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Abstract 

X-ray microscopy is an elegant chemical imaging technique that bridges the gap between light 

microscopy and electron microscopy. Vital information on the chemical state (valency, surface 

functionality), chemical composition, three-dimensional (3D) chemical structure (order, disorder, 

rupture), and chemical imaging can be obtained from X-ray microscopy. In the current original 

research article, X-ray microscopy is used as a characterization tool to examine the microstructural 

features of commercial carbon fibers. Pitch-based (NX100) and polyacrylonitrile (PAN)-based 

(T700SC) CFs chosen as representative examples for the two major classes of CF feedstock were 

examined using XRM. A homemade and simple sample preparation technique was developed by gluing 

the single filament of the carbon fiber (3 mm height) to the flat end of the office pin, which was 

subsequently held vertically above the XRM sample holder. The XRM imaging instrument was operated 

at a voltage of 50 kV and at a power of 4.0 W all through the 3D structural characterization of the 

carbon fibres. Cross-sectional imaging of the carbon fibers (NX100) showed core shell type structure 

with a clear contrast in the X-ray absorption in the outer and the inner regions of the fiber. From the 

outer region to the inner region of the fiber (though the structure remained the same), the density of the 

graphitic structure increased significantly. The core of the pitch-based fibers is highly crystalline 

compared to the PAN-based fibers. This observation provided additional support for the conclusions 

drawn from the CFs’ XRD and Raman analyses. The 3D microstructural images of the cross-section of 

the CFs were constructed using TXM3DVIEWER software. In addition, the 3D microstructure of the 

whole of the single filament of CFs was constructed with the same software. The difference in the 3D 

microstructure of the NX100 and T700SC is due to the difference in the feedstock as well as the 

processing conditions. The microstructure of the CFs deduced from XRM is discussed in detail in 

comparison with the scanning transmission X-ray microscope images of the pitch-based (YSH50H) and 

PAN-based (M46J) carbon fibers reported in literature.  Analogous to the present XRM investigation, 

the state-of-the-art STXRM studies also showed that the raw material had a considerable impact on the 

distribution of the π-orbital-orientated domains in the CF structure. 
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INTRODUCTION 

The XRM technique provides quantitative, high 

resolution, three-dimensional, microstructural 

information on carbon fiber reinforced plastics 

(CFRPs) in general and carbon fibers (CFs) in 

particular. The non-destructive nature of the X-rays 

helps examining the structural changes in 

composites before and after the application of 
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tension or shear, leading to knowledge on the changes that took place in the composite material. In 

addition, vital information on the interface of CFRPs can be deduced from XRM analysis [1]. X-ray 

microscopies bridge the gap between the conventional electron and light microscopies and are useful 

for the imaging of extremely large as well as complex structures. Local chemical composition, chemical 

state (valency, surface chemical functionality), and microstructure can be viewed with good spacial 

resolution [2]. Unlike the electron beams, X-rays are soft and form a potential chemical imaging 

technique with good spatial resolution at the nanoscale for the analysis of organic compounds as well 

[3]. Though a Google search with the keyword, namely, X-ray microscopy, yields 47, 70, 000 results, 

the number reduces by two orders of magnitude (16,300) when the keywords, namely, X-ray 

microscopy and CFRPs, are crossed together. This testifies to the very fact that though the X-ray 

microscopy (XRM) technique is very informative to gain both qualitative and quantitative insights into 

the 3-dimensional (3D) structure (micro and nano) and morphology of exotic and advanced materials 

like carbon fiber reinforced plastics (CFRPs), the technique is not explored yet to its fullest [4–16]. 

Scientific literature is very scarce on the use of XRM as a characterization tool for probing the micro 

and nano 3D architecture (structure and morphology) of advanced chemical and biological materials. 

The same thing is true for another vital nanoprobe, namely, atomic force microscopy (AFM), a potential 

interface characterization technique. Crossing the keywords, namely, atomic force microscopy and 

CFRPs, yields only 9790 results. [17–22]. 

 

The current research article deals with the systematic characterization of the 3D microstructure of the 

commercial-sized carbon fibers, both pitch-based (NX100) and polyacrylonitrile-based (T700SC), and 

comparing the results obtained with the classical structural analytical tools, namely, the XRD, Raman, 

and scanning transmission X-ray microscopy (STXRM). 

 

Experimental 

Pitch-based carbon fibers, namely, NX100, were procured from nippon graphite fiber co. 

