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Abstract 

With increasing popularity of carbon fiber reinforced polymer (CFRP) over time, the need of 

research in the field increases along with it. Many industries demand the benefits of carbon 

fiber in their installations to be used in harsh environments like cold temperatures, but the 

research on the temperature exposure behavior of the material is limited. Both strengths and 

limitations of the applied material should be studied carefully. 

Samples of CFRP were provided for this project. The aim of the project was to study the 

mechanical properties of CFRP with varying temperature settings. 

A four-point bending test was performed to find the deflection of CFRP in room temperature, 

and after being exposed to cold temperature. A numerical test was done to compare and verify 

the experimental results of the room temperate CFRP. 

An air gun impact test was performed to look at the visual effect on the CFRP from a pellet 

impact and from an ice impact. Permeation was also tested by layering up the CFRP samples 

to find the limiting thickness for pellet penetration. The results were compared to the results 

of a numerical analysis. 

A Charpy pendulum impact test was used to evaluate the fracture toughness of the CFRP, 

both qualitative and quantitative. 

The results show an overall degradation of mechanical properties of the CFRP samples when 

exposed to cold temperatures.  
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Nomenclature 

Symbols   

b [mm] Width of test piece in four-point bending 

c [m] Perpendicular distance from the neutral axis 

d [mm] Thickness of test piece in Charpy test 

E [Pa] Young's Modulus 

I [m4] Area moment of inertia 

𝑙 [mm] Length of test piece in four-point bending 

L [mm] Distance between support points 

L1 [mm] Distance between support and load points 

L2 [mm] Distance between load points 

LC [mm] Length of test piece in Charpy test 

M [Nm] Moment 

P [N] Load 

tCFRP [mm] Thickness of test piece in four-point bending 

x 

 

Reference axis in x-direction 

y 

 

Reference axis in y-direction 
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Greek symbols  

δ Deflection 

ε Strain 

θ Angular deflection 

σ Stress 

σx Longitudinal stress 

 

Abbreviations  

CFRP Carbon Fiber Reinforced Polymer 

FEM Finite Element Method 

FRP Fiber Reinforced Polymer 

kpm  kilo pound meter 

Nm Newton meter 
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1 Introduction 

A composite is a material that consists of two or more constituent materials or phases that are 

physically and/or chemically distinct from each other. The characteristics of the composite 

material are different from the characteristics of any of the components in isolation. [1, 2]  

One of the components that is very popular and widely used is fibers like carbon, glass and 

aramid, and they are reinforced into a fiber reinforced polymer (FRP) composite. [1, 2] 

Composites are widely used all over the world throughout different industries, like in the 

military, the marine and in aerospace. Carbon fiber composites are appreciated for the 

lightweight, strong and stiff characteristics. The downside of carbon fiber is the 

expensiveness, but for installations where the characteristics of carbon fiber is highly 

demanded, the benefits of the material often trumps the costs. [3-5] 

After World War II, the military industries interest of FRP’s grew rapidly. They started using 

it for constructing and building boats, which was the beginning of FRP’s history in marine 

applications. [5] 

In the marine industry, the stiffness of the carbon fiber is a highly valued factor. Also, the fact 

that it do not corrode like aluminum and steel make the carbon fiber ideal for marine 

installations where the material needs to withstand the corrosive marine environment. [5] 

The aerospace industry has gained great benefits from the lightweight and strong 

characteristics of the high-performance carbon fibers in the purpose of saving fuel. The Rutan 

Model 76 Voyager aircraft managed in 1986 to fly around the world without stopping or 

refueling. It was the first in the world to achieve such a performance, thanks to the composites 

used, counting 90% of the structures material. [3, 4, 6] 

After this and towards newer times, the use of composites in the aerospace industry has been, 

and still is rapidly increasing. Carbon fiber composites are used in for example passenger 

aircrafts, and even for high-temperature applications, such as in the space shuttles because it 

is relatively temperature resistant. [3, 4] 
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1.1 Problem overview 

With increasing popularity of carbon fiber reinforced polymers (CFRP) over time, the need of 

research in the field increases along with it. Many industries demand the benefits of carbon 

fiber in their installations to be used in harsh environments like cold temperatures, but the 

research on the temperature exposure behavior of the material is limited. Both strengths and 

limitations of the applied material should be studied carefully. 

This project aims to study the mechanical properties of CFRP with varying temperature 

settings. Numerical tests are being performed to compare and verify the experimental results. 

This project and the report is limited to deal with the exact type of CFRP composite provided. 

The matrix, which functions as a medium for binding and holding the reinforcement together 

into a solid, is of unknown type in this samples. All other properties are also unknown. 

The reinforcing fibers and the matrix (along with the adhesion between the fibers and the 

matrix) used in each specific type of composite, plays a decisive role for the properties of the 

reinforced material.  

Without knowing the type of matrix used, it is hard to compare, generalize and systemize the 

results obtained from this project. The results will only be validated for the exact type of 

CFRP provided for this project, but in general, an overall picture on CFRP characteristics can 

be drawn from the results, as the tendencies will be the same. 
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1.2 Thesis outline 

This report is divided into seven chapters. The contents of each chapter are described as 

follows; 

 Chapter 2 presents theory and literature review. It is explained what composites are, 

the history of composites and earlier studies of composites. Some basic mechanical 

theory is presented. Finally, theory and literature review relevant for the types of tests 

to be performed in this project is given.  

 

 Chapter 3 presents the methodology of this project. The methodology is presented in 

different subchapters for each of the three types of test performed; the four-point 

bending test, the air gun impact test and the Charpy impact test. For the four-point 

bending test and the air gun impact test, there is also undersections which represents 

the experimental test and the numerical analyses. For the Charpy test, only 

experimental test is being presented.  

 

 Chapter 4 presents the results and discussion. The results are presented in different 

subchapters in the same way as for the methodology.  

 

 Chapter 5 gives a summary of the results and the conclusions.  

 

 Chapter 6 describes the challenges encountered in the work of this project.  

 

 Chapter 7 describes the possible future work with basis in this report. 

In addition, a list of references is provided at the end of the report. The related material that 

wasn’t expedient to present in the report is provided as appendixes. 
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1.3 Clarifications 

In this report the reader will find the words sample and test pieces often used. A clarification 

of the use of these two words in the work of the writer is given: 

 Sample refers to the CFRP samples provided for this project, just the way they were 

out of the box, in its entirety.  

 

 In the numerical analyses the word sample is also used to describe the body which is 

assigned with CFRP as material (in ANSYS Workbench) to refer to the samples 

provided for this project. 

 

 Test piece refers to the pieces custom cut from the samples to fit each test. 
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2 Theory and literature review 

In this chapter the theory and literature review relevant for this project is presented. It is 

explained what composites are, the history of composites and earlier studies of composites. 

Some basic mechanical theory is presented. Also, theory and literature review relevant for the 

types of tests to be performed in this project is given. 

2.1 Composites 

A composite material consists of two or more constituent materials or phases that are 

physically and/or chemically distinct from each other. The characteristics of the composite 

material are different from the characteristics of any of the components in isolation. [1, 2, 7, 

8]  

The two composite components relevant for this report are reinforcing fibers and matrix. The 

fibers are the discontinuous or dispersed phase and the matrix acts as the continuous phase. In 

addition, there will also be an interphase or interphase region, but this part will not be covered 

in this report. [7] 

The matrix is a homogeneous and monolithic material which functions as a medium for 

binding and holding reinforcements together into a solid. In addition, it will provide finish, 

texture, color, durability and functionality as well as protecting the reinforcements from 

environmental damage. [7] 

The reinforcing fibers and the matrix used in the specific type of composite, plays a decisive 

role for the properties of the reinforced material. The final mechanical properties will also be 

dependent on the adhesion between the fibers and the matrix because the stress transfer 

between matrix and fibers determines the reinforcement efficiency. [7, 9] 

The fibers used for reinforcement are carbon, glass and aramid. Fiber reinforced polymer 

composites (FRP) are subdivided into [7, 9]: 

 Carbon fiber reinforced polymer composites (CFRPs) 

 Glass fiber reinforced polymer composites (GFRPs) 

 Aramid fiber reinforced polymer composites (AFRPs) 
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Matrix is subdivided into [7, 9]:  

 Polymer matrix 

 Metal matrix 

 Ceramic matrix  

As FRP’s are polymer composites, the matrix used is polymer matrix. One of the most used 

polymer matrixes is resin. 

