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ABSTRACT

Because aircraft structures are susceptible to corrosion and fatigue damage, which concentrate at
joints, there is a possibility of interactions between corrosion and fatigue, especially as aircraft
become older. Of particular concern are the longitudinal lap splices of transport aircraft pressure
cabins. This paper reports on the disassembly and investigation of lap splices from several types
of transport aircraft. Broadly speaking, the investigation showed that pressure cabin longitudinal
lap splices have a corrosion problem or a fatigue problem: severe corrosion does not result in
Multiple Site Damage (MSD) fatigue cracking, and MSD is not initiated by corrosion. However,
there is evidence of a mild environmental effect on MSD fatigue crack growth. The results are
discussed with respect to MSD fatigue modelling and simulation and lap splice fatigue analysis

methods.







Nationaal Lucht- en Ruimtevaartiaboratorium
National Aerospace Laboratory NLR

@

NLR-TP-99408

Corrosion and fatigue assessment of aircraft
pressure cabin longitudinal lap splices

R.J.H. Wanhill

This paper has been prepared for publication in the proceedings of the 5th International
Aerospace Corrosion Control Symposium, 3-5 November, 1999, Amsterdam.

The contents of this report may be cited on condition that full credit is given to NLR and
the author(s).

Division: Structures and Materials
Issued: September 1999
Classification of title: Unclassified






3-
NLR-TP-99408

Contents

INTRODUCTION

LAP SLICE POSITIONS AND CONFIGURATIONS

CORROSION

FATIGUE

MSD FATIGUE MODELLING AND SIMULATION

DISCUSSION

CONCLUSIONS

REFERENCES

5 Tables
23 Figures

(42 pages in total)

14

17

19

20



4-
NLR-TP-99408

This page is intentionally left blank.



o=z

-5-
NLR-TP-99408

CORROSION AND FATIGUE ASSESSMENT OF AIRCRAFT PRESSURE CABIN
LONGITUDINAL LAP SPLICES

R.J.H. Wanhill, National Aerospace Laboratory NLR, Amsterdam

Because aircraft structures are susceptible to corrosion and fatigue damage, which concentrate
at joints, there is a possibility of interactions between corrosion and fatigue, especially as
aircraft become older. Of particular concern are the longitudinal lap splices of transport aircraft
pressure cabins. This paper reports on the disassembly and investigation of lap splices from
several types of transport aircraft. Broadly speaking, the investigation showed that pressure
cabin longitudinal lap splices have a corrosion problem or a fatigue problem: severe corrosion
does not result in Multiple Site Damage (MSD) fatigue cracking, and MSD is not initiated by
corrosion. However, there is evidence of a mild environmental effect on MSD fatigue crack
growth. The results are discussed with respect to MSD fatigue modelling and simulation and lap

splice fatigue analysis methods.

INTRODUCTION

Aircraft are susceptible to corrosion and fatigue damage, which concentrate at structural joints.
There is a possibility — often assumed to be a certainty — of interactions between corrosion and
fatigue, especially as aircraft age. Of particular concern are the longitudinal lap splices of
transport aircraft pressure cabins. The Aloha Airlines incident (1) showed that corrosion
(disbonding of a lap splice and associated fail-safe tear straps) in combination with Multiple
Site fatigue Damage (MSD) along the lap splice can lead to a sudden and potentially

catastrophic loss of structural integrity.
However, although corrosion contributed to the Aloha Airlines incident, it was not directly
implicated in the initiation of fatigue cracks: rather, it was the lap splice disbonding that enabled

stress concentrations at the rivet holes and mechanically-induced MSD (1).

This paper reports on the disassembly and investigation of longitudinal lap splices from several

types of transport aircraft with a view to determining

(1) The characteristics of corrosion and MSD fatigue crack initiation and early crack growth.

(2) Any associations between corrosion and MSD.
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(3) Suitable MSD fatigue modelling and simulation, and lap splice fatigue analysis methods.
The lap splices came from five service aircraft, a Boeing B 727-100, three Fokker F28s and a
British Aerospace BAC 1-11, and the Fokker F100 full-scale fuselage test. The histories of all

six pressure cabins are summarised in table 1.

Table 1 Service or test histories of the pressure cabins

Aircraft type Flights Flight hours Simulated flights
B 727-100 53,424 59,848
F28-1000 34,470 unknown
(1] 43,870 28,694
F28-4000
(2] 43,323 unknown
F100 126,250 @ 110 % design load
BAC 1-11 75,158 52,000

LAP SPLICE POSITIONS AND CONFIGURATIONS

Figures 1-3 show the positions and configurations of the lap splice samples. The positions
varied widely, as do the joint designs. The single common feature is the sheet material, 2024-T3
Alclad.