Polyacrylonitrile, PAN-derived CFs, namely, T700SC, were purchased from Toray Ltd. 3D structure 

as well as the structure at the cross-section (internal structural features) of carbon fibers, namely, NX100 

(representative example for pitch-based carbon fibers) and T700SC (representative example for PAN 

based carbon fibers), is examined using X-ray microscopy. The image of X-ray microscope (ZEISS 

Xradia520versa, Voltage: 50 kV, Power: 4.0 W) used for the study and the location of the sample holder 

(with the single filament of carbon fiber of length ~3 mm glued to the holder) between the X-ray source 

and the detector is shown in Figure 1. 

 

 
Figure 1. X-ray microscope instrument used for the analysis of the three-dimensional (3D) structure of 

carbon fibers X-ray microscope (ZEISS Xradia520versa, Voltage: 50 kV, Power: 4.0 W). 

 

The sample preparation as well as the analysis of the 3D as well as the internal structure by X-ray 

microscopy is a time-consuming process, unlike simple XRD analysis. The carbon fiber sample 

preparation for XRM analysis consists of  gluing a single filament of carbon fiber (NX100 and T700SC) 

to the office pin (the flat end of the pin is cut off, and only the pin without the flat end is used in the 

sample preparation). The office pin with the single filament of carbon fiber glued to it was mounted in 
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the sample holder. With scissors, the fiber length is adjusted to nearly 3 mm, cutting off the rest of the 

length of the fiber. The sample holder upon which the office pin is glued with the single filament of 

carbon fiber is shown in Figure 2. As the diameter of the fiber NX100 is only 12 μm, it is not visible to 

the naked eye in the image shown. Only the tip of the office pin is seen, and at the tip the invisible single 

filament of carbon fiber (NX100) of length 3 mm is present glued to the top of the office pin. 

 

 
Figure 2. XRM sample holder holding the office pin on to which the  

single filament of carbon fiber of length ~3 mm is glued. 

 

RESULTS AND DISCUSSION 

3D Structure of Carbon Fibers Using X-Ray Microscopy (XRM) 

The XRM image of the cross section of the carbon fiber NX100 reveals the internal structure of the 

carbon fiber at the cross section, as shown in Figure 3. Throughout the XRM analysis, the instrument 

(ZEISS Xradia520versa) is operated at a voltage of 50 kV and at a power of 4.0 W. What is to be noticed 

in the XRM image of NX100 depicting the structure of the cross-section is the contrast of the brightness 

(Figure 3). The diameter of the carbon fiber NX100 of 12.6 μm is marked in the image of the cross 

section. Outside and around the circumference of the carbon fiber there is some unusual dark region 

spreading over nearly ~2.7 μm and the origin of such shadow around the carbon fiber is unclear and 

could be attributed to the conditions of analysis and mode of operation of the XRM machine. Such 

shadowing effect is more a technical issue rather than an issue of chemical significance pertaining to 

the structure of the carbon fiber and so can be neglected, as far as the discussion on the structure of the 

carbon fiber is concerned. At the shell the brightness is higher and as we go into the core the brightness 

is diminished, and gray regions are observed. This contrast in brightness indicates that the cross section 

of the carbon fiber comprises of an amorphous shell (bright region) and a crystalline core (grey regions). 

Such core-shall structure of carbon fiber is of immense use as far as interfacial shear strength of carbon 

fiber is concerned. Such structure facilitates transfer of stress from the shell to the core, in the load 

bearing component, namely, the carbon fiber, of the carbon fiber reinforced composite. Two black dark 

spot like features are visible in the cross section of the carbon fiber NX100. These two dark black spots 

are attributed to highly graphitic regions in the internal structure of the carbon fibers. The formation of 

such high density graphitic chemical structures could be due to the existence of concentric multiwall 

carbon micro-tube like structures in the core of the fibers. The vital question that arises then is that why 

at all such micro-graphitic tubes of carbon should prevent the passage of X-rays from the source to the 

detector making a black spot. Imagine a set of concentric graphitic tubes with wide pore mouth 

narrowing down along the length (like concentric cones) and fusing down together at the other end of 

the tube. Such a situation prevents the passage of X-rays from the source to the detector. In fact, the 

XRD and Raman analysis, that examines the bulk structure of the carbon fibers showed features like 
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multi walled carbon nanotubes in the highly graphitic structure of carbon fibers, predominantly in pitch-

based fibers (NX90 and NX100) [23, 24]. However, caution should be exercised in drawing conclusion 

as to the nature of such dark black spots in the structure of cross section of carbon fibers (Figure 3). 

More scientific literature on XRM analysis to be consulted and further experimentation of the pitch-

based fibers by XRM should be taken up before drawing conclusions on the nature of the dark spots as 

those seen in Figure 3. In fact, existence of macro pore network structure in PAN-based carbon fibers 

are reported [25]. 

 

 
Figure 3. Core-shell structure of the cross-section of the single filament of carbon fiber  

NX100 derived from the 3D structure generated from X-ray microscope analysis. 

