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ABSTRACT 

Carbon Fiber Reinforced Polymer (CFRP) composites have emerged as a 

major class of structural materials that have a significant potential use as a 

substitute for metals in aerospace, marine, automotive, and architecture 

due to their higher-strength-to-weight-ratio. CFRP is well suited for various 

applications, but their mechanical properties such as ‘low-velocity impact 

resistance’ are not well studied. In this study, the low-velocity impact 

resistance of CFRP woven composite was investigated with the help of 

Charpy impact tests. The CFRP samples were tested at room temperature 

(22°C) and at low temperature (-20°C). The experimental results indicated 

about 10% drop in energy-absorbing capability of CFRP samples at low 

temperatures in comparison to room temperature. The experimental results 

obtained for the room temperature were validated through finite element 

simulations using ANSYS® Workbench Explicit Dynamics. The mesh 

sensitivity analysis was performed to improve the accuracy of the finite 

element model. The numerical results helped to narrow down on the CFRP 

material properties that changed with temperature drop. It was found at 

-20°C, orthotropic Elasticity (Young’s moduli in three mutually perpendicular 

directions) increases for CFRP woven composite as compared to room 

temperature (22°C), however the CFRP become brittle and there is a 

significant drop in their toughness. The current outcomes are useful for 

applications using CFRP under impact loading at low temperatures. 

 

 

1. INTRODUCTION  

Carbon Fiber Reinforced Polymer (CFRP) has emerged as a promising material in automotive 

aerospace and structural engineering due to higher specific strength, specific rigidity, and 

corrosion resistance as well as its lighter weight properties compared to those of metal 

materials [1,2]. Composite materials consist of two parts: the matrix and reinforcement. In 

CFRP, the reinforcement is carbon fiber, which provides the strength and rigidity. The matrix 

consists of a polymer resin, such as epoxy, to bind the reinforcements together. Since CFRP 

consists of two distinct elements, the material properties depend on these two elements 

according to the rule and inverse rule of mixtures. 
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It should be noted that Young's Modulus changes with direction along the material. 

Therefore, CFRP is considered an anisotropic material [3, 4]. CFRP unlike metals have 

complex fracture mechanisms such as fiber fracture, fiber separation from interface, and 

delamination that makes fracture toughness of CFRP a complex phenomenon. Despite many 

superior properties of CFRP over metals they are susceptible to damages caused by low 

velocity impact during service that reduces their performance to a great extent [5-12]. 

Therefore, it is very crucial to understand the variation in fracture toughness of CFRP when 

subjected to low velocity impact at various temperatures. 

Charpy impact test is a standardized testing method to determine fracture toughness of a 

material [13]. This high strain-rate test as shown in Figure 1, measures the material’s ability 

to absorb energy before failure and it is often used as an effective tool to study temperature 

dependent ductile-brittle behavior. During the Charpy impact test standardized sample 

material is used to calculate material toughness under specific conditions i.e. mounting, 

notching and pendulum velocity at impact. A specimen is stroked with a controlled weight 

pendulum swung from a set height as seen in Figure 1 [14-16]. 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 [15, 16]. 

 

 
Figure 1: A schematic of the Charpy pendulum impact machine [14]. 

 

The fracture toughness is often measured by calculating the area under the stress-strain 

curve as shown in Figure 2. Brittle materials fracture at low strains and absorb little energy. 

Conversely, ductile materials fail after significant plastic strain (deformation), absorb more 

energy, and thus described as tough [17]. 
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Figure 2: Stress-strain curve of ductile and brittle materials [17]. 

 

Modulus of elasticity or Young’s modulus is a numerical constant that describes the elastic 

properties of a material. It explains how much material will stretch or compresses (strain) in 

relation to the applied stress till the yield point [18]. Stress strain relationship was studied with 

the help of thermography by Stange et al., [19,20]. A 2-D stress analysis technique was also 

discussed by Khawaja et al. [21]. Every material has a unique value for the elastic modulus. 

The two equations for the calculation of the net elastic modulus of woven composite 

materials takes into account the layout of carbon fibers and proportion of carbon fibers 

compared to matrix [22]. 

