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Damage Tolerance Certification of a Fighter
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A review of the program for the damage tolerance certification test of a composite horizontal stabilizer (HS)
of a fighter is presented. The object of this program is to certify that the fatigue life and damage tolerance
strength of a damaged composite horizontal stabilizer meets the design requirements. According to the speci-
fication for damage tolerance certification, a test article should be subjected to two design lifetimes of flight-
by-flight load spectra simulating the in-service fatigue loading condition for the aircraft. However, considering
the effect of environmental change on the composite structure, one additional lifetime test was performed. In
addition, to evaluate the possibilities for extending the service life of the structure, one more lifetime test was
carried out with the spectrum increased by a factor of 1.4. To assess the feasibility and reliability of repair
technology on a composite structure, two damaged areas were repaired after two lifetimes of damage tolerance
test. On completion of four lifetimes of the damage tolerance test, the static residual strength was measured to
check whether structural strength after repair met the requirements. Stiffness and static strength of the composite
HS with and without damage were evaluated and compared.

Introduction

O certify that the structure of a newly developed aircraft

meets the design requirements, a series of structural tests
should be performed, including static strength, ground vibra-
tion, damage tolerance, and flight test.! Basically, these tests
not only provide data for optimum design of aircraft, but also
ensure the structural safety. During the last decade, laminated
composites, with their high strength-to-weight ratio, offer
considerable technological advances in the production of air-
craft structures. However, the design is complex due to the
nonhomogeneous nature of the material and its failure modes.
Delaminations in the composite skins could result in stiffness
and strength loss, thereby reducing the flutter resistance and
strength margin of the structures. The general procedure for
damage tolerance with respect to the development and ver-
ification of composite structures includes the following tasks:
classification and determination of damage, determination of
critical damage sizes and residual strength, damage tolerance
tests, comparisons between test and analytical results, and the
integration of all design criteria.? Seeing that no general rules
of damage tolerance for composite structures are available,
an individual procedure adapted to the structure to be de-
veloped has to be defined. In this article, the damage toler-
ance test of a composite horizontal stabilizer of a fighter is
introduced and discussed thoroughly.

According to the specifications,*# a test article must be able
to sustain its structural integrity for two design lifetimes of a
damage tolerance test to guarantee the safety of flight for one
service lifetime. However, considering that the composite
structure is sensitive to the change of environmental condi-
tions, which is difficult to simulate in the test laboratory for
a full-scale article, one additional lifetime of the test was
performed to cover this effect.? During the damage tolerance
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test, strain surveys and nondestructive inspection (NDI) were
carried out periodically to monitor strain distribution and to
record damage growth. Since no apparent fatigue damage
growth was found after three lifetimes of damage tolerance
test, one more lifetime of the test with its load spectrum
increased by a factor of 1.4 was carried out to evaluate the
possibilities for extending the service life of the structure.
Consequently, the test article has been subjected to four life-
times of flight-by-flight load spectra simulating the in-service
fatigue loading condition for the aircraft.

To certify the feasibility and reliability of repair technology
on composite structures, two impact damaged areas were re-
paired after two lifetimes of a damage tolerance test. Both
flush composite bonded repair and metal bolted repair were
applied to the composite lower skin. Finally, on completion
of four lifetimes of a damage tolerance test, a static residual
strength test was performed to check whether structural strength
after repair implementation met the requirements. Stiffness
and static strength of the composite horizontal stabilizer (HS)
with and without damage were evaluated and compared.

Structural Description

The composite horizontal stabilizer includes the following
structural elements: 1) composite upper and lower skins, 2)
composite sine wave corrugated substructure, 3) metallic lead-
ing edge and trailing edge, and 4) metallic tip rib and root
rib. These are shown schematically in Fig. 1. The upper and
lower composite skins were made of Fiberite T300/976 graph-
ite/epoxy prepreg with material properties given as follows:

E, = 138 GPa

E22

E:; = 8.8 GPa

GIZ

G = G,; = 45GPa
Vi, = V3 = vy = 0.3

The skins were symmetric to each other and were designed
as quasi-isotropic stacking sequence with 0, 45, 90, and —45
deg in about equal proportions. The zero direction of fiber
was arranged along the spanwise direction of spar line six.
The laminate thickness varies from 16 plies near the tip of
the HS to 64 plies near the region of the pivot shaft. In contrast
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Fig. 1 Composite horizontal stabilizer components.

to a plane plate, the stability of the corrugated plate was
influenced by many parameters that had been investigated,?
including the angle of corrugation, radius of corrugation, overall
plate dimension, and thickness of the laminate. Even though
the cost of composite corrugation is high, the laminate thick-
ness can be reduced without sacrificing the buckling strength.
Thus, the aim of weight saving was attained. The horizontal
stabilizer is classified as a safety-of-flight structure. Skins,
corrugated substructure, and metallic pivot shaft are assem-
bled with bolts and rivets.