CORROSION

B 727-100 service aircraft

The B 727-100 lap splice sample was provided by the Institute for Aerospace Research (IAR) in
Ottawa, Canada. The sample was one of several taken from aircraft inspected with the D Sight
Aircraft Inspection System (DAIS) (2). Figure 4 gives an external overview of the sample and a
detail of the internally visible corrosion. The corrosion appeared to be concentrated along the
upper side of the lap splice/stiffener connection, but the DAIS showed that corrosion-induced

“pillowing” was present throughout the lap splice, figure 5.

After sample removal the IAR carried out eddy current and X-ray radiography non-destructive
inspection (3) before sending it to the NLR. The sample was then again inspected using eddy

current (4). Figure 6 shows the results of non-destructive inspection, which was to determine the
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severely corroded area and any cracking associated with rivet locations along the lap splice. The
severe corrosion was found to be in a well-defined area covering all three rivet rows of the lap
splice. However, the crack indications were almost all confined to the upper rivet row: only two

indications were outside the severely corroded area.

The lap splice sample was then disassembled and examined by the NLR for cracks. The

procedure is given in table 2.

Table 2 B 727-100 lap splice sample disassembly and examination for cracks

e Macroscopic/mesoscopic
e removal of sub-samples containing the rivet rows
e sectioning rivet holes, removal of rivets and lap splice disassembly (4)

o visual screening (50 x binocular) for cracks in lap splice sheets and stringer base

e Mesoscopic/microscopic
e opening-up sectioned rivet holes suspected or already found to be cracked (4)
o visual screening (50 x binocular) for fracture surface appearances

e Scanning Electron Microscopy (SEM) for fracture identification

Figures 7 and 8 show the types and locations of cracks found in the outer and inner sheets of the
lap splice (no cracks were found in the stringer base) and figure 9 compares the results of

disassembly with those of non-destructive inspection. There are four main points to note:

(1) Almost 95 % of the cracking, in terms of crack locations, was intergranular owing to
exfoliation corrosion and stress corrosion, the latter especially as corrosion products built
up between the sheets to cause locally high stresses (5). Some of the larger intergranular
cracks were associated with small, secondary fatigue cracks. These usually initiated from
intergranular cracking, but sometimes occurred directly from rivet holes, without any
evidence of fatigue initiation due to local corrosion (pitting). Figure 10 shows examples of

these associations.

(2) The rivet hole locations determined to be only fatigue cracked showed no evidence of
fatigue initiation due to local corrosion (pitting). These cracks will be discussed further in
the FATIGUE section of this paper.
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(3) Only the severest cracking, along the upper rivet row (with one exception), was detected by

X-ray radiography and eddy current non-destructive inspections.

(4) Comparison of figure 5 with figures 7-9 seems to indicate that the DAIS is more sensitive
to detecting severe corrosion than eddy current. Cracks due to severe corrosion were found
just forward of BS640 and outside the area of severe corrosion determined visually and by
eddy current, while the left-hand DAIS image in figure 5 clearly shows corrosion pillowing
just forward of BS640.

F28-1000 service aircraft

The F28-1000 lap splice sample was a strip 165 cm long containing about 200 rivets. The
sample had been removed from the location shown in figure 1, owing to excessive externally
visible corrosion. This had previously led to the lap splice outer sheet being “cleaned up” to a
depth of about 0.25 mm, reducing the sheet thickness from 1.2 mm, figure 3, to less than 1 mm.
The lap splice was disassembled and examined by the NLR for cracks. The procedure is given
in table 3.

Table 3 F28-1000 lap splice sample disassembly and examination for cracks

e Macroscopic/mesoscopic

e drilling out rivets and lap splice disassembly

e chemically stripping the paint and primer layers, followed by cleaning

o visual examination (50 x binocular) of outer sheet surfaces

e eddy current non-destructive inspection of outer sheet rivet holes

e opening-up selected outer sheet rivet holes by tensile testing 3.5 cm x 1 cm wide
vertical strips, each containing a rivet hole in an area that had undergone severe
external corrosion

e visual screening (50 x binocular) for fracture surface appearances

e Mesoscopic/microscopic
e 1o actions (see text)

Eddy current non-destructive inspection was done with a Nortec 3551F pencil probe and Nortec

19 E2 equipment operating at 100 kHz. No crack indications were obtained. The subsequent
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tensile tests showed only overload failures, i.e. no evidence of any pre-existing cracks.

Consequently no mesoscopic-to-microscopic examination was done.