2.1.1 History of composites 

Composite materials are originally an idea of nature. An example of that is wood, which is a 

fibrous composite built up by cellulose fibers in a lignin matrix. The cellulose fibers have low 

stiffness and high flexibility, but the lignin matrix united with the fibers provide stiffness 

which makes it a reinforced composite. Another example of a composite created by nature is 

bone. Short and soft collagen fibers embedded in a mineral matrix called apatite makes the 

bone able to support the weight of for example the human body. [2, 10] 

The history of human made composites probably has its origin from around year 3400 BC 

when the Mesopotamians glued wood strips at different angles to create plywood. Later on, 

the ancient Egyptians used cartonnage, layers of linen or papyrus soaked in plaster, to mask 

dead people, known as mummification. Around year 1500 BC, the Egyptians also started 

using clay reinforced with reeds to create bricks as building material for houses. This method 

is still well known today. [1, 10-12] 

Throughout history, composites have played an important role to humans. The strive have 

always been to make better, stronger and more lightweight composite materials. The 

development of different fiber materials and the improvements of filler materials (resins) to 

be used has made FRP a growing industry. [9, 10] 

In the late 1800s a synthetic resin was made that could transform from liquid state to solid 

state by crosslinking molecules. This process is called polymerization, from which the name 

polymer resins were given. [11, 12] 
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In the 1930s other high-performance resin systems, including unsaturated polyester resins and 

epoxy resins became available. Glass fiber, made by drawing glass into thin fibers and 

weaving it into a textile fabric, combined with this newer synthetic polyester resins, produced 

strong and lightweight composites that made for a new era in for example the boating 

industry. [9, 11, 12] 

The first carbon fiber was patented in 1961, but it took several more years for carbon fiber 

composites to be used commercially. At the same time aramid fibers were being produced. 

[11, 12] 

In the mid-1990s, mainstream manufacturing and construction of composites made for new 

opportunities, and composites became more generally known and more widely used. [11, 12] 

Today, FRP is used widely in industry for any applications that require plastics with specific 

strength or elastic qualities. Glass fibers are the most common across all industries, although 

carbon-fiber and carbon-fiber-aramid composites are widely found in for example aerospace, 

automotive, marine and sporting good applications. [3-5, 11, 12] 

2.2 Composites in cold climate 

Most materials are affected somehow by environmental effects such as temperature and 

humidity, etc. The properties and characteristics may change and the material can be 

weakened or damaged. [8] 

A harsh environment can have profound effects on the polymer-based composites, including 

most CFRPs. The right combination of moisture and temperature can affect the carbon fibers 

or the matrix, as is the situation in most cases, and lead to degradation of the mechanical 

properties of the CFRP. [8] 

It is reasonable to assume that the strength of composites will decrease when exposed to cold 

temperatures. Research have been done, showing several outcomes. For example, Bulmanis 

et. al [13], Alan T. Nettles and Amily J. Biss [6] and Shang-Lin Gao and Jang-Kyo Kim [14]. 

  



  

8 

Kasen [15] studied the behavior of composites at very low temperatures (cryogenic) and 

observed that it is hard to obtain a systematic data base for composites at lower temperatures. 

Existing data show extreme variability in strength properties, probably because different 

matrixes/resins provides different properties to the composite. [8, 15] 

CFRP is a complex material, and the properties are very dependent on the layup process and 

the specific type of matrix/resin used. It is therefore hard to establish “rules” of properties and 

characteristics that will apply to all CFRP. [8] 

2.3 Basic mechanical theory 

To understand some of the basic mechanical theory behind the properties of a material, it is 

first important to be able to distinguish different expressions from one another [16]: 

 Stiffness of a material is a measure of the amount of force needed to deform or 

permanently change its original shape.  

 Strength of a material is a measure of the amount of force it can withstand and still 

recover its original shape.  

 Hardness of a material defines the relative resistance that its surface imposes against 

the penetration of a harder body. 

 Toughness is a measure of the amount of energy that a material can absorb before 

fracturing. 

 Strain is a measure of proportional deformation (amount of bend or stretch) in a 

material. 

 Stress is a measure of force per unit area applied to the material.  

Elastic deformation is when a material returns to its original shape after an applied load is 

being removed. In the range where the ratio between load and deformation remains constant, 

the stress-strain curve is linear. [16] 

Plastic deformation is an irreversible deformation to a material. To reach to plastic 

deformation the material will first go through elastic deformation. [16] 

A general stress/strain curve is shown in figure 1, where the elastic and the plastic region can 

be seen. The material will undergo elastic deformation until it reaches the yield point and 

plastic deformation starts. When the material has been exposed to a stress equal to the 

ultimate strength of the material, the material will eventually fracture if the exposure to stress 

continues.  
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Figure 1 – A general stress/strain curve 

2.3.1 Young’s modulus / modulus of elasticity 

Young’s modulus, also known as the elastic modulus, is a measure of the stiffness of a solid 

material. Higher stiffness of the material gives a higher Young’s modulus. It tells us how 

much a material bends/strains under a given load/stress. [16] 

Young’s modulus is expressed as a ratio of stress to strain. Its SI unit is Pa (N/m2), but the 

more practical way to express the unit would be GPa (kN/mm2 or 109 N/m2).  

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠, 𝐸 =  
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
   [𝑃𝑎]   [6] 

For most materials, the Young’s modulus will increase when the temperature decreases. [8] 

2.3.2 Tensile strength and compressive strength 

Tensile strength is the ability of a material to withstand a tensile (pulling) force tending to 

stretch the material. In other words, tensile strength resists tension (being pulled apart). 

Ultimate tensile strength is measured by the maximum stress that a material can withstand 

while being stretched or pulled before failure, such as breaking or permanent deformation. 

[17] 

Plastic region Elastic region 

Stress 

σ 

Strain ε  

Ultimate strength 

Failure/Fracture Yield point 
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The opposite of tensile strength is the compressive strength, which is the capacity of a 

material to withstand a compression (pushing) force tending to reduce the size of the material. 

In other words, compressive strength resists compression (being pushed together). The 

ultimate compressive strength is measured by the value of uniaxial compressive stress the 

material has reached when it fails completely. [17] 

Composite materials, such as CFRP tend to have higher tensile strengths than compressive 

strengths.  

As strength is measured by applied stress, the units are force per unit area. 

2.1 Four-point bending 

Four-point bending is based on the Euler-Bernoulli beam theory. A four-point bending test 

provides different values to obtain the properties of a material. The four-point bending test is 

similar to the three-point bending test. A load is applied in the center of the length of a beam, 

but with the addition of a 4th bearing which spreads the maximum stress over a larger portion 

of the beam. A schematic of the four-point bending test setup is shown in figure 2. The beam 

is placed on top of two support bearings (support points) (a), and on top of the beam there are 

two centralized loading bearings (load points) (b) with equal distance from the supports. [18]  

 

Figure 2 – A schematic of a four-point bending test setup  

 

(b) (b) 

(a) (a) 
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2.2 Impact testing 

Impact energy is a measure of the work done to fracture a material. In other words, it is a 

measurement on how much energy a material will absorb before failure occurs. In this project, 

two types of impact tests will be considered. The first is an air gun impact test, where a pellet 

is shot at high speed onto the test samples to get a visual display of the occurring failure 

modes of the CFRP and to test the permeability. The air gun impact test is qualitative.  