Pretests for Test Parameters Evaluation

The damage tolerance tests are influenced by numerous
factors; e.g., test procedures and boundary conditions of the
test article. To get a realistic result for the structural capacity
with respect to damage tolerance, these factors have to be
clarified and defined. The impact damage tolerance test was
proceeded by tests of components (panels) to get the test
parameters. The completion and review of these parameters
was done by a test of the substructure, the bending-torsion
(BT) box,? to reach the realistic test procedure to be per-
formed in the damage tolerance test.

To get realistic information on the damage tolerance data
for the HS, attention has to be paid to the impact test pa-
rameters on specimens or components, including impact en-
ergy, type of impactor, geometry, support conditions, ma-
terial properties, specimen thickness, stacking sequence, and
loads. The purpose of the impact pretests is to verify the input
parameters of testing the HS under the realistic boundary
conditions. The procedure and performance steps are as fol-
lows. First is the selection of the critical areas of the HS.
Second is the definition of test point geometry and support
conditions. Third is the definition of the test parameters such
as impact energies and impactor size and form. Usually, the
impactor size and form are determined by considering the real
impact conditions during manufacture and service. Finally,
test results evaluation, i.e., damage size measurement by A-
scan as a function of the impactor type and energy. The results
of the impact pretests defined the reference data for the dam-
age tolerance tests of the HS.

The finite element analyses with its model shown in Fig. 2
have been carried out for evaluating load distribution of the

HORIZONTAL STABILIZER

Loading condition :
1 £ 360 degree roll

Fig. 2 Finite element model and normal force distribution for eval-
uation of the critical load case.

critical load case. The normal force distribution was evaluated
from a 1-g 360-deg roll with a speed of Mach number 1.8 and
an altitude of 6400 m. The objective of the analysis is to
provide the correct internal forces and load path for selection
of impact locations. Since complex load paths are prone to
fracture, especially the places with stress concentration, these
regions are the candidate points for impact test.

Damages Simulation

Because the metallic pivot shaft had already been proved
to meet design requirements, in this article focus is on the
damage tolerance certification of composite parts, including
skins and corrugated substructure. In general, graphite—epoxy
composites have the advantage of resistance to cracking by
spectrum loading and immunity to corrosion. However, dam-
age occurring during service may cause significant reductions
in compressive strength. Of all the damage types that are
possible during manufacture and service, delaminations, im-
pact damages, lightning strike damage, battle damages, and
loose rivets were selected for the damage tolerance test be-
cause of their important effects on structural capacity. Al-
though an amount of delaminations may be induced by im-
pact, only a slight indentation was observed. Unless the region
is subjected to NDI, this type of damage, frequently referred
to as barely visible impact damage, is unlikely to be discov-
ered.® Since the artificial flaws of comparable area to impact
damage produce less reduction in compressive strength,® and
also considering the estimated expenditure, delaminations were
simulated by serious impact damage only. The distribution of
simulated damage on the lower and upper skins is shown in
Figs. 3 and 4, respectively. There were 25 damaged locations,
including 13 barely visible impact damage (BVID), 8 visible
impact damage (VID), 1 lightning strike damage, 1 battle
damage, and 2 loose rivets. Note that damage on the corru-
gation, four BVID and three VID, which were applied before
the process of assembly with composite skins, have not been
shown on Figs. 3 and 4. Considering that the delamination is
prone to spread under compressive loading, most of the dam-
age (14 locations) was applied to the lower skin.

The critical load case has to be decided together with the
detailed damage locations. The load types can be expected
to be the same as those for the BT box. The results of the
impact pretest and parameters investigated by the BT box
test defined the reference data for the damage tolerance tests
of the HS. The selections of impactor and impact energy were
based on BT box results, while the impactor form was based
on panel test results.

