 [3]: 

𝛽 =
𝜋4𝑚4𝐸𝑓𝐼𝑓

𝑙4
 

 
(10) 

On the other hand, Timoshenko obtains the value of 𝛽 by the following equation [22]: 

𝑚2 +
𝛽𝑙4

𝑚2𝜋4𝐸𝑓𝐼𝑓
= (𝑚 + 1)2 +

𝛽𝑙4

(𝑚 + 1)2𝜋4𝐸𝑓𝐼𝑓
 (11) 

from which 

𝛽 =
𝜋4𝑚2(𝑚 + 1)2𝐸𝑓𝐼𝑓

𝑙4
 (12) 

 

From equation (7), (8) and (10), microbuckling wavelength will be determined as: 

λ =
𝑙

𝑚
= √

𝜋2𝑉𝑚
2𝐸𝑓𝐼𝑓

2𝑐𝑡𝐺𝑚
= √

𝜋3𝑉𝑚
2𝐸𝑓ℎ4

128𝑐𝑡𝐺𝑚
 (13) 

where 𝑉𝑚 =
2𝑐

ℎ+2𝑐
 is the matrix volume ratio.  

Also, from equation (7), (8) and (12), microbuckling wavelength will be obtained as: 
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λ =
𝑙

𝑚
=

𝑙

√
128𝑙2𝑐𝑡𝐺𝑚

𝑉𝑚
2𝐸𝑓𝜋3ℎ4

− 1

≈ √
𝜋3𝑉𝑚

2𝐸𝑓ℎ4

128𝑐𝑡𝐺𝑚
 

(14) 

Since the diameter of a single fiber is significantly small (ℎ = 5×10−6 m), the 

microbuckling wavelength predicted by Timoshenko is approximately equal to 

Wang’s method.  

Based on Wang’s solution and equation (13), the critical load 𝑃𝑐𝑟 can be 

expressed as: 

𝑃𝑐𝑟 =
4𝑐𝑡𝐺𝑚

𝑉𝑚
2  (15) 

or 

𝜎𝑐𝑟 =
4𝑐𝑡𝐺𝑚

𝑉𝑚
2𝐴𝑓

=
16𝑐𝑡𝐺𝑚

𝑉𝑚
2𝜋ℎ2

 (16) 

where 𝐴𝑓 is cross-section area of fiber and 𝐴𝑓 =
𝜋ℎ2

4
. 

Based on Timoshenko’s solution and equation (14), the critical load 𝑃𝑐𝑟 can be 

determined as: 

𝑃𝑐𝑟 =
2𝑐𝑡𝐺𝑚𝜋2

𝑉𝑚
2 +

𝜋2𝐸𝑓𝐼𝑓

𝑙2
(𝑙√

2𝑐𝑡𝐺𝑚

𝑉𝑚
2𝐸𝑓𝐼𝑓

− 1)

2

≈
4𝑐𝑡𝐺𝑚

𝑉𝑚
2  (17) 

or 
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𝜎𝑐𝑟 =
8𝑐𝑡𝐺𝑚𝜋

𝑉𝑚
2ℎ2

+
4𝜋𝐸𝑓𝐼𝑓

𝑙2ℎ2
(𝑙√

2𝑐𝑡𝐺𝑚

𝑉𝑚
2𝐸𝑓𝐼𝑓

− 1)

2

≈
16𝑐𝑡𝐺𝑚

𝑉𝑚
2𝜋ℎ2

 (18) 

Due to the significantly small diameter of a single fiber, the critical load as well as the 

critical stress predicted by Timoshenko is approximately equal to Wang’s method.  

