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Carbon fiber reinforced plastic (CFRP) composites have been extensively used in fabrication of primary 
structures for aerospace, automobile and other engineering applications. With continuous and widespread use 
of these composites in several advanced technology, the frequency of failures is likely to increase. Therefore, 
to establish the reasons for failures, the fracture modes should be understood thoroughly and unambiguously. 
In this paper, CFRP composite have been tested in tension, compression and flexural loadings; and microscopic 
study with the aid of Scanning Electron Microscope (SEM) has been performed on failed (fractured) composite 
surfaces to identify the principle features of failure. Efforts have been made in correlating the fracture surface 
characteristics to the failure mode. The micro-mechanics analysis of failure serves as a useful guide in selecting 
constituent materials and designing composites from the failure behavior point of view. Also, the local failure 
initiation results obtained here has been reliably extended to global failure prediction.
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1. Introduction

Composite materials derived from epoxy resin and carbon fibers 
are being extensively employed in aircraft industries because of their 
strength, high modulus and light weight1-4. Carbon fiber reinforced 
plastic (CFRP) offer their greatest advantage over isotropic materials 
when their fiber axes are aligned in the direction of the principal 
stress5. CFRP and hybrid composites out perform their aluminium 
counterparts in terms of low weight for a required stiffness or 
strength. Also, the weight reduction with hybrid composites is not 
as great as for CFRP composites. Hence, engineers in many fields 
have turned to carbon fiber reinforced polymers to design stiff light 
weight structures6,7.

The efficient design of structures requires a detailed understanding 
of the fracture behavior of the material and the modes of failure of the 
component, knowledge which is also necessary for the airworthiness 
flight clearance and the post-mortem examination of failed 
components1. The fractography of different CFRP unidirectional 
(UD) or multidirectional (MD) composite materials have been the 
subject of several studies by many investigators1,8-12 over the last 
four decades. Some specific fractographic characteristics were 
identified in these investigations. But the results from composite 
fractography is not as mature as the fractographic analysis of surface 
morphology of metal components13-15, but has a tremendous scope to 
bring composites fractography to the level of maturity akin to that of 
isotropic materials16-17.

To model the crack propagation processes, particularly 
those pertinent to progressive damage growth, it is important to 
understand the physical mechanisms of composite fracture, which is 
accomplished by fractography, wherein the examination of fracture 
surfaces give valuable information about damage and the failure of the 

components. This approach gives an understanding of the fundamental 
failure processes and mechanisms associated with modes of failure. 
And further helps in interpretation of more complex components 
whose cause of failure is unknown17. Furthermore, in many materials it 
can provide valuable information about the local service environment 
or stress state responsible for crack initiation14.

It was also established1,5 that in a multi-directionally layered 
material each ply has very much the same fractographic features 
as a UD material for the same direction of fibers. Accordingly, 
the fractography of UD composites can serve as a basis for the 
fractography of multidirectional composites. Hence, this paper gives 
the fractographic investigations of failures in CFRP by considering 
the fracture of CFRP under tension, compression and flexure modes 
of failure to provide the fractographic understanding and to establish 
the expertise necessary to analyze successfully the fracture modes, 
failure sequence and initial cause of CFRP structural breakdown.

2. Experimental

2.1. Materials

The reinforced epoxy composites were manufactured by stacking 
the pre-impregnated (prepegs) layers into an open mould and cured 
at 180 °C for 4 hours. The prepegs were prepared in the laboratory 
by impregnating the carbon fiber in the form of sheet, with the epoxy 
system. For 2 mm thick specimens, the prepared prepegs consisted 
of 16 layers of impregnated carbon fiber. The Unidirectional (UD) 
CFRP prepeg (containing about 65% by volume of carbon fibers) 
were used for tensile, compression and flexural studies.
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2.2. Mechanical testing 

All tests have been carried out on a 100 kN INSTRON Universal 
Testing Machine (Model: 6025) and the machine cross head was 
programmed to apply the load at constant strain rate of 0.01/s through 
the entire duration of the test. In order to produce a known mode of 
failure, standard test specimens as per ASTM standards (Table 1) were 
loaded in axial tension, compression and long beam flexure. All the 
tests were carried out under ambient conditions. At least five samples 
were tested for each mode of loading. Figure 1 shows the schematic 
representation of specimen configuration for tensile, compression 
and flexural loadings respectively.

2.3. Microscopic examination

2.3.1. Material characterization in optical microscope

The micro-structural evolution for the fractured CFRP composites 
was studied by Neophot Optical Microscope. The small chips of 
the samples (Figure 2a) were mounted in the resin to get stubs for 
grinding and polishing. The mounted samples are initially ground 
by Silicon Carbide (SiC) of grit size 240, 320, 400 and 600 µm, 
followed by alcoholic cleaning after each SiC grinding. These were 
then polished with a diamond paste up to 1 µm. They were finally 
polished by 0.3 and 0.05 µm Alumina powder in a rotating polisher. 
After the sample is fine polished, it is dried to obtain scratch free 
microstructure under Optical Microscope.

