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ABSTRACT 

 

This paper describes a method for quantifying defects in fiber based composite materials created during the fabrication 

process.  The defects include voids that arise during manufacturing, micro-cracks produced during cure, and delaminations 

which occur between lamina. 

 

In this method, photomicrography technology is used in conjunction with computer aided design (CAD) software.  The 

photomicrographs, stored as bitmap images, provide a visualization of the bond behavior between the fiber and the resin 

materials.  The CAD software transforms each bitmap image into a two-dimensional work space where the areas of the 

defects are computed by tracing them using a closed polygon feature.  Micro-crack density measurements are made by 

dividing the sum of the individual micro-crack areas by the total specimen area. 

 

The approach is applied to measure the micro-crack densities in materials used for ablative nozzle applications. 

 

INTRODUCTION 

 

Micro-cracks may result in a composite material during fabrication.  The latter may lead to material shrinkage and high 

residual stresses which produce defects in the material.  These anomalies compromise structural integrity and affect service 

life.  In such cases, the determination of the micro-crack density provides insight into the probability of failure.  Moreover, 

quantitative measurements of this parameter can form a basis for making comparisons regarding the structural performance 

of different materials. 

 

An example of this involves an ongoing search to find a suitable replacement for the Rayon/SC-1008 composites currently 

used in ablative nozzle applications.  The problem is that Rayon is no longer produced locally in the United States, primarily 

due to environmental considerations.  The material is available from suppliers located overseas but, for military purposes, 

there is a pressing need to eliminate foreign dependence. 

  



In 1989, Canfield and Koenig [1] discussed the historical background and efforts spent to replace Rayon with PAN in 

ablative composites contained within strategic and tactical launch systems.  After designers working on the Orion solid motor 

stage 1 nozzle tried to make this substitution by using a composite system consisting of PAN fiber cured with a phenolic 

resin (91LD), researchers at ATK reported that various nozzle components were susceptible to cracking which could result in 

a catastrophic failure of the overall system [2].  They introduced evidence to demonstrate that delaminations initiated at the 

surface of the PAN due to high residual stresses created by material shrinkage as volatile loss occurred.  The sources of the 

residual stress were attributed to curing and part cool down.  In addition, it was found that moisture loss over time led to 

shrinkage sufficient to cause delamination (crack) flaw initiation followed by continued crack propagation. 

In contrast, a recent study indicated that a PAN/SC-1008 constituent/matrix could be manufactured that met or exceeded the 

characteristics of the Rayon-based constituent/matrix; thereby establishing a new source of composite materials for ablative 

nozzle fabrication and/or military applications [3].  This conclusion was reached in part by using the method of 

photomicrography with CAD to compare the micro-crack densities of specimens cut from Rayon/SC-1008 and PAN/SC-

1008 composite plates. 

 

This paper outlines this procedure and shows typical results found during this investigation. 

 

PHOTOMICROGRAPHY 

 

Methods typically used to identify micro-cracks include ultrasonic testing (UT), computer regulation thermography (CRT), 

and non-destructive testing methodologies such as X-ray methods.  But these methods are mainly used to identify isolated 

cracks, making it difficult to characterize the micro-crack density.  Photomicrography, on the other hand, allows an 

investigator to visualize and characterize the extent to 

which cracking occurs in a matrix. 

 

A photomicrograph is a photograph of an object as seen 

through an ordinary lighted microscope with a camera that 

is either attached to the normal eyepiece of the microscope 

or, more commonly, integrated by modifying the image 

train of the device.  Applications include visualization of 

opaque objects and structures, such as metals and stones 

that are ground smooth or etched chemically. 

 

A LEICA MZ 16A Microscope equipped with an LEICA 

digital camera was used to record photomicrographs of the 

Rayon and PAN configurations described below.  Figure 1 

shows a photograph of the equipment. 

 

MICRO-CRACK DENSITY MEASUREMENT 

 

The photomicrographs recorded during this study were 

captured at 20X magnification and stored in bitmap format 

using Microsoft Paint software.  The images were 

transferred to the drawing screen of a CADopia software 

package that transformed each bitmap into a two-

dimensional work space where the areas of defects were 

computed by tracing them using a closed polygon feature.   

 

After closed polygons were traced around the micro-crack 

areas and the full microphotograph, the pertinent areas 

were computed.  Micro-crack density measurements were 

made by dividing the sum of the individual micro-crack 

areas by the total specimen area. 

 

Overall, this relatively simple approach provided a numerical methodology for data collection and the capability to quantify 

the micro-crack density of each constituent resin system so that comparisons could be made and conclusions drawn. 

 

  

Fig. 1  LEICA Photomicrograph Equipment 



SPECIMEN FABRICATION 

 

Although the majority of applications associated with Rayon rely on the use of pre-impregnated materials, comparisons were 

made during the study at hand by using wet hand lay-ups, mainly because PAN composites were not readily available in a 

pre-impregnated form.  The woven cloths were manufactured with fibers having the properties described in Tables 1 and 2. 