Rule and inverse rule of mixtures for woven composites [22, 23] are shown in Equations 

(1-3) as given below. The rule of mixture is stated in Equation (1),  

 𝐸𝐸1 = 𝐸𝐸𝑓𝑓𝑓𝑓𝑣𝑣𝑓𝑓𝑓𝑓 + 𝐸𝐸𝑓𝑓𝑓𝑓𝑣𝑣𝑓𝑓𝑓𝑓 + 𝐹𝐹𝑚𝑚𝐸𝐸𝑚𝑚𝑣𝑣𝑚𝑚                                        (1) 

 

where 𝐸𝐸𝑓𝑓𝑓𝑓  is the fiber modulus in longitudinal direction, 𝐸𝐸𝑓𝑓𝑓𝑓 is fiber modulus in transverse 

direction, 𝐸𝐸𝑚𝑚 is matrix modulus, 𝐹𝐹𝑚𝑚 is matrix mechanical property retention ratio, 𝑣𝑣𝑓𝑓𝑓𝑓  is 

volume fraction of fiber in longitudinal direction, 𝑣𝑣𝑓𝑓𝑓𝑓is volume fraction of fiber in transverse 

direction, and 𝑣𝑣𝑚𝑚 is volume fraction of matrix. 
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In pseudo isotropic woven composites, the values of Young’s moduli in longitudinal  

(x-direction) and transverse (y-direction) can be assumed to be same as shown in Equation 

(2), 

 𝐸𝐸2  =  𝐸𝐸1                                           (2) 

 

where 𝐸𝐸1 is composite Young’s modulus in x direction and 𝐸𝐸2 is composite Young’s modulus 

in y direction. 

Young’s modulus can be calculated in z-direction using the inverse rule of mixture as 

shown in Equation (3),  

 1𝐸𝐸3  =  
1𝐸𝐸𝑓𝑓𝑓𝑓 𝑣𝑣𝑓𝑓  +  

1𝐹𝐹𝑚𝑚𝐸𝐸𝑚𝑚𝑣𝑣𝑚𝑚                                  (3) 

 

where 𝐸𝐸3 is composite Young’s modulus in z direction. 

Failure strain describes materials ability to elongate before failure [24]. It includes both 

strains in the elastic and the plastic region. A ductile material has a lower elastic modulus 

(stiffness) but a larger deformability or failure strain. When a material undergoes changes 

from ductile to brittle nature due to temperature variation, both stiffness and failure strain 

values changes considerably to account for the reduction in area under the stress strain curve. 

 

2. METHODOLOGY 

Charpy impact tests were performed in the Safety Lab and the Process Lab at UiT, The Arctic 

University of Norway. The cold room in the Safety Lab was used for exposure of the CFRP 

samples to -20°C. Results were recorded for tests performed at room temperature and cold 

room. By using the rule of mixtures, inverse rule of mixtures and matrix mechanical property 

retention ratio, stiffness of CFRP sample were calculated for 22°C and -20°C. 

The numerical analyses for the tests were then performed in ANSYS Workbench Explicit 

Dynamic module [25-27]. By using the value of initial velocity of Charpy hammer as obtained 

by calculations from experimental results and stiffness values for room temperature, 

simulations were set up. After setting up the room temperature simulation, stiffness values 

were changed to cold temperature values and results were matched with the experiments. 

 

2.1. CFRP test specimen 

Test samples used in this study were from the DragonPlate®, manufactured by Allred and 

Associates Inc., Elbridge, New York [28]. The CFRP samples used were EconomyPlate™ 

solid carbon fiber sheet ~ 5 mm x 304.8 mm x 304.8 mm [29]. EconomyPlate™ sheets 

comprised of orthotropic (non-quasi-isotropic) at 0°/90° orientation laminates (Figure 3), 

while maintaining a symmetrical and balanced laminate. EconomyPlate™ composed entirely 

of a tough and rigid carbon reinforced epoxy matrix, with textured finish on both sides. 

Samples were cut into smaller pieces for test purposes (Figure 4). 
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Figure 3: 0°/90° Orientation Laminate 

 

 

Figure 4: CFRP sheet used in test 

 

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

measured. One of the geometric variables is the span-to-thickness ratio (𝐿𝐿𝑐𝑐/𝑑𝑑), as seen in 

Figure 5. 

