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(ABSTRACT) 

The need for better impact resistant composites has resulted in the development of many toughened 

resin systems. A combination of a tougher resin system along with higher strength fibers increases 

the impact resistance of the composite. The use of an adhesive layer between two plies of the im-

proved prepreg system has been found to considerably increase the impact resistance. This concept 

is known as 'Interleafmg'. 

This investigation studies the response of the interleaf materials to instrumented drop weight impact 

as compared with the response of non-interleaved materials. Two non-destructive quality evaluation 

techniques, namely, ultrasonics and eddy currents, are used to qualitatively evaluate the damage 

developed in the specimens. Several different energy levels of damage are studied. 

The interleaved laminate had significantly better impact response than the non-interleaved laminate 

for the same impact energy. The onset of delamination was delayed by the use of the interleaf. 

Wheras damage could be detected at an impact energy as low as 1.75 ft-lb in the baseline laminate; 

the interleaved laminate did not show any ultrasonic C-scan indication upto an impact of 2.45 ft-Ib. 

The increase of delamination with increasing impact energy was slower in the interleaved specimen. 

The eddy current method is not effective in detecting damage in the interleaved laminate because 

of the shielding effect of the interleaf. Compression Strength After Impact (CSAI) could not be 

used for the test laminates in this project, but the Tensile Strength After Impact test provided useful 

results. The tensile strength after impact of the interleaved specimen was between 20%-80% more 



than the baseline laminate upto impact energy of 10 ft-Ib. The advantage of the interleaved speci

men reduced at higher energy levels of impact. 
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1.0 INTRODUCTION 

The use of carbon fiber composite materials for secondary aircraft structural applications has been 

well established in the past decade and has increased to the point that they are being actively studied 

for applications to primary structures. Composite materials can be tailored to meet complex struc

tural requirements through proper selection of fiber) resin, and laminate stacking sequence, resulting 

in a significant weight advantage over metallic designs. 

The use of composite materials in aircraft structural components, in addition to standard design 

capabilities, requires a fundamental understanding of toughness and the ability to carry load after 

impact damage. Impact damage can result from pebbles hitting during take-off, drop of tools, foot 

tramping, bird hits, or enemy frring. The impact may range from low velocity, low mass impact 

such as tool dropping to high velocity, low mass such as bullet flring, or other combinations. 

The need for more durable and damage tolerant composite materials has led to development of high 

strain fibers and tougher resin systems. Other methods of increasing resistance of composites to low 

velocity, high mass impact have been proposed [1,2]. The effect of low velocity, high mass impact 

on the laminate residual compressive strength has also been reported in the literature PJ. 
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One approach toward the development of impact resistant composites is to introduce a second, 

separate resin system in the composite. The objective of this approach is to selectively toughen the 

ply interfaces, which are known to delaminate under impact. This concept, known as interleafmg, 

is the subject of this project. A thin layer of resin is added to one side of the prepreg tape which 

already contains an improved tough resin system. This resin layer remains a discrete layer after the 

curing process [3]. 

This effort examines the response of an interleaved composite system under low velocity J instru

mented drop weight impact and compares it with the response of a non-interleaved system. Several 

specimens of the two different materials were impacted at six different energy levels. The impacted 

specimens were then evaluated by two different non-destructive evaluation techniques and the re

sponse correlated with tension strength after impact (TSAI). 

Non-destructive evaluation techniques play an important part in assessing the damage developed 

in composite materials. The selection of the most appropriate non-destructive technique depends 

on many factors such as characteristics of the imperfections, requirements of the evaluation theory, 

and application constraints l4]. Two non-destructive techniques, ultrasonic C-scan and eddy current 

scan, are used here for the evaluation of the damaged specimens. 

The two materials under investigation in this project are Fiberite T300/934 (Fiberite Inc.). and 

Cycom 11\1-6/1808 (American Cyanamid Co.). A Dynatup 8200 instrumented drop weight impact 

system was used to impart several energy levels of impact to the specimens, with damage ranging 

from none to through penetration. Comparison is then made bet\veen the damage indicated by the 

non-destructive techniques and the residual tension and compression strengths after impact. Static 
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tension tests and compression tests are performed for comparing the static response of the two 

materials. 
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2.0 INTERLEAVED COMPOSITES 

2.1 INTRODUCTION AND BACKGROUND 

The vulnerability of composite laminates to foreign object impact damage has been the subject of 

investigation for some time [1]. Studies have shown that damage induced by low velocity, hard 

object impact can significantly reduce the residual tensile and compressive strengths of a composite 

structure even when the damage cannot be visually observed. The reduction in laminate residual 

strength is known to be greater with higher impact energies [3J. 

Studies have shown that damage due to impact can be significantly reduced by incorporating a thin 

discrete layer of a ductile resin system at ply interfaces. The introduction of a ductile interlayer 

between two layers of prepreg is expected to improve the fracture toughness and mechanical prop

erties in transverse and off-axis directions without loss of longitudinal strength through three 

mechanisms. First, the interlayer should be able to absorb crack propagation energy and blunt the 

tip of a crack. Second, the interlayer is capable of relieving the stress concentration around the re

inforcement, and, third, the interlayer can protect the brittle fiber surface from abrasion during 

processing and heal flaws on the fiber surface [5}. 
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Interleaved composites have been a major area of research for the past few years because of their 

higher impact resistance. In April 1984, three independent research teams presented work perfonned 

on laminates containing discrete inner layers of toughened material seeking to improve delamination 

resistance. In an effort to increase laminate toughness, Raymond Krieger (6] identified the ultimate 

shear strain of the epoxy resin as a key parameter. Development of a new epoxy resin yielded both 

adequate toughness and compressive strength, yet the compression strength after impact was still 

not satisfactory. This led to the development of the 'interlayer concept: Krieger pointed out two 

major advantages of the interlayer concept : (1) cracks intersecting an interlayer will have a reduced 

shear stress concentration, and, (2) the interlayer, with its large strain to failure, will not crack easily. 

Subsequent research on composite interlayer systems has shown that the interlayer has perfonned 

very well in static loading [7}, fatigue loading [8], and impact [9]. Hirschbuehler PO] studied the 

impact properties of several toughened epoxy systems and interleaved composites at higher tem

peratures and concluded that these systems offer improvements in impact resistance but at a sacri

fice in upper use temperature (180-200 0 F), as compared to non-interleaved composites. Chang 

et. at (5] studied the effects of a controlled modulus interlayer on the properties of graphite/epoxy 

composites and concluded that the thickness, modulus of the interlayer, and the bonding between 

the epoxy matrix and the interlayer were very important in determining the properties of the inter

layer composite. 

Chan et al [11] employed adhesive strips along and interior to the edge of a matrix dominated and 

fiber dominated laminate to investigate delamination arresting. He perfonned tension-tension 

(R = 0.1) fatigue loading with the maximum amplitude equal to 900/0 of the static strength. De

lamination was successfully arrested by the interior adhesive strip and completely suppressed by the 

edge strips. Some of the interesting fmdings from his study are : 

1. The baseline 'matrix dominated' laminate could not survive the load amplitude past 2.6 million 

cycles. 
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2. The edge strip configuration had a 7% increase in residual tensile strength after 2.6 million 

fatigue cycles, as compared to the baseline system. 

3. At 4 million cycles, the interior strip configuration for this laminate showed a 70/0 increase in 

residual tensile strength over that of the baseline laminate. 

Simonds et al [8] investigated the notched fatigue response of a quasi-isotropic laminate subjected 

to tension-compression (R = -1) fatigue. He concluded that under cyclic loading conditions, im

proved matrix toughness does not necessarily translate into improved mechanical performance. 

The long-term response of interleaved composites has not been studied to date. An interesting 

question was posed by Newaz in Ref. [7], page 73, "In the case of long-term loading of the laminate 

in actual applications, I would be very concerned about the 'interleaf' material from the standpoint 

of creep. Although one may improve delamination resistance of the composite, can you convince 

me why one should consider such laminate design for overall long-term performance?" 

Several investigators have tried to answer this question. Swain et al [12] performed a series of tests 

called the Incremental Load Test (ILT) to investigate the long-term performance of interleaved 

composites as compared to other baseline laminates. This method involves loading the laminate to 

a constant strain which is held for a fixed period of time, allowing stress relaxation to occur. "Vhen 

the time period has elapsed, an incremental strain is added and the process is repeated. 