 

For comparison, the region of the cross section of the carbon fiber (NX100) examined by the XRM 

and the resulting structure of the cross section, the internal structure of the whole carbon fiber, and the 

3D image of the cross section constructed using TXM3DVIEWER were shown in Figure 4. The 3D 

image of the cross section constructed using TXM3DVIEWER (enlarged version) as well as the 3D 

structure of the whole single filament of NX100 constructed using TXM3DVIEWER are shown in 

Figure 5. 

 

 
Figure 4. Cross section, the internal structure of the single filament of carbon fiber NX100  
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and the image of the cross section derived from the 3D structure constructed from  

X-ray microscope analysis using TXM3DVIEWER. 

 
Figure 5. View of (a) cross section and the (b) 3D structure of the single filament of carbon fiber NX100 

constructed from the 3D structure generated from X-ray microscope analysis using TXM3DVIEWER. 

 

The XRM image of the cross section of the carbon fiber T700SC (PAN-based), revealing the internal 

structural features of the carbon fiber, is shown in Figure 6. Analogous to the XRM image of the cross 

section of the pitch-based carbon fibers NX100, the structure of T700SC also consists of the shell, 

which is made up of highly disordered layers of graphene, and the core, which is a relatively ordered 

and more crystalline graphitic carbon structure. Such structural features are understood from the 

contrast of brightness seen in the XRM image. As we go from the shell to the core, the brightness 

decreases and gray region is observed at the core. The gray region means hindrance to the passage to 

X-rays from the source to the detector. Such hindrance is by the well-ordered graphene sheets at the 

core. The revelations from XRM are consistent with the XRD and Raman findings that pitch-based 

fibers are more crystalline than PAN-based fibers [23, 24]. Additional knowledge that can be gained 

from XRM beyond the XRD analysis is that the amorphous and crystalline regions in the carbon fiber 

structure are clearly seen. There is still scope for improvement in resolution of the images of XRM, and 

further attempts should be devoted in that direction to obtain more insights into the internal and 3D 

structure of carbon fiber by improving the resolution. The diameter of the carbon fiber T700SC is ~7.1 

μm, as marked in Figure 6. The striking contrast between the structure of cross section of NX100 (Figure 

3) and the structure of the cross section of T700SC is that the dark black spots (highly crystalline 

regions) present in NX100 are absent in T700SC. Again, such a difference is anticipated as the source 

of raw materials of these two carbon fibers itself is different [23, 24]. For comparison, the region of the 

cross section of the carbon fiber (T700SC) examined by the XRM and the resulting structure of the 

cross section, the internal structure of the whole carbon fiber, and the 3D image of the cross section 

constructed using TXM3DVIEWER are shown in Figure 7. The 3D image of the cross section 

constructed using TXM3DVIEWER (enlarged version) as well as the 3D structure of the whole single 

filament of T700SC constructed using TXM3DVIEWER were shown in Figure 8. 
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Figure 6. Core-shell structure of the cross-section of the single filament of carbon fiber T700SC 

(PAN-based), derived from the 3D structure generated from X-ray microscope analysis. 

 
Figure 7. Cross section, the internal structure of the single filament of carbon fiber T700SC  

and the image of the cross section derived from the 3D structure constructed from X-ray 

microscope analysis using TXM3DVIEWER. 

 

 
Figure 8. View of (a) cross section and the (b) 3D structure of the single  

filament of carbon fiber T700SC constructed from the 3D structure  

generated from X-ray microscope analysis using TXM3DVIEWER. 

 

A comparison of the structure of cross sections of pitch and PAN-based fibers is provided in Figure 

9. The dark ring-shaped shadow around the fiber circumference can be neglected for discussion as this 

has nothing to do with the structure of the carbon fiber. Irrespective of the source of the carbon fiber, 

the shell of the CFs is bright, and the core is gray. Such a contrast reflects that the shell is made up of 

amorphous graphitic crystallites while the core is made up of crystalline graphitic crystallites. The core 

of the NX100 is dark gray, while that of the T700SC is light gray. The darker the gray core, the greater 
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the crystallinity. Thus, pitch-based fibers (NX100) are more crystalline compared to PAN (T7007C) 

based fibers (Figure 9). 

 
Figure 9. Structure at the cross section of carbon fibers NX100 and T700SC – a comparison. 