  



148 

 
Multiphysics Analysis of CFRP Charpy Tests by varying Temperatures 

 

 

 

 
Figure 5: The span-to-thickness ratio (𝐿𝐿𝑐𝑐/𝑑𝑑) of a test piece of CFRP 

 

According to the recommendation given by Bader and Ellis [30], the span-to-thickness 

ratio 𝐿𝐿𝑐𝑐/𝑑𝑑 should be 10 or more for trustworthy results. In this project, samples with pre-

dimensioned thickness 𝑑𝑑 of 5 mm were provided. To meet the recommendations for the 

ratio 𝐿𝐿𝑐𝑐/𝑑𝑑, the length 𝐿𝐿𝑐𝑐 of the test pieces was adjusted.  

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

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

thickness ratio 𝐿𝐿𝑐𝑐/𝑑𝑑 as shown in Equation (4), 

 

 
𝐿𝐿𝑐𝑐𝑑𝑑 =

60 𝑚𝑚𝑚𝑚5 𝑚𝑚𝑚𝑚  =  12                                                        (4) 

 

where 𝐿𝐿𝑐𝑐/𝑑𝑑 is span-to-thickness ratio. 

 

2.2. Charpy test 

The test pieces used for the Charpy impact test were un-notched. Each type of test had 20 test 

pieces designated to them. This was done to minimize human error in operation with the 

Charpy pendulum. Following tests were performed: 

 

• Charpy impact test on test pieces at room temperature (about 22°C). The tests were 

performed on 20 test pieces. 

• Charpy impact test on test pieces at cold temperature (about -20°C). The tests were 

performed inside the cold room on 20 test pieces, after keeping the samples in the cold 

temperature for one week to enable the pieces attain the temperature of the cold room. 

 

The Charpy impact-testing machine used in this study is shown in Figure 6. The apparatus 

consists of a pendulum of known mass and length that is dropped from a known height to 

impact a specimen of material. The energy transferred to the material can be inferred by 

comparing the difference in the height of the hammer before and after the fracture (energy 

absorbed by the fracture event). 
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Figure 6: The Charpy testing machine used in this research. 

 

2.3. Numerical Analysis 

The numerical analyses were performed in ANSYS® Workbench Explicit Dynamics module 

[25-27]. The material for the Charpy hammer-edge and support blocks was chosen to be 

Charpy steel from the ANSYS® material library. The material assigned to the CFRP sample 

was the Epoxy Carbon Woven (230GPa) Wet, with pre-defined parameters in ANSYS®, 

except for stiffness values that were manually entered. As the CFRP sample used in the Charpy 

impact test was woven so the Young’s moduli in X and Y direction were calculated by rule of 

mixtures (as shown in Table 1) to have similar values. The modulus in Z direction was 

calculated through inverse rule of mixtures as the Z direction is transverse to the fiber 

direction. As the CFRP sample was made of five plies, the resultant stiffness values of the 

entire lamina were calculated as shown in Table 1. 

The geometric model is shown in Figure 7. Symmetry was used on the model in negative 

x-direction and positive y-direction (as shown in Figure 7(a)) to ease the computational load 

of the simulation. The dimensions of the CFRP test piece, the Charpy hammer edge and the 

support points are the same as in the experimental test as shown in Figure 7(b). Initial velocity 

assigned to the Charpy hammer-edge before impact was 3.87m/s in ANSYS® simulation as 

shown in Figure 8(a). The Charpy machine support blocks were fixed as shown in Figure 8(b) 

as per the experimental setup. 
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Table 1: Calculated values of orthotropic stiffness values from rule and inverse 
rule of mixtures. 

 𝑬𝑬𝟏𝟏 = 𝑬𝑬𝟐𝟐 

for single ply (GPa) 

𝑬𝑬𝟑𝟑 

for single ply (GPa) 

Room Temperature (22°C) 59.024 6.30 

Cold Temperature (-20°C) 59.334 7.01 

 

 
(a) Quarter geometric model 

 
b) Finite element mesh (expanded model) 

 

Figure 7: Charpy hammer-edge and CFRP sample 

  



151 Int. Jnl. of Multiphysics Volume 14 · Number 2 · 2020 

 

 

 

 
(a) Initial velocity (3.87 m/s) specified to the Charpy hammer-edge 

 

 

(b) Fixed support block 

 

Figure 8: Initial and boundary conditions 
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The Simulation model parameters are shown in Table 2. The body interactions were 

assigned frictional contacts with static and dynamic coefficient of friction values of 0.83. 