The Charpy impact test on the other hand, will provide quantitative results in addition to the 

qualitative, telling us how much energy the CFRP samples can absorb before failure occurs. 

2.2.1 Charpy impact test 

The Charpy impact test is a standard low-velocity and high-strain pendulum impact test used 

for evaluating fracture toughness. A specimen is stroke with a controlled weight pendulum 

swung from a set height as seen in figure 3. [19-21] 

 

Figure 3 – A schematic of the Charpy pendulum [19] 

The test determines the amount of energy a material can absorb before fracture and failure 

occurs. [19-21] 
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The Charpy test is easy to set up. The test is very easily and quickly performed, and results 

will be obtained right away. This, in addition to the Charpy pendulum device being cheap and 

moveable, makes it a widely applied testing mechanism in industry and for research on 

materials. In general, pendulum impact tests are subject to errors due to kinetic energy and 

vibrational losses, but these losses are so small that they are negligible. [20, 21] 

The test piece with its geometric variables will play an important role on the values being 

measured. One of the geometric variable is the span-to-thickness ratio (LC/d), as seen in figure 

4. 

 

Figure 4 – The span-to-thickness ratio (LC/d) of a test piece of CFRP. 

Bader and Ellis [20] studied the effect of different span-to-thickness ratios in the measuring of 

impact strength in unidirectional composites and found that the dominating failure mode with 

a span-to-thickness ratio (LC/d) less than 10 is delamination. The recorded impact strength 

was assumed to be artificially high in this case. They also suggested that LC/d ≥ 10 would 

give more trustworthy results. This can be seen in figure 5. [20, 21] 

LC d 
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Figure 5 – Generalized relationship between Charpy impact strength and geometry (LC/d) for test pieces with and 

without notches. [20] 

It should be noted that the Charpy test can be run on both notched and unnotched test pieces 

as seen on figure 6, depending on material. For FRP, both types can be used. [20, 21] 

 

Figure 6 – A display of a notched CFRP sample (a), and a unnotched CFRP sample (b). 

The results obtained from Charpy tests could be evaluated quantitatively or qualitatively. The 

one thing in common for quantitatively and qualitatively results is that they in most cases 

should be used as comparative results only. 

LC 

 

(a) 

(b) 
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Quantitatively: 

The quantitative results obtained from the test will be the amount of energy needed to fracture 

the material given by the force performed by the pendulum given in kpm. 

Qualitatively: 

The qualitative results obtained from the test is more of a visual result and can be used to 

determine the type of failure mode occurred to the material in the fracture.  

The failure modes for CFRP can essentially be divided into two general categories:  

(i) fiber-dominated failure (cut off) 

(ii) matrix-dominated failure (delamination) 

 

Figure 7 – The dynamic fracture process in CFRP during Charpy impact testing after the instant of striker impact. 

The impact can lead to fiber dominated failure (i) which is seen as a cut off of the test piece, and matrix-dominated 

failure (ii) which can be seen as delamination in the test piece. [21] 

Normally a material will not break in only one way or the other, but by comparing the amount 

of different failures in a representative selection of samples of the same material, an estimate 

of the most common fracture, hence the failure mode can be given. 

  

(i) (ii) 
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2.3 Finite Element Method 

Partial differential equations are commonly used to describe the laws of physics for space and 

time dependent problems. These equations are often not solvable with analytical methods, and 

an approximation of the equations is needed, typically based upon different types of 

discretizations. These discretization methods approximate the partial differential equations 

with numerical model equations, which can be solved using numerical methods. This means 

that the solution to the numerical model equations approximate the real solution to the partial 

differential equations. [22] 

One of the methods used to compute such approximations is the finite element method 

(FEM). The method is commonly used to solve problems of engineering and mathematical 

physics. [22] 

When using the finite element method, a finite element mesh is created, and the accuracy that 

can be obtained from any model is directly related to mesh density. The mesh subdivides the 

model into smaller domains called elements, over which a set of equations are solved. As the 

mesh is refined with smaller and smaller elements, the computed solution will converge 

against the realistic solution. [22] 
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3 Methodology 

The methodology is presented in different subchapters for each of the three types of test 

performed; the four-point bending test, the air gun impact test and the Charpy impact test. For 

the four-point bending test and the air gun impact test, there are also undersections which 

represents the experimental test and the numerical analyses. For the Charpy test, only 

experimental test was performed. 

All the experimental tests described under this chapter has been done in the Safety Lab and 

the Process Lab at UiT, The Arctic University of Norway, spring 2017. The cold room in the 

Safety Lab has been used for exposure of the CFRP samples to cold temperature. It should be 

noted that the temperature in the cold room is not consistent. It is regulated externally, and not 

by the students. Opening/closing of the door will also affect the temperature on a short term. 

However, it is assumed that the temperature is kept in a range between -10˚C and -30˚C. 

Whenever it was possible to take reading of a valid temperature during experiments, the 

temperature is presented in the methodology. The numerical analyses have been performed on 

a Lenovo P910 computer. 

3.1 CFRP test samples 

All the test samples used in this project are of the brand DragonPlate, manufactured by Allred 

and Associates Inc., an engineering product development and manufacturing firm in business 

since 1993, located in Elbridge, New York. [23] 

The two types of DragonPlate CFRP samples provided for this project are: 

 6 pieces of: 

EconomyPlate™ Solid Carbon Fiber Sheet ~ 1/32" x 12" x 12" 

 The sizing converts to 0.79375 mm x 304.8 mm x 304.8 mm in SI-units. 

This pieces will in this report be referred to as the thin samples. 

 

 2 pieces of: 

EconomyPlate™ Solid Carbon Fiber Sheet ~ 5mm x 12" x 12" 

 The sizing converts to 5 mm x 304.8 mm x 304.8 mm in SI-units. 

This pieces will in this report be referred to as the thick samples. 
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The company has this product description on their web pages: 

“For less demanding applications where you can live without the optimized material 

properties of a quasi-isotropic layup, we have created EconomyPlate. Our EconomyPlate™ 

sheets are comprised of orthotropic (non-quasi-isotropic) laminates utilizing a twill weave at 

0°/90° orientation, while maintaining a symmetrical and balanced laminate. For this sheet 

size, we offer twill high gloss, matte or textured finish on one side and a textured finish on the 

other side providing an excellent bonding surface. As with all DragonPlate solid carbon fiber 

sheets, EconomyPlate™ is composed entirely of a tough and rigid carbon reinforced epoxy 

matrix.” [24] 

The difference in a quasi-isotropic layup and a non-quasi-isotropic layup lies in the way the 

sheets are placed on top of each other in the layup process. In a quasi-isotropic layup, an 

additional sheet in the 45-degree diagonal direction is placed between the 0/90 sheets to 

strengthen the laminates in this direction. An illustration of this, made by the manufacturer of 

the samples can be seen in figure 8. [25] 

 

Figure 8 – An illustration of the difference between a non-quasi isotropic layup (a) and a quasi-isotropic layup (b). 

[25] 

The non-quasi isotropic samples will have the same strength in both length/width directions, 

but will lack some strength in the diagonal direction. This is however dependent on the layup 

process. In this project, all the tests were performed over the lengths of the samples and not in 

the diagonal direction.  

(a) 

 

(b) 
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It should be noted that not only the strength, but also properties such as Young's Modulus, 

change with direction along the sample. Therefore, CFRP is considered an anisotropic 

material. [8, 17] 

3.2 Four-point bending 

3.2.1 Experimental test 

To perform the test, a device had to be built from scratch. The device to be built were first 

planned by dimensioning it with reasonable values to fit the test pieces. The parameters of 

both the test device and the test pieces is seen in table 1.  