The results were unexpected, since the location of the lap splice sample is known to be MSD-
susceptible. In fact, a 450 mm long MSD crack was found in the same aircraft at the same
location on the left-hand side of the pressure cabin. From these results we may draw two

conclusions:

(1) Excessive external corrosion in an MSD-susceptible area need not be associated with
fatigue cracking, despite stress increases in the lap splice outer sheet owing to cleaning up

and thinning it.

(2) Even in an MSD-susceptible area it is possible to accumulate many flights ( 34,470 , see

table 1) without fatigue crack initiation.

FATIGUE

Fatigue assessment was to determine the MSD locations, any environmental (corrosion)
influences on fatigue crack initiation and growth, crack initiation lives and early crack growth
rates. The F28-4000, F100 and BAC 1-11 lap splice samples were macroscopically examined
before being disassembled. As expected (6), the most MSD-susceptible rivet row in each sample
was the upper one in the outer sheet. However, other rivet rows were also susceptible, notably

the lower one in the inner sheet, see figure 2.

Observational aspects of early MSD

Table 4 lists the observational aspects of early (small crack) MSD for pressure cabin
longitudinal lap splices. The qualification “small” means crack sizes less than 5 mm. Beyond
this the crack front shapes are of less interest. Also, and more importantly, the cracks will
eventually link up, possibly resulting in fracture surface damage and obscuration owing to out-

of-plane movement.

The most significant general aspect of table 4 is the distinction between fatigue initiation and
crack growth. It is physically incorrect to assume, as is often done by damage tolerance analysts,

that fatigue is a regular crack growth process beginning during the first load cycle.
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Table 4 Observational aspects of small crack MSD in fuselage longitudinal lap splices

Service Full-scale
MSD characteristics
aircraft test
e  Fatigue initiation
e locations
- macroscopic : outer and inner sheets, rivet rows . °
- mesoscopic : rivet hole vicinities o .
e single or multiple initiation sites o .
- “initiation length” for multiple initiation sites o .
e specific causes
- corrosion pits o -
- fretting, material or fabrication defects (“high K, o .
regions”)
e obscuration
- corrosion, e.g. “mud cracking”, “cauliflower o -
growth”
- fretting products (“oxide debris™) o .
e  Fatigue crack growth
e multiple site initiation: coalescence to form continuous
crack fronts o .
e crack front shapes and sizes . .
e overall topography: semi-faceted, continuum-mode . .
e striation spacings: transverse and longitudinal crack . .
growth rates
e marker bands: crack length versus cycles, crack - .
growth rates
e environmental effects on crack growth: “beach marks” . —
e obscuration by corrosion, e.g. “mud cracking”, . -
“cauliflower growth”

Table 4 shows also that there are differences in what is observable from service aircraft and full-
scale tests. Most notably, tests cannot account for environmental effects even if done outdoors.
One reason is that the test duration is too short to result in corrosion damage in the lap splices.
Another is that the exterior of the test article is not cooled to cruise altitude temperatures during
each pressurization cycle. This means that any transpiration is unlikely to result in moisture

condensation and entrapment within the lap splices.
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MSD fatigue initiation characteristics

Figure 11 shows the characteristic MSD fatigue crack locations and shapes in the F28-4000,
F100 and BAC 1-11 lap splice samples. These will be discussed separately, followed by a

summary.

(1) F28-4000 service aircraft: The total lengths of MSD were 530 mm and 330 mm for aircraft
[1] and [2] respectively. The fatigue cracks initiated at numerous sites along the faying
surface edges of the outer sheet dimpling cones, see figures 3 and 11. The cracks were
mechanically induced: there was no evidence that corrosion played a role in initiation. The
large number of initiation sites (many cracks initiating at each dimpling cone) suggests that

fatigue cracking began soon after the aircraft entered service.

(2) F100 full-scale test (indoors): The MSD extended over several frame bays having poor
adhesive bond quality. The fatigue cracks initiated from the faying surfaces, mostly at
multiple sites close to the rivet holes, see figure 11. There was no evidence of corrosion, as

expected from a test indoors.

(3) BAC 1-11 service aircraft: Two sections, port and starboard, of lap splices suspected to
contain MSD were disassembled and the rivet holes carefully opened up (4). The MSD was
found along about 500 mm of the lap splices. The fatigue cracks initiated at a variety of
locations, see figure 11, though mainly at faying surfaces close to the rivet holes (types A,

C and D). There was no evidence that corrosion played a role in initiation.

In summary, bearing in mind that the F28 dimpled lap splices are uncustomary, the
investigation of in-service and full-scale test MSD showed that fatigue initiation occurred
mostly from faying surfaces near or at the rivet hole corners. This means that the faying surface
condition (cladding, anodising, priming, interfay sealant, adhesive bonding) and rivet hole
corner quality are very important. Also, fretting must play a role, if not always during crack

initiation, then probably during early crack growth (7).