The equipment for the impact test includes vertical guides
for the impactor with small friction, a meter for measuring
impact height, instruments for preventing secondary impact
and for adjustment of impact position. The weight changeable
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Fig. 3 Distribution of simulated damage and strain gauges on the
lower skin.
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Fig. 4 Distribution of simulated damage and strain gauges on the
upper skin.

impactor, with a 25.4-mm-diam steel dart head, is a drop
weight. The impact energies, which can be controlled by ad-
justing the height and weight of the impactor,® are the prod-
ucts of height and weight of the impactor. The exact positions
to be impacted, especially at the ply termination, can be iden-
tified by measuring the thickness of the laminate with the help
of portable NDI (A-scan). In addition, any existing manu-
facturing defects around the impact positions must be de-
tected. Again, NDI was utilized to determine the extent of
the internal damage of the structure after impact. Since actual
damage sizes may differ from the planned damage, the test
was started with impacts in less critical areas.

Because the high resistivity of an unprotected composite
does not allow the damaging energies of lightning to dissipate
quickly, puncture or severe delamination of the skins’ may
result. An analysis had been made of the probable lightning
strike zones of the fighter, guiding the design of lightning
protection material. The skin near the tip of the HS is clas-
sified as a region of initial attachment point with low prob-
ability of flash hang-on.* Considering that the metallic tip rib
can act as a good conductor for releasing the lightning energy,
no severe lightning damage will be expected on the skins. On
the whole, most areas of the HS are zones of low probability
of lightning strike. Yet, for the sake of safety, oxidized dam-
age on composite skin caused by lightning strike was simulated
in the damage tolerance test by grinding four plies off with a

tapered circular hole with 100 mm in diameter at the first ply
and 50 mm in diameter at the fourth ply. As for the test of
bolt failure effect on the structure capacity, damage from
loose rivets was simulated by removing some blind bolts. Bat-
tle damage was simulated by drilling a hole on the composite
skin.

Damage Tolerance Test

The detailed procedures of the HS damage tolerance test
are 1) definition of the areas to be damaged and corresponding
application of strain gauges; 2) reference test: static and un-
damaged; 3) impacting of the critical areas; 4) NDI for eval-
uating the damaged area; 5) performance of the structure test;
6) NDI between the different load-steps and types; 7) record
of the test results: damage size, stiffness, strain distribution,
and residual strength; and 8) disassembly of the HS and in-
spection for the damaged parts.

According to the specifications,®* two design lifetimes of
damage tolerance test should be performed. However, con-
sidering that the composite structure is sensitive to environ-
mental change, which is difficult to simulate in the test lab-
oratory for a full-scale article, the first lifetime damage tolerance
test with BVID defects was carried out to assess environ-
mental effects.? The composite HS exceedance curves, gen-
erated from the lifetime load spectrum, are shown in Fig. 5.
For the following two lifetimes of test, visible impact damages,
large delaminations, lightning strike, and loose rivets were
applied to the HS to assess the damage tolerance character-
istics. The impact test data for upper and lower skins are
shown in Table 1. Finally, one lifetime testing with its mag-
nitude of load increased to 140% was carried out to evaluate

Table 1 Impact test data for upper and lower skins

Impact Thickness, Impact energy, Damage arca,
damage mm J mm?
UBI1 5.5 21.7 1050
UB2 8.5 39.4 3341
UB3 6.4 28.1 1280
UB4 6.3 26.5 1644
LB1 6.7 26.4 3330
LB2 8.5 24.0 2797
LB3 7.3 323 2035
LB4 6.5 22.1 1210
SL1 7.7 19.3 831
SL2 4.1 11.5 1300
LV1 4.4 14.9 888
Lv2 3.2 9.9 884
LV3 31 15.2 4734
Lv4 3.1 8.6 361
BAl 31 37.9 3392
5
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Fig. 5 Exceedance curves of fatigue test spectrum.
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the possibilities for extending the service life of the HS. To-
tally, the test article was subjected to four lifetimes of flight-
by-flight load spectra simulating the in-service fatigue loading
condition for the aircraft.

Strain surveys and NDI inspections were taken periodically
to track the strain history and damage growth as shown in
Figs. 6 and 7, respectively. Generally speaking, lightning strike
and loose rivets did not induce significant delamination growth.
The stable strain history and low damage growth rate indi-
cated that in-service spectrums with 2000 ¢ maximum strain
have no significant effect on the damage of the composite
HS. Even when the spectrum was increased to 140%, the
same phenomenon was observed, damage extended a small
amount at the beginning and eventually stopped growing.
Since LB no. 4 is one of the most severely damaged and it is
close to damage LB no. 5, it is likely that the damage may
grow more rapidly due to interaction. However, that the size
of damaged area of LB no. 4 stopped growing after 10,000
flight hours provided the evidence that the interaction effect
between two damage sites can be neglected. By investigating
the exceedance curves shown in Fig. 5, the lower skin was
subjected to a compression dominant spectrum. Therefore,
the growth rate of damage on the lower skin was expected to
be more severe than that of the upper skin. However, the
estimation was in contradiction to the results shown in Fig.
7. Because the loading system was applied on the upper skin,
further tests are needed to check whether or not the fast-
growing rate of upper skin was induced by an out-of-plane
tension force from this loading system.
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Fig. 6 Strain history of critical damage of lower and upper skins.
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Fig. 7 Damage growth of critical damage of lower and upper skins.

