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THE IDENTIFICATION OF FATIGUE-CRITICAL REGIONS DURING FATIGUE
TESTING OF MACCHI MB326H CENTRE SECTION LOWER BOOMS

S. BARTER N. ATHINIOTIS, and G CLARK

ABSTRACT

Early fatigue testing of the Royal Australian Air Force (RAAF) Macchi MB326H jet trainer
aircraft indicated that the most fatigue-critical regions in the steel centre-section booms were bolt
holes; the structural integrity of the centre-section has been managed, in part, on a safety-by-
inspection basis focussed on specific highly-stressed bolt holes in the lower spar booms.
Recently, tear-down of centre-sections as part of a fleet re-lifing program disclosed corrosion
defects in screw holes in the booms, leading to concern that the corroded screw hole geometry
might now be more critical than the bolt hole location. To resolve this problem, a series of
component fatigue tests was conducted at AMRL, using lower boom samples which had seen
extensive service, to determine the relative criticality of the screw holes and bolt holes.
Fractographic analysis was performed on all significant cracking found.

Detailed analysis using a novel fractographic approach, identified a region in which the close
proximity of several screw holes to bolt holes in the main body of the booms produced crack
growth rates similar to the most severe bolt hole cracking, whilst cracking from isolated screw
holes was significantly slower than the critical bolt holes. This result was predicted prior to the
occurrence of a failure in this region. The existence of service-induced corrosion did not appear to
significantly affect crack growth rate. The novel use of fractography to determine criticality has
subsequently been used as an aid in interpreting early fatigue crack growth in components from
other aircraft types.
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INTRODUCTION

After loss of a Macchi MB326H jet trainer aircraft in 1990, the RAAF initiated a Macchi
Recovery Program (MRP), part of which involved a re-assessment of the centre-section fatigue
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life. The centre-section lower boom is a fatigue critical component, thought to be second in
criticality only to the wing main spar lower cap. Evidence supporting this level of criticality had
been discovered during routine in-service inspections and tear-down inspections of service centre
sections which disclosed that eight lower boom flange bolt holes contained small fatigue cracks
(no cracking was found in the upper spar booms) and significant corrosion damage existed in the
lower boom screw holes, two of which were found to exhibit associated fatigue cracking.

The spar booms examined in this teardown were of the ‘04C’ geometry and material — a retrofit
to the aircraft during a Life-Of-Type EXtension (LOTEX) program carried out during the early
1980s. This type of boom replaced the ‘O4A’ boom originally fitted to the aircraft during
manufacture. Although the O4C boom had not been subjected to a full-scale fatigue test, it was
considered to be more fatigue resistant than the O4A spar boom, and the critical holes (the holes
from which the lead fatigue cracks would grow) were thought to be the same as those in the O4A
spar boom for which extensive testing and service inspection data existed.

Although the RAAF uses a safe-life approach to managing Macchi boom structural integrity, the
critical bolt holes are monitored in service by NDI as a precaution. However, the unexpectedly
severe corrosion defects observed in the tear-down, combined with the unknown crack growth
rates for fatigue cracking from such defects (and indeed for cracking in the 04C type booms)
clearly demanded further investigation to determine the overall fatigue lives of the O4C booms
relative to those of the O4A booms and more specifically the criticality of the corroded screw
holes compared to the flange bolt holes. Fatigue testing of the lower boom was undertaken to
address these matters.

A limited number of booms were available for testing. The O4C booms were obtained from
service aircraft (writing off the airframe in the process), while only four of the pre-LOTEX O4A
booms could be found in storage. To compensate for this limited specimen availability, complete
post-test teardown of the O4C test articles was undertaken to acquire fatigue crack growth
information from all boom details; all holes from the first four O4C test booms were examined
destructively after failure. The extent of information obtained from these tear-down results
considerably improved the confidence in the results of the testing and the understanding of the
critical regions of the lower spar boom.

During the tests, further objectives were added to the test program. These were to determine:
a. the criticality of the screw holes relative to the fatigue performance of life-enhanced bolt
holes (e.g after reaming and cold expanding bolt holes);
b. the criticality of regions in which screw holes intersect or come close to intersecting other
holes in the boom.