Secondary fatigue initiation characteristics: B 727-100 service aircraft

Figure 11 also shows the secondary fatigue crack locations and shapes in the B 727-100 cracked
lap splice. Twelve small fatigue cracks were found at seven rivet hole locations, see figures 7
and 8. As mentioned earlier, these cracks showed no evidence of fatigue initiation due to local

corrosion (pitting). Ten of the cracks, types A and B in figure 11, occurred inside the rivet holes
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in the inner sheet. This behaviour appears to be distinct from MSD, where the majority of

fatigue cracks initiated from faying surfaces, as was also found in a separate investigation (8).

Early fatigue crack growth: environmental effects

Unlike fatigue initiation, there was evidence that the fatigue fracture surfaces from service
aircraft had been affected by the local environments, either by post-cracking corrosion or during
crack growth. The MSD and secondary fatigue fracture surfaces from the F28-4000, BAC 1-11
and B 727-100 service aircraft all showed varying amounts of post-cracking corrosion. This
partially obscured the fractographic characteristics, for example making it difficult to measure
fatigue striation spacings near the crack initiation sites. However, on the whole it may be
concluded that the local environments within the lap splices had only mild effects on the fatigue
fracture surfaces: if this were not so, then the fracture surfaces would have been obliterated by

substantial buildups of corrosion products (9).

Of more interest are any effects of the local environments during fatigue crack growth.

Evidence for such effects was observed, as follows:

(1) Figure 12 shows a particularly clear example of fracture surface “beach marks”. These
sometimes occurred during early MSD crack growth in the F28-4000 and BAC 1-11 lap
splices, and were usually present on the secondary fatigue fracture surfaces from the B
727-100 lap splice. The beach marks could well indicate periodic changes in the local
environment (10). At least for the F28-4000 aircraft, it is certain that the beach marks were
not due to variable amplitude loading, since the pressure cabins of these aircraft were
subjected to the maximum pressure differential in each flight. Also the lap splice sample
position, see figure 2, would not have been sensitive to gust loads.

Additional evidence is provided by figure 13, which shows the effect of changing from
“dry” to “wet” air on the fatigue fracture behaviour of 2024-T3 cycled at a low frequency
of the same order as in-service cabin pressure cycling, and at overall crack growth rates

similar to those for early crack growth in the lap splices (see below).

(2) Figure 14 shows a secondary fatigue fracture surface from the B 727-100 lap splice, with
special features (arrowed) similar to those found — albeit more abundantly — for corrosion

fatigue at low stress intensities, figure 15.

At present the significance of these observations, other than being diagnostic for environmental

fatigue crack growth, is somewhat limited (more work needs to be done). Fatigue striation
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spacing measurements for the light and dark bands comprising the beach marks have to date
shown no systematic differences in crack growth rates (12). This could mean that modelling and
prediction of early MSD crack growth need not account for environmental effects over and

above that of normal air.

By comparison with data in Ref. (9) the special features of secondary fatigue fracture in the B
727-100 lap splice suggest crack growth rates below 10™ m/cycle. However, the fatigue striation
spacings for the crack shown in figure 14 appeared (rather vaguely, owing to corrosion) to be
more than 0.1 pm, implying crack growth rates above 107 m/cycle. The reality of this
“discrepancy” has not yet been checked, but it is much less important than the determination of

early MSD crack growth rates.

Early MSD crack growth rates

(1) Transverse (through-thickness) crack growth rates: Observation of transverse fatigue crack
growth near the rivet holes was usually hampered by fretting products and, in the case of
service aircraft, fracture surface corrosion. Figure 16 shows NLR and Fokker data from
fatigue striation measurements on comparatively clean and undamaged fracture surfaces.
Also shown is an estimate for the F100 test at 100 % design load. This estimate is obtained
from the factor (100/110)"', where 7.1 is the “Paris Law” exponent in a piecewise linear fit
to log da/dN versus log AK data for 2024-T3 in the same range of crack growth rates.

There are two noteworthy features in figure 16:
e The data and estimate are well above 10™ m/cycle.
o The through-thickness crack growth rates were more or less constant for each aircraft.

These features will be discussed further in the next section, MSD fatigue modelling and

simulation.

(2) Longitudinal crack growth rates: Figure 17 summarises NLR, Fokker and NASA data
obtained from fatigue striation and marker band measurements for the F100, BAC 1-11 and
a Boeing aircraft, together with an estimate for the F100 test at 100 % design load, as
discussed above. The NLR and Fokker data are presented more fully in Refs. (13, 14).