Friction coefficients were determined after performing several simulations and gradually 

increasing the coefficients, the final values are shown in Table 3. 

 

 
Figure 9: ANSYS® Workbench software-window 

 

Table 2: Simulation model parameters (ANSYS® Explicit Dynamic) 

Stiffness Behavior Flexible 

Reference Temperature By Environment 

Reference Frame Lagrangian 

Material Assignments Charpy-Steel Epoxy Carbon 

Woven  

(230GPa) Wet 

Charpy-Steel 

Volume 1.95e-007 m³ 3.75e-007 m³ 1.6397e-007 m³ 

Mass 0.57907 kg 5.4412e-004 kg 0.48692 kg 

Nodes 1610 1008 726 

Elements 1188 630 445 

 

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

Workbench. A mesh sensitivity analysis was performed by increasing the number of nodes 

and elements to see when the solution to the simulation converged. Figure 9 shows the 

software-window of the explicit dynamic analysis in ANSYS® Workbench. 
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Table 3: Body Interactions from ANSYS® simulation 

Object Name Frictional - Solid to Solid 

State Fully Defined 

Definition 

Type Frictional 

Friction Coefficient 0.83 

Dynamic Coefficient 0.83 

Decay Constant 0. 

Scope Mode Automatic 

 

3. RESULTS AND DISCUSSIONS 

3.1. Experimental Results 

Table 4 illustrates experimental values of the Charpy test as obtained by using CFRP samples 

at room and cold temperature. Results indicates about 10% drop in energy absorbing capability 

of CFRP woven composite in cold room (-20°C) as compared to room temperature (22°C) 

 
Table 4: Experimental Results 

 Highest  

Reading  

(Nm) 

Lowest  

Reading  

(Nm) 

Average 

(Nm) 

Standard 

deviation  

(Nm) 

Room Temp (22°C) 8.34 3.83 5.89 1.34 

Cold Temp (-20°C) 8.04 3.34 5.31 1.53 

 

From the initial and final energy values of the Charpy test, velocities were calculated by 

using the mass of the Charpy hammer and standard kinetic energy equation as shown in Table 

5 and 6. Calculated velocities are shown in Table 7. Mass of Charpy hammer was found to be 

equivalent of 1.948 kg. Figure 10 shows the qualitative results of the Charpy test. Room 

temperature shows ductile failure whereas cold temperature illustrates brittle failure. 

 

Table 5: Room temperature (22°C) calculations 

Energy value recorded from Charpy machine without sample  14.6 J 

Energy drop after impact with CFRP sample at room temperature (20°C) 5.89 J 

Energy remaining of Charpy hammer 8.71 J 

Initial velocity of Charpy edge before impact = �14.6 × 2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �−12 3.87 m/s 

Final velocity of Charpy edge after impact = �8.71 × 2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �−12 2.99 m/s 

 
Table 6: Cold temperature (-20°C)calculations 

Energy value recorded from Charpy machine without sample  14.6 J 

Energy drop after impact with CFRP sample at room temperature (20°C) 5.31 J 

Energy remaining of Charpy hammer 9.29 J 

Initial velocity of Charpy edge before impact = �14.6 × 2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �−12 3.87 m/s 

Final velocity of Charpy edge after impact = �9.29 × 2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �−12 3.08 m/s 
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Table 7: Calculated velocities from experimental Results 

 Initial velocity of Charpy  

hammer edge (m/s) 

Final velocity of Charpy 

hammer edge (m/s) 

Room Temperature (22°C) 3.87 2.99 

Cold Temperature (-20°C) 3.87 3.09 

Velocity difference -0.10 

 

 
Figure 10: A visual display of the CFRP failure after Charpy experimental test. 
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3.2. Numerical Analysis 

The simulated Charpy tests of CFRP woven composite material in the explicit dynamics’ 

analysis are presented in Figure 11. The test specimen exhibited an approximately equal 

deformation behavior as of that observed from the physical experiments. 

 

 
(a) 

 

 
(b) 
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(c) 

Figure 11: CFRP woven composite Charpy test simulations. 

 

Final velocities that were recorded are given in Table 8. The directional velocities’ curves 

for room and cold temperature simulations are shown in Figure 12. It was noted that velocities 

recorded from the simulations were in close agreement to the velocities obtained from the 

experiments. 