Table 1 – The parameters of the four-point bending test device and the test pieces 

Description Variable Value (mm) 

Length of test piece 𝑙 304.8 

Width of test piece 𝑏 60 

Thickness of test piece 𝑡𝐶𝐹𝑅𝑃 5 

Distance between support and load points 𝐿1 20 

Distance between load points 𝐿2 160 

Distance between support points 𝐿 200 

With the dimensions ready, the device was modelled in Autodesk Inventor. The model can be 

seen in figure 9. It consists of a movable upper frame with the load points on (a), and a lower 

frame which is standing on a plane surface and have the support points mounted on to it (b). 

The CFRP test piece (c) is placed on top of the support points. 
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Figure 9 – The test device for four-point bending tests, modelled and dimensioned. 

The finished hand-made device is seen in figure 10. 

  

Figure 10 – The test device for four-point bending tests, built by hand. 

The test was performed by placing the test piece on the support points of the lower frame, and 

then the upper frame was slid down with the load points resting on the test piece.  

Measurements were taken between the lower point of the upper frame and the upper point of 

the lower frame on all four corners to ensure that a possible tilt of the upper frame would not 

affect the results. The four values are being averaged for further use. 

(a) 

(b) 
(c) 
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The measurements should account for an error of +/- 0,005 mm due to measuring equipment 

sensitivity. 

The measurements were taken before any additional weight was applied on top of the upper 

frame and then after the weight was applied onto the center point of the upper frame. A 

weight of 15 kg was used. The upper frame weights 1,3 kg, giving a total of 16,3 kg. 

The difference between the measurements taken before and after applied weight gives the 

deflection of the beam at load points. 

The measurement of deflection was done on CFRP test pieces of room temperature, and on 

test pieces that had been exposed to cold temperature in the cold room for a week. 

Four-point bending is based on the Euler-Bernoulli beam theory, and the equation for bending 

moment in a beam is given [26]: 

 
𝑑2𝑦

𝑑𝑥2
 =  

𝑀

𝐸𝐼
 (3.1) 

When the angle of deflection is very small, 𝑡𝑎𝑛𝜃 =  
𝑑𝑦

𝑑𝑥
 can be written as 𝜃 =  

𝑑𝑦

𝑑𝑥
. Therefore, 

equation (3.1) can be rewritten to equation (3.2): 

 𝜃 =  ∫
𝑀

𝐸𝐼
𝑑𝑥 (3.2) 

From equation (3.2), the equation for displacement y, equation (3.3) can be derived: 

 𝑦 = ∫ 𝜃 𝑑𝑥  =  ∬
𝑀

𝐸𝐼
𝑑𝑥 (3.3) 

Where M is moment, E is Young’s Modulus and I is the area moment of inertia. 

When a total force is applied to the two load points at equal distance from the two support 

points, it results in shear force and a bending moment which are shown in figure 11. 
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Figure 11 – The four-point bending set-up with the shear force diagram (V) and the bending moment diagram (M). 

 P is the total load, given in N 

 L1 is the distance between the support points, given in mm 

 L2 is the distance between load points, given in mm 

 L = L1 + L2, which is the total length of the beam, given in mm 

 M is the moment, given in Nm 

 𝑥 is the distance from the load point to the nearest support point, given in mm 

The moment in the middle of the beam is constant, however it is a function of 𝑥 at both ends 

as shown in equations (3.4): 
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𝑀(𝑥) =  
𝑃𝑥

2
                       0 ≤ 𝑥 ≤  𝐿1 

𝑀 =  
𝑃𝐿1

2
                           𝐿1 ≤ 𝑥 ≤ (𝐿1 + 𝐿2) 

𝑀(𝑥) =  
𝑃(𝐿 − 𝑥)

2
           (𝐿1 + 𝐿2) ≤ 𝑥 ≤ 𝐿 

(3.4) 

The angle 𝜃 and the deflection 𝛿 for the three moment regions of the beam are given in 

equation (3.5) to (3.10): 

For 0 ≤ 𝑥 ≤  𝐿1 and 𝑀 =  
𝑃𝑥

2
 : 

 𝜃1 =  
𝑃𝑥2

4𝐸𝐼
+ 𝐶1 (3.5) 

 𝛿1 =  
𝑃𝑥3

12𝐸𝐼
𝜃1 + 𝐶1𝑥 + 𝐶3 (3.6) 

For 𝐿1 ≤ 𝑥 ≤ (𝐿1 + 𝐿2) and 𝑀 =  
𝑃𝐿1

2
 : 

 𝜃2 =  
𝑃𝐿1𝑥

2𝐸𝐼
+ 𝐶2 (3.7) 

 𝛿2 =  
𝑃𝐿1𝑥2

4𝐸𝐼
𝐶2𝑥 + 𝐶4 (3.8) 

For (𝐿1 + 𝐿2) ≤ 𝑥 ≤ 𝐿 and 𝑀 =  
𝑃(𝐿−𝑥)

2
 : 

 𝜃3 =  −
𝑃𝑥2

4𝐸𝐼
+

𝑃𝐿𝑥

2𝐸𝐼
+ 𝐶5 (3.9) 
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 𝛿3 =  −
𝑃𝑥3

12𝐸𝐼
+

𝑃𝐿𝑥2

4𝐸𝐼
+ 𝐶5𝑥 + 𝐶6 (3.10) 

The six equations 𝜃1, 𝜃2, 𝜃3, 𝛿1, 𝛿2 and 𝛿3 have six unknowns; C1, C2, C3, C4, C5 and C6. To 

solve the equations, six boundary conditions are needed, as seen in equations (3.11) to (3.15): 

 𝑥 = 0, 𝛿1  = 0,  (3.11) 

 𝑥 = 𝐿1, 𝛿1 =  𝛿2, 𝜃1 = 𝜃2 (3.12) 

 
𝑥 =

𝐿

2
, 

𝜃2 = 0  (3.13) 

 𝑥 = 𝐿 −  𝐿1, 𝛿2 =  𝛿3, 𝜃2 = 𝜃3 (3.14) 

 𝑥 = 𝐿 𝛿3 = 0  (3.15) 

Solving the equations with the boundary conditions gives equations (3.16) to (3.21): 

For 0 ≤ 𝑥 ≤  𝐿1: 

 𝜃1 =  
𝑃

4𝐸𝐼
(𝐿1𝐿 − 𝐿1

2 − 𝑥2) (3.16) 

 𝛿1 =  
𝑃𝑥

12𝐸𝐼
(3𝐿1𝐿 − 𝐿1

2𝑥 − 𝑥2) (3.17) 

For 𝐿1 ≤ 𝑥 ≤ (𝐿1 + 𝐿2): 

 𝜃2 =  
𝑃𝐿1

4𝐸𝐼
(𝐿 − 2𝑥) (3.18) 
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 𝛿2 =  
𝑃𝐿1

12𝐸𝐼
(3𝐿𝑥 − 𝐿1

2 − 3𝑥2) (3.19) 

For (𝐿1 + 𝐿2) ≤ 𝑥 ≤ 𝐿: 

 𝜃3 =  −
𝑃

4𝐸𝐼
(𝑥2 + 𝐿1

2 + 𝐿2 − 𝐿𝐿1) +
𝑃𝐿𝑥

2𝐸𝐼
 (3.20) 

 𝛿3 =  −
𝑃

12𝐸𝐼
(𝑥3 − 𝐿3) +

𝑃

4𝐸𝐼
(𝐿𝑥2 − 𝐿1

2𝑥 − 𝐿2𝑥 + 𝐿𝐿1𝑥 + 𝐿1
2𝐿 − 𝐿2𝐿1) (3.21) 

Because CFRP is an anisotropic material, the Young’s Modulus, E will change with changing 

deflection of the beam. The Young’s Modulus of tension under the beam, and the Young’s 

Modulus of compression at the top of the beam may also be different from each other. 