There are two noteworthy features in figure 17:

e The data and estimate are above 10™ m/cycle.
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e The crack growth rates for different aircraft types are fairly similar in the range of crack
sizes from 0.5 mm to 2mm. This is remarkable in view of the differing joint designs, see
figure 3 and Ref. (12).

As before, these features will be discussed further in the next section, MSD fatigue

modelling and simulation.

MSD FATIGUE MODELLING AND SIMULATION

General remarks

The fatigue behaviour of pressure cabin longitudinal lap splices is determined by complex load
and stress distributions that are very difficult to analyse (6, 14, 15). In particular, this means
realistic stress intensity factor solutions are not available for cracks with dimensions less than
the sheet thicknesses: and one may doubt the usefulness, through lack of accuracy, of solutions

for cracks with dimensions less than the rivet hole diameters.

Nor does it seem possible to model fatigue initiation by analysis. This is not only because of the
complex stress fields, but also because MSD fatigue initiation in lap splices depends strongly —
if not totally — on the local behaviour of various materials (aluminium alloy matrix, cladding
and anodising layers, primers and sealants) at the faying surfaces and near or at rivet hole
corners (14, 16). Note, in passing, that models based on fatigue initiation at corrosion pits (17)
or inclusions (18) are most probably irrelevant and anyway too simple for 2024-T3 Alclad lap
splices: the F28-4000 and BAC 1-11 service aircraft samples showed no evidence of corrosion
pitting, and tests have shown time and again that fatigue cracks initiate in the cladding, not the
2024-T3 matrix (4, 16, 19, 20).

Instead, and at least for the present, recourse must be made to empirical modelling that
describes the actual early MSD fatigue behaviour of lap splices from service aircraft and full-

scale test articles. One such model, due to Eijkhout (13), is described and illustrated next.

Empirical model for crack growth and determination of crack growth and crack initiation lives

Eijkhout’s model is based on the following observations:

(1) MSD fatigue cracks tend to initiate at several sites near or at rivet hole corners and grow in

directions varying gradually from transverse to longitudinal, see figure 18.
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(2) The transverse (through-thickness) fatigue crack growth rates are nearly constant, e.g.

figure 16.

(3) The transverse and longitudinal fatigue crack growth rates are similar for cracks with
dimensions less than twice the sheet thickness, compare figures 16 and 17 (sheet

thicknesses 1.2—1.3 mm, see figure 3).

Figure 19 is a schematic of the model. There are three main assumptions, the first two being

derived from the foregoing observations. These assumptions are:

e Constant crack growth rate in the transverse direction, in general equal to the initial crack

growth rate in the longitudinal direction, i.e. dc/dN = Ae Bai

e Crack depth c =0 at a; , the “initiation length”.
e Quarter-circular crack fronts in the transition from transverse to longitudinal crack growth.

These assumptions are convenient but not essential. For example, the model can be used for
non-constant dc/dN and for crack initiation at rivet hole corners, i.e. a; = 0 in figure 19. Also the

model can be used for both non-countersunk and countersunk lap splice sheets.

Figure 20 gives examples of the model’s use. It is seen that besides providing estimates of the
fatigue crack growth lives and hence the fatigue initiation lives, the model also enables
estimates of the lives at which cracks become through-thickness. This information is potentially

useful for in-service non-destructive inspection.

Another interesting point is that the model can be made compatible with marker bands on the
fatigue fracture surfaces of full-scale test articles, as in the case of the Boeing aircraft (8). When
determining the striation-based crack growth rate equations, da/dN = Ae® | for individual
cracks one can check the equations’ compatibility with the distances between marker bands,

adjusting the equations if necessary.

Fatigue initiation lives

Table 5 gives estimates of the MSD fatigue initiation lives for the three types of aircraft in the
present investigation and the Boeing aircraft (8) mentioned earlier. The F28-4000 estimate is no
more than a reasonable guess. The F100 and BAC 1-11 estimates were obtained using

Eijkhout’s model (13). The Boeing aircraft estimates were made from marker band analyses (8).
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Table 5 Estimates of MSD fatigue initiation lives in fuselage longitudinal lap splices

Lives to first crack initiations
Aircraft type MSD rivet row
Flights Simulated flights
F28-4000 outer sheet upper row | a few thousand?
ter sheet 60,000 .

F100 Oulel Sheet upper Tow @ 110 % design load

inner sheet lower row 70,000

outer sheet upper row 60,000
BAC 1-11

inner sheet lower row 50,000
Boeing aircraft | outer sheet upper row 5,000-15,000 @ 100 % design load

Table 5 shows there is considerable variation in the estimated fatigue initiation lives, although
the F28-4000 lap splices are not of general interest. Actually, the total variation is greater: for
the F100 full-scale test the estimates ranged from 60,000 — 97,000 simulated flights, and for the
BAC 1-11 the estimates ranged from 50,000 — 74,000 flights.

