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Early Detection of Fatigue Damage in Composite Materials
M. J. Salkind*

Sikorsky Aircraft, Stratford, Conn.

Early detection of fatigue damage in composite materials by nondestructive inspection (NDI) techniques has
been demonstrated for ±45° glass/epoxy, ±45°70° graphite/glass/epoxy, and 0° graphite/epoxy. Modulus
and temperature were monitored and a correlation between them observed. Axial modulus and torsional
modulus changes differed and, as might be expected, were a function of the laminate orientation. Torsional
modulus measurements and coin tap tests were performed at 0, 106, 5xl06 , and 107 cycles, on axial fatigue
specimens. Three distinct regions were noted. In the primary region a small (2°7o) but rapid change in stiffness
was noted in the first few thousand cycles. This was followed by a secondary region of little or no stiffness
change. The tertiary region was characterized .by an increasing rate of stiffness change leading to fracture. NDI
procedures including holographic inteferometry, ultrasonics, penetrant, and X-ray radiography were evaluated
for fatigue damage detection. Combined torsional-bending fatigue tests were performed on 0° graphite/epoxy.
Using a failure criterion of a percentage change of torsional stiffness, design curves for any combination of tor-
sional and bending fatigue stress were constructed.

Introduction

ONE of the most challenging problems facing the de-
signer of composite structures is that the failure

mechanisms, criteria, and analyses developed for metals are
not readily applicable to composites. Whereas metals exhibit
one failure mechanism, cracking, composites exhibit many,
including delamination, fiber-matrix debonding, fiber frac-
ture, and matrix cracking. The designer can establish failure
criteria for metal structures based on crack size which either
approaches a critical length for fracture, or reduces the sec-
tion sufficiently to make the structure stiffness critical. Detec-
tion is based on measuring the crack length. Composites,
however, can begin to exhibit substantial changes in stiffness
very early (less than 1%) in the total life to fracture. These
stiffness changes are a consequence of the comjbined effect of
the multiple failure mechanisms just described. In addition,
because composite laminates are generally anisotropic and
usually are loaded anisotropically, the stiffness changes are
also anisotropic. This behavior has been reported for a wide
variety of composite materials including glass, graphite, and
boron reinforced epoxy, glass reinforced polyesters and
polypropylene, and boron reinforced aluminum. M5

The challenge, then, is to relate quantitatively the changes
in structural properties, stiffness, residual strength, and
residual life, to the fatigue damage accumulating in the struc-
ture, and to develop techniques for detecting such damage
nondestructively. Such techniques are necessary for in-service
damage detection as well as for manufacturing quality con-
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trol. Clearly, the change in stiffness which often accompanies
fatigue damage can be used for in-service damage detection as
well as for manufacturing defect detection. Another unique
characteristic of composites is that they exhibit heat
generation as a result of fatigue damage (Refs. 1, 4-8, 10, 11,
16) and temperature sensing can be used for in-service damage
detection. In addition to stiffness and temperature
monitoring, other means of nondestructive damage detection
for composites include visual, coin tap, ultrasonic,
radiography, holographic interferometry, and acoustic
emission. 17~31 The purpose of the current program was to
evaluate these damage detection techniques for glass and
glass/graphite-epoxy composite specimens undergoing
laboratory fatigue testing.

Experiments
This paper encompasses observations made during two ex-

perimental programs. The first13 involved axial fatigue
testing of a 1.5-in.-diam tubular specimen as seen in Fig. 1.
The two laminate systems evaluated were a four-ply glass-
epoxy (±45°)s and a six-ply 0° glass and 45° graphite-epoxy
(db45°/00/±450/00) r. Fatigue testing was conducted on a

Fig 1 Axial fatigue test of tubular composite specimens.
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Fig. 2 Modulus reduction and corresponding temperature increase indicate irreversible fatigue damage and the
onset of failure. (± 45° )s E-glass/epoxy specimens.

Sonntag SF-l-U constant load machine at a minimum-to-
maximum stress ratio R of 0.1 (tension-tension) at 1800 cpm.
Stiffness was monitored continuously using a mechanically
attached displacement gage consisting of two strain gaged
flexure arms (Fig. 1). Temperature was monitored con-
tinuously using thermocouples and temperature-sensitive
paint strips and dots. At prescribed intervals, the tests were in-
terrupted to conduct other examinations on the specimens, in-
cluding torsional modulus testing, coin tapping, penetrant,
ultrasonic, x-ray, and holographic interferometry.

The second program9 consisted of combined load fatigue
testing of rectangular unidirectional graphite-epoxy
specimens 1 in. wide, 0.1 in. thick, and having a 5-in.-long
gage length (between doublers). Testing was accomplished
using a specially built machine consisting of two bending ec-
centrics and one torsional eccentric to allow independent con-
trol of bending steady, bending vibratory, torsional steady,
and torsional vibratory loads. Axial steady loads were con-
trolled independently using springs, in series with the
specimens, which do not restrict axial motion. The ratio of
bending stresses in the thickness (flatwise) and width
(edgewise) directions can be adjusted by rotating the specimen
around its longitudinal axis so that the face and edge normals
form the proper angle with the fixed bending vector. The grip
attachment, consisting of a bolt circle, allows such ad-
justment.

