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SUMMARY 

The tensile and flexural properties and fracture behaviour of ultrahigh/high strength and 

high modulus PAN-based (T1000GB, T300 and M60JB), ultrahigh modulus pitch-based 

(K13D) and high ductility pitch-based (XN-05) carbon fibres have been investigated.  

The statistical distributions of the tensile and flexural strength were characterized. 
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INTRODUCTION 

Polyacrylonitrile (PAN)- and pitch-based carbon fibres are widely used as a 

reinforcement in composite materials such as carbon fibre reinforced plastics, carbon 

fibre reinforced ceramics, carbon-carbon composites and carbon fibre reinforced metals, 

because of their high specific strength and modulus.  Such composites have become a 

dominant material in the aerospace, automotive and sporting goods industries [1-3].  

Currently, carbon fibres are derived from several precursors, with polyacrylonitrile 

(PAN) being the predominant precursor used today.  The physical and mechanical 

properties of carbon fibres vary according to the precursor material and heat treatment 

conditions.  PAN-based carbon fibres generally have high strength, high modulus and 

low density (1.75-2.00 g/cm
3
).  Carbon fibres can also be made from pitch and pitch-

based carbon fibres tend to have high modulus, high thermal and electrical 

conductivities [4].  Extensive work has been conducted to study the texture, morphology 

and mechanical properties of PAN- and pitch-based carbon fibres [5-7]. 

The trends toward the development of carbon fibres have been driven in two directions; 

high strength fibres with very high tensile strength and a fairly high strain to failure 

(~2 %) and high modulus fibre with very high stiffness.  Today, a number of ultrahigh 

strength (more than 6 GPa) PAN-based and ultrahigh modulus (more than 900 GPa) 

pitch-based carbon fibres have been commercially available.  However, the mechanical 

properties of these ultrahigh strength and ultrahigh modulus carbon fibres have not yet 

been well documented. 



In the present work, the tensile and flexural tests of single filaments for commercially 

available ultrahigh strength PAN-based, ultrahigh modulus pitch-based and high 

ductility pitch-based carbon fibres were performed to evaluate the potential of them.  

The tensile and flexural test of high strength and high modulus PAN-based carbon 

fibres were also performed for comparison.  The Weibull distributions of the tensile and 

flexural strength were evaluated. 

 

EXPERIMENTAL 

Materials 

Carbon fibres used in this study were an ultrahigh strength PAN-based (T1000GB), an 

ultrahigh modulus pitch-based (K13D) and a high ductility pitch-based (XN-05) carbon 

fibres.  A high strength PAN-based (T300) and high modulus PAN-based (M60JB) 

carbon fibres were also tested for comparison.  PAN-based carbon fibres were supplied 

from Toray Industries, Inc.  The XN-05 pitch-based carbon fibres were supplied from 

Nippon Graphite Fiber Corp. and the K13D pitch-based carbon fibre was supplied from 

Mitsubishi Plastics, Inc. All the as-received fibres had been subjected to commercial 

surface treatments and sizing (epoxy compatible sizing). 

 

Specimen Preparation 

Single filament carbon fibre specimens were prepared on the stage with the help of a 

stereoscope.  A single filament was selected from carbon fibre bundles and cut 

perpendicular to the fibre axis by a razor blade.  All specimens were stored in a 

desiccator at 20 ± 3 °C and at 10 ± 5 % relative humidity prior to testing. 

 

Tensile Test 

Tensile tests of single carbon fibres were performed using a universal testing machine 

(Shimadzu, Table top type tester EZ-Test) with a load cell of 10 N.  The tensile 

specimen was prepared by fixing the filament on a paper holder with an instant 

cyanoacrylate adhesive, as reported elsewhere [8, 9].  The specimen was set up to the 

testing machine.  The holder was cut into two parts, before testing.  The gauge length of 

25 mm and crosshead speed of 0.5 mm/min were applied.  All tests were conducted 

under the laboratory environment at room temperature (at 23 ± 3 °C and 50 ± 5 % 

relative humidity).  Twenty specimens were tested for all carbon fibres.  Tensile 

properties were determined according to ASTM D3379 [8]. 

 

Flexure Test 

Three point bending tests of single carbon fibres were performed on a test fixture with 

X-Y stage and razor blade supports (radius of curvature was 600 nm) using a universal 

testing machine (Shimadzu, Table top type tester EZ-Test) with a micro-load cell of 50 

mN (Kyowa, LVS-5GA) and the load was introduced using a razor blade.  In this study, 

the span length of 200 µm was used.  Specimens were placed on razor blade supports 



and a load was applied quasi-statically at a crosshead speed of 0.5 mm/min.  All tests 

were conducted under the laboratory environment at room temperature (at 23 ± 3 °C and 

50 ± 5 % relative humidity).  Twenty specimens were tested for all carbon fibres.  

 

Fracture Surface Observation 

After testing, fracture surfaces of the carbon fibres were examined using a JSM 6500F 

field emission scanning electron microscope (SEM). 