Fatigue crack growth behaviour

From the sub-section of this paper on early MSD crack growth and figures 16 and 17 it is
apparent that the transverse and longitudinal fatigue crack growth rates were above 10 m/cycle
for crack sizes ranging from 30 um to 5 mm. This result has to be compared with figure 21,
which shows the short and long fatigue crack growth behaviour of 2024-T3 for two stress ratios
covering the range to be expected in fuselage longitudinal lap splices (15). Figure 21 shows that
at crack growth rates above 10°® m/cycle there is only long crack growth behaviour. In other
words, one should not expect any difference between short and long fatigue crack growth

behaviour in fuselage longitudinal lap splices, which facilitates crack growth modelling.

However, the relatively high early crack growth rates in actual fuselage longitudinal lap splices
make questionable the usefulness and relevance of sub-scale specimen tests. Uniaxial specimens
“simulating” the F100 fuselage longitudinal lap splice had early crack growth rates far too low
compared with the full-scale test results (22). This was also true for biaxial specimens (23). This
situation may change when improved stress analyses become available and are used for
improving sub-scale specimen design and testing. On the other hand, it may turn out that

reliance will still have to be made mainly on full-scale fuselage section or panel tests (24, 25).
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DISCUSSION

Lap splice corrosion and fatigue in service aircraft

Severe internal corrosion in a B 727-100 lap splice and external corrosion of an F28-1000 lap
splice did not lead to MSD fatigue crack initiation. However, the B 727-100 lap splice had
small, secondary fatigue cracks. These usually initiated from intergranular cracks due to
corrosion and stress corrosion, but sometimes occurred directly from rivet holes, without any
evidence of fatigue initiation due to local corrosion (pitting). Twelve of the latter type of cracks
were located at seven rivet holes without any corrosion-induced cracking. These cracks most
probably initiated owing to a combination of normal in-service stresses and additional stresses
caused by corrosion product buildup (pillowing) between the outer and inner sheets of the lap

splice.

Examination of MSD fatigue cracking in lap splices from three service aircraft, two F28-4000s
and a BAC 1-11, also showed no evidence of fatigue initiation due to local corrosion. Thus it
would appear that pressure cabin longitudinal lap splices have either a corrosion problem or a

fatigue problem, i.e. there is no primary association between corrosion and fatigue.

There was, however, evidence of local environmental effects during early fatigue crack growth.
For MSD the environmental effects on crack growth rates were mild, if any. It is as yet
uncertain whether the fatigue crack growth rates in service would be significantly different from

those determined by testing in normal air.

Lap splice fatigue analysis

(1) Analysis methods: Figure 22 shows the “traditional” and developing fatigue analysis
methods for transport aircraft fuselage lap splices:
e In the “traditional” methods the inspection threshold is established using fatigue life S-
N data, cumulative linear damage analysis (if deemed necessary) and scatter factors.
Subsequent inspection intervals are based on a safe fatigue crack growth period using
da/dN versus AK.q long crack growth data, crack growth models for spectrum loading
(if deemed necessary) and scatter factors.
e In the developing methods the inspection threshold is intended to be established using
fatigue crack growth analysis and tests, whereby it is assumed the structure contains

initial flaws (Initial Quality Flaw Sizes, IQFS). Subsequent inspection intervals are
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based on a safe fatigue crack growth period that accounts for MSD essentially as a

refinement — however important — to the “traditional” analyses.

(2) Analysis problems of actual versus predicted behaviour: Figure 23 is a schematic of the

likely differences between actual early MSD crack growth behaviour, as described in the
present paper, and predictions using macroscopic (long) crack growth modelling, whereby
the IQFS values are obtained either from actual data for manufacturing flaws or by back-
extrapolation using a long crack growth model.

For both types of prediction the long crack growth model is used to make an empirical fit
such that the fatigue life is represented as a continuous crack growth process, beginning as
soon as the aircraft enters service. This premise is incorrect: crack initiation is a physical
reality. The fitted model therefore has limited transferability, and in general should not be
used for “blind” predictions of crack growth in other structural areas with differing lap
splice geometries and — most importantly — differing faying surface conditions. Nor should
the fitted model be used for predicting crack growth at different (local) stress levels. This

latter point is significant for two reasons:

e The stress-dependence of fatigue initiation life will probably be very different to that of
fatigue crack growth, e.g. Ref. (26).

e Actual fatigue crack growth rates could be in a different “Paris Law” regime, i.e. the
exponent m in the relation da/dN = C(AK)™ could be different. An example of a
surprisingly high but realistic exponent, m = 7.1, was mentioned for transverse

(through-thickness) crack growth rates and is shown in figure 21.