Recently an analytical model for an intersecting and interlaminar crack in a laminated structure 

containing interlayers has been presented by Kaw and Goree [13] as a modification of the work 

done by Gecit and Erdogan [14]. 
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2.2 IMPACT BEHAVIOR - LITERATURE REVIEW 

Composite material systems must be designed not only to provide the requisite in-plane structural 

properties but also to increase durability and damage tolerance. The effectiveness of using tough 

resins to increase the damage tolerance has been established. A variety of test techniques has been 

employed to measure foreign object impact behavior. The extent of damage has been reported in 

terms of damage after a drop weight impact (I], impact while under a compressive load [3], and 

compression strength after impact (3). All tests however, produce only comparative values of one 

system against another. 

Residual compression strength vs impact energy for two laminates - a toughened system and a 

baseline system is shown in An examination of the cross-section of the impacted specimen indicates 

that impact causes considerable splitting and delamination of plies. This splitting and interply de

lamination is caused by the inability of the composite to undergo shear deformation. The thin resin 

layers at the ply interfaces are constrained from large shear deformation by their thinness and lack 

of ductility, leading to delamination. Figure 1 on page 8. 

Chang et al. [5J studied the effects of thickness and modulus of the interlayer on the impact resist

ance of the laminate. When a very thin interlayer is applied, the interlaminar shear strength is at its 

maximum, and the impact resistance reaches its minimum. This is perhaps because thin, low Tg 

interlayer is capable of relieving the thermal stress buildup at the interface after curing, giving the 

effect of better adhesion between the fiber and the matrix, but the interlayer is still too thin to ab

sorb the fracture energy or deflect the crack path. The impact strength reaches a maximum and the 

shear strength starts to decrease when the interlayer thickness is approximately 0.12 microns. The 

impact resistance and the interlaminar shear strength both drop when a thick interlayer is applied. 

The modulus of the interlayer shows a significant effect on the impact strength. Lower impact 

strengths of composites with a lower modulus interlayer were observed. 
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Figure 1. Variation of CompressiYe Strength After Impact (CSAI) with impact en
ergy for baseline and interleayed laminates [3]. 
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Evans and Masters [3] compared the compressive strengths of impact damaged composites with and 

without interleaf. The compressive strength after impact (CSAI) of the interleaved system was 

greater without modification of the matrix resin. The interlayer functions to suppress the initial 

impact damage, that is, to increase impact resistance. Smaller delamination sizes are seen in ultra

sonic C-scans of interleaved panels compared to non-interleaved panels for the same energy levels 

of impact. Interleafmg is most effective when combined with a tougher matrix system. 

The basic mechanism in the interleaved laminates is the suppression of delamination at ply inter

faces. Although the transverse cracks form in the material on impact, the toughened material 

interfaces do not delaminate. Photomicrographs, 200X, of typical transverse cracks which had de

veloped in interleaved and baseline laminates under 3560 N-m/m (800 in-lb/in) impact are shown 

in Figure 2 on page 10. As can be seen in Figure 2 on page 10, while delamination developed in 

the baseline laminate, the interlayered laminate shows no evidence of delamination. 

When delaminations are induced in the interlayered laminates at higher impact energy levels, they 

are fewer than those developed in the baseline laminates at the same energy levels. 

2.3 FABRICATION OF INTERLEAVED LAMINATES 

Interlayer laminates have been fabricated by two different methods. Chang et. al. [5] developed a 

method for the preparation of graphite fibers with an even thickness coating using an 

electro polymerization technique. By using graphite fibers as electrodes, and the passage of an elec

trical current through a suitable monomer-electrolytic medium, polymerization occurs at the fiber 

electrode surface. The coating is relatively uniform and the properties of the coated fiber, especially 

modulus, can be varied by using different monomer ratios in solutions. In addition, good chemical 

bonding between the interlayer and the matrix is desirable to localize energy dissipation \\'ithin the 

interlayer and to transfer the stress to the reinforcement. The materials used in this process were 

methyl acrylate and acryl?IDtrile. The epoxy matrix used was a diethyl ether of bisphenol A cured 

li\TERLEA VED COMPOSITES 9 



BASE1.INE LAMINATE (ZOO X) 

? 
.. ~ .. ~ -

INTERUYE'RED LAMINATE (ZOO X) 

i 
-=-"'" -

'! 

Graphite Epoxy 

Prepreg 

Transverse Crack 

:---Graphite Epoxy 

\ 
interteaf film 

Figure 2. Crack growth in baseline and interleaved laminates (3). 
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with 28 per hundred of methylene dianiline (MDA). Hercules AS4 graphite was used as the re

inforcement. 

An easier method which is more popular with the industry is to have thin discrete layers of a ductile 

resin between adjacent plies of the graphite/epoxy prepreg. It is important that the interlayers re

main discrete after the cure process. This concept has been developed commercially by the Ameri

can Cyanamid Company. 

The fabrication process takes standard prepreg tape (that is, tape with a 600/0 fiber volume fraction) 

containing an improved, toughened matrix resin and adds to it a thin layer of a second interleaf 

resin. There are two key factors to this approach. First, the interleaf resin must have a large ulti

mate shear strain, and, second, it must remain a discrete layer after the laminate has been cured. 

Experimental results indicate that this method can significantly increase impact resistance. A 

photomicrograph of the interleaved laminate wherein the interlayer is seen to remain a discrete layer 

is shown in Figure 3 on page 12. 
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3.0 EDDY CURRENT INSPECTION 

TECHNIQUE 

3.1 INTRODUCTION 

The use of graphite/epoxy composites in modem aerospace structural applications has led to the 

development of many non-destructive evaluation teclmiques for detection of damage in these 

composites. Ultrasonics, radiography and vibrothermography are some of the techniques currently 

being used in the industry. The use of eddy currents in the detection of damage in graphite/epoxy 

composites is currently under investigation in many research organizations [15]. 

The feasibility of using eddy current teclmiques and instrumentation in the detection of fiber 

breakage and delamination in graphite/epoxy composites is studied as part of this effort. Eddy 

current technique has shown promise as a viable non-destructive technique for damage detection 

of composites [16]. This technique also overcomes some of the undesirable requirements of ultra-
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sonics and radiography, such as need for coupling medium and irradiation effects, giving sufficiently 

good results at the same time. It lends itself very easily to automation and hence data processing 

with the help of computers is made easy. 

Eddy current testing is a method of locating surface or subsurface flaws in electrically conductive 

materials, and for evaluating such material characteristics as electrical conductivity, metallic coating 

thickness, hardness, and other conditions. The test article is brought into a time varying 

electromagnetic field that induces electric current. Typical currents of this sort resemble in form the 

eddies in flowing streams of turbulent waters; hence, they are called eddy currents. The amount of 

electric current flowing in these eddies is determined by the electrical conductivity of the test object 

as well as the frequency and amplitude of the applied electromagnetic field. These eddy currents in 

tum create their own electromagnetic field, which may be sensed either through its effect on the 

primary excitation coil or by means of an independent sensor. In non-ferromagnetic materials, the 

secondary electromagnetic field depends simply upon the eddy currents [18J. 

The fITst mention of eddy current-related non-destructive testing appears to be that of D. E. 

Hughes, who in 1879 used the sound of a ticking clock, a microphone, and an induction coil to 

induce eddy currents in different metals and alloys. Today numerous versions of eddy current test 

equipment are commercially available. Much of this equipment is useful only for exploratory tests 

or inspecting parts of simple geometry; however, specially designed equipment is used extensively 

in inspection of production quantities of metal sheet, rod, pipe, and tubing. 

As a non-destructive testing tool, eddy current inspection complements the other standard methods 

for detection of : 

1. Surface and sub-surface flaws 

2. Irregularities in material structure 

3. Variation in chemical composition in metallurgy 
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Compared with liquid penetrants, eddy currents are not as sensitive to small, open flaws; however, 

they have the advantage over liquid penetrants in that they are faster, they do not require cleanup 

operations, and more importantly, they can respond to subsurface flaws. Compared with the 

magnetic particle method, eddy current methods are not as sensitive to small flaws, but they are 

effective with both non-ferromagnetic and ferromagnetic materials. Ultrasonic methods are supe

rior to eddy current methods for resolving small flaws and detecting flaws well below the surface; 

however, eddy current methods do not require mechanical coupling to the specimen as does ultra

sonics. The ultrasonic signal detects flaws parallel to the surface whereas the eddy current signal is 

governed by those which disrupt the current carrying ability of the material. This makes the two 

techniques complementary. Compared with radiographic methods, eddy current techniques are 

faster but generally not as sensitive to small, deep subsurface flaws [18]. 