3.2. Experimental Validation 

An experimental study on the mechanisms of in-plane microbuckling of uncured 

prepreg was performed [13]. Since the purpose of the experiment is to explore the 

bending capability of uncured prepreg, molds with different bending radii were 

prepared, as shown in Figure 3-5. Since the onset of microbuckling depends on 

laminate thickness t from equation (16), experimental design needs to take the 

laminate thickness into consideration. The implementation of the experiment 

consisted of placing the laminate onto the mold surface and observing the compressed 

region of uncured prepreg by a digital microscope.  
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Figure 3-3 Female molds with different bending radius 

3.2.1. Materials Preparation 

The uncured prepreg tape is usually stored in the freezer at -18 ℃ to ensure its shelf 

life [1]. Uncured prepreg consists of partially cured epoxy resin; curing can occur 

even at low temperature. Any attempt to model the mechanical properties of uncured 

prepreg needs to clearly identify the working temperature and time during 

manufacturing process [22]. Materials preparation includes prepreg cutting into 

desired dimensions (100 mm× 25 mm). The layup schedule was chosen to be 

[0]2, [0]3, [0]4, [0]5, [0]6, [0]7 and [0]8 to represent unidirectional laminates with 

different thickness. Figure 3-6 shows laminate samples with different thickness. 

Laminate thickness was measured three times by calipers. Samples for the test were 

cut from M40J carbon-epoxy fiber reinforced unidirectional tape. Pressure was 
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applied to remove voids and improve adhesion by using a roller, as shown in Figure 

3-7. Figure 3-8 shows the laminates placed on the curved mold surface. All the 

manufacturing processes were completed at room temperature (25 ℃) and time has 

been recorded carefully during the entire process. A typical working time for uncured 

prepreg manufacturing depends on the degree of complexity of the job and the 

personal skill of the manufacturer. Generally, the carbon-epoxy prepreg tape 

possesses long enough pot life at room temperature, enabling manufacturers to 

complete their jobs without significant crosslinking.  As for this experiment, an 

average of 1.5 hours was needed to complete the materials preparation.  

 

Figure 3-4 UD laminates with different thickness 
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Figure 3-5 Laminate consolidated by a roller 

 

Figure 3-6 Laminate samples placed onto the mold surface 
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3.2.2. Wavelength Observation by Digital Microscope 

In order to observe and measure the geometry of compressed fibers as well as explore 

the microbuckling wavelength of fibers, a digital microscope was employed. As 

shown in Figure 3-9, uncured prepreg was placed on the surface of the female mold 

and then observed by a digital microscope.  Female mold versus male mold was used 

to observe the compressed region. The objective lens used to observe fiber 

microbuckling has a magnification of 2.5x, which is sufficient to observe the 

microbuckling phenomenon. Digital images of fiber microbuckling were captured and 

processed by a computer software to measure the wavelength. 

 

Figure 3-7 Digital microscope used to capture microbuckling images 
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4. Results and Discussion 

4.1. Experimental Observation 

In order to predict the bending capability of uncured prepreg, experimentation has 

been conducted to measure the microbuckling wavelength with 1) Different bending 

radius and 2) Different laminate thickness. According to the experimental result, the 

microbuckling wavelength ranges from 1.5 to 3 mm. Wavelength was measured five 

times at different areas within each image captured by the digital microscope. 

Thickness was also measured three times at various locations along the laminate. The 

average value as well as standard deviation was calculated to evaluate the data points. 

All relevant data including measurement of both wavelength and thickness are 

illustrated in appendix. Error bar was added at each data point to illustrate the 

standard deviation in both vertical (wavelength) and horizontal (thickness) directions.  

In Figure 4-1, the microbuckling wavelength with different laminate thickness and 

different bending radius are illustrated. The microbuckling wavelength decreases as 

laminate thickness increases. Wavelength with large bending radius (R=30 mm) is 

larger than that with small bending radius (R=15 mm), which indicates that the 

bending radius does make a significant influence on the microbuckling wavelength as 

expected. However, the difference of wavelength between the two bending conditions 

becomes smaller when laminate thickness increases, as illustrated in Figure 4-1.  
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Figure 4-1 Microbuckling wavelength with different (a) bending radius (b) laminate 

thickness 

Figure 4-2 shows several microbuckling images with different thickness and bending 

radius. A length scale was included within each image in order to evaluate the 

microbuckling wavelength.  
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Figure 4-2 (a) Microbuckling image with 𝑡 = 0.29𝑚𝑚, 𝑅 = 30𝑚𝑚 