However, the longitudinal stress in the beam is directly proportional to the applied load and 

does not depend on the Young’s Modulus. The Euler-Bernoulli beam theory states that 

stresses vary linearly with the distance from the neutral axis: 

 𝜎𝑥 =  
𝑀|𝑐|

𝐼
 (3.22) 

Where 𝜎𝑥 is the longitudinal stress in Pa, M is the moment about the neutral axis in Nm, c is 

the perpendicular distance from the neutral axis in m and I is the area moment of inertia about 

the neutral axis in m4. 

If an applied load causes more stress than the tensile strength of the material it will fracture. 

The maximum stress is therefore limited by tensile strength. 

3.2.2 Numerical analysis 

The numerical analyses were performed in ANSYS Workbench. The geometric model is seen 

in figure 12. 
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Figure 12 – The geometric model for the four-point bending numerical analysis in ANSYS Workbench 

Symmetry was used on the model in both y-direction and negative x-direction (as seen in the 

figure) to ease the computational load of the simulation. The dimensions of the CFRP test 

piece, the support and the load points are the same as in the experimental test as seen in table 

1, chapter 3.2.1. 

To create a finite element (FE) model, an automated mesh was generated in ANSYS 

Workbench. The meshing of the model was limited by the number of elements/nodes allowed 

in the Academic license of ANSYS Structural physics, which is 32 000 nodes/elements. A 

mesh sensitivity analysis was performed by increasing the number of nodes and elements to 

see when the solution to the simulation converged. The highlighted mesh parameters are seen 

in table 2, for full list see Appendix A. 
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Table 2 – The mesh parameters for the FE model for the four-point bending analysis in ANSYS Workbench 

Physics preference  Mechanical 

Relevance -95 

Element Midside Nodes Dropped 

Relevance Center Fine 

Element size  1,50 mm 

Span Angle Center Coarse 

Nodes 29031 

Elements 24750 

The material assigned to the CFRP sample was the Epoxy Carbon Woven (230 GPa) Wet, 

with pre-defined parameters in ANSYS. It should be noted that the CFRP material used for 

simulations is assumed quasi-isotropic, which is not the real case of the CFRP samples in this 

project. The material assigned to the support and load points (the cylinders) was structural 

steel, with pre-defined parameters in ANSYS. The parameters of both materials are shown in 

Appendix A. 

A cylindrical support was placed on the support cylinders to ensure they are not moving. A 

displacement in the negative z-direction was placed on the load cylinders. 

The results of this analysis are presented and discussed in chapter 4.1.2. 
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3.3 Air gun impact 

3.3.1 Experimental test 

An air gun impact test was performed to provide visual results of the failure mode created by 

the impact of the pellet hitting the CFRP samples at high speed. The thin samples were used 

for this test. The rate of permeation in the material were also tested by creating a buildup of 

several layers of the thin samples.  

The test was performed in room temperature on tempered test pieces at about 22˚C and in the 

cold room on test pieces exposed to about -28˚C for 7 days. 

To the purpose of performing the impact tests with the air gun, a shooting box were built, 

seen in figure 13. This allows for safety under the shooting, as the box gathers up the pellets 

that passes through the test pieces. The box consists of an opening-closing system with 

locking screws and wingnuts, so test pieces could be fastened for testing, and removed and 

replaced with new test pieces effectively. This is shown in figure 14. 

 

Figure 13 – The shooting box 
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Figure 14 – The opening-closing system of the shooting box, seen without a test piece (a) and with a test piece fastened 

(b). 

The air gun used for the tests is a standard shotgun type. A ruler was placed on the barrel of 

the gun to measure the shooting distance. 

 

Figure 15 – The air gun used in this project 

 

Figure 16 – To shoot at exact 60 mm distance from the test pieces, a ruler was attached to the barrel of the gun. 

(b) (a) 
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Two different pellets were chosen for this test to see if they would make different failures to 

the CFRP. The material of both pellets is lead and they are of 4,5 mm caliber, weighing about 

0,5 grams each.  

Both pellets can be seen in figure 17. The standard Diabolo pellet (a) has a flat tip and the 

Storm pellet (b) has a soft pointed tip.  

  

Figure 17 – The standard Diabolo pellet (a) and the Storm pellet (b). 

A speed test was carried out using a high-speed camera. The Diabolo pellet was fired with a 

scale in the background. The test showed a pellet speed of 160 m/s. (Appendix C)  

For this experiment the thin CFRP samples were cut into 100x100 mm test pieces to fit the 

hole on the shooting box. For the visual impact failure mode test, single layered test pieces 

were used. For the permeation test, a built up of 1-4 layers was made like shown in figure 18. 

(a) (b) 
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Figure 18 – A built up of 1-4 layers of CFRP test pieces is obtained by sliding all the pieces to the left on top of the 

square piece. 

The test setup for the shooting was to manually fire off the gun, vertically towards the test 

piece fastened in the shooting box placed on steady ground. The shooting distance was of 60 

mm. 

3.3.2 Numerical analysis 

The numerical analyses were performed in ANSYS Workbench. The geometric model of the 

Diabolo pellet was created in Autodesk Inventor and imported to the ANSYS Workbench 

Explicit Dynamics module where the CFRP sample was created. The pellet was then aligned 

at the shooting range of 60 mm, facing the center of the sample. The geometric model is 

shown in figures 19 and 20. 
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Figure 19 – The geometric model for the air gun impact numerical analysis in ANSYS Workbench, seen from the side 

 

Figure 20 – The geometric model for the air gun impact numerical analysis in ANSYS Workbench, seen from an 

isometric view 
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The dimensions of the pellet are realistic dimensions of the Diabolo pellet used in the 

experimental test, and it measures 5,5 mm from front tip to back end.  

The sample also have the same dimensions as the experimental test pieces, with a length and 

width of 100 mm. The thickness was first set to the single layer sample thickness of 0,79375 

mm and then increased by for example x2 or x3 to match the thickness of the double layer and 

the triple layer samples accordingly, as seen in the experimental test. This was done to find 

the limiting thickness for penetration of the pellet. 

To create a finite element (FE) model, an automated mesh was generated in ANSYS 

Workbench. The meshing of the model was limited by the number of elements/nodes allowed 

in the Academic license of ANSYS Structural physics, which is 32 000 nodes/elements. The 

highlighted mesh parameters are seen in table 3, for full list see Appendix B. 

Table 3 – The mesh parameters for the FE model for the air gun impact analysis in ANSYS Workbench 

Physics preference  Explicit 

Relevance 70 

Element Midside Nodes Dropped 

Relevance Center Fine 

Span Angle Center Fine 

Nodes 9193 

Elements 13786 
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A mesh sensitivity analysis was performed by increasing the number of nodes and elements to 

see when the solution to the simulation converged. When a proper mesh was found, it was 

kept the same throughout all the tests with the different sample thicknesses, so that the mesh 

would not have an impact on the results obtained. 

The material assigned to the CFRP sample was the Epoxy Carbon Woven (230 GPa) Wet, 

with pre-defined parameters in ANSYS. The material assigned to the Diabolo pellet was 

Lead, with pre-defined parameters in ANSYS. The parameters of both materials are shown in 

Appendix B. 

A support was placed on all four sides of the CFRP sample to make sure it was constrained. A 

velocity of 160 m/s was set to the pellet in the negative z-direction. 

The end time of the simulation was set to 7x10-4 seconds for the single layer and increased 

with increasing sample thickness to see the full impact reaction of the pellet and the sample.  

The results of this analysis are presented and discussed in chapter 4.2.2. 
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3.3.3 Ice impact 

To see how ice formation would impact the CFRP test pieces, a model was created for 

freezing ice on a device that could be shot out of the air gun. The model was created in 

Autodesk Inventor and 3D-printed by the CubePro Duo printers available in the Department 

of Engineering and Safety at UiT, as seen in figure 21.  