Some of the inherent limitations of the eddy current test methods are : 

1. Depth of inspection below the surface is limited by the test frequency. 

2. Eddy currents are influenced by many material variables, which often yield ambiguous test re

sults. 

3. Most test equipment needs to be manned by well trained operators. 

4. Data interpretation and analysis is very subjective at this stage. 

3.2 PHYSICAL PRINCIPLES 

Eddy currents have no sources or sinks, but flow in paths which close upon themselves [18J. A coil 

excited by an alternating current produces a changing magnetic field (primary field) which induces 

eddy currents in the test material. The eddy currents in turn generate their own magnetic field 

(secondary or reaction field) which interacts with the primary field, causing a change in the 
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impedance of the test coil. The generation of eddy currents in two simple cases is illustrated in 

Figure 4 on page 17 and Figure 5 on page 17. 

The main factors in determining the magnitude and direction of eddy currents induced by har

monically varying magnetic fields are : 

1. The geometrical shape of the applied field (harmonics). 

2. The amplitude of the applied field. 

3. The frequency of the applied field. 

4. The geometry of the article under test. 

5. The location and orientation of the test article with respect to the applied field. 

6. The electrical conductivity of the test article including inhomogenities in this property. 

7. The magnetic penneability of the test article. 

8. Lift-off effects. 

9. Edge effects. 

The lift-off and edge effects have a pronounced effect on the eddy current signal. These must be 

eliminated or minimized before taking any data. 

3.2.1 The Lift-off effect 

Electromagnetic coupling between the test coil and test object is of prime importance when con

ducting an eddy current scan. The coupling between the test coil and the test object varies with the 

spacing between the two. This spacing is called Lift-off. The effect on the coil impedance is called 

the lift-off effect. The electromagnetic field is strongest near the coil and dissipates with distance 

from the coil. This fact causes a pronounced lift-off effect for small variations in coil-to-object 

spacing. As an example, a spacing change from contact to 0.00 1 in. will produce a lift-off effect 

many times greater than a spacing change from 0.010 in. to 0.011 in. Lift-off effect is generally 
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Figure 4. Eddy current flow generated in a flat surface [17]. 
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Figure 5. Eddy current flow generated in a cj'lindrical object [171. 
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undesired, and causes increased noise and reduced coupling, and results in poor measuring ability. 

In some instances, equipment having phase discrimination capability can readily separate lift-off 

effects from conductivity and other variables. Lift-off is generally kept confmed to one axis of the 

eddy current instrument. This is done so as to keep any defect signal on the other axis. Lift-off 

effects must also be accounted for in cases where the probe passes over an area with a dent or a 

depression which may be produced as a result of damage as in the case of high energy impact. 

3.2.2 Edge effect 

The electromagnetic field produced by an excited test coil extends in all directions from the coil. 

As the geometrical boundaries of the test specimen are approached by the test coil, they are sensed 

by the coil prior to its arrival at the boundary. The field of the coil precedes the coil by some dis

tance detennined by the coil parameters, operating frequency, and the test object characteristics. 

As the coil approaches the edge of a test object, eddy currents become disrupted by the edge signal. 

This is known as the edge effect. Response to the edges of test objects can be reduced by the in

corporation of magnetic shields around the test coil, by reducing the test coil diameter, or more 

easily by confming the scan to an area within the edges. Edge effect is a term most appropriate to 

the inspection of sheets or plates using a probe coil. 

Even a small change in one of the coil parameters can have a marked effect on the eddy current 

indication. Moreover, for practical testing purposes, it is usually necessary that all except one of the 

parameters (the one of interest in the testing) be either rigorously controlled or accurately estab

lished. 
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3.3 INTERPRETATION OF EDDY CURRENT 

INDICATIONS 

Once eddy currents have been generated and have caused changes in the original magnetizing field, 

the changes may be detected by one of the following methods : 

1. Impedance analysis. 

2. Phase analysis 

3. Modulation analysis. 

The Impedance analysis is the simplest and of most interest in the current work. Phase analysis 

and Modulation analysis are discussed in Ref fI8]. 

Measuring only the net changes in the magnitude of the induced eddy current field, whether by 

observing the impedance changes in the test coil or the voltages induced in the secondary coil, is 

generally referred to as Impedance analysis. This is the least complicated method of analysis, and 

can be accomplished with very simple electronic circuits. Eddy current testing currently involves the 

use of commercially available impedance analyzers which give direct digital display of the real and 

imaginary components of the coil impedance. The data is then analyzed using digital computers to 

get meaningful interpretation of the results. The results may then be plotted to give a pictorial 

representation of the data. 

Electronic fliters are used so that results from only the variables of interest may be recorded. A 

typical eddy current recording without any flitering is shown in Figure 6 on page 20. For instance, 

a futer that \vill pass only high frequencies may be inserted for fmding flaws such as cracks or pits. 

This type of recording will appear as shown in Figure 7 on page 20. On the other hand, a fliter 

might be inserted that will pass only low frequencies to fmd gross defects. Such a recording may 

resemble Figure 8 on page 20. 
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Figure 6. Typical eddy current recording with no filtering (17). 
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Figure 7. Typical eddy current recording with filtering of low frequencies (17). 
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Figure 8. Typical eddy current recording with filtering of high frequencies [17]. 
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3.4 EDDY CURRENT INSPECTION METHOD 

Selecting the best eddy current technique and properly applying it requires careful planning. To 

insure that the inspection will have the best chance for repeatable success, the following steps 

should be performed. 

Determining the optimum test frequency 

From a knowledge of the material properties of the test article, the expected flaw size, the desired 

depth of penetration, and the required rate of inspection, it is possible to estimate an optimum eddy 

current frequency. Frequency charts that show the variation of the depth of penetration with fre-

quency for most common metals are available [171. A further consideration in choosing frequency 

is that if the test article is moving fast relative to the inspection probe or vice versa, there may not 

be sufficient time for a complete cycle of the applied magnetic field. Therefore there would be in· 

adequate generation of eddy currents in the test area. Thus there is both an upper and lower limit 

on the test frequency. 

Another expression that estimates the frequency to a sufficient degree of accuracy is given as : 

f = 

where f = test frequency in Hertz, d = depth of penetration in em., c = material conductivity 

in mhos/em. 

Thus high frequencies should be chosen for measuring surface effects whereas low frequencies 

should be used for subsurface effects. 
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Selection of Instrumentation 

Once the test frequency has been established, choice of the instrument will be based on whether 

or not it can operate at the correct frequency. Some devices operate at a predetermined frequency, 

whereas others have frequency adjustments. If a single-frequency instrument is to be used, one 

having a frequency as close as possible to the optimum frequency for the intended test must be 

chosen. 

Selection of Test Coil 

\Vith most commercial eddy current equipment, various sizes and shapes of test coils are supplied 

specifically for use with that equipment. From these coils, the operator must choose the one which 

is most closely suited to the geometry of the test article and is capable of establishing an eddy cur

rent pattern of a size sufficiently small to be consistent with the dimensions of the smallest flaw of 

interest. Whenever there are no standard coils with the test instrument or the standard transducers 

are of the wrong geometry for the test article, the user must design and build a transducer which 

must be compatible with the instrument, confonn closely to the shape of the test article, and be 

sufficiently sensitive at the required test frequency. 

Automated Scanning 

For continuous inspection, if the configuration of the test article permits, the operation may be 

automated. Ordinarily this will require a mechanism which allows the article to move past the test 

probe in a repeatable fashion. Depending upon the sensitivity required, the mechanism may be ei

ther a rudimentary arrangement whereby the test article is simply moving through the magnetic field 

of the test probe, or for more stringent requirements, the test article may be precisely positioned 

and held fixed while an electromagnetic scanning system moves the probe over it. The latter ar-
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rangement reduces the possibility of the probe detecting movement or misalignment of the speci

men rather than the flaws. 