 

Figure 4-2 (b) Microbuckling image with 𝑡 = 0.29𝑚𝑚, 𝑅 = 15𝑚𝑚 
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Figure 4-2 (c) Microbuckling image with 𝑡 = 0.69𝑚𝑚, 𝑅 = 15𝑚𝑚 

 

Figure 4-2 (d) Microbuckling image with 𝑡 = 0.69𝑚𝑚, 𝑅 = 30𝑚𝑚 
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Another phenomenon discovered when the laminate thickness increases is the out-of-

plane microbuckling, as shown in Figure 4-3. As the ply number increases, out-of-

plane stiffness increases simultaneously. Additionally, ply slip is more prone to 

realize with larger laminate thickness when the laminate is under bending. This ply 

wrinkling is probably due to the air bubbles trapped and the poor tack condition 

between different plies.  

 

Figure 4-3 Out-of-plane microbuckling phenomenon (ply wrinkling)  

 



31 

 

 

4.2. Theoretical Modelling 

4.2.1. Prediction of Microbuckling Wavelength and Critical 

Microbuckling Stress 

As mentioned in chapter 3, a theoretical model has been developed to evaluate 

microbuckling wavelength as well as critical buckling load. The model is based on an 

energy method. Microbuckling wavelength and critical buckling load are dependent 

on a set of parameters which are related to material properties. Table 4-1 shows all 

the material parameters for the uncured prepreg used in the experiment. 

Table 4-1 Material parameters for M40J uncured prepreg 

 

All the values shown in Table 4-1 are obtained from the data sheet of M40J uncured 

prepreg. Laminate thickness t is the only variable. Other known parameters have been 

well explained in the previous chapters. As discussed in chapter 2, the shear modulus 

of matrix of uncured prepreg 𝐺𝑚 is equal to the storage modulus of B-stage epoxy 

resin 𝐺′. The value of 𝐺′ is usually measured by an oscillatory test. However, 

obtaining 𝐺′ for a B-stage epoxy resin is difficult since the degree of cure is usually 

controlled by the prepreg manufacturing process. Therefore, the most effective way to 

acquire the value of 𝐺′ is to estimate from an existing dynamic shear modulus master 

curve. For a viscoelastic material, the modulus is known to be a function of frequency 
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at a constant temperature. The methods of time-temperature superpositioning (i.e. 

reduced variables) are usually used to study the long-term behavior of viscoelastic 

materials [23,24]. Sifting of each isothermal curve leads to a significantly larger, 

smooth and continuous curve known as a master curve [25].  

Figure 4-4 shows a dynamic shear modulus master curve of a B-stage epoxy resin 

with a degree of cure 𝛼 = 0.22 at a 10 𝐶0 temperature [7]. It can be seen that at low 

frequencies, the response is liquid-like with the loss modulus larger than the storage 

modulus. The storage modulus of partially cured epoxy resin falls into this region. 

Therefore, the storage modulus is estimated to be from 3000 to 104 Pa.  

 

Figure 4-4 Achievement of storage modulus by a dynamic shear modulus master 

curve of B-stage epoxy resin (𝛼 = 0.22, 𝑇 = 10 ℃)[7] 
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The theoretical model is practical to predict both microbuckling wavelength and 

critical microbuckling stress. By exploiting equation (13), 

λ =
𝑙

𝑚
= √

𝜋2𝑉𝑚
2𝐸𝑓𝐼𝑓

2𝑐𝑡𝐺𝑚
= √

𝜋3𝑉𝑚
2𝐸𝑓ℎ4

128𝑐𝑡𝐺𝑚
 (13) 

The comparison between experimental results and the theoretical estimate is 

illustrated in Figure 4-5. The microbuckling wavelength derived from Wang’s 

solution (equation 13) with a small shear modulus agrees adequately to the 

experimental results. Microbuckling wavelength deceases as shear modulus increases. 

Additionally, according to equation (13), the wavelength is independent from the 

bending radius.  

