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INTRODUCTION 

Defects may be introduced in composites during processing and fabri­
cation. They include contaminants, porosity, inclusions, delaminations, 
and nonuniform fiber and matrix distributions. Damage induced in service 
under loading and environmental variations includea matrix cracking, de­
lamination, fiber breakage, and dispersed defecta, such as matrix ageing 
and degradation. 

A variety of nondestructive evaluation methods have been used for 
composites, but the most effective and practica! ones are ultrasonic and 
radiographic methods. These methods can be supplemented by others, such 
as acoustic emission, interferometric, and wave propagation techniques. 
The sensitivity and effectiveness of such NDE methods are discussed in 
connection with three applications: thick composites, metal-matrix com­
posites, and fatigue damage. 

THICK COMPOSITES 

New structural applications of polymer matrix composites require the 
use of thick sections, up to 7.62 cm (3 in.) in thickness. Fabrication 
of thick composites poses a great challenge. These composites are sus­
ceptible to defecta due to thermal gradients and nonuniform resin b1eeding 
during curing. Typical anticipated defecta are matrix cracking and de-
1aminations. Conventional nondestructive techniques usua11y must be adap­
ted to the case of thicker composite laminates. 

To study the detectabi1ity of delaminations, a thick composite !ami­
nate was prepared. A 10.2 X 15.2 cm (4 X 6 in.) 150-ply thick unidirec­
tional graphite/epoxy plate was prepared with 7.9 mm (0.31 in.) diameter 
and 0.025 mm (0.001 in.) thick mylar inclusions. These inclusions were 
embedded between the plies at various locations through the thickness. 

The conventional pulse echo technique using a focused transducer was 
not suitab1e in this case. An unfocused 5 MHz transducer, 1.71 cm (0.75 
in.) in diameter, was used to obtain the A-scans shown in Fig. 1. These 
scans were sufficient in detecting the through-the-thickness location of 
the mylar inc1usions. Furthermore, they can be used to determine the 
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wave propagation velocity in the thickness direction, c3 
(119,800 in./sec). 
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Fig. 1. A-scans at four different locations in uni­
directional 150-ply graphite/epoxy laminate 
with embedded 7.9 mm (0.31 in.) diam., 
0.025 mm (0.001 in.) thick inc~usions. 

The planar characterization of the inclusions could not be achieved 
by the pulse echo method with either focused or unfocused transducers. In 
the case of unfocused transducers the difficulty was due primarily to the 
fact that the beam diameter was larger than the defect diameter. A prac­
tical solution to this problem was obtained by using a through-transmission 
technique utilizing an unfocused transmitting transducer and a focused re­
ceiving transducer as shown in Fig. 2. The receiving transducer was focused 
on the back surface of the specimen to detect the shadow of the defect. 
Results of this modified C-scanning are shown in Fig. 3. 

Another common defect in thick composites is transverse matrix crack­
ing in crossply laminates. Some of these cracks appear during the cooldown 
stage of the curing procesa due to thermal gradients and the anisotropic 
thermal expansion of the various plies. Cracking also occurs during sub­
sequent exposure to low temperature and during mechanical loading. When 
the in-plane dimensions of the laminate are relatively small, it is possible 
to detect matrix cracks by conventional penetrant-enhanced X-radiography 
(Fig. 4). For large plates, however, it may not be possible for the X-ray 
opaque penetrant to reach all cracks. A new ultrasonic technique and an 
analytical model have been developed recently for matrix crack characteri­
zation in thick composites [1]. 
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Fig. 2. U1trasonic through transmission method for detection 
of embedded f1aws in thick composite laminates . 
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Fig. 3. Through transmission C-scan of 150-p1y graphite/epoxy 
lami nate with embedded 7.9 mm (0.31 in. ) diam., 
0.025 mm (0.001 in.) thick inc1usions. 
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Fig. 4. X-radiographs of 

a 

b 
b 

[o10/9010] s AS4/3501-6 graphite/ 
epoxy specimens. 
(a) After thermal shock from 394 degK (250°F) to 

255 degK (0°F) 
(b) After application of 449 MPa (65 ksi) tensile 

stress. 

METAL-MATRIX COMPOSITES 

Metal-matrix composites have some advantages over polymeric matrix 
materials. In general, they exhibit high shear strength and modulus, high 
transverse tensile, strength, excellent stability over a wide temperature 
range, strength retention, excellent fatigue and creep properties, and high 
impact strength. Composite systems that have been investigated to date 
include boron/aluminum, borsic/aluminum, graphite/aluminum, FP (aluminum 
oxide)/aluminum, and FP/magnesium. Fabrication of these composites is more 
involved than that of polyrneric rnatrix cornposites, therefore, nondestructive 
inspection is even more important. 

Manufacturing defects encountered in metal-matrix composites are 
similar to those of organic matrix composites. They include: fiber matrix 
debonding, porosity, fiber misalignrnent, fiber fracture, nonuniform fiber 
distribution, and matrix fracture. Available nondestructive methods must 
be adapted for each material and defect type. 

An example of the application of various NDE methods to the detection 
of porosity is illustrated in Fig. 5 [2]. The specimen was a unidirectional 
8-ply FP/magnesium plate of dimensions 12.7 X 3 . 8 X 0.64 cm (5 X 1.5 X 0.25 
in.). The conventional C-scan, obtained with a 15 MHz f ocused transducer 
in the pulse echo mode, delineates clearly the regions of high porosity. 
Ultrasonic attenuation measurements were made at various points along the 
centerline of the specimen. A method based on the attenuation of a train 
of echoes was used to obtain an attenuation coefficient for the material in 
terms of decibels per cm. It can be s een that this coeff icient increases 
with increasing porosity area within the ultrasonic beam. Thus, the attenu­
ation coeffici ent i ncreases from 0.44 dB/cm i n the undamaged region to 
0.81 dB/cm in the porous r egion. 