This arrangement is quite similar to the movement of the transducer over the test specimen as in 

an ultrasonic C-scan setup. The eddy current probe is alligned over the surface of the test article 

and the probe holder is programmed to perfonn a raster scan along specified dimensions. The data 

from the eddy current instrument is then transfonned into a digital fonn and stored in a computer 

for further analysis. 

3.5 TYPES OF EDDY CURRENT COILS 

Eddy current test coils can be catagorized into three main mechanical groups: probe coils, bobbin 

coils, and encircling coils. Different types of eddy current coils are shown in Figure 9 on page 24. 

3.5.1 Probe coils 

Probe coils provide a convenient method of examining the surface of a test object. Probe coils can 

be shaped to fit particular geometries to solve complex inspection problems. Probe coils may be 

used where high resolution is required by adding coil shielding. 

When using a high resolution probe coil, the test object must be carefully scanned to assure com

plete inspection coverage. This careful scanning is very time consuming. For this reason, probe coil 

inspections are usually limited to critical areas. Probe coils are used extensively in aircraft inspection 

for crack detection near fasteners and fastener holes. 
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Figure 9. Different types of eddy current coils [17]. 
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Figure 10. Differences between absolute and differential coils [17]. 
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3.5.2 Encircling coils 

Encircling coil is a tenn commonly used to describe a coil that surrounds the test object. Encircling 

coils are primarily used to inspect tubular and bar shaped products. 

3.5.3 Bobbin coils 

Bobbin coils are used to inspect from the inside diameter or bore of a tubular test object. Bobbin 

coils are inserted and withdrawn from the tube by long semiflexible shafts or simply blown in with 

air and retrieved with an attached pull cable. 

3.5.4 Absolute and Differential coils 

There is another ldnd of classification used for eddy current coils. These additional classifications 

are determined by how the coils are electrically connected. The two main categories are absolute 

and differential. Figure lOon page 24 shows the differences between absolute and differential coils. 

A bsolute coils 

An absolute coil makes its measurements without direct reference or comparison to a standard as 

the measurement is being made. Some applications of absolute coils are measurements of 

conductivity, penneability, dimensions, and hardness. 

Differential coils 

Differential coils coils consist of two or more coils electrically connected to oppose each other. 

Short discontinuities such as cracks, pits, or other localized discontinuities with abrupt boundaries 

can be detected using differential coils. 
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3.6 EDDY CURRENTS IN GRAPHITE/EPOXY 

There are two characteristics of graphite/epoxy which require modification of standard eddy current 

systems and techniques designed for the non-destructive testing of metals. These are the electrical 

resistivity and the damage characteristics. The bulk electrical resistivity of the material is not only 

very high(2000-20000 f.l -cm) , but also highly variable. The resistivity has also been found to be 

frequency dependent. This has been an area of significant research, but it is not yet known how the 

resistivity depends on various factors such as specimen layup pattern, number of plies, etc. 

The high resistivity has three implications for the eddy current method. This has been addressed 

by Vernon [16]. First, since the depth to which eddy currents penetrate is proportional to the 

resistivity of the material, much greater thicknesses can be examined than are usually associated 

with eddy current inspection. Secondly, when the material is relatively as thln as aircraft wing skins, 

frequencies higher than those used in the inspection of metals are required. Ideally the eddy current 

skin depth should be greater than the thickness of the specimen. Finally, larger probes are required 

for materials having higher resistivities. Small pencil probes provide almost no response m 

graphite/epoxy. Special probes must be made depending on the requirements of the test. 

Graphite/epoxy is a poor electrical conductor as compared to metals. However, the fibers are 

conducting, so the material is amenable to inspection by a properly optimized eddy current system. 

\Vhen a component is under tension, it is also the fibers which carry the load. Consequently damage 

detected by eddy currents directly affects the fiber direction tensile strength of the test article. 

Besides its higher strength to weight ratio, graphite/epoxy differs from metals with respect to a 

number of characteristics. Composite materials are by defmition inhomogeneous. Natural 

inhomogenieties may mask unacceptable deviations from normal material. Fabrication related de

fects such as weak or non-existent interlaminar bonding as well as variations in fiber density and 

twisted fiber tows can weaken the material and need to be detected. Damage mechanisms in 
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graphite/epoxy are also different from those for metals. Service· incurred damage can result from 

impact. Impact damage consists of varying densities of delaminations and broken fibers. The dam· 

age initially consists of delaminations at lower loads, but at higher loads fiber breakage occurs. 

3.7 APPLICATIONS TO TESTING OF 

GRAPHITE/EPOXY 

The application of eddy current testing to graphite/epoxy is presently the object of considerable 

research. Presented here are the results of some experiments conducted at the American Research 

Corporation of Virginia at Radford, Virginia, to establish the credibility of the eddy current tech

nique. Ultrasonic C-scans are also presented for comparison. 

3.7.1 Detection of damage areas due to tensile loading 

The aim of this exercise is to detect the damage developed in a laminate made of woven 

graphite/epoxy. The damage sustained was beleived to be broken fibers as a result of tensile fracture. 

The stacking sequence of the laminate was unknown. 

Material data 

Material used 

specimen size 

Tensile strength 

Maximum strain 

- \Voven fabric graphite/epoxy laminate. 

• 8" X 3/1 X 0.072/1. 

- 9410 Ibs. loaded along the length. 

- 10/0 
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The pre-scan and the post-scan of the specimen are shown in Figure 11 on page 29 and Figure 12 

on page 29, respectively. 

The regions of damage as shown in Figure 12 on page 29 had some broken fibers which could be 

visually observed. The The post-scan (eddy current scan after damage) clearly shows the ability of 

the eddy current scanning method to detect damage, possibly broken fibers in graphite/epoxy 

composites. The signal at the starting point of the pre-scan is due to the probe being out of the 

specimen at that point and is not a defect. The effect of the probe being too close edge is seen in 

the pre-scan. 

3.7.2 Detection of embedded metallic wire. 

The objective here was to detect a metallic wire embedded in a graphite/epoxy composite plate 

using eddy current and ultrasonic C-scan methods. The metallic wire was embedded up to half the 

length of the specimen and at the center of the thickness. The material specifications are the same 

as given in the case of the detection of damage in tensile failure. 

It is clear from the eddy current scan that embedded metallic wires can be detected. This may be 

due to the very high change in impedance levels from the metallic wire to the graphite/epoxy. The 

ultrasonic C-scan is also sufficiently accurate in determining the position of the embedded wire. It 

is different from the eddy current scan in that it cannot estimate the difference in material properties, 

which can be done using eddy currents as each metal has a specific response due to its specific 

conductivity and penneability values. The location of the embedded wire in the laminate is shown 

in Figure 13 on page 31, the eddy current scan is shown in Figure 14 on page 31, and the ultrasonic 

C-scan is seen in Figure 15 on page 32. 
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Figure 11. Eddy current scan of the specimen before tensile loading. 
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Figure 12. Eddy current scan of the specimen after tensile loading showing regions 
of damage. 
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3.7.3 Scanning of Impacted Graphite/epoxy Specimens. 

The objective here was to detect damage areas resulting from impact on a graphite/epoxy laminate. 

The specimen is scanned using eddy current and ultrasonics and a comparative study is made. The 

eddy current scan was produced after ftltering out the high frequencies. Eddy current line scans 

showing the output as response voltage versus position are also made. 

Material specifications 

Material used 

Specimen size 

Stacking sequence 

- Hercules AS4/350 1·6 prepreg cloth. 

- 5.511 X 5.5" X 0.042" 

• [0/90]2s 

Tensile strength - 7900 lbs. 

impact energy levels· 5.5, 6.88, 8.25 and 14.66 lb-ft. 

The specimens were impacted using a spherical stainless steel impactor of one pound weight. It was 

dropped from different heights on to the specimen which was placed on a flat surface and held 

rigidly along the edges. The impact energy was calculated by measuring the drop height. 