  

Figure 21 – The CubePro 3D printer used for printing ice impact testing device is seen to the left, and a picture taken 

while the device is being printed to the right. 

The device is seen in figure 22 and consists of a cylindric extension that fits into the barrel of 

the air gun (a). On top of the extension a cylindric plate with shapes that allows the ice to 

freeze and adhere on to it (b). On top, a removeable cap to hold the water in contact with the 

cylindric plate while freezing (c).  
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Figure 22 – The finished 3D printed device, with removeable cap.  

(a) Cylindric extension that fits into the barrel of the gun,  

(b) Cylindric plate with shapes (the shapes are hidden under the cap in this picture),  

(c) Removeable cap to freeze the ice 

A spherical shape of ice was frozen on to the cylindric plate, as seen in figure 23. 

  

Figure 23 – The spherical shape of ice frozen on to the device. The pen is just for holding up the device for pictures. 

With the device ready for experiments, it was attached into the barrel of the air gun as seen in 

figure 24. The cap was removed before shooting so that the ice would hit the CFRP test pieces 

directly. 

(a) 

(b) 
(c) 
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Figure 24 – The device for shooting ice on the CFRP test pieces, attached to the air gun. 

For this experiment the thin CFRP samples were cut into 100x100 mm test pieces to fit the 

hole on the shooting box. The box was placed standing up on a plane surface in the height of 

about 1,5 meters to allow for shooting horizontally.  

The experiments were performed shooting with the air gun at a distance of a meter and half a 

meter. 

3.4 Charpy impact 

This study applies the Charpy impact test to the thick CFRP samples, as the thin samples are 

to bendable to break in the Charpy pendulum, which would have provided faulty results.  

The given samples were cut into proper sized test pieces for the Charpy pendulum. According 

to the recommendation given by for example Bader and Ellis [20], based on their own 

experiments, the span-to-thickness ratio LC/d should be 10 or more for trustworthy results. 

In this project, samples with pre-dimensioned thickness d of 5 mm was provided. To meet the 

recommendations for the ratio LC/d the only regulation to be made was the length LC of the 

test pieces.  

By measurements on the Charpy pendulum intended for the project, in addition to running 

tests with different lengths, a proper length LC of 60 mm was found. This gives a span-to-

thickness ratio LC/d as shown in equation (3.23). 
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𝐿𝐶

𝑑
 =  

60 𝑚𝑚

5 𝑚𝑚
 =  12 (3.23) 

It should be noted that the width of the test pieces also could be regulated, but this dimension 

is not affecting the span-to-thickness ratio. While running the tests to find a proper length, 

different widths were also tested. The type of equipment to be used, and the preciseness in 

cutting the pieces, also had to be considered. A proper width of the test pieces was found to be 

about 5 mm. Because of errors during the cutting with a type of hand-held saw (wet tile 

cutter), all the pieces had a variation of width between 5-6 mm. The test pieces are unnotched. 

The number of test pieces was limited to the number of available samples to cut from. A total 

of 60 test pieces were compiled. The 60 pieces were distributed to the three different types of 

tests to be performed: 

 Charpy impact test on test pieces of room temperature (about 22˚C) 

The test was performed on 20 room temperate test pieces. 

 Charpy impact test on test pieces of cold temperature (about -20˚C) 

The test was performed inside the cold room on 20 test pieces having stayed in the 

cold for one week to be sure the pieces had been temperate to the cold 

 Charpy impact test on circulated test pieces 

The test was performed in room temperature on 20 test pieces that have been 

circulated in and out of the cold room 5 times. Starting in room temperature the 

circulating proceeded like this: 

o Room temperature  start-up 

o Cold room    30 min 

o Room temperature   30 min 

o Cold room    30 min 

o ….. continuing until the test pieces have been into the cold room 5 times. 

The Charpy pendulum used for the Charpy tests is shown in figure 25. 
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Figure 25 – The Charpy pendulum used in this project 
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4 Results and discussion 

The results are presented in different subchapters for each of the three types of test performed; 

the four-point bending test, the air gun impact test and the Charpy impact test. For the four-

point bending test and the air gun impact test, there is also undersections which represents the 

experimental results and the numerical results. For the Charpy test, only experimental test has 

been performed, and therefore represented here with just the experimental results. 

4.1 Four-point bending 

4.1.1 Experimental results 

The process of performing the experimental four-point bending test is thoroughly explained in 

chapter 3.2.1, but summed up briefly here; 

Measurements were taken between the lower point of the upper frame and the upper point of 

the lower frame on all four corners. The value for deflection of the beam is the average of the 

four measurements. 

Measurements were taken before applied weight and after applied weight. The applied weight 

was 16,3 kg (159,9 N). 

The difference between the two measurements gives the deflection of the beam at the load 

points, and the results obtained are presented in table 4. 

Table 4 – The obtained results of deflection of the beam in four-point bending 

 Room temperate  

CFRP test pieces 

CFRP test pieces being 

exposed to cold temperature 

for a week 

Deflection of the beam (mm) 0,3475  

(average of four readings) 

0,605  

(average of four readings) 
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The measurements should account for an error of +/- 0,005 mm due to measuring equipment 

sensitivity. 

The deflection is slightly bigger on the test piece that has been exposed to the cold 

temperature for a week. This indicates that the CFRP may have softened or weakened a little 

due to the cold exposure. 

4.1.2 Numerical results 

When a displacement of 0,3475 mm is applied to the load points, the obtained resultant force 

in negative z-direction is 142,42 N. (Appendix A) 

The total deformation of the beam is seen in figure 26. 

 

Figure 26 – The total deformation of the beam 

The deflection of the beam in the z axis is seen in figure 27. 
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Figure 27 – The deflection of the beam in the z axis. 

From the experimental results, it was found that a force in negative z-direction of 159,9 N is 

needed to obtain a deflection of 0,3475 mm. 

This means that there is a difference of 17,48 N (11%) between the experimental and the 

numerical results. This verifies that the material used for the CFRP samples in the numerical 

analyses are right according to the CFRP samples provided for this project. 
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4.2 Air gun impact 

4.2.1 Experimental results 

The visual results of the impact failure mode of shooting through a single layer test piece with 

a thickness of ~0,79 mm is shown in figure 28, shot with Diabolo pellet (a) and Storm pellet 

(b). Both types of pellets have passed right through the test piece, leaving different shaped 

holes only. The carbon fibers in the CFRP have been torn off from each other leaving the 

material scattered out in all directions without cutting off at the back end.  

  

Figure 28 – A visual display of the impact failure mode of shooting through a single layer test piece with an air gun, 

with Diabolo pellets (a) and Storm pellets (b). 

The results of the permeability test performed in room temperature is shown in figure 29, with 

the Diabolo pellet (a) and the Storm pellet (b). Both types of pellets have only penetrated a 

single layer of the CFRP test pieces. At the double layered sequence, the pellet has stopped 

and left residual on the layer, but not passing through. This shows that the CFRP samples are 

permeable at single layer, but not when doubled up to two layers. The test is therefore not 

performed further on 3-4 layers. 

(a) (b) 

FRONT 

BACK 

FRONT 

BACK 

DIABOLO PELLET STORM PELLET 
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Figure 29 – A visual display of the impact failure mode of shooting through (or onto) different number of layers of 

CFRP test pieces with an air gun with Diabolo pellets (a) and Storm pellets (b). The number of layers are defined by 

the number inside the squared sequences of the test piece in the front. 

The results of the permeability test performed in the cold room on test pieces exposed to 

about -28˚C for one week is shown in figure 30. The results are the same as the results of the 

permeability test on room temperate test pieces. Both types of pellets have penetrated a single 

layer of the CFRP test piece, and stopped at the double layered sequence.  