Spar Boom Nomenclature

All holes in the lower spar boom were designated according to the schematic diagram in Fig. 1.
Hole numbers without an alpha prefix are the critical flange bolt holes. Otherwise, the letters
stand for; S:-Screw, WAHPF:-Wing Attachment Hole Port Forward, WAHSF:-Wing Attachment
Hole Starboard Forward, SWAHPF:-Small Wing Attachment Hole Port Forward, SWAHSF:-
Small Wing Attachment Hole Starboard Forward, VS:-Vertical Screw, VB:-Vertical Bolt, F:-
Forward and A:-Aft. For example, S5F refers to the S5 screw hole in the forward face of the
boom.
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Fig. 1. Schematic drawing of the lower centre-section spar boom showing the hole numbering system us

AMRL investigations.

TESTING
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teel. All of the five O4C test booms p
The spar booms were manufactured from AISI 4340 stee g e S

i i ion; 084 had a slightly hi
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fatigue cracking existed in at least one of the flange bolt holes. Visual inspection of the screw

holes revealed severe corrosion, associated pitting and some fluid/moisture presence within thes

holes, and screw hole 5F was found to have penetrated a vertical bolt hole during manufactug
(VBHIF - refer Fig. 1). Inspection after the cleaning and corrosion removal process did ne
reveal any cracking. Inspection of the wing attachment lug holes revealed the presence ¢
corrosion pitting of unknown depth—these pits were not removed prior to the test.

Test Set Up and Method

Static calibration and fatigue testing of the spar booms
was conducted in a 2 MN uniaxial fatigue testing
machine. Figure 2 shows the test arrangement. Load
was applied using a "flight-by-flight" loading sequence
consisting of a modified FALSTAFF 32 load level
sequence of 35966 turning points, designed to simulate
220 flight hours of aircraft use, applied at a cyclic rate
of approximately 3Hz; the load sequence was tailored
to reflect RAAF usage over the period 1987 to 1990
inclusive. After the first O4A test, the sequence was
modified, bringing the two highest loads closer together |
to help identify the sequence repeats for quantitative | / e
fractography of the cracking. No significant effect from - d
the closer placement of the two highest loads in the Fig. 2. The AMRL 2MN Jatigue tes
sequence was envisaged, or detected. machine showing the test arrangemer

In order to generate loads which were representative of service loads in the main body of the spay
booms ie. all the screw and flange bolt holes, it was necessary to increase the loading on the wing
attachment lugs to approximately 110% of the relevant service loads. The lugs were believed tc
have a fatigue life only slightly lower than the critical O4A flange bolt holes, and it was predictec
that the lugs might fail in these tests prior to a flange bolt hole. However, the first two O4A tria
spar booms tested failed from the desired location so no fatigue enhancement methods were
applied to the first O4C boom’s wing attachment lugs. :

DETAILS OF SPAR BOOM TESTING

Table 1 summarises the testing and investigations carried out on the Macchi centre-section lowe;
booms. Not all aspects of the testing and analysis are included in this paper.

044 Lower Boom Tests. The first two O4A booms tested were used to confirm that the test se
up was working satisfactorily, and that the loading sequence could be read fractographically.

O4C Lower Boom 084. Failure occurred in the port wing attachment lug at severe corrosior
pitting in the lug hole. The boom also had a substantial crack at bolt hole 3F.
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Lower Boom 092. After the lug failure in the 084 boom from a la;gelcor;loslionoilag
‘ i its in the lug holes, so the lug holes

;imen 092 was also found to have corrosion pi . :

«quent test articles had their lug holes bored and honed to the maximum allowable oversize.

¢ | Summary of test results

MRI during test/ crack Fractographic

: i i titative ]
g i N gl;lcltoqg‘:;;}:ya ) growth correlation growth estimates
0O4A UK program 15 Bolt hole 19F - -

' fwd. -

O4A -053 Pre program 18 Bolt hole 3F. 3F (depth and area). -

LOTEX -

:):)C -084 program 17 Lug hole port  hole 3F. :::egé;];)loel; holes /

. e Flange bolt holes / All All significantly
i i v g;]ﬁ ng - il cracked