It is seen that the eddy current response of the specimens impacted at different levels was significant 

and compares well with the ultrasonic C-scan. As can be seen in both the line scan and the 3-D 

plot, the response of the eddy current probe is proportional to the level of impact, whereas the ul· 

trasonic C-scan only points out the regions of delamination. Precaution should be taken to see that 

all the conditions at the time of testing are consistent. The specimen, with regions of damage, is 

shown in Figure 16 on page 34. Eddy current line scans of the 5.5 ft-lb and 6.88 ft-lb impact sites 

are shown in Figure 17 on page 34. Eddy current line scans of the 8.25 ft-lb and 14.67 ft-lb impact 

sites are shown in Figure 18 on page 35. The line scans are taken by moving the eddy current probe 

EDDY CURRENT INSPECTION TECHNIQUE 30 



o 
... 

Figure 13. Location of embedded metallic wire in the composite specimen. 

Figure 14. Eddy current 3-D scan of the composite specimen with embedded metallic 
wire. 
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Figure 15. Ultrasonic C-scan of the composite specimen with embedded metallic 
wire. 
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over the defect location along the length of the specimen. It is taken for a period of 10 seconds to 

cover the entire length of the specimen. The length of the specimen used in this test was 5.5 inch. 

The rate used in this case was 0.5 inch/min. to cover 5.0 inches of the specimen. Ultrasonic C-scan 

and eddy current 3-D scan are shown in Figure 19 on page 36 and Figure 20 on page 36. 

3.7.4 Detection of Delaminations. 

The objective is to detect delaminations in a graphite/epoxy composite. The delaminations were 

induced by inserting, during layup, pieces of 8 different materials which do not bond well to the 

graphite/epoxy. Comparative studies of eddy current scans and ultrasonic C-scans are made. 

Ultrasonics is known to be very good at detecting delaminations, and the C-scan can be taken as 

a reliable reference. Location of the delaminations within the specimen is shown in Figure 21 on 

page 37. The eddy current 3-D scan of the specimen taken out of a video display unit is shown in 

Figure 22 on page 37. The eddy current scan does not detect the regions of delamination very well, 

as only three of the eight delaminations are located. This may be due to the large difference in fiber 

density caused by the delamination which affects the impedance of that region and hence is shown 

up on the scan. Smaller delaminations are not as clearly seen. 
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Figure 16. Location of the impact damage in the graphite/epoxy specimen . 
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Figure 17. Eddy current line scan of 5.5 ft-Ib and 6.88 ft-Ib impacts. 
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Figure 18. Eddy current line scan or 8.2S rt-lb and 14.67 rt-lb i~pac:ts. 
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Figure 19. Ultrasonic C-scan of the graphite/epoxy specimen ~'ith different impacts. 
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Figure 20. Eddy current 3·0 scan of the impacted graphite/epo.x)' .)pt!cimen. 
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Figure 21. Placement of simulated delaminations in the composite specimen. 

Figure 22. Eddy current oscillograph trace of the specimen with simulated delami
nations. 
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3.8 ADVANTAGES AND LIMITATIONS OF EDDY 

CURRENT SCANNING 

Advantages of Eddy current techniques. 

1. Eddy current techniques have been found to be effective in detecting flaws. Eddy currents are 

particularly good at detecting flaws perpendicular to the surf~ce. They are thus complementary 

to ultrasonics, which is good at detecting flaws parallel to the surface. 

2. The eddy current technique is capable of inspecting at high speeds, and the indication of flaws 

is immediate. 

3. Eddy currents seem to be effective in detecting broken fibers. The ability to detect delami

nations or disbonds is questionable and requires further research. 

4. Mechanical contact with the surface is desirable but not necessary. The use of a coupling me

dium as in ultrasonics is not necessary. 

5. Eddy current scanning can easily be made portable and could be used as a "black box" tech

nique. 

6. The method lends itself to automation, and the data can be analyzed using digital computers. 

7. Under controlled conditions, the eddy current technique provides an accurate measure of 

conductivity. 

Limitations of Eddy currents 

As with other non-destructive methods, eddy current technique also has certain inherent limitations. 

1. The eddy current indication is influenced by a number of variables. 

2. Inspection is generally restricted in depth because of skin effect. 
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3. The interpretation of eddy current signals is quite often subjective, as standardization has not 

yet been achieved. 

The object of non-destructive inspection is often detection of material abnormalities and, if possi

ble, the quantitative measurement of those abnormalities. For graphite/epoxy, these include 

fabrication-related weak interlaminar bonding, misplaced or twisted fibers, and porosity; and 

service-related delamination and broken fiber damage. Since eddy currents are carried by the 

graphite fibers, the method is primarily sensitive to variations in fiber density and to broken fibers. 

Porosity is a property of the non-conducting matrix and is not detectable by eddy currents. Large 

changes in fiber densities resulting from delaminations or higher porosity may be detected. 

Service-related defects mainly result in broken fiber damage or delaminations or both and it is the 

goal of the eddy current technique to detect such damage. 

Before eddy current methods can be conveniently used to inspect for impact damage in 

graphite/epoxy at a commercial level, several problems will have to be addressed. A portable x-y 

scanning device interfaced with an appropriate eddy current device will have to be developed. An 

eddy current instrument that would give accurate readings at higher frequencies to improve depth 

measurements is essential. 

Finally more information about the damage could be obtained by performing analysis of all the 

information available from the eddy current response. This will require an efficient means of con

trolling the different variables of the test. 
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4.0 EXPERIMENTAL PROGRAM 

4.1 MATERIALS 

The materials used in studying the impact response of interleaved composites with that of non

interleaved composites were, 1M -6/1808 manufactured by American Cyanamid Company and 

T300/934 manufactured by Fiberite, Inc. The interleaved composite material has a thermoplastic 

fIlm between every two layers of graphite/epoxy prepreg. The prepreg itself contains a toughened 

epoxy matrix. 

4.2 SPECIMEN FABRICATION 

All the specimens used for the impact testing were fabricated in the Composite Materials Fabri

cation Laboratory at Virginia Polytechnic Institute and State University. The prepreg was hand laid 

in the proper stacking sequence. A heavy roller was used to eliminate any air bubbles after each 
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lamina was placed. The panels were made 12 X 12 in and then cut into the required sample size 

of 5.5 X 4.0 in. The specimens were vacuum bagged and cured according to the cure cycle specified 

by the manufacturer. A thin pressure plate was placed over the specinlens during the curing process. 

The cured specimens were cut using a high speed circular diamond coated saw, with a water jet 

applied while cutting. The purpose of the water jet is to cool the specimen and to keep any dust 

produced as a result of cutting from polluting the surroundings. The specimens were then dried and 

the edges were ground to make them parallel. 

Ultrasonic C-scans were performed on all the specimens to ensure that there was no pre-impact 

delamination damage. The specimens were also scanned using the eddy current scanning technique. 

The specimens were then ready for instrumented impact. 

4.3 INSTRUMENTED IMPACT SYSTEM 

It is well known that in impact testing there frequently appear to be more variables than constants 

available. It is required to make the right choices to characterize the material for its ultimate use. 

The choices for the actual test configuration can be diverse. The specimen may be notched or 

unnotched, supported as a cantilever or flexural beam, flat panel, a rectangular bar, or the fabricated 

component. The striker or tup may be free falling or driven, and the test may be instrumented or 

non-instrumented. The engineer may be more interested in characterizing the impact fatigue life of 

the material using repeated impacts at energies less than those required for failure. 

In order to define the proper test configuration for a material and its application, the stress states 

and likely conditions need to be identified. \Vhat constitutes failure, the mode of failure, and its 

likely cause need to be established. This provides the guidance necessary to determine what com

bination of tests is required and what environmental conditions need to be considered. In the de-
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velopment of materials for new applications, instrumentation of the impact event is essential so that 

changes in the mechanism of failure can be quantified. Instrumentation provides data on the ef

fective dynamic energy storage capability. 

The Dynatup Model-8200 drop weight impact test machine was chosen for the purpose of the 

impact of the test specimens. The Model-8200 is appropriate for tests on thin sections of brittle 

plastics, ceramics or metals. This machine allows a wide range of test configurations so that both 

specimens and actual components can be tested. 

The standard features of the ModeI-8200 include: 

• Weight range from 7 pounds to 34 pounds adjustable in increments of 2.3 pounds. 

• Energy range up to 96 foot-pounds. 

• Drop height up to 36 inches. 

• Standard base plate for clamping the flat specimen. 