  

(a) (b) 

1 2 

3 4 

1 2 

4 3 

(a) (b) 

1 

3 4 

1 2 

4 3 

2 
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Figure 30 – A visual display of the impact failure mode of shooting through (or onto) different number of layers of 

CFRP test pieces with an air gun with Diabolo pellets (a) and Storm pellets (b). The number of layers are defined by 

the number inside the squared sequences of the test piece in front.  

This shows that the permeability of the CFRP samples are the same after being exposed to 

cold temperature.  

However, it should be noted that the experimental results are limited to tell the number of 

layers needed for the pellet to not be able to penetrate, and it is not possible to determine the 

exact thickness (between single and double layer) where the pellet is being stopped. The 

numerical results are suitable to find this value.  

It should be noted, since the experimental results showed similar results for room temperature 

and cold temperature tests, the numerical tests are performed only with a room temperature 

environment. 
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4.2.2 Numerical results 

The obtained deformation results of the simulation with a sample thickness of ~0,79 mm 

(single layer), seen from the side (from the positive x-direction) is shown in figure 31. The 

pellet has impacted the sample (a), created a hole (deleted elements) and passed through it (b), 

which means failure has occurred. This behavior is in accordance with the experimental 

results of the single layer. 

 

Figure 31 – The obtained results of the single layer simulation in ANSYS Workbench, seen from the side (from the 

positive x-direction) 

The deformation result of the same single layer sample simulation, seen from the front (from 

the positive z-direction) of the sample is shown in figure 32. 

(a) (b) 
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Figure 32 – The obtained results of the single layer simulation in ANSYS Workbench, seen from the front of the 

sample (from the positive z-direction) 

The deformation result of the same single layer sample simulation, seen from the back (from 

the negative z-direction) of the sample is shown in figure 33. 

  

Figure 33 – The obtained results of the single layer simulation in ANSYS Workbench, seen from the back of the 

sample (from the negative z-direction). 

Since the simulation shows that the pellet can penetrate a sample thickness of ~0,79 mm 

(single layer), the thickness of the sample was doubled to ~1,59 mm, which equals the 

experimental double layer. 
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The obtained deformation results of the simulation with a sample thickness of ~1,59 mm 

(double layer) seen from the side (from the positive x-direction) is shown in figure 34. The 

pellet impacts the sample (a), creates a maximum deformation of the sample (b), and then 

bounces back (c). 

 

Figure 34 – The obtained results of the double layer simulation in ANSYS Workbench, seen from the side (from the 

positive x-direction) 

In figure 35, the impact is seen from the front (a) (from the positive z-direction) and from the 

back (b) (from the negative z-direction) of the sample. A failure has occurred, and a hole is 

created in the sample (deleted elements). 

(a) (b) (c) 
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Figure 35 – The obtained results of the double layer simulation in ANSYS Workbench, seen from the front of the 

sample (a) (from positive z-direction) and from the back of the sample (b) (from the negative z-direction). 

The result of the double layer simulation is not in accordance with the experimental results. 

From the experimental results the pellet could not penetrate the test piece, nor did it impact or 

create any failures to it, other than leaving residuals from the pellet itself.  

Even though the pellet visually did not penetrate the sample in the numerical test, a failure 

occurred in the form of deleted elements. When this is transferred to “the real life” it is 

reasonable to think that the carbon fibers of the CFRP samples has opened up and scattered 

out in the same way as seen in the single layer results in chapter 4.2.1, making it possible for 

the pellet to actually penetrate the sample. 

Since the numerical result does not match the experimental result it should be kept in mind 

that the buildup of layers is done different in the two types of tests. In the experiments, the 

thin CFRP samples were laid up on each other to create the double layer, the triple layer and 

so on. In the numerical test in ANSYS Workbench, the CFRP sample were created as one 

sample (one body), starting with a thickness identical to the thin CFRP samples, and then 

creating double layer by increasing the thickness by 2. This means that in the experiment 

there is a marginally thin gap of air in between each layer, which is not considered in the 

numerical test. 

(a) (b) 
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As the numerical results revealed that the pellet in theory could penetrate a double layer 

sample, the thickness was tripled to ~2,38 mm (~0,79 mm x 3) in the next simulation. The 

obtained deformation results of the simulation with this thickness, seen from the side (from 

the positive x-direction) is shown in figure 36. The pellet impacts the sample (a), leaving a 

deformation, then bounces back (b). 

 

Figure 36 – The obtained results of the triple layer simulation in ANSYS Workbench, seen from the side (from the 

positive x-direction). 

  

(a) (b) 
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In figure 37 the impact is seen from the front (a) (from the positive z-direction) and from the 

back (b) (from the negative z-direction).  

  

Figure 37 – The obtained results of the triple layer simulation in ANSYS Workbench, seen from the front of the 

sample (a) (from positive z-direction) and from the back of the sample (b) (from the negative z-direction). 

The impact has not made any visual failures like a hole of deleted elements to the sample. 

This means, according to the numerical results, the pellet cannot penetrate triple layer sample. 

So far, the numerical results have shown that the limiting thickness for penetration is 

somewhere between double layer thickness of ~1,59 mm and triple layer thickness of ~2,38 

mm.  

With this information, the numerical analysis was continued with different sample thickness 

decreasing from the triple layer thickness down to the double layer thickness, trying to find 

the exact thickness where penetration happens. 

At a thickness of ~1,63 mm (which is the single layer thickness times 2,05), there were still 

no failure/holes in the sample, only the same deformation as seen in the triple layer sample. 

This is seen in figure 38, with the impact from the front (a) (from the positive z-direction) and 

from the back (b) (from the negative z-direction). 

(a) (b) 
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Figure 38 – The obtained results of the ~1,63 mm thickness sample simulation in ANSYS Workbench, seen from the 

front of the sample (a) (from positive z-direction) and from the back of the sample (b) (from the negative z-direction). 

Therefore, it was concluded that the limiting thickness for penetration, as found in the 

numerical analysis, is in the range between ~1,59 mm and ~1,63 mm. 

  

(a) (b) 
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4.2.3 Summary of experimental and numerical results 

Because the experimental results and the numerical results obtained from the air gun impact 

test shows differences, all results are summed up in table 5, where the x indicates penetration 

of the pellet through the sample at the given thickness, and – indicates no penetration. 

Table 5 – A summary of the results obtained from the experimental and the numerical air gun impact test. 

 Experimental 

result 

Numerical 

result 

Single layer 

~0,79 mm 

x x 

In the range between single 

and double layer 

~0,79 mm - ~1,59 mm 

x x 

Double layer 

~1,59 mm 

- x 

In the range between double 

layer and single layer x 2,05 

~1,59 mm - ~1,63 mm 

- x 

In the range between single 

layer x 2,05 and triple layer 

~1,63 mm - ~2,38 mm 

- - 

Triple layer 

~2,38 mm 

- - 
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4.2.4 Ice impact 

The set-up for the ice impact test has been described under chapter 3.3.3. Summed up, ice was 

frozen onto the 3D-printed device to form a spherical shape. The device was placed into the 

barrel of the gun. The test samples, cut into 100x100 mm test pieces to fit the hole in the 

shooting box, were fastened to the box, and the box was standing up on a plane surface in the 

height of about 1,5 meters, to allow for shooting horizontally.  

The device with ice on, were shot from the air gun with a distance to the test piece of first one 

meter, and in second try, half a meter. 

The results of the air gun impact test with the use of the 3D-printed ice-device shows that the 

impact of ice shoot onto the CFRP test pieces did not make any visible changes in the 

material of the test pieces, nor any deformation. It should be noted that this result is based 

only on visual inspection, no instruments for detection or measuring of deformation were 

used. 

Based on this results, a decision was made to not perform any further studies of the ice impact 

in this project and the report, even though the test result is mentioned briefly here so it can be 

noted by the reader. 