 

Figure 4-5 Comparison between experimental results and theoretical estimate 
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Besides microbuckling wavelength, the theoretical model provides a solution to 

predict the critical microbuckling stress, which is indicated in equation (16). 

Microbuckling wavelength was obtained by visually measure fibers shape during 

experimental observation. Based on the derivation of the theoretical model, critical 

microbuckling stress can be directly related to the microbuckling wavelength. Since 

the wavelength is in a good agreement with experimental observation, the critical 

microbuckling stress determined from the same theoretical model is logical and 

credible. An estimate of the microbuckling stress was performed and illustrated as the 

following equation: 

𝜎𝑐𝑟 =
4𝑐𝑡𝐺𝑚

𝑉𝑚
2𝐴𝑓

=
16𝑐𝑡𝐺𝑚

𝑉𝑚
2𝜋ℎ2

 (16) 

Figure 4-6 shows a critical microbuckling stress as a function of laminate thickness 

with different values of shear modulus. The critical stress increases linearly as 

laminate thickness increases. In addition, the critical stress becomes larger when 

shear modulus of matrix increases. Considering the small area moment of inertia of a 

single fiber, the resulting critical microbuckling load is rather small (about  

10−5~10−4 N).  
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Figure 4-6 Theoretical estimate of critical microbuckling stress as a function of 

laminate thickness 
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5. Conclusions and Future Work 

5.1. Summary and Conclusions 

A new theoretical model has been proposed to predict the microbuckling wavelength 

as well as the critical microbuckling load. An experimental observation was also 

conducted to measure the microbuckling wavelength by a digital microscope to 

validate theoretical predictions. The microbuckling wavelength is in a good 

agreement with the experimental results by using Wang’s theoretical model. Since the 

critical microbuckling load is derived from the same theoretical model, it is valid to 

use this model to predict the critical microbuckling load.  

With the materials characteristics and assumptions adopted in this work, it is likely 

that the onset of microbuckling phenomenon will occur when a thin laminate of 

uncured prepreg is layed up on a tool during the molding process. The limited 

bending capability of the thin prepreg is as expected because of the low shear 

modulus of the matrix. The partially cured epoxy resin cannot provide enough shear 

stiffness to prevent fibers from buckling. Therefore, in order to achieve a high quality 

laminate, low manufacturing rate is required to obtain a microbuckling free laminate 

during forming on a complex shape. However, low manufacturing rate results in a 

high cost of productivity. It is significant to seek a balance between high quality and 

low cost when manufacturing carbon-epoxy laminate on a complex mold.   

The limitation of this model may result from the following aspects. First, the entire 

experiment was performed on a visual inspection and highly dependent on a good 

quality of image capture, therefore, some of the microbuckling wavelength data have 
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a large standard deviation. Second, uncured prepreg is a viscoelastic material. The 

theoretical solution is based on an assumption that only elastic deformation is 

applicable. However, the real condition of a partially cured epoxy resin relies on 

several attributes such as temperature, curing status and pot life. Moreover, epoxy 

resin cures at a low rate at room temperature. The prepreg material properties 

especially the shear modulus of matrix will change accordingly. The difference 

between experimental observations and theoretical predictions is considered 

acceptable.  

5.2. Future Work 

This project has developed a theoretical modelling as well as an experimental 

validation to explore the microbuckling phenomenon and the bending capability of a 

thin prepreg during manufacturing process. The future work may include the 

following aspects. 

5.2.1. Out-of-plane Microbuckling Phenomenon 

This thesis has focused on analysis of thin prepreg. Only in-plane microbuckling 

phenomenon has been considered and evaluated to obtain a suitable theoretical 

model. However, out-of-plane microbuckling phenomenon (ply wrinkling) has been 

commonly observed when fabricating laminate with large thickness forming on a 

complex mold. Generally, the out-of-plane microbuckling has much larger 

wavelength than that of in-plane microbuckling. Through-thickness property needs to 

be evaluated to study ply wrinkling. In addition, the bending capability of uncured 

carbon-epoxy prepreg with large thickness could be quite different from the thin 
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prepreg. Therefore, further study of out-of-plane microbuckling phenomenon is 

essential to analyze the bending capability of thick laminate. 