A General Research Corporation (GRC) 730-1 data system was used to provide the energy and 

force versus deflection curves for the impact loading. The specimen was clamped between two 

oversized rectangular plates with a circular cutout of 3.0 inch diameter. The center point of the 

specimen was aligned with the center point of the cutout before impact. A hemispherical tup of a 

diameter of 0.5 inch was used for impacting the specimens. 
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4.4 TEST PROGRAM AND EVALUATION SYSTEM 

Several specimens of the two materials were made for impacting at six different energy levels. Table 

1 shows the test matrix for the experimental program. 

Energy levels were chosen to vary from negligible damage to through penetration. 

Two important post-impact destructive tests are the compression strength after impact (CSAI) and 

tension strength after impact (TSAI). The CSAI is used by aerospace organizations such as NASA 

[21J to determine the residual compression strength of the specimen after impact. The NASA test 

specimen is 8.0 inch by 10.0 inch. The thickness of the NASA specimens must be a minimum of 

48 plies. It is very important to note that a specimen with lesser number of plies, or lower thick

ness, is not effective for this test, unless the specimen dimensions are also reduced. Premature 

failure due to out-of-plane buckling may result in such specimens, and thus the results may not be 

valid. 

The TSAI is used to determine the residual tensile strength after impact in the specimen. This test 

can be used for specimens with lower thickness or lesser number of plies. \Vhile the compression 

after impact test is appropriate for laminates with delaminations, the tension test is appropriate for 

laminates with broken fiber damage. 

A compression after impact test fixture with the specimen in place is shown in Figure 23. 

This test gives the residual compression strength after impact. A static tension test is also done on 

the impacted specimens to get the tension strength after impact. 

Ultrasonic C-scan and eddy current scans are performed before any destructive tests are done to 

non-destructively evaluate the extent of damage in the specimens. A comparison of the four test 

methods will be made to correlate the non-destructive evaluation of the damage with the residual 

strength of the specimens. 
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Table 1. EXPERIMENTAL TEST PROGRAM 

TESTlYPE MATERIAL SPECIMEN NAME SIZE NO. OF 
(inches) SPECIMENS 

STATIC CYCOM CTl • CT3 10.OXO.7S 3 
TENSION FIBERITE FT! • FT3 10.OXO.7S J 
STATIC CYCOM CCI • CTJ l.SXl.O 3 I 

COMPRESSION FIBERITE FC] • FC) l.SXJ.O 3 
IMPACT CYCOM cn . CI23 S.SX4.0 23 

CISl • CISll S.SX3.S 11 i 
Fit • FIlO S.SX4.0 10 

FIS} . FISJ S.SX3.S 3 

CSAI CYCOM S.SX4.0 5 

FIBERITE S.SX4.0 S 
TSAI CYCOM VARIABLE lJ 

FIBERITE VARIABLE 7 
ULTRASONIC CYCOM ALL 32 

C·SCAN FIBERITE ALL 20 
EDDY -CURRENT CYCOM 

C·SCAN FIBERITE FIl,fl4.fl6 6 

FI7.FI9.flSl 

All test specimens are [(O/90)Js 16 ply symmeuic laminates. 
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Top Plate 

Test Specimen 

Support Fixture 

Figure 23. Compression Strength After Impact (CSAI) test fIXture with specimen 
in place [3]. 
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5.0 RESULTS AND DISCUSSION 

5.1 MECHANICAL CHARACTERIZATION OF 

INTERLEAVED COMPOSITES 

To study the behavior of the interlayered laminates in tension and compression, 16 layer cross-ply 

laminates of stacking sequence [0/90J4S were prepared. Standard ASTM D3090 tensile test coupons 

were prepared. The specimens were tabbed using fiber glass cloth tabs and gripped at the ends up 

to 1.S inch. The tabs were used to prevent slipping. Compression tests were done using the test 

fixture designed by Z. Gurdal of Virginia Polytechnic Institute and State University [20). The di

mensions of the test specimens used for these tests are shown in Figure 24. 

Most of the tensile failures of both the baseline laminate (Fiberite T300/934 prepreg) and the 

interleaved laminate (American Cyanamid Cycom IM6·1808/S000) occurred at the grips. A sig

nificant difference was the way in which the two specimens failed. \Vhile the baseline laminate failed 

with considerable fiber breakage and almost broke into two pieces, the interleaved laminate showed 

very little fiber breakage and maintained its integrity even on failure. In the case of the interleaved 

laminate, there was very little scatter of fibers. 
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Figure 24. Test specimen dimensions for monotonic tension and compression tests. 
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Compression failure showed some difference for the two systems. Whereas the baseline laminates 

failed at the center of the specimen, the interleaved laminates failed at the bottom support. The 

interleaved laminates continued taking load even after the frrst failure had occurred. Tensile and 

compressive test results for the two materials are shown in Tables 2 and 3. 

From the tension test results, it is seen that although the x-direction modulus did not show much 

change from the baseline laminate t the tensile strength increased as much as 450/0 for the interleaved 

system for a 23 % increase in the cross-sectional area. The 23 % increase in the cross-sectional area 

is because of the presence of the interlayer. The Young's modulus in the loading direction showed 

a decrease of only 0.7 Msi. These results and those obtained by Chan et al [11] show that the ulti

mate tensile strength increased considerably for the interleaved laminate over the baseline laminate. 

This is also confrrmed by the tests performed by Soni and Kim [22} for other laminates such as 

[O/±45/90]s and[{(±30)z/90hJs' The results obtained from the monotonic tension and com

pression tests agreed considerably well with those obtained by Swain [12]. 

Compression tests done on [O/90]4S laminates showed a 40/0 decrease in ultimate strength for the 

interleaved composite over the baseline laminate for a 21 % increase in cross-sectional area. This 

can possibly be explained by the presence of the ductile interlayer which is not capable of sustaining 

any compressive loads and hence results in the decrease of the overall compression strength of the 

laminate. 
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Table 2. MONOTONIC TENSION TEST RESULTS 

BASELINE MATERIAL 

SPECIMEN FAILURE Eu STRENGTH 
LOAD. 
(Ibs) (Msi) (ksi) 

ft1 6300. 11.36 105 
ft2 6225 11.79 100 
tt3 6225 11.36 100 

INTERLEAVED LAMINATE 

SPECIMEN FAILURE Eu STRENGTH 
LOAD. 
(Jbs) (Msi) (ksi) 

et1 8906 11.36 119 
et2 9750 10.40 130 
et3 8475 11.16 113 
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Table 3. MONOTONIC COMPRESSION TEST RESULTS 

BASELINE MATERIAL 

SPECIMEN FAILURE THICKNESS 
LOAD. 
(Ibs) (in) 

fc1 9449 0.083 

fc2 9753 0.083 

fc3 8047 0.083 

INTERLEAVED LAMINATE 

SPECfMEN FAILURE THICKNESS 
LOAD. 
(Ibs) (in) 

cc1 8340 0.100 

cc2 9560 0.100 

cc3 8297 0.100 
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5.2 NON DESTRUCTIVE TEST RESULTS 

5.2.1 Ultrasonic C-scan Results 

All the specimens were subjected to ultrasonic C-scan before and after impact. Any preexisting 

defect in the specimen was carefully noted before impacting it. The delamination damage in two 

specimens at impact energy levels of 1.74 ft-lb. and 3.36 ft-Ib. is shown in Figure 25 and Figure 26. 

Ultrasonic C-scans depicting the delamination damage at different impact energy are shown in 

Appendix A. It is seen that a minimum threshold impact energy is required for the onset of de

lamination in any laminate. While, for the baseline laminate, the impact energy needed for the onset 

of delamination is 1.74 ft-Ib, the interleaved laminate does not show indication of any delamination 

up to an impact of 2.42 ft-Ib (Appendix A). The delamination has grown considerably in the 

baseline laminate at 3.36 ft-lb. of impact energy, whereas, for the interleaved laminate, it is about 

50% less. The growth of delamination as the impact energy is increased is also found to be slower 

in the interleaved specimen than the baseline laminate (Appendix A). 

Figure 27 is a plot of delamination area as a function of impact energy for the baseline and the 

interleaved laminate. For the same impact energy, it is seen that the baseline laminate shows more 

than double the delamination area of the interleaved laminate. While through-the-thickness pene

tration occurs at 10.0 ft-Ib of energy for the baseline laminate, it occurs at 19 ft-lb for the interleaved 

laminate. 