There would seem to be no solution to the above problems so long as it is assumed that
crack growth begins as soon as the aircraft enters service. One alternative is to further
investigate the usefulness of Eijkhout’s model. This possibility has much to recommend it.
The model is based on physical reality: it takes account of actual lap splice fatigue
initiation and crack growth behaviour, and the present paper has shown much commonality
in this behaviour for several aircraft types and different positions of the lap splices. Also, as
mentioned under the sub-heading of fatigue crack growth behaviour, it may turn out that
fatigue crack growth analyses will have to rely mainly on full-scale fatigue testing. If so,
then Eijkhout’s model provides a way of describing crack growth, notably the all-important
early crack growth through the sheet thickness, and a way of estimating the fatigue
initiation life. Of course, since the model is empirical, the parameters in the model have to

be determined for each type of aircraft, and also — possibly — for fuselage areas where the
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design stress levels are significantly different, e.g. varying by more than 10 % from the

average.

CONCLUSIONS

This paper describes and discusses the characteristics of corrosion and MSD fatigue initiation
and early crack growth in transport aircraft fuselage longitudinal lap splices, using examples
from four aircraft types. These were a Boeing 727-100, three Fokker F28s and a British
Aerospace BAC 1-11 from service, and the Fokker F100 full-scale fuselage test. Information
from a NASA report on a Boeing aircraft full-scale test was also used. The following

conclusions are drawn:

(1) There is no primary association between corrosion and fatigue for 2024-T3 Alclad lap
splices. Severe corrosion did not result in MSD, and MSD is not initiated by local
corrosion. However, there was evidence of local environmental effects, albeit mild, during
early fatigue crack growth in the lap splices from service aircraft. It is as yet uncertain
whether the fatigue crack growth rates in service are significantly different, owing to

environmental effects, from those determined by testing in laboratory air.

(2) There was a strong tendency for MSD fatigue cracks to initiate at faying surfaces near or at
rivet hole corners. However, for the severely corroded B 727-100 lap splice secondary
fatigue cracks initiated usually from intergranular cracks due to corrosion and stress
corrosion, but sometimes occurred directly from rivet holes without any evidence of fatigue

initiation due to local corrosion.

(3) A distinction should be made between MSD fatigue initiation and fatigue crack growth. It
is physically incorrect to consider lap splice fatigue solely as a regular crack growth

process that begins as soon as the aircraft enters service.

(4) There are indications of considerable variation in MSD fatigue initiation lives, both in the

range of lives for each aircraft type and between aircraft types.

(5) The most MSD-susceptible rivet row was the upper one in the outer sheets of the lap
splices. However, other rivet rows were susceptible, notably the lower one in the inner

sheets.
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(6)

Early MSD crack growth rates, for crack sizes 30 pm — 5 mm, were above 10™ m/cycle (or
flight), which means one should not expect any difference between short and long fatigue
crack behaviour in the lap splices. However, the relatively high crack growth rates make

questionable the usefulness and relevance of sub-scale specimen tests.

The foregoing conclusions should be taken into account during further development of fatigue

analysis methods for transport aircraft fuselage lap splices.

(M

2

3)

4

)

(6)
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Fig. 1 Positions of the corroded lap splices
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Fig. 2 Positions of the MSD fatigue cracked lap splices
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Fig. 4 Overview of the B 727-100 lap splice sample and detail of the internally visible corrosion
along the upper side of the lap splice/stiffener connection
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Fig. 7 Schematic of the results of the B 727-100 lap splice disassembly and examination for the outer sheet. BS
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Fig. 10

Intergranular cracks with secondary fatigue cracks initiating (a) from
intergranular cracking and (b) from a rivet hole: Boeing 727-100 lap splice
outer sheet. Arrows point to fatigue cracks and their growth directions
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Fig. 13 Fatigue fracture topographical change for 2024-T3 cycled at 0.003 Hz in “dry” and
“wet” air: R = 0.05, AK ~ 8.5 MPa+\/m (11)
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Fig. 14 Secondary fatigue crack early growth in the B 727-100 lap splice.
Arrows point to narrow elliptical and semi-elliptical features with
major axes in the local crack growth direction

Fig. 15 Corrosion fatigue of 2024-T3 Alclad cycled at 13 Hz in sump tank
water: R = 0.1, AK ~ 3.6 MPa \m (9)
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Fig. 18 Most common MSD fatigue initiation sites from service experience and full-scale testing
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Fig. 19  Eijkhout’s empirical model illustrated for a non-countersunk sheet and multiple fatigue initiation
sites