Results and Discussion
Stiffness and temperature changes for the axially loaded

tubular specimens are summarized in Figs. 2 and 3. The rate
of temperature rise and modulus decrease changed con-
currently during the fatigue tests as seen in Figs. 2 and 3. This

is evidence that both are indicating the same phenomenon, to
wit, the rate of accumulation of fatigue damage. It should be
noted that most fatigue specimens which fractured exhibited a
rise in temperature just prior to fracture even when previously
they had exhibited a leveling off of temperature. This ob-
servation is consistent with a more rapid accumulation of
damage in the latter stages of fatigue. All of the specimens
which were stopped at 107 cycles exhibited a leveling off of
temperature. Had these tests been continued to fracture, it is
believed that they too would exhibit a rise in temperature
prior to fracture.

The damage detected in composites is also anisotropic in
direction. The torsional modulus did not change to the same
extent as the axial modulus. This phenomenon is thought to
be related directly to the choice of specimen orientation and
type of tests. Orientation of (±45°) s and (=h45°/0°/±45°/
0°)r would tend to sustain matrix damage while being tested
in the axial direction. The axial modulus therefore would be
expected to decrease. However, because the ±45° fibers still
are continuous they still carry the load when loaded in torsion
even though matrix damage exists. Thus, one would expect to
observe less change in torsional stiffness. By contrast, 0°
specimens would be expected to exhibit little change in axial
stiffness but large changes in torsional stiffness,9 as discussed
subsequently.

Three distinct regions were observed in the fatigue life of
these materials. If one examines the initial stiffness behavior
in an expanded scale (Fig. 4 shows the behavior of four
typical samples), it is noted that there is a primary region of
small stiffness change (2-5%) followed by a secondary region
of little or no stiffness change. As seen in Figs. 2 and 3, the
secondary region is followed by a tertiary region of in-
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Fig. 3 Modulus reduction and corresponding temperature increase indicate irreversible fatigue damage and the
onset of failure. (± 45° 70° / ± 45° 70° }T graphite/glass/epoxy specimens.
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Fig. 4 Composites exhibit a primary stage of fatigue behavior in
which a small change in stiffness occurs.

creasingly large stiffness change leading to fracture. The
primary stiffness change is too small to note on the scale of
Figs. 2 and 3. As seen in Fig. 4, one specimen was halted
several times and cooled to ambient temperature in order to
separate the stiffness change due to heating (about 2%) from
that due to damage in the primary region (2-3%). The initial
small stiffness change has been noted by several in-
vestigators12'15 and is probably because of failure of the
weaker fibers and interfaces. Once these weak sources have

DARK AREA
INDICATES
LOCAL HEATING

TEST SPECIMEN

TEMPERATURE STRIP

Fig. 5 Early local fatigue damage indicated by heating is detected by
temperature sensitive strips.

been exhausted, the material enters the secondary stage during
which little or no damage occurs. Significant fatigue damage
accumulation results in the onset of the teritiary period.

Detecting local damage through local heating observations
was accomplished by the use of temperature-sensitive coatings
and strips. An example is shown in Fig. 5. It can be seen that
local heating has turned regions of the white strip to black.
This indicates that the temperature has exceeded 160°F
locally. The sepcimen subsequently fractured along the line
indicated by the heating.

Coin tap tests were conducted on all fatigue specimens.
This procedure was found to be a poor indicator of early
fatigue damage because significant indications were observed
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Fig. 6 Ultrasonic C-scan detected the presence of seam defects which
ultimately resulted in fatigue fracture.

DEFECT
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Fig. 7 Holographic inspection detected a defect in the composite
tube, which ultimately resulted in fatigue fracture.

only at places of obvious visual damage. It is believed that the
specimen configuration was too small to detect accurately any
difference in pitch from one area to another because the
sound was damped by the doubler and end plugs. Coin tap in-
spections might provide valid damage indication in large
structures.

Specimens of each laminate chosen to undergo more sub-
stantial nondestructive evaluation were fatigue tested at a
stress level designed to cause fracture between 5 x 106 and 107

cycles as determined from prior fatigue testing. At this level it
was believed that sufficient fatigue damage would be present
to evaluate the effectiveness of the nondestructive inspection
methods. The damage detection methods employed were
penetrant, ultrasonics, x-ray radiography, and holography
and were performed at 0, 106, 5x 106, and 107 cycles.

X-ray radiation was evaluated using "soft" x-rays of ap-
proximately 23 kV with a beryllium window but did not prove
to be a valuable inspection technique. No void or crack in-
dications appeared evident. Very faint indications of the
specimen seams were visible. These seam indications can be
detected more positively by ultrasonic inspection.