 

A specific case of the appearance of a void (dark spherical region) in the cross-sectional image of 

twintex composite is reported [1]. An XRM image of the sample of twintex composite comprising of a 

four-layer thermoplastic (85 x 17 x 2 mm) was recorded at 1 μm voxel at 40 kV. E-glass and 

polypropylene fiber reinforcements are incorporated into a continuous fiber composite, which is 

composed of a polymer matrix. The polypropylene fibers (dark), E-glass fibers (bright), and voids (dark 

spherical regions) are clearly seen in the cross-sectional structure of the composite. Likewise, in the 3D 

internal structure of the composite, the E-glass fibers (green), polypropylene fibers (orange), and voids 

(white spheres) were observed distinctly differently [1]. 

 

For comparison, the TEM and scanning transmission X-ray microscopy (STXRM) images of PAN- 

based (M46J) and pitch-based (YSH50H) carbon fibers were shown in Figure 10 [26]. 

 

 
Figure 10. (a) and (f) TEM (bright field) images of the cross section of the PAN (M46J) and pitch 

(YSH50H) based CFs, respectively; (b–e), (g–j) optical density (OD) images obtained using scanning 

transmission X-ray microscopy (STXRM) at the energies 285.4 eV (1s → π*) and 292 eV (1s → σ*) 

with linear horizontal (LH) and linear vertical (LV) polarized beams. “f” is rotated to align with the X-

ray absorption images (g–j) [26]. 
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To evaluate the micro-texture of carbon fibers that play a crucial role in controlling the physical 

properties, namely, tensile strength and tensile modulus, STXRM studies were carried out on both pitch 

and PAN-based carbon fibers. Regions where the π-orbitals in each graphite crystallite align in the same 

direction to the degree that Bragg’s law is not satisfied are known as π-orbital-oriented domains. 

Conversely, the stacks of graphene sheets within a single graphite crystallite are known as stacked 

structures of graphene sheets [26]. Figure 10 displays the TEM and X-ray absorption pictures of the 

PAN and pitch-based CFs’ cross sections taken with STXRM  

 at energies of 285.4 eV (1s → π*) and 292 eV (1s → σ*). It was observed that in the case of PAN-

based fibers, the contrast (optical density, OD) in the X-ray absorption images at 285.4 eV (images b 

and c) and at 292.0 eV (images d and e) was independent of the direction of the X-ray polarization. The 

red and blue arrows in Figure 10 correspond to the X-ray polarization direction (LH-linear horizontal; 

LV-linear vertical). It is discovered that the π-orbital domain sizes in the PAN-based CFs’ cross section 

are less than the 50 nm spatial resolution of STXM (Figure 10(b–c)). In contrast to the response of 

PAN-based fibers, the OD pictures of pitch-based CFs at E = 285.4 eV (Figure 10(g–h)) showed X-ray 

absorption as a function of polarization direction. There is an opposing contrast between the polarization 

of the LH and LV. However, when the OD images were recorded at E = 292.0 eV, no dependence of 

OD on the direction of X-ray polarization was noticed (Figure 10(d–e)). This is because of the symmetry 

of the σ orbital that showed no dependence of OD on the direction of polarization. The pitch-based 

fibers were made up of π-orbital-oriented domains that were larger than the resolution of STXRM, or 

50 nm, and ranged in size from about 100 to 1000 nm (Figure 10(g–h)). Thus, the carbon fiber structure 

is mapped using STXRM and two orthogonal linearly polarized X-rays, providing information on the 

longitudinal and cross sections of PAN and pitch-based CFs. The distribution of π-orbital directed 

domains in the carbon fiber structure differed significantly depending on whether PAN or pitch was 

utilized as the raw material for the carbon fiber manufacturing. Conversely, there is no discernible 

difference between the PAN and pitch-based CFs in terms of the distribution of the σ-orbital 

orientations. PAN-based CFs had a cross section made up of randomly distributed π orbital domains 

that were smaller than about 50 nm in size, whereas pitch-based CFs had a cross section made up of π-

orbital-oriented domains that ranged from 100 to 1000 nm. With breakthroughs in surface modification, 

especially through sizing, in CFs, the applications of CFs for forming strong interfaces with the polymer 

matrices leading to functional CFRPs are realized [27–30]. This necessitates the imaging of the interface 

of CFRPs with soft and non-distructive techniques like XRM. 

 

CONCLUSIONS 

Characterizing the chemical state, microstructure, and imaging of carbon fibers in general and the 

interface of carbon fiber-reinforced plastics, in particular is becoming more and more important as new 

raw materials, such as lignin and polyethylene replace traditional mesopitch (natural and synthetic) and 

carbon fibers based on polyacrylonitrile (PAN). X-ray microscopy is reported as a promising chemical 

imaging and characterization (qualitative and quantitative) technique for the analysis of three 

dimentional (3D) microstructures of the carbon fibers. The findings from X-ray microscopy imaging 

strengthened the inferences from the XRD and Raman analysis of carbon fibers, making faith become 

sight. 
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