2.3.2. Fractographic characterization in scanning electron 
microscope

The fractured surface is gold sputtered by evaporation, with Current 
of 10 mA and Voltage of 1 kV for a period of 5-8 minutes. The sputtered 
thickness is 600-800A°. Scanning Electron Microscope (SEM: 
JSM‑5200, JEOL) has been used for the fractographic characterization. 

Table 1. Test specimen dimensions.

Loading ASTM Standard Dimensions (mm)

Tension D 3039 250 × 12.5 × 2

Compression D 3410 100 × 10 × 2

Flexure D 790 100 × 10 × 2
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Figure 1. Schematic representation of specimen configuration used for: a) tensile; b) compression; and c) flexure testing. (All dimensions are in mm)

Figure 2. a) Composite in Epoxy (Stubs); and b) Optical micrograph showing cross sectional uniform distribution of carbon fibers in the epoxy matrix.
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3. Results and Discussions

3.1. Micrographs

Fairly good (uniform) distribution of carbon fibers in the epoxy 
matrix seen under Optical Microscope is presented in Figure 2b. The 
CFRP samples were tested for its longitudinal and cross sectional 
morphology using SEM. Figure 3a shows the SEM micrographs of 
the cross sectional uniform distribution of carbon fibers in the epoxy 
matrix and Figure 3b shows longitudinal distribution of carbon fibers 
in the epoxy matrix, indicating the perfect manufacturing process for 
the specimen under test.

3.2. Morphology of composites

3.2.1. Fractographic characteristics of UD axial tension 
tested CFRP composite

An axial tension failed composite test samples led to the fracture 
in the transverse direction and associated with extensive longitudinal 
splitting of the composite. The fracture surface of tension-failed 
sample is shown in Figure 4, wherein three clearly distinguishing 
regions: crack origin, propagation and final fracture can be identified. 

Figure 5a shows magnified crack origin, where a set of fiber 
bundles was found to be broken. This acted as stress concentrator 
for initiation and propagation of tensile failure. The entire fracture 
surface revealed fiber pull-out from the matrix (Figure 5b), which 
is typical of a non-brittle composite18. Also, it’s the 90° cracks that 
dictate the 0° ply composite, even though the stress at which the 
laminate fails is primarily determined by axial plies1,19. At higher 
magnification of about 5000X, microscopic radial marks can be 
observed on the fractured fibers and are typical characteristic of tensile 
failure of composite17,20 (Figure 5c). Carbon fiber in the composite is 
magnified at 10,000 times in Figure 5d shows the origin ‘O’ and the 
radiating lines resulting from the axially diverging crack propagation 
(dotted arrow lines) on fiber fracture surface. In Figure 5e, local crack 
propagation direction is shown by the arrows.

Crack propagation direction is drawn using the concept of 
Directly Attributable Fiber Failure (DAFF) method1,18. Its’ a technique 
by which the crack front mapping and crack propagation direction 
is drawn on fractured fibers as shown in Figure 5f. The sequence of 
fiber failures continued as follows; a→b, b→d, d→g, g→l; a→c, 
c→f, f→k, k→r, r→u, u→w; c→e, e→h, h→m; e→j, j→q; e→i, 
i→n, n→s; i→p, p→t, t→v. The sequence implies that the failure of 
fibre ‘b, d, g’ is a direct consequence of the failure of fibre ‘a’ and 
such failures will be referred to as DAFF. By tracking the paths of 
DAFF, the fracture of the composite may be accurately charted as it 
progresses from fibre to fibre as depicted in Figure 6.

This method is repeated at several regions on UD failed samples 
and recorded fracture features to establish the crack propagation 
directions. From the concept of DAFF it is possible to trace the crack 
path and propagation direction on the fracture surface. To assess the 
fracture path and Crack Propagation Direction (CPD) path on the 
CFRP failed surface, several micrographs were taken at different 
regions on fracture surface. Based on the radial features on the 
fracture fiber ends, a typical Resultant Crack Propagation Direction 
(RCPD) is drawn on each region. By summing up all these results, 
overall CPD is drawn to establish crack origin, crack propagation 
region and final failure region (Figure 6). However, at a few regions, 
the crack propagation direction through the fibers was different from 
general crack propagation direction. This may be due to the local 
fracture in these regions prior to the arrival of the main crack front. 
Figure 6 shows the map of overall crack propagation direction in 
tension failed CFRP laminate. White arrows indicate the local crack 

Figure 4. SEM fractograph of the tensile tested specimen. Three regions 
clearly distinguishing crack origin, propagation and final fracture.