 

RESULTS AND DISCUSSIONS 

Tensile Test 

Figure 1 shows typical tensile stress-strain (σ - ε) curves for ultrahigh strength PAN-

based (T1000GB), ultrahigh modulus pitch-based (K13D), high ductility pitch-based 

(XN-05), high strength PAN-based (T300) and high modulus PAN-based (M60JB) 

carbon fibres from single fibre tensile testing. 

 

 

Figure 1 Typical tensile stress-strain curves for PAN- and pitch-based carbon fibres. 

 

For the T1000GB and K13D fibres, the stress applied to the specimen was almost 

linearly proportional to the strain until failure.  Similar linear stress-strain behavior was 

observed in the T300 and M60JB fibres.  However, for the XN-05 fibre, the stress-strain 

curve was shown slightly non-linear.  The average tensile modulus (Ef), strength (σf) 

and failure strain (εf) were shown in Table 1.  The results showed that the T1000GB 

fibre has an average tensile strength of 5.69 ± 1.02 GPa.  The K13D fibre has an 

average tensile modulus of 940 ± 48 GPa.  The XN-05 fibre has a failure strain of 2.82 

± 0.37 % although the tensile modulus and strength are quite low. 

 



Table 1 Physical properties of PAN- and pitch-based carbon fibres.  

PAN-based Pitch-based 

Fibre 

T1000GB T300 M60JB K13D XN-05 

Tensile modulus  

Ef (GPa) 

291          

(11) 

221          

(13) 

521          

(37) 

940          

(48) 

41              

(2) 

Tensile strength   

σf (GPa) 

5.69      

(1.02) 

3.20      

(0.49) 

3.38      

(0.63) 

3.21      

(0.81) 

1.10      

(0.15) 

Failure strain        

εf (%) 

2.06      

(0.40) 

1.46      

(0.25) 

0.66      

(0.11) 

0.36      

(0.08) 

2.82      

(0.37) 

Flexural strength 

σf (flexure) (GPa) 

8.19      

(0.72) 

5.20      

(0.47) 

3.92      

(0.35) 

2.09      

(0.18) 

3.04      

(0.26) 

 

Flexure Test 

Figure 2 shows typical load-deflection (P - δ) curves for ultrahigh strength PAN-based 

(T1000GB), ultrahigh modulus pitch-based (K13D), high ductility pitch-based (XN-05), 

high strength PAN-based (T300) and high modulus PAN-based (M60JB) carbon fibres.  

The load was almost linearly proportional to the deflection at the beginning of loading 

(linear deformation region).  Subsequently, a transition from linear to nonlinear 

deformation occurred with an increase in applied load until the load reached its 

maximum.  Afterwards, the load decreased gradually with an increase in deflection until 

fracture of the fibre occurred. 

 

 

Figure 2 Typical load-deflection curves for PAN- and pitch-based carbon fibres 

 



The flexural stress for the three point bending test was calculated based on a simple 

beam theory and the flexural strength, σf (flexure) of these carbon fibres is defined as 

maximum flexural stress.  The flexural strength, σf (flexure) for these carbon fibres was 

also shown in Table 1.  The flexural strengths of the T1000GB, XN-05, T300 and 

M60JB fibres are higher than their tensile strength.  However, the flexural strength of 

the K13D fibre is lower than its tensile strength. 

 

Weibull Modulus 

The results shown in Table 1 clearly indicate that there is an appreciable scattering of 

tensile and flexural strength.  The statistical distribution of fibre strengths is usually 

described by means of the Weibull equation [10].  The two-parameter Weibull 

distribution is given by 
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where PF is the cumulative probability of failure of a carbon fibre at applied tensile or 

flexural strength σi, mi is the Weibull modulus (Weibull shape parameter) of the carbon 

fibre, σ0 a Weibull scale parameter (characteristic stress).  Consequently, rearrangement 

of the two-parameter Weibull statistical distribution expression gives the following: 
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Hence the Weibull modulus, mi can be obtained by linear regression from a Weibull plot 

of Eq. (2). 

Figure 3 shows the Weibull plots of ultrahigh strength PAN-based (T1000GB), 

ultrahigh modulus pitch-based (K13D), high ductility pitch-based (XN-05), high 

strength PAN-based (T300) and high modulus PAN-based (M60JB) carbon fibres.  The 

Weibull modulus of the tensile strength for the T1000GB, K13D, XN-05, T300 and 

M60JB fibres were calculated to be 5.9, 4.2, 7.9, 7.0 and 5.8, respectively (Fig.3 (a)).  

The results clearly show that the K13D carbon fibre has the lowest Weibull modulus of 

the tensile strength and fracture strain, while the XN-05 carbon fibre has the highest 

Weibull modulus of the tensile strength and fracture strain.  The Weibull modulus of the 

flexural strength for the T1000GB, K13D, XN-05, T300 and M60JB fibres were 

calculated to be 11.7, 11.8, 11.7, 11.6 and 11.7, respectively.  The results clearly show 

that the Weibull modulus of the flexural strength is similar among the three carbon 

fibres.  Obviously, the Weibull modulus under the flexural test is higher than that 

obtained under the tensile test. 