Repair

Two kinds of repairs, flush composite patch repair shown
in Fig. 8 and flush metal bolted repair shown in Fig. 9, were
applied to the lower skin before the third lifetime damage
tolerance test was performed. The object of repair is to restore
the strength and stiffness of damaged structure up to the
original. To minimize the influence of repairs on the char-
acteristics of a structure, proper repairs have to be designed
by considering many parameters such as stiffness, strength,
surface smoothness, assembly, and sealant requirements. In
general, external patches are much easier and faster to apply,
but their efficiency is low.

The locations of two damaged areas with patch repairs are
shown in Fig. 3. Damage 1 with its dimension 50.8 by 127
mm lies between spar 3 and spar 5; damage 2 with its di-
mension 101.6 by 127 mm is located at spar 5 in 5.6-mm-thick
skin. For damage 1 located in 3-mm-thick skin, which is too
thin for bolted repair,®? the damaged region was removed
along its elliptical shape revealed by NDI. To transfer the
load smoothly between the undamaged and damaged region,
minimizing the peak shear stresses and peel stresses in the
adhesive layer, a tapered hole with 18:1 length-to-thickness
ratio was ground, and a patch with the same tapered shape
and the same stacking sequence as the skin was bonded. Over
this region, a protective cover with three sawtoothed layers
of prepreg was bonded to the parent laminate, shown in Fig.
8, to reduce the peel stress and shear stress along the edge
of patch. For damage 2, covering the regions of spars 3, 5,
and 7, is difficult for a flush-bonded patch, and so a flush
metal bolted patch was applied. After cutting damage 2 into

protection layers (0/45/-45)
i
7 rd
patch 2" (section AA) lantinate

back plate
Fig. 8 Schematic showing the flush composite bonded repair.

patch Ti64
ya

{Section BB')

laminate Liquid

Shim

Corrugation

Fig. 9 Schematic showing the bolted titanium patch repair.
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Table 2 Detail data for flush composite bonded repair

Elliptical graphite/epoxy laminate
127 mm X 50.8 mm

Layup of damaged [0/45/0/ — 45/90/45/0/ — 45/0/45/90/ — 45],,
skin 24 layers

Damage size

Modulus of E, = 558GPa G,, = 18 GPa
damaged skin , = 38.4GPa vy, = 0.381
Patch size Elliptical graphite/epoxy patch,

299.7 mm x 223.5 mm

Same as the layup of damaged skin, 24
layers

[0/45/ —45], Three sawtoothed layers

Layup of patch
Layup of protection

layers
Modulus of patch E, = 557GPa G,
36.6 GPa v

E, xy

18.5 GPa
0.41

([l

Table 3 Detail data for bolted titanium patch repair

Rectangular 101.6 X 127 mm
[(0/45/0/ — 45),/90/45/90/ — 45/

Damage size
Layup of damaged

skin —45/0/45/90/ — 45/0/45/45/90/ — 45],,
44 layers
Modulus of damaged E, = 4977GPa G,, = 19.3 GPa
skin E, = 40.4 GPa v,, = 0.383

Rectangular Ti64,

210.8 x 190.5 x 4.1 mm
E, = 1103 GPa G = 42.7 GPa
E . =1131GPa v = 031

Patch size

Modulus of patch

Table 4 Strain
distribution around
patches before and after
repair implementation

Gauge Strain
number variation
1 -

2 -3.9%
3 —15.4%
4 -

5 +26.5%
6 -
7 -

8 —40.7%
9 +1.3%
10
11 -10.2%

Table 5 Comparisons of averaged strain of lower
skin before and after the patches were employed

Gauges on Strain comparison,
lower skin averaged
Between spars 1 and 3 +4.8%
Between spars 5 and 7 -9.9%
Between spars 7 and 9 -3.9%
Between spars 9 and 11 —4.6%
Between spars 11 and 13 -6.0%

a square hole, a titanium plate shown in Fig. 9 was bolted to
the skin and corrugate. Both patchs were designed by equiv-
alent stiffness concept as