The use of a thermoplastic interleaf flim alternating between every graphite/epoxy prepreg has thus 

shown to be very effective in suppressing the delamination damage in the test specimens. The 

interleaf not only delays the onset of delamination, but also considerably slows down the groVv1h 

of the delamination area. The delamination seen in the interleaf laminate is significantly smaller 

than that in the baseline laminate. These results agree with those of Evans and Masters [3J. 
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Figure 25. Ultrasonic C-scan of the T300/934 laminate(top) and IM6/1808 
laminate(bottom) at 1.74 ft-lb impact. 
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Figure 26. Ultrasonic C-scan of the T300/934 Iaminate(top) and IM6/1808 
laminate(bottom) at 3.36 ft-lb impact. 
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Figure 27. Variation of ultrasonic C-scan damage area versus impact energy for 
interleaved and non-interleaved laminates. 
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5.2.2 Eddy Current Scan Results. 

The eddy current scan technique is being developed for the detection of broken fiber damage in 

graphite/epoxy composite laminates. It is applicable only to continuous conducting systems. This 

made the technique ineffective for the interleaved laminate, since it contains a non-conducting 

thennoplastic interleaf. This non-conducting interleaf acts as a shield between two conductive layers 

of graphite/epoxy, thus preventing a continuous generation of eddy currents for the technique to 

be useful. Several different probes were used, without any success. 

As with ultrasonic C-scan, all the specimens were scanned with the eddy current probes before and 

after the impact to detect any damage. The eddy current results, as seen in Appendix A, indicate 

that fiber breakage does not occur in the specimen until a threshold impact energy is applied. The 

fiber breakage is apparent only after an impact of 4.0 ft-Ib, as shown in Figure 28 for the Fiberite 

laminate. This has also been confmned by the tests on Hercules AS4/350 1-6 laminate. The results 

of those tests are shown in Chapter 3. This energy at which the fiber breakage starts in the laminate 

may be taken as the initiation energy for fiber breakage. An interesting observation is that the tensile 

load at failure after impact of the specimen is constant just about after the fiber breakage has been 

detected by the eddy current method. 

Although the eddy current technique shows great promise as a non-destructive evaluation tech

nique, considerable work needs to be done before making any significant conclusions from the test 

results. The technique is being presently developed at the American Research Corporation of 

Virginia. 

RESULTS AND DISCUSSION 55 



Z 

1. 00 

o 75 

0.00 

-0 75 

Figure 28. 

3.C 

Eddy current 3-D scan for the T300/934 laminate at 4.01 ft-lb impact. 
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5.2.3 Residual Strength Test Results 

Compression Strength After Impact (CSAI) Results 

The compression strength after impact test is accepted by NASA, Boeing, and several other aero

space companies as an effective test for measuring the residual compression strength after impact 

in the specimen. The 4" X 6" CSAI specimen however, must be at least 48 plies thick to avoid any 

out-of-plane buckling in the specimen when the compression load is applied. 

The test specimens used in this project were all 16 plies thick. Several CSAI tests done on the test 

specimens resulted in out-of-plane buckling of the specimen and premature failure at points differ

ent from the impact site. This was primarily attributed to the lower thickness of the specimen and 

possible misalignment of the test fixture, creating an eccentric loading on the specimen. The CSAI 

was then discontinued for this project. 

Tensile Strength After Impact Results 

After the failure of the CSAI to measure the residual strength. it was decided to use the monotonic 

tension test to failure after impact test to measure the residual tensile strength in the specimens. 

The test could be used to correlate the damage in the specimen with the residual tensile strength. 

Monotonic tension to failure was applied to the specimen after it was impacted. Depending upon 

the size of the delamination in the specimen, as detennined by the ultrasonic C-scan, specimens of 

different widths were chosen for the tension test. This was done to keep the damaged area well 

within the edges of the tensile specimen. The tensile strength to failure after impact was then cal

culated knowing the cross sectional area of the specimen. The variation of the tensile strength to 

failure after impact with the impact energy applied to the specimen is shown in Figure 29. 
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Figure 29. Variation of Tensile Strength After Impact (TSAI) with impact energy 
for interleaved and non-interleaved laminates. 
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The tensile strength after impact is plotted for both the baseline laminate and the interleaved lami~ 

nate. It is seen that the interleaved laminate shows a much higher residual tensile strength after 

impact than the baseline laminate up to an impact energy of 10 ft-Ib. At 10.0 ft-Ib, the baseline 

laminate exhibits through the thickness penetration, whereas the energy for through penetration for 

the interleaved laminate was 20.04 ft-lb. The effect of the interleaf on the residual tensile strength 

after impact seems to reduce after an impact of 10.0 ft-Ib. At lower energy levels, the interleaved 

laminate shows lesser fiber breakage as compared to the baseline laminate. 

The interleaf is thus seen to help suppress the onset and the growth of delamination in 

graphite/epoxy laminates without degrading the mechanical properties of the laminate. The inter

leaved laminate also exhibits higher residual tensile strength as compared to the baseline laminate. 

Evans and Masters [3] has shown that it also increases the residual compression strength in thicker 

graphite/epoxy laminates. 
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6.0 CONCLUSIONS 

This work has been primarily aimed at comparing the impact response of interleaved laminates with 

the baseline laminate with the help of two non-destructive quality evaluation techniques and a 

post-impact destructive evaluation technique. The interleaf has been very effective in increasing the 

impact resistance of graphite/epoxy laminates. 

Several conclusions can be made from this work : 

1. The use of a higher strain fiber like IM-6 and an interleaf between adjacent plies significantly 

increases the damage tolerance of the composite laminate, as previously found by Evans and 

Masters [3]. 

2. Instrumented impact tests provide a repeatable method of comparing the impact response of 

different systems. 

3. The onset of delamination is delayed by the use of the thermoplastic interleaf. A significant 

difference in the delamination area is seen between the interleaved laminate and the baseline 

laminate. The gro\V1h of delamination with increasing impact energy is much slower in the 

interleaved laminate. 
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4. The eddy current technique seems to be effective in detecting fiber breakage in graphite/epoxy 

systems. \Vith the probes available at the time of these tests, it was not found effective in de

tecting damage in the interleaved laminate because of the shielding effect of the non-conducting 

interleaf film. 

5. For the same impact energy, the interleaf material has a much higher tensile failure load after 

impact than the non-interleaved material. 

6. For test specimens of size 4 inch by 6 inch, the Compression Strength After Impact (CSAI) 

test must be used only for laminates at least 48 plies thick. Premature failure due to out-of

plane buckling is seen in laminates of lower thickness. 

7. The interleaf material fails in such a way so as to cause very little fiber scatter and dust, re

sulting in lesser air pollution and lower chances of bodily injury. 
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7.0 FUTURE WORK 

This effort on the comparison of the impact response of interleaved composites compared to the 

non-interleaved composites has created some important questions that need further research. The 

impact response can be improved by using a combination of a toughened matrix along with a 

ductile thermoplastic interleaf. The response of such a laminate can then be compared to one 

without the interleaf to understand the significance of the interleaf flim on the impact response. 

More work needs to be done in the mechanical characterization of the interleaved laminate. The 

long term response of the interleaved composites needs to be studied. 

The eddy current technique also can be further improved to detect damage in graphite/epoxy 

composites. Probes that are more sensitive and have higher depths of penetration could be designed. 

The eddy current technique can also be automated for getting instantaneous scans of the specimen 

to detect the presence of any flaws. More work needs to be done to prove the effectiveness of the 

eddy current technique in detecting fiber breakage. Probes that can penetrate the non-conducting 

interlayer to generate eddy currents in the conducting layers of the interleaf laminate could be de

signed for detecting damage in such materials. 

Finally work needs to be done on the development of a damage mechanics theory which can use 

the data obtained from the various non·destructive techniques in a fracture mechanics model to 
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evaluate the residual properties of the materials. A combination of an ultrasonic and eddy current 

system could help in the detection and evaluation of the damage in graphite/epoxy composite ma

terials. 
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9.0 APPENDIX A 

9.1 Experimental Test Data and Non-Destructive Test Images 

Appendix A is a collection of the instrumented impact plots showing load-deflection and energy

deflection curves recorded during the impact event. The experimental test matrix lists the details of 

test specimen dimensions, impact velocity, impact mass, drop height, and impact energy imparted. 