 



 

(a) Tensile strength 

 

(b) Flexural strength 

Figure 3 Weibull plots for PAN- and pitch-based carbon fibres. 

 

The differences in the Weibull modulus under flexural and tensile deformation of these 

fibres could be explained in terms of Weibull statistical theory and fracture behavior.  

The Weibull modulus is attributed to the nature and distribution of the flaws, which are 

present in the fibres; while the strength is assumed to be controlled by defects, which 

are statistically distributed.  In the three-point bending test, a much smaller volume of 

carbon fibre is subjected to the maximum stress than that in a tensile test.  This may lead 

to an interaction of flaws, which is not taken into account by the basis of the Weibull 

approach, the weakest link hypothesis [11].  As a result, the probability of having 

critical flaws that contribute to failure is lower, leading to a higher Weibull modulus and 

flexural strength as well.  This tendency was clearly observed for the T1000GB and 

XN-05, T300 and M60JB fibres.  However, for the ultrahigh modulus K13D fibre, the 



Weibull modulus in flexure is higher but the flexural strength is lower than its tensile 

properties.  High modulus pitch-based carbon fibres have quite low compressive and 

shear strengths.  The flexural strength could be affected strongly by its low strength 

under compression and shear loading. 

 

Fracture Surface Observation 

The fracture characteristics of these carbon fibres under tensile and flexural test were 

characterized by high resolution scanning electron microscopy.  SEM micrographs of 

the tensile and flexural fracture surfaces of the ultrahigh strength T1000GB and high 

modulus M60JB PAN-based carbon fibres are shown in Figure 4.  All the PAN-based 

carbon fibres including T1000GB, T300 and M60JB fibres exhibit a particulate or 

granular morphology.  Similar particulate morphology was reported for other PAN-

based carbon fibres [12-14]. 

 

  

(a) T1000GB tensile    (b) T1000GB flexural 

 

  

(c) M60JB tensile    (d) M60JB flexural 

Figure 4 SEM micrographs of the tensile and flexural fracture surfaces showing the 

transverse cross section structure of PAN-based carbon fibres. 

 



In addition, for the T1000GB and M60JB PAN-based carbon fibres, the failure initiation 

site on the tensile failure side was clearly observed and a different failure mode was 

observed on the compression side [15].  There is a distinct difference in fracture 

characteristics on the compression side between the high/ultrahigh strength PAN-based 

(T300 and T1000GB) and the high modulus PAN-based (M60JB) carbon fibres.  The 

fracture surfaces on the compression side of the high/ultrahigh strength PAN-based 

carbon fibres exhibit a smooth with rugged texture.  However, the fracture surface on 

the compression side of the high modulus PAN-based carbon fibre exhibits a rough 

texture with slightly pulled out sheets. 

SEM micrographs of the flexural fracture surfaces of the pitch-based carbon fibres 

including K13D and XN-05 are shown in Figure 5.  The XN-05 fibre derived from 

isotropic pitch exhibits a particulate or granular fracture morphology.  However, the 

K13D fibre derived from anisotropic pitch exhibits a sheet-like microstructure.  Similar 

sheet-like morphology was reported for the other pitch-based carbon fibres [6, 16-18]. 

 

  

(a) K13D tensile    (b) K13D flexural 

 

  

(c) XN-05 tensile    (d) XN-05 flexural 

Figure 5 SEM micrographs of the tensile and flexural fracture surfaces showing the 

transverse cross section structure of PAN-based carbon fibres. 

 



In addition, the failure initiation site on the tensile failure side of high ductility pitch-

based (XN-05) carbon fibres was clearly observed.  However, for the ultrahigh modulus 

pitch-based K13D fibre, the failure initiation site on the tensile and compression sides 

was obscured.  It could be seen that the crystallite sheets were pulled out, which is 

similar to that observed under tensile test.  However, the amount of pulled out sheets in 

the centre of the fibre under flexural loading was more than that under the tensile 

loading. 

 

CONCLUDING REMARKS 

The tensile and flexural properties of ultrahigh strength PAN-based (T1000GB), 

ultrahigh modulus pitch-based (K13D), high ductility pitch-based (XN-05), high 

strength PAN-based (T300) and high modulus PAN-based (M60JB) carbon fibres were 

performed using a tensile and a three-point bending test.  The ultrahigh modulus pitch-

based (K13D) carbon fibre has the lowest Weibull modulus of the tensile strength, while 

the high ductility pitch-based (XN-05) carbon fibre has the highest Weibull modulus.  

The Weibull modulus of the flexural strength is similar among these carbon fibres and is 

higher than those obtained from the tensile test. 
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