4.3 Charpy impact 

Summed up, the Charpy impact tests were performed on test pieces with three different 

temperature settings:  

 Charpy impact test on test pieces of room temperature (about 22˚C) 

 Charpy impact test on test pieces of cold temperature (about -20˚C) 

 Charpy impact test on circulated test pieces 

Each type of test had 20 test pieces designated to them, 60 pieces in total. During the testing, 

unrealistic high numbers was discarded, along with the tests that gave faulty results for other 

reasons (human error in operation with the Charpy pendulum). The three different tests gave 

18 valid test results each, a total of 54. This means that the average in the quantitative results 

is calculated from 18 test runs at each temperature setting. 
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The qualitative results are presented in table 6 (Appendix D), and they are independent of 

temperature. 

Table 6 – The qualitative results of the Charpy test 

 Cut off 

(Fiber-dominated failure) 

Delamination 

(Matrix-dominated failure) 

Total 

Number of failures # 13 41 54 

Percentage % 24 76 100 

A visual display of the two types of failures is shown in figure 39. The results show a 

domination of delamination failures (a) which indicates failure in the matrix. Cut off failures 

(b) which indicates failure in the fibers are underrepresented.

 

Figure 39 – A visual display of the qualitative results of the Charpy test 

(a) 

(b) 
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It should be noted that even if test piece (b) has been cut in two, some delamination has also 

happened in the layers close to the cut during the impact process. 

The quantitative results of the Charpy impact test is shown in table 7 (Appendix D). 

Table 7 – The quantitative results of the Charpy test 

 

 

Highest  

reading (Nm) 

Lowest  

reading (Nm) 

Average  

(Nm) 

Standard 

Deviation (Nm) 

Room 

temperature  

(about 22 ˚C) 

8,34 3,83 5,89 1,34 

Cold room 

(about -20 ˚C) 

8,04 3,34 5,31 1,53 

Cyclic 8,53 02,94 5,36 1,63 

The results are given in Nm. The direct reading from the Charpy pendulum is on the other 

hand given in kpm. The equation for converting from kpm to Nm is given: 

1 𝑘𝑝𝑚 × 9,81 
𝑚

𝑠2
 = 9,81 𝑁𝑚  

The results are showing that the average amount of energy that the CFRP samples can absorb 

before failure occurs is 5,89 Nm in room temperature, with a standard deviation of 1,34 Nm. 

After one week in the cold room at about -20 ˚C the rate of energy absorption has dropped by 

9,85% to 5,31 Nm, with a standard deviation of 1,53. The result after the cyclic exposure to 

the cold room also shows a drop in the rate of energy absorption by 9% to 5,36 Nm, with a 

standard deviation of 1,63.  

The difference in the average value between the exposure to cold room for one week and the 

cyclic exposure to the cold room is of 0,05 mm and that is a negligible difference in this 

matter.  
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That means that a general exposure to cold temperatures weakens the CFRP samples by about 

9-10% even after a short time. However, it is important to note that the experimental results 

had a significant standard deviation. This was because of the quality of the test pieces, the 

cutting process, etc. Nonetheless the above finding is reasonable for the engineering design 

studies. 
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5 Summary and Conclusion 

From the four-point bending test, a slightly bigger deflection was found in the CFRP samples 

exposed to cold temperature, compared to the room temperate test pieces, meaning that the 

exposure to the cold has softened/weakened the CFRP samples. 

When the experimental results of four-point bending on the room temperate CFRP test pieces 

were compared to the numerical results, a difference of 17,48 N was seen. For the engineering 

design studies, this difference is insignificant, and the result verifies that the material used for 

the numerical analyses are comparable with the actual CFRP samples provided for this 

project. 

From the air gun impact test, the limiting thickness for penetration in the CFRP samples were 

found to be slightly different in the experiments and the numerical test. From the 

experimental results, it was concluded that the limit exists somewhere in the range between 

~0,79 mm and ~1,59 mm, which equals the range of thickness between single layer and 

double layer sample. This result was the same for samples exposed to cold temperature and 

the room temperate samples. From the numerical results, it was concluded that the limit exists 

somewhere in the range between ~1,59 mm and ~1,63 m, which equals the range of thickness 

between single layer sample thickness and single layer x 2,05 sample thickness. 

Summed up, this means that the limiting thickness for penetration is in the range between 

~0,79 mm and ~1,63 mm, and the result is the same in the samples exposed to the cold 

temperature and the room temperate samples. 

From the Charpy impact test, it was found that a general exposure to cold temperatures 

weakens the CFRP samples by about 9-10% even after a short time.  

By looking at all the results, it is reasonable to conclude that the strength of the CFRP 

samples decreases some, when exposed to the cold. It is hard to state exactly how much, 

but an estimate of about 10% decrease in strength seems realistic. 
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6 Challenges 

Some minor and major challenges were faced during the work with this project, and they are 

briefly explained here. 

 Limited amount of CFRP samples provided for the project 

It was provided 6 thin samples and 2 thick samples for this project, all of them about 

300x300 mm in size. This limited the amount of test pieces that could be cut out of the 

samples, and this again limited the number of tests. 

 

 Limitations in available equipment 

The equipment available for this project was limited to what was available in the 

university, in addition to the equipment that could be bought for the 5500 NOK 

granted for the project, by the university. One major challenge in the beginning was to 

find equipment for cutting the samples into smaller test pieces. Different kind of 

scissors were first tried, all from regular ones to more advanced handheld scissors. It 

was found that a metal scissor worked quite OK for the thin samples, but for the thick 

samples, something more advanced was necessary. After trying out different types of 

cutters and saws, it was found that a wet tile cutter could do the work quite nicely. It 

should be noted though, that HSE concerns needs to be considered for cutting carbon 

fiber. It creates sharp edges of splint fibers and particulate matter that could be 

unhealthy or dangerous. 

 

This challenge took quite a lot of time and effort to figure out in the beginning of the 

project. Also, the cutting it selves took a good portion of time because of the HSE 

concerns. This delayed the start-up time for the experiments. 

 

The equipment for performing the tests was also limited in the university. The only 

test device available, relevant for this project was the Charpy pendulum. The four-

point bending test device had to be built by hand from scratch. The shooting box for 

the air gun impact test was also constructed to provide for safety under the 

experiment. 
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 Computer problems 

It was a challenge to run the simulations in ANSYS Workbench on a regular private 

computer because it could not handle the computational load of the simulations. When 

the supervisor was made aware that a lot of students using ANSYS for their project 

were struggling with the same problem, the decision was made in the university to 

order in some computers (Lenovo P910) with the ability of solving big problems in 

ANSYS. These computers arrived at the beginning of May. So, the simulations 

presented in this report were carried out in May, with less than 1 month left to due 

date for the MS thesis. 

 

 Cold room temperature 

Students have no option to control the temperature in the cold room. The temperature 

is being controlled externally. Other people are also using the cold room frequently 

and factors as opening and closing of the door will have short term effects on the 

temperature. However, the temperature is assumed to be held between -10˚C and -

30˚C. 

7 Future work 

Time and resources was limited in this project. It is possible to expand the work presented in 

this report or build new projects with basis in this project. A few suggestions of future work 

are presented here: 

 With more CFRP samples available it is possible to perform the experiments in a 

larger scale, with more test runs. 

 

 Comparison of different types of CFRP samples, for example a comparison of the 

characteristics of quasi-isotropic samples with the characteristics of non-quasi-

isotropic samples. 

 

 Perform more types of tests if equipment is available, for example a tensile test. 
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Appendix A – ANSYS Workbench data of the four-point bending test 
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Appendix B – ANSYS Workbench data of the air gun impact test 
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Appendix C – Speed test of Diabolo pellet 
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Appendix D – Charpy test results 
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