Et = E., 6]

where the subscripts ¢ and p denote composite laminate and
patch, respectively. E is the equivalent Young’s modulus; ¢ is
the thickness of laminate or patch. The equivalent stiffness
of the composite patch, which can be calculated from the data

shown in Table 2, was about 12% higher than that of skin.!"
The metallic patch, made of Ti64 alloy, has a higher stiffness
and strength than composite skin, as shown in Table 3, with
no severe galvanic corrosion when in contact with composite
material. Table 4 shows the strain distribution around dam-
aged regions subjected to the maximum spectrum loading
condition before and after repair implementation. The strain
at gauge 3, near the trailing edge of the bonded patch, was
reduced 15.4%. The strain value forward of the bolted patch
(gauge 5) increased 26.5%, while afterward of the patch (gauge
8) it decreased 40.7%. Although there were stress concen-
tration effects around the patches, the strain history around
the patches kept a stable value during the two lifetimes test.
The strain distribution comparison of the whole structure with
and without repairs is shown in Table 5, indicating that the
repairs have no significant influence on the load path of the
structure.

Residual Strength Test

Static strength tests of the composite HS, the final and most
important test item, were aimed at investigating the influences
of damages on structure stiffness and strength and also in
proving the strength of repairs. To simulate a better design
limit load condition, 13 load actuators, shown in Fig. 4, and
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Fig. 10 Comparison of tip deflections between damaged and undam-
aged composite horizontal stabilizer.

. Gage9
{Undamaged)

L .Gage 9
£ {Damaged)
2 Gage11
-
(7] {Undamaged}

L L.Gagell e

{Damaged)
L L L
o 50 100 150 200

% Limit Load

Fig. 11 Comparison of strain between damaged and undamaged com-
posite horizontal stabilizer.
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the offset concept that allows the actuators to adjust their
loading direction were used. Nine potentiometers were ar-
ranged at different regions of structure to measure the dis-
placements of the composite HS subjected to static load. When
the bolts located in the middle of gauge 1 and the tip of HS
failed, which subsequently caused the lower skin to buckle,
the test was stopped.

For composite HS without damage, the static strength at-
tains 175% design limit load. Tensile failure modes were found
at the bolted region of upper skin and pivot fitting. For the
composite HS with 23 damaged areas and two repairs, the
residual static strength attains 160% limit load, which meets
the regulation®: the damaged HS structure must be capable
of sustaining limit load without any failure or obvious partial
failure. Although, as shown in Fig. 10, the comparison of the
tip displacement between damaged and undamaged compos-
ite HS indicates that the stiffness of the repaired structure is
slightly lower than that of the undamaged structure, no sig-
nificant difference of strain was found around critical areas
of the HS as shown in Fig. 11. Note that the two repaired
regions survived after being subjected to 160% limit load,
hence, structure with damage of the tested sizes and locations
is repairable. This test provides an important reference for
service maintenance.

Conclusions

This article presents the structural certification of fatigue
life and damage tolerance strength in developing the com-
posite HS of a fighter. Test items include simulation of dam-
age of composite structure, four lifetime test of flight-by-flight
load spectra, bonded and bolted repairs of composite struc-
ture, and static residual strength test. Conclusions from these
tests can be summarized as follows:

1) To get a realistic result for the structural capacity with
respect to damage tolerance, the impact test should start with
tests of components to clarify and define the test parameters.
The completion and review of these parameters studied should
be done by tests on substructure to determine the realistic
test procedure to be performed in the damage tolerance test
for the composite HS.

2) Damage to composite structure was more difficult to
simulate than that of metallic structure. Of all the damage
types that are possible during manufacture and service, impact

damages, lightning strike damage, battle damages, and loose
rivets should be applied to composite skins and corrugation
for damage tolerance test. The environmental effect and the
possibilities for extending the service life of the structure can
be investigated by additional lifetime testing.

3) The design and processes for flush composite bonded
and metallic bolted repair were proved feasible and reliable.
These data provide essential reference for service mainte-
nance of composite HS.

4) Due to the lack of a general handbook of damage tol-
erance for composite structures, an individual procedure
adapted to the structure to be developed has to be defined.
The damage tolerance certification procedure developed for
the HS of a fighter can be applied to other composite struc-
tures as long as relevent data are provided.
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