Figure 3. SEM micrograph showing: a) longitudinal and b) cross sectional 
uniform distribution of carbon fibers in epoxy matrix.

propagation direction and the dotted arrow indicate overall crack 
propagation direction.

At high magnification, fiber radials indicate the local crack 
propagation direction (Figure 5e). But at low magnification, Chevron 
lines (formed because of the propagation of cracks at 90o into the 
adjacent 0° plies) can be clearly seen in Figure 4. The crack origin 
was identified by tracing back these lines and found to be at the edge 
of the sample (shown by arrow in Figure 5a and Figure 6), i.e., the 
overall crack propagation direction in most of the regions (Figure 6) 
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Figure 5. a) SEM fractograph of brittle failure showing radial lines from origin; b) Fiber pull-out from the matrix presenting holes on the fracture surface; 
c) Radial Marks on the Fiber Fracture Surface at High Magnification; d) Initiation of radial marks & propagation direction on fiber fracture surface; e) Fiber 
radials indicate the crack propagation direction (Arrows denoting local crack propagation direction); and f) SEM fractograph referring to the local crack 
propagation on individual fiber.
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was determined by examining the cumulative crack direction of the 
individual fibers1. Also, the fiber radials and DAFF determines the 
direction of crack propagation and confirm the occurrence of the 
chevron effect. The fractographic features in the final fracture region 
were quite different from the crack propagation region and exhibited 
extensive longitudinal splits due to the local fracture in these regions 
prior to the arrival of the main crack front1. More number of secondary 
cracks is predominantly observed at final fracture zone.

3.2.2. Fractographic characteristics of UD axial 
compression tested CFRP composite

The macroscopic appearance (Figure 7) of the fracture surface 
was relatively smooth and it was oriented at an angle of 30-45° to 
loading direction. SEM examination of the fracture surface revealed 
stepped structure at different locations as shown in Figures 8a and 
b. It has been observed that the micro-buckling/kinking which 
is the formation of reoriented material bands on a plane at some 
angle to the direction of loading21,22, occurs on several planes and 
the overall fracture surface sometimes consists entirely of series of 
steps, the height of each step being a multiple of half the buckling 
wavelength. Local fiber buckling/kinking and fiber fractures leads to 
an irregular, stepped fracture surface23. This is a characteristic feature 
of compression failure, i.e. failure of the fibers by micro-buckling/
fiber kinking (Figure 8c). 

In Figure 8d, a typical compressive failure feature - Chop marks 
is observed1,17,23,24. High values of fiber volume ratio, shear or in 
phase mode micro-buckling has been predicted22, wherein the flexural 
stresses because of the in phase buckling leads to the formation of 
fracture planes (Figure 8c). At high magnifications in Figure 8e, the 
fracture surface of the individual fibers showed two distinct areas 
of smooth compressive and rough tensile areas separated by neutral 
axis (NA), known as chop marks, where its showing clear evidence 
of compressive failure from Compression side (C) to the NA and a 
tension failure from Tension side (T) propagating to the NA. It may 
also be noted; a strong bond between fiber and matrix is present in 
Figure 8e and also. The matrix and fiber debris were observed25,26, 
which is a characteristic of compression failed samples. Most of the 
fracture surface features were obliterated due to abrasion of mating 
fracture surfaces during failure, i.e. post-failure movement of the 
mating surfaces has caused abrasion over most of the fracture. And 
in Figure 8f, clearly neutral axis (buckling axis) can be observed and 
the local crack propagation direction is in the direction perpendicular 
to it. And the crack propagation is through the thickness. The crack 
propagates to fracture, through the individual fibers from the tensile 
to the compressive side in a direction perpendicular to neutral axis/
buckling axis (A-A). The fracture direction and height common to 
all the fibers in a step, indicate localized crack propagation. Thus, the 
buckling axis (Figure 8f) can be used for determination of the local 
crack propagation direction and hence identification of the failure 
origin. Also, a model explaining the damage zone leading to kink 
band formation/buckling has been researched27 in detail.

3.2.3. Fractographic characteristics of flexure tested CFRP 
composite

Consider failures generated by the three-point bending (flexure 
loading), where in failure occurs at the central roller. A typical 
flexure failed composite fracture surface, as seen in SEM at least 
magnification is shown in Figure 9. A clear demarcation of tension 
and compression regions can be observed. The fracture surface had 
two morphologically different areas; rough area (tensile fracture) 
separated by distinct boundary with smooth area (compressive 
fracture), the boundary between them being parallel and often is 
close to the neutral axis (NA) of the laminate. The flexural failure 
has originated on the compression surface due to lower strength of 
CFRP in compression relative to tension and the stress concentration 
generated by the central roller. The crack then moves towards the 
NA, but since, as in the case of applied compression, the fractured 
surfaces are capable of sustaining substantial loads, the position of 
the NA may not move significantly. As the crack approaches the NA, 
it moves into a field of decreasing compressive stress and increasing 
inter-laminar shear stress, which stops the compressive fracture. And 
increased tensile strain (delamination)28,29 in the opposite face initiates 
rapid failure towards NA.