 
Table 8: Velocity results of Charpy hammer edge from ANSYS® simulations. 

 Initial velocity of Charpy 

hammer edge (m/s) 

Final average velocity of 

Charpy hammer edge (m/s) 

Room Temperature (22°C) 3.87 2.97 

Cold Temperature (-20°C) 3.87 3.11 

Velocity difference -0.14 

 

From the velocity versus time curves that were obtained from simulations, it was observed 

until 5.5E-03 seconds the velocity drop of Charpy hammer was almost similar for both curves. 

However after 5.5E-03 seconds Charpy hammer velocity dropped to 3.11m/s in cold 

temperature (-20°C) before stabilizing where as in room temperature this velocity drop was 

more pronounced up to 2.97m/s due to ductile behavior of CFRP that enables the material to 

absorb more energy prior to complete failure. 

  



157 Int. Jnl. of Multiphysics Volume 14 · Number 2 · 2020 

 

 

 

 
Figure 12: Velocity vs time curves of Charpy hammer edge for room temperature 

(22°C) and cold temperature (-20°C) from ANSYS® simulations. 

 

Orthotropic elasticity values (stiffness values) that gave the same velocities as obtained 

from the experimental results were obtained from the ANSYS® simulation as shown in Table 

9. These Orthotropic elasticity values were compared with the analytical solution that was 

obtained by using the rule and inverse rule of mixtures. Upon comparison as shown in Table 

10, numerical values were found to be in good agreement with the analytical solution. 

 

Table 9: Calculated values of orthotropic stiffness values from ANSYS® simulations. 

 𝑬𝑬𝟏𝟏 = 𝑬𝑬𝟐𝟐  

for single ply (GPa) 

𝑬𝑬𝟑𝟑  

for single ply (GPa) 

Room Temperature (22°C) 59.034 6.35 

Cold Temperature (-20°C) 59.40 7.04 

 

To analyze the energy drop, of the Charpy hammer edge from ANSYS® simulation study, 

kinetic energy values were obtained as shown in Table 11. Kinetic energy drop, and 

percentage of energy difference was calculated (Table 11). From simulation energy results, 

CFRP samples absorb 9.5 percent less energy in cold temperature (-20°C) as compared to 

room temperature (22°C). In addition, the experimental and numerical results were well 

aligned that proves the authenticity of the numerical study.  
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Table 10: Comparison between analytical and ANSYS® simulation 

orthotropic stiffness values. 

Room Temperature (22°C) Analytical Numerical Difference 𝐸𝐸1 = 𝐸𝐸2 for single ply (GPa)  59.024 59.034 0.01 𝐸𝐸3 for single ply (GPa)  6.30 6.35 0.05 

Cold Temperature (-20°C) Analytical Numerical Difference 𝐸𝐸1 = 𝐸𝐸2 for single ply (GPa)  59.334 59.40 0.066 𝐸𝐸3 for single ply (GPa)  7.01 7.04 0.03 

 

Table 11: ANSYS® simulation kinetic energy (K.E.) results. 

 Initial K.E. of 

Charpy hammer 

edge (J) 

Final K.E. of 

Charpy hammer 

edge (J) 

Loss K.E. of 

Charpy hammer 

edge (J) 

Room Temperature (22°C) 14.6 8.71 5.89 

Cold Temperature (-20°C) 14.6 9.27 5.33 

Difference  -9.5% 

 

4. CONCLUSION 

From the Charpy impact test, it was found that exposure to cold temperature (-20°C) reduces 

the energy absorption capability of CFRP woven samples by about 10%. It is reasonable to 

account that at low temperatures CFRP samples become less tough (brittle) as the area under 

the stress strain curve reduces significantly. ANSYS® dynamic model successfully validated 

drop in toughness of CFRP woven samples at low temperature. Hence, at low temperatures 

stiffness values (Young’s Moduli) increases as successfully validated from ANSYS® 

simulations results.   

Based on the Charpy impact test and numerical analysis (performed by using ANSYS® 

Explicit Dynamic software) conclusion was drawn that at low temperatures CFRP woven 

samples tend to become stiff and fractures with less energy absorption. Such results provide 

useful insight while designing components from CFRP woven materials to function in cold 

environments. 
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