 

Table 1  Rayon Material Properties 

 

 Carbon NARC Rayon 

Carbon Assay (%) 99 

Density (g/cc) 1.5 

Tensile Strength (ksi) 100 

Tensile Modulus (Msi) 6 

Thermal Conductivity (W/m-K) 4 

Coefficient of Thermal Expansion (in/in/F) 13 x10
-6

 

 

Table 2  PAN Material Properties 

 

 

 
Durite® SC-1008 was used to bond the layers of cloth together.  It is a laminating phenolic liquid resin produced by Borden 

Chemicals and consists of a laminating varnish in isopropyl alcohol.  Applications include the manufacturing of glass cloth 

laminates designed to withstand extended exposures at temperatures up to 500°F.  Table 3 shows its mechanical properties. 

 
Table 3  SC-1008 Resin Material Properties 

 

Specific Gravity 1.2759 

Poisson’s Ratio 0.375 

Tensile Strength at Failure 8900 psi 

Elongation at Failure 1.7 % 

Tensile Modulus 5.7 x 10
5
 psi 

Shear Modulus 2.4 x 10
5
 psi 

 
Aluminum molds were assembled and prepared prior to performing the hand lay-up of the fabric.  Components consisted of a 

base plate, four side bars, screws to secure the rectangular mold configuration, and a top plate.  After the mold was cleaned 

with acetone, Kapton® tape was applied to prevent leakage.  A mold release was sprayed onto the configuration to facilitate 

removal of the panels. 

 

One panel was fabricated with the Rayon cloth and another with the PAN.  The general process used to manufacture each test 

panel was to cut out layers of the cloth fiber, combine the layers, and apply resin to the stacked configuration in the mold.  

The next steps were to seal the composite with bagging material, cure it at the specified temperature and pressure, and then 

remove the final cured panel from the mold.   

 

The panels themselves measured 15.2 cm (6 in.) in the warp direction and 33.0 cm (13 in.) in the fill direction and layers 

were stacked until the panels had a thickness of 1.9 cm (0.75 in.).  Each panel was designed so that the fiber cloth comprised 

60 percent of the configuration while the SC-1008 neat resin comprised 40 percent.  The desired volumetric proportions were 

accomplished by weighing the fabric and resin. 

Once the proper amount of resin was obtained, each lamina was coated and placed in the mold.  This procedure was repeated 

until the desired thickness was met while, at the same time, ensuring that all plies were aligned in the warp direction.  Figure 

2 illustrates the lay-up process while Fig. 3 shows a fully cured test panel. 

 PAN T300 Carbon Fiber 

Carbon Assay (%) 92 

Density (g/cc) 1.76 

Tensile Strength (ksi) 530 

Tensile Modulus (Msi) 33 

Thermal Conductivity (W/m-K) 13 

Coefficient of Thermal Expansion (in/in/F) -0.23 x 10
-6

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                    Fig. 2  Wet Hand Lay-Up Process                                                  Fig. 3  Fully Cured Panel 

 

Once the panels had cured, a number of 25.4 mm (1 in.) by 25.4 mm (1 in.) specimens were extracted from them by cutting 

parallel to the warp and fill directions.  Photomicrographs were taken of both edges so that the micro-crack density could be 

determined.  

 

PHOTOMICROGRAPHS 

 

Figure 4 shows a typical photomicrograph corresponding to a cross sectional view of a cured composite panel.  Salient 

features are identified, such as tool serrations, fiber cloth, and micro-cracks (voids). 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4  Typical Cured Composite Cross Section View 

 

Tool serrations correspond to the diagonal lines. These were produced by the tool that was used to cut the specimens from the 

cured composite panel.  The cloth fiber corresponds to the light gray and whitish areas while micro-cracks (voids) correspond 

to the black (darkened) areas.  In the latter, the adhesive resin did not adhere to the cloth fiber.  Resin is not readily viewable 

because it is cohesive with the cloth fiber. 
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RESULTS 

 

Figures 5-8 show typical photomicrographs recorded and processed using the CADopia software to visualize and quantify 

micro-cracks in the Rayon/SC-1008 and PAN/SC-1008 samples.  The photographs include both fill and warp sections; red 

areas correspond to the defects. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
     Fig. 5  Rayon/SC-1008 Fill Micro Cracks                                 Fig. 6  Rayon/SC-1008 Warp Micro Cracks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                Fig. 7 PAN/SC-1008 Fill Micro Cracks                                       Fig. 8  PAN/SC-1008 Warp Micro Cracks 

 

There was an average of 28 micro-cracks in the Rayon/SC1008 baseline specimens which had an average percent micro-

crack density of 1.97.  The PAN/SC-1008 specimens had an average of only 13 micro-cracks per specimen with a 

substantially lower average percent micro-crack density of 1.16.  Thus, the PAN outperformed the Rayon baseline. 

 

CONCLUSION 

 

A method was described to measure micro-crack density in which photomicrograph technology was used in conjunction with 

computer aided design (CAD) software.  Photomicrographs, stored as bitmap images, provided a visualization of the bond 

behavior between different fiber and resin materials.  The CAD software allowed the areas associated with defects to be 

computed by tracing them using a closed polygon feature.  Micro-crack density measurements were made by dividing the 

sum of the individual micro-crack areas by the total specimen area so that relative comparisons related to structural integrity 

and service life could be made. 
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