Examination of the rough area of the fracture surface revealed 
fiber pullout (Figure 10a) and the individual fibers showed radial 
marks (Figure 10c), which are similar to those observed in tension 
failed samples. The smooth area indicated micro-buckling, chop 
marks (Figure 10d) and compression debris (Figure 10b) similar 
to those observed in compression failed samples. Hence, flexural 
failures can normally be interpreted as a combination of tension and 
compression. Also, the local crack propagation direction is marked 
with red arrows in both Figure 10c and d. 

The relative areas of the tensile and compressive regions would 
provide valuable information regarding the initiation of failure. For 
the samples under study, compression crack was considerably larger 
especially at free edges and propagated over an area of 70% of the 
fracture surface (Figure 9). This indicates compression crack initiated 
earlier than tension. This was due to low compression strength of 
CFRP than tensile strength and the stress concentration produced 
by central roller30. Also, the increased flexural strain allowed by the 
compression failure and the ability of these failed surfaces to react 
to significant loads cause a tensile failure to propagate from the 
opposite surface to meet the arrested compression failure. If crack 
initiates from the tension side, most of the fracture will be tensile in 
nature, since neutral axis will rapidly move away from the tensile 
surface as the crack propagates. The direction of crack propagation 
through the tensile fracture area determined from the radial marks on 
the fractures of individual fibers which indicate that the crack started 
from the external tensile surface and propagated into the specimen.

Figure 6. Map of overall crack propagation direction (White arrows indicate 
local crack propagation direction and the dotted arrow indicate overall crack 
propagation direction).

Figure 7. Cross-sectional view at the fracture surface of compression failed 
test coupon
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Figure 8. a) Stepped fiber fracture; b) Fiber fracture by micro buckling and fracture at different heights; c) Microbuckling/Kinking; d) Chop marks typical of 
failure under compressive load; e) High magnification fractograph showing chop marks separating tension and compression by neutral axis; and f) Local crack 
propagation direction indicated by an arrow perpendicular to neutral axis AA.
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4. Conclusions

Tension
•	 The axial tension failed samples exhibited macro-fractographic 

features such as rough surface, chevron lines, three distinct 
regions viz., crack origin, propagation and final failure 
and micro-fractographic features such radial marks on the 
individual fiber fracture ends. 

•	 Using the DAFF method, it is possible to trace the path of 
fracture over significant areas of failure and by sampling a 
number of such areas, overall direction of tensile failure in a 
composite can be determined. Also, following the root system 
of sequential failures (DAFF method) back towards the origin, 
it becomes evident that a whole group of failures may be traced 
back to the fracture of one fiber.

Figure 9. Flexure failed surface at least magnification. The clear demarcation of tension and compression regions can be observed.

Figure 10. a) Fiber pullout on tensile side; b) Crushed and rub surface on compression side; c) Fiber radials on tension fractured fiber ends at higher magnifications; 
and d) Chop marks on compression side can be observed at higher magnifications.
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Compression

•	 The predominant macroscopic failure mode in the axial 
compression failed samples has been identified as shear 
crippling (the result of kink-band formation resembling the 
slip lines in metals) which leads to shear failure on a plane at 
an angle of 30-45° to the direction of loading. 

•	 The micro-fractographic informed that the micro-buckling 
occurs on several planes and the overall fracture surface 
consists of a series of steps and the buckling axes separate 
compressive failures (C) from tensile failures (T) on the 
individual fibers. 

Flexure

•	 The flexure failed samples showed features such as distinct 
tensile and compressive fracture areas (compression-tension 
boundary). The delamination and failure cause the neutral axis 
to move towards the tensile surface and failure recommences 
as a compression fracture. Therefore, the relative areas of 
the tensile and compressive regions would provide valuable 
information regarding the initiation of failure. 

Therefore, this research has led to the knowledge of the nature 
and origin of fracture, as well as understanding of how the fracture 
occurs, with an insight into the various characteristic features and 
its effect of these on the failure modes with the definition of overall 
crack propagation direction. All these characteristics are very valuable 
in the aerospace structures fabricated by CFRP. The characteristics 
described here may be applied to other fibers (such as Glass, Kevlar, 
Boron etc.,) and matrices to form a sound basis for further research 
into composite materials under varied environmental conditions 
(moisture and temperature) and other loadings such as fatigue, impact 
etc., However, composites fractography is proving to be powerful and 
reliable tool for the composite engineer, and is a vital technique for 
the overall development and design of composite structures.
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