In addition to attenuation, the wave propagation velocities were mea­
sured at the same locations along the specimen centerline. The wave 
velocity is proportional to the square root of the ratio of the stiffness 
over density. Although both stiffness and density are expected to decrease 
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in the porous region, it appears that the velocity does vary with extent of 
damage. The wave velocity decreases from 6771 m/s in the undamaged region 
to 6120 m/s in the flawed region as seen in Fig. 5. 

3-1-1 3-1-2 3-1-3 3-1-4 

ULTRASONIC ATTENUATION (DB/cM) 

0.52 0.!14 0.81 0.55 
WAVE PROPAGAHON VELOCITY (M/s) 

6679 6771 6120 6723 

Fig. 5. C-scan, ultrasonic attenuation and wave propagation velocities 
for FP/Mg specimen with porosity . 

Another type of flaw investigated was fiber f racture. Figure 6 shows 
a sketch of an FP/magnesium specimen with f iber fractures in the second, 
fourth and sixth plies from the top. Conventional ultrasonic scanning 
does not reveal such flaws. However, analog scanning with a 15 MHz focused 
transducer was effective in detecting the locations of the fiber fractures 
(Fig. 6) . 

FATIGUE DAMAGE 

Nondestructi ve evaluation is ver y i mpor tant in char acterizing and moni­
toring damage development in composites under cyclic loading. Damage de­
velopment consists of three stages, initiation, growth, and localization 
leading to ultimate failure. In crossply laminates damage consists of trans­
verse matrix cracki ng, l ongitudinal matrix cracking , delaminations at the 
intersections of matrix cracks, and f iber f ractures [3,4] . Damage mechanisms 
and damage development depend on the cyclic s t ress level and ther eby on t he 
state of damage produced during t he f irst l oading cyc le . Damage develop­
ment consists of t hree stages: (1) damage occurr ing duri ng the f i rs t fatigue 
cycle consisting of transverse matrix cracking, (2) damage developing during 
the first 80% of the logarithmic lifetime of the material and consisting of 
multipl ication of transverse matrix cracks up t o a limiting crack density, 
and (3) damage occurring in the last 20% of the logari thmic lifetime and 
consisting of longitudinal matrix cracking , local delami nations and f iber 
f ractures . 

The f atigue damage discussed above can best be characteri zed by pene­
trant-enhanced X-radiography as illustrated in Fig . 7. This method can be 
complemented by ultrasonic backscattering as shown in Fig. 8. Fatigue 
damage can also be characterized in t er ms of t he residual axial modul us as 
a func t i on o f fatigue lifetime , The reducti on i n res i dua l modulus i s c l os e l y 
ass oci ated wi t h damage deve l opment . A typical curve for normalized res idua l 
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ULTRASONIC WAVE ATTENUATION FOR FP/Mg SPECIMEN WITH FIBER 
FRACTURE BY WATER DELAY LINE TECHNIQUE. 

Inspection Location 
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Material Attenuation 
dB/cm (dB/in.) 

0.32 (0.80) 
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0.25 (0.62) 
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0.35 (0.89) 

Fig. 6. Analog C-scan of FP/magnesium specimen with Fiber Fracture. 
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Fig . 7. X-radiographs of a [0/902] 8 graphite/epoxy laminate 
subjected to fatigue loading at 662 MPa (96 ksi) for 
vari ous numbers of cycles. 



Fig 8. 

c d 
Damage in [0/902]~ AS4/3501-6 graphite/epoxy laminate cycled at 
518 MPa (75 ksi) tor 7.5 X 106 cycles. (a) X-radiograph, (b) 
transverse cracking detected by backscattering c-scan, (c) longi­
tudinal cracking in upper laye r detected by backscattering C-scan, 
(d) longitudinal cracking in lower layer detected by backscattering 
c-scan. 

modulus displays characteristic features associated with the three stages 
of damage development discussed before (Fig. 9). 
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Fig. 9. Typical curve of normalized residual axial modulus for [0/902] 8 
graphite/epoxy laminate with characteristic features corres­
ponding to three stages of damage development. 

1201 



ACKNOWLEDGEMENTS 

The work described here was sponsored by the Office of Naval Research. 
We are grateful to Dr. Y. Rajapakse of ONR for his encouragement and co­
operation and to Ms. Erika Ivansons for typing the manuscript. 

REFERENCES 

1. J. D. Achenbach, I. M. Daniel, G. Kechter, and S.-C. Wooh, "Detection 
and Characterization of Damage in Thick Composites," Proc. of Conf. on 
Nondestructive Testing and Evaluation of Advanced Materiala and Com­
posites, Colorado Springs, CO, Aug. 1986. 

2. S. W. Schramm and I. M. Daniel, "Nondestruct'ive Evaluation of Metal 
Matrix Composites," Proc. of AF/DARPA Review of Progresa in Quantita­
tive NDE, Univ. of California, San Diego, Aug. 1982. 

3. A. Charewicz and I. M. Daniel, "Damage Mechanisms and Accumulation in 
Graphite/Epoxy Laminates," Composite Materiala: Fatigue and Fracture, 
ASTM STP 907, H. T. Hahn, Ed., 1986, pp. 274-297. 

4. I. M. Daniel, J. W. Lee, and G. Yaniv, "Damage Accumulation and 
Stiffness Degradation in Crossply Graphite/Epoxy Composites," ASME 
Annual Mtg., Anaheim, CA, Dec. 1986. 

1202 