5.2.2. Elimination of Microbuckling Phenomenon 

Microbuckling phenomenon can adversely affect the laminate design, manufacturing 

efficiency and the quality of final product. Most composite parts are lay up in the tool 

due to the change in path length from a flat layup to the part curvature, which will 

result in microbuckling and wrinkling. According to Potter, microbuckling and 

wrinkling can be effectively minimized or eliminated with heat and low 

manufacturing rate [12]. However, increasing temperature as well as low 

manufacturing rate would adversely affect the manufacturing efficiency. Therefore, 

some future work can be done to explore an applicable method to eliminate 

microbuckling phenomenon without compromising the manufacturing efficiency. 
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7. Appendices 

7.1. Matlab Code Used to Obtain Plots and Theoretical Model 

Vm=0.4; 

Ef=377*10^9; 

h=5*10^(-6); 

c=1.67*10^(-6); 

Gm=2000; 

x1=0.29:0.001:1.1; 

x=[0.29 0.43 0.56 0.69 0.86 0.97 1.10]; 

xneg=[0.017 0.015 0.015 0.015 0.012 0.006 0.012]; 

xpos=[0.017 0.015 0.015 0.015 0.012 0.006 0.012]; 

ys=[2.683 2.241 2.151 1.932 1.73 1.558 1.566]; 

yl=[2.975 2.698 2.602 2.328 1.892 1.661 1.653]; 

yw=(((pi^3*Vm^2*Ef*h^4)./(0.128*c.*x1*Gm)).^0.5)*1000; 

ysneg=[0.127 0.197 0.09 0.068 0.102 0.091 0.062]; 

yspos=[0.127 0.197 0.09 0.068 0.102 0.091 0.062]; 

ylneg=[0.168 0.109 0.127 0.077 0.128 0.11 0.098]; 

ylpos=[0.168 0.109 0.127 0.077 0.128 0.11 0.098]; 

errorbar(x,ys,ysneg,yspos,xneg,xpos,'o'); 

hold on; 

errorbar(x,yl,ylneg,ylpos,xneg,xpos,'x'); 

plot(x,ys,x,yl); 

hold on; 

plot(x1,yw,'--'); 

title('Microbuckling Wavelength vs. Laminate Thickness'); 



42 

 

 

xlabel('Laminate Thickness (mm)'); 

ylabel('Microbuckling Wavelength (mm)'); 

legend('Experimental Result with R=15mm','Experimental Result with 

R=30mm','Theoretical Estimate'); 

 

% critical stress vs. thickness 

clear; 

clc; 

Vm=0.4; 

h=5e-6; 

Gm=2e3; 

L1=15e-3; 

L2=30e-3; 

Ef=377e9; 

A=pi*h^2/4; 

c=(5/3)*10^(-6); 

If=h^4/64; 

t=0.29:0.0001:1.1; 

Pcr1=0.004*c*t*Gm/(Vm)^2; 

sigma1=Pcr1/(A*10^6); 

plot(t,sigma1); 

legend('Theoretical Estimate'); 

xlabel('Laminate Thickness (mm)'); 

ylabel('Critical Microbuckling stress (Mpa)'); 

title('Critical Microbuckling Stress vs. Laminate Thickness'); 
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%Prediction of Bending Radius 

Ef=377*10^9; 

Vm=0.4; 

h=5*10^(-6); 

c=1.67*10^(-6); 

Gm=100:10:10^4; 

R=(pi*Ef*(1-Vm)*Vm^2*h^2)./(32*c.*Gm); 

plot(Gm,R); 

legend('Theoretical Estimate'); 

xlabel('Shear Modulus of Matrix (Pa)'); 

ylabel('Bending Radius (m)'); 

title('Bending Radius vs. Shear Modulus of Matrix'); 

7.2. Raw Data of Measurement of Microbuckling Wavelength and Laminate 

Thickness 

Table 7-1 Microbuckling wavelength from image process 
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Table 7-2 Laminate thickness measured from calipers 

 

 