-39-
NLR-TP-99408

4Bl JO uonoeIIq 0} BjIsoddo = 40qU Ybli4 JO uonoelId = 40d ‘(€4) 8alds dej Jse) 8jeos-jiny
0014 8y} u1 syoeld anbije) gS OM} 10 sjuo.y ¥oeid anbijej  8jij-0sl, }oipald o} japouwi jealidwse sjnoyylig jo esn ayj jo sejdwexy ozZ ‘bi4

(ww) e yibus) yoelo aseuns Buikey
l 4 € 14 ]

\n \ \ T \ 1 \ 1 T
00059 |
OQO.QN 000’52 oco.mm Oco_mm

c0
¥0

000°08 000°06 000°‘00L 000°G0L 000°0LL 000°GLL 0000Z} 000°SZL /0SZ‘9ZL
(ww) 90
o yidep yoelo g ol
3oelo
0l feuly
'l

062'6S 00029 eegl0°+1€S0°0 'S 0

(s919/2) | (saj9h2) (aj9hoywini) (ww) | (wuw)
'N IN-IN NP/ep te e

40Qu d186.1 310y }9AL }33ys J3}N0

(ww) e yibus) yoelo aseuns Buikey
\ 9 S 14 € 4 3

R N N

0S2‘9zL \ 000°6ZL  000°0Z} 000°GLL  000°0LL  000°S0L 000°00L 000°G6 000°06

ooo‘os | vuo (ww)
190 5 ydop soeo
juouj 000's8 180
yoeuo 1ot
leuly

y 'l
0SS'v. 00L°LS eg,9,0°+¢L50°0 9 Ll
(s912h2) | (s9joho) (a19Aojwrl) (ww) | (ww)
'N 'N-IN NPp/ep te ‘e

400 116€61 3oy }9Al }93ys Jauul




-40-
NLR-TP-99408

0s

(12) uonoaup Bujjjos josys

8y 0} jejjeied pepeo) suswioads Jo) ejep joeys Aoje wniuiwnge g1 -$z0Z 404 Sejel yimolb xoeto enbiey buoj pue uoys Jo suosuedwo) Lz biH
(WABdIN) MV (WABLIN) MV
(0] % S 3 G0 0§ (0] S b S0
7 T T T T T » 7 T T T i T 1T T i T T
_ " o
wiseq | wiseq ! ©
- ejep yoeuo Buo ) B N e1ep yoeuo Buo X Og © 7
B I B 1 _
- ' - 1 -
- = ! =
— o-0L |~ ; O —01-0L
1
L L . |
1

L n ! |
L L o) |
u - I o
C - ! .
— 6-0L [ —6-0L
- g0l [~ —{8-0L
- - . (e19A0/wW)
L L o % ’ | wwmh
B n /=W 4 ymoub xoelo
- B nmu\r( Jusuodxa ,me sued, . anbney
= (o] = o &u / - )
- o) N C ’ .,

o ¥ ejep yoeld oys QO -0 o o s\ ejep yoeld Joys o 201

O\\ @O ’

- ’ ZH 0€ - G ‘D, Z¢ “Nle Auojeloqge| | - ’ ZH 0¢ - § ‘D, 2Z “Nie Alojeloqe| A
L )/ Joays e1-pzoz ww g [ ] L Qe 199ys €1-yZ0Z Ww £ i
- — I 7 -
L \ G'0 = ¥ ‘Oljel ssaJ)s jJueysuod | q _ - sg 0 = Y ‘oljes ssaljs Juejsuod | e _
- ! | - - . 7 :
— | 2 L1 1 | L1 1 1 @-O—‘ | 2 1 I L1 1 1 @-O_‘




41-
NLR-TP-99408

"traditional”
methods

developing
methods

crack
size

crack
size

"crack-free" fatigue life safe fatigue crack growth
obtained by cumulative linear damage period based on fracture
analysis based on S-N data mechanics analysis

minimum
in-service reliably
inspectable

crack size \

:number of flights —
|
|
|
|
|
|
|
|

safe fatigue
crack growth period

without MSD
with MSD
|
|
|
|
economic repair (durability) fatigue crack growth ! IMiD
»  link-up
minimum \
statistically in-service
determined !'ellably
equivalent lnspect_able
initial quality crack size
flaw size (IQFS) \
|~

]

:number of flights ——

T Inspection
threshold
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observations and the IQFS values are obtained from actual manufacturing flaws or by back-
extrapolation using a macroscopic (long) crack growth mode/
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