Ultrasonic inspection proved to be valuable in detecting the
presence of defects at the seams of the (±45°)5 glass/epoxy
specimens, as shown in Fig. 6. A photograph of the fractured
specimen also is shown in Fig. 6 and the fracture surface coin-
cides with the locations of the indications in the ultrasonic O
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Fig. 8 Fatigue damage indications detected through holographic in-
spection.
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Fig. 9 Fatigue damage reduces axial residual strength and stiffness.

scan. Other than defects at the seams, no other indications of
fatigue damage were noted in the glass specimens prior to
fracture. By contrast, the graphite-glass specimens.exhibited
localized regions of fatigue damage which were detected after
107 cycles but not present at 5 x 106 cycles. Because these tests
were terminated at 107 cycles, it is not clear whether or not
these indications would have precipitated fatigue failure even-
tually. Additional work is needed in this area.

Holographic interferometry also was evaluated as a damage
detection method. A defect detected in a glass/epoxy
specimen by holography is seen in Fig. 7. Note that his coin-
cides with the seam defect detected ultrasonically (Fig. 6).
Defects also were detected in holograms taken at 107 cycles on
graphite-glass specimens, as seen in Fig. 8. These indications
of fatigue damage were not present at 5 x 106 cycles. The in-
dications are also in approximately the same position as the
damage indications present on the ultrasonic C-scan plots.

Specimens which did not fracture after 107 cycles were
tested statically to failure to determine residual strength.
These d.ata are seen in Fig. 9 along with such data for un-
fatigued specimens and trend lines suggesting the rates of
change. It should be noted that the structural damage in-
dicated by stiffness change and temperature rise results in a
significant reduction in the structural properties. These
changes in stiffness and residual strength might constitute
structural failure long before the structure is in danger of frac-
turing.

The results of combined load tests of uniaxial graphite
epoxy are summarized in Table 1. The complexity of the test
setup did not allow for continuous stiffness monitoring;
however, the tests were stopped after 106, 5x l0 6 , and 107

cycles and both flexural and torsional (static) stiffness
measured. It should be noted that these specimens exhibited
significant changes in torsional stiffness and little change in
flexual stiffness. This is because the damage is primarily in the
matrix rather than the fiber dominated direction and is the
exact opposite of the behavior of the ±45° laminates as noted
earlier. If one selects a failure criterion of a 10% reduction in
torsional stiffness, the data of Table 1 can be interpolated to
yield the three design data points plotted in a combined load
constant life design diagram as seen in Fig. 10. Adding the
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Table 1 Test stresses and modulus reduction data

Steady
Specimen axial,
number

04
06
08
03
09
05
07
01
11
10
02
12

psi
4000
4000
4000
4000
8000
8000
8000
8000
12000
12000
12000
12000

Torsional
stress,

±psi
2420
3300
3850
4850
3510
5610
6540
7480
3510
5610
6540
7480

Flatwise Edgewise
bending,

±psi
37500
51000
59500
25000
15000
20400
23800
27200
15000
20400
23800
27200

Denaing,
±psi
11600
15100
19200
22300
5380
8080
8540

10900
5330
7750
9050

10300

Initial static
modulus,
xl06PSI

Tors.
0.78
0.78
0.74
0.72
0.72
0.74
0.73
0.72
0.78
0.72
0.75
0.73

Flex.
14.20
13.33
13.30
12.99
13.70
13.36
14.06
13.56
12.72
13.72
13.52
13.28

Static modulus reduction at cycles,
percent

106 5x l0 6 107

Tors.
4.7
8.2
5.1

18.5
5.8
7.2
7.4
8.5
3.0
9.2

12.8
13.3

Flex.
2.0
2.5
0.0
4.0
0.5
1.0
1.5
3.1
0.0
0.0
2.4
0.4

Tors.
10.8
11.9
9.6

30.7
7.8
5.6

38.5
29.7
0.0

11.5
39.5
17.3

Flex.
2.6
2.7
1.2

17.6
1.0
1.9
3.4
4.1
2.9
2.5
3.3
0.4

Tors.
10.8
12.0
43.8
70.0
7.4
5.9

56.2
73.6
3.5

12.6
45.2
50.0

Flex.
5.7-
5.0
6.5

19.3
0.5
2.9
3.9
5.1
2.6
3.0
2.4
0.4

same type of data from a pure torsion and a pure bending
fatigue test yields a straight line relationship which can be
used to describe the design limit for any combination of ben-
ding and torsion. There appears to be little sensitivity to the
axial steady stress.

Conclusion
It appears that there are many indicators of early fatigue

damage in composites which can be exploited to develop in-
service detection schemes. Permanent changes in stiffness
have been detected at less than 1% of total life to fracture.

Temperature monitoring, ultrasonics, and holography also
have proved to detect damage at these early stages. Although
each of these techniques is technically and economically
feasible for in-service damage detection, their effectiveness
depends to a large extent on defining a quantitative data base
relating indications to residual strength and life. This research
has laid the foundation for developing that data base, but ex-
tensive additional testing is needed. The behavior of different
materials and laminate orientations should be defined in
detail for all stages of fatigue life to provide a valid design
database.
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It should be noted that this type of research, which is
material oriented, can provide only a part of the required
design base for failsafe design of composite structures. There
are other configuration-sensitive aspects which should be ex-
plored by complementary research efforts. These include such
aspects as the fatigue behavior of bonded and mechanically
fastened joints, the understanding of fatigue damage
initiation and propagation, and the applicability of damage
detection schemes to such joints.
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