Ultrasonic C-scans are shown for laminates of both types; whereas eddy current plots are shown 

only for the T300j934 laminates. 
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Table 4. INSTRUMENTED IMPACT DATA FOR THE TEST MATRIX 

APPLIED 
MATERIAL SPECIMEN THICKNESS IMPACT DROP IMPACT KINETIC 

NO. MASS HEIGHT VELOCITY ENERGY 
M H v k.e. 

(in) (Jb) (ft) (ft/sec) (ft-lb) 

FIl 0.084 8.30 0.114 2.70 0.94 

FIBERITE FI2 0.083 8.30 0.109 2.64 0.90 

T300#1 0.092 8.30 0.105 2.59 0.86 

CIl 0.100 8.30 0.105 2.59 0.86 

CI2 0.100 8.30 0.105 2.59 0.86 

CYCOM CI3 0.102 8.30 0.104 2.58 0.86 

CI4 0.100 8.30 0.104 2.58 0.86 

CIS5 0.102 8.30 0.105 2.59 0.87 

CIS6 0.102 8.30 0.105 2.59 0.87 

F13 0.084 8.30 0.208 3.65 1.72 

FIBERITE FI4 0.085 8.30 0.213 3.69 1.75 

T300#2 0.091 8.30 0.212 3.68 1.74 

APPLIED 
MATERIAL SPECIMEN THICKNESS IMPACT DROP IMPACT KINETIC 

NO. MASS HEIGHT VELOCITY ENERGY 
M H v k.e. 

(in) (lb) (ft) (ft/sec) (ft-lb) 

CIS 0.101 8.30 0.212 3.68 1.74 

CI6 0.100 8.30 0.210 3.67 1.74 

CYCOM CI7 0.101 8.30 0.208 3.65 1.72 

CI8 0.100 8.30 0.210 3.67 1.74 

CISl 0.102 8.30 0.208 3.65 1.72 

CYCOM#l 0.099 8.30 0.206 3.63 1.70 

FI5 0.085 8.30 0.299 4.38 2.47 

FIBERITE FI6 0.084 8.30 0.293 4.33 2.42 

T300#3 0.095 8.30 0.293 4.33 2.42 

CI9 0.101 8.30 0.297 4.36 2.45 

CYCOM ella 0.100 8.30 0.297 4.36 2.45 

ell I 0.101 8.30 0.296 4.35 2.45 
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Table 5. INSTRUMENTED IMPACT DATA FOR THE TEST MATRIX 
(CONTINUED) 

APPLIED 
MATERIAL SPECIMEN THICKNESS IMPACT DROP IMPACT KINETIC 

NO. MASS HEIGHT VELOCITY ENERGY 
M H v k.e. 

(in) (lb) (ft) (ft/sec) (ft-Ib) 

CJl2 0.101 8.30 0.296 4.35 2.44 

cyeOM CJS2 0.102 8.30 0.296 4.35 2.44 

CYCOM#2 0.099 &.30 0.296 4.35 2.44 

fI7 0.08& &.30 0.406 5.10 3.36 

FIBERITE fI8 0.088 8.30 0.40& 5.11 3.37 

T300#4 0.094 &.30 0.409 5.12 3.38 

C1l3 0.101 8.30 0.408 5.11 3.37 

C1l4 0.101 8.30 0.409 5.12 3.38 

CYCOM CIl5 0.102 8.30 0.40& 5.11 3.37 

CI16 0.101 8.30 0.409 5.12 3.38 

CIS3 0.102 8.30 0.405 5.09 3.35 

CYCOM#3 0.099 8.30 0.409 5.12 3.38 

APPLIED 
MATERIAL SPECIME~ THICKNESS IMPACT DROP IMPACT KI~ETIC 

NO. MASS HEIGHT VELOCITY ENERGY 
M H v k.e. 

(in) (lb) (ft) (ft/sec) (ft-Ih) 

flBERITE FI9 0.091 8.30 0.487 5.58 4.01 

FISl 0.083 8.30 0.4&5 5.57 4.01 

CIl7 0.100 8.30 0.47& 5.53 3.95 

cyeOM Cll& 0.102 8.30 0.487 5.58 4.01 

CIl9 0.100 8.30 0.485 5.57 4.00 

CI20 0.101 8.30 0.483 5.56 3.99 

CIS4 0.102 &.30 0.485 5.57 4.00 

CYCO:\1#4 0.099 8.30 0.4&3 5.56 3.99 

fJBERITE fIS2 0.082 31.36 1.52 9.87 47.47 

THROlJGH flS3 0.083 31.36 1.53 9.89 47.70 

IMPACT 

CYCOM CIS7 0.102 31.36 2.03 11.39 63.22 

THROUGH CIS21 0.102 31.36 2.40 12.39 74.81 

ITYIPACT 
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Figure 30. Instrumented impact curves forT300/934 laminate at 0.94 ft-Ib. 
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Figure 31. Instrumented impact curves for IM6/1S0S laminate at 0.S7 ft-Ib. 
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Figure 32. Ultrasonic C-scan image for T300/934 laminate at 0.94 ft-lb. 

Figure 33. Ultrasonic C-scan image for IM6/1808 laminate at 0.87 ft-Ib. 
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Figure 34. Eddy current 3-D scan for T300/934 laminate at 0.94 ft-Ib. 
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Figure 35. Instrumented impact curves for T300/934 laminate at 1.75 ft-Ib. 
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Figure 36. Instrumented impact curves for 11\16/1808 laminate at 1.74 ft-Ib. 
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Figure 37. Ultrasonic C-scan image for T300/934 laminate at 1.75 ft-lb. 

Figure 38. Ultrasonic C-scan image for IM6/1808 laminate at 1.74 ft-lb. 
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Figure 39. Eddy current 3-D scan for T300/934 laminate at 1.75 ft-Ib. 
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Figure 40. Instrumented impact curves for T300/934 laminate at 2.42 ft-lb. 
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Figure 41. Instrumented impact cunes for IM6/1808 laminate at 2.45 ft-Ib. 
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Figure 42. Ultrasonic C-scan image for T300/934 laminate at 2.42 ft-Ib. 

Figure 43. Ultrasonic C-scan image for IM6/1808 laminate at 2.45 ft-lb. 
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Figure 44. Eddy current 3-D scan for T300/934 laminate at 2.42 ft-lb. 
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Figure 45. Instrumented impact curves for T300/934 laminate at 3.36 ft-lb. 

e 
II") . 
-~~--~~-----r~----~~----~----~g 
I. 0 (I .' 5 • ..., I) • (' ~ 1 • 00 1 • ~ 

D£F"L£CT.( INCH) -10---1 

Figure 46. Instrumented impact curves for IM6jl808 laminate at 3.38 ft-Ib. 
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Figure 47. Ultrasonic C-scan image for T300/934 laminate at 3.36 ft-Ib. 

Figure 48. Ultrasonic C-scan image for IM6/1808 laminate at 3.38 ft-Ib. 
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Figure 49. Eddy current 3-D scan for T300/934 laminate at 3.36 ft-Ib. 
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Figure 50. Instrumented impact curves for T300/934 laminate at 4.01 ft-lb. 
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Figure 51. Instrumented impact curves for IM6/1808 laminate at 4.01 ft-Ib. 
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Figure 52. Ultrasonic C-scan image for T300/934 laminate at 4.01 ft-Ib. 

Figure 53. Ultrasonic C-scan image for IM6/1808 laminate at 4.01 ft-Ib. 
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Figure 54. Eddy current 3-D scan for T300/934 laminate at 4.01 ft-lb. 
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Figure 55. Instrumented Impact plot for through penetration of T300/934 laminate 
at 10.34 ft-lb. 

Figure 56. Ultrasonic C-scan image for T300/934 laminate at through penetration 
impact of 10.34 ft-Ib. 
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Figure 57. Instrumented Impact plot for through penetration of IM6/1808 laminate 
at 20.04 ft-lb. 

Figure 58. Ultrasonic C-scan image for IM6/1808 laminate at through penetration 
impact of 20.04 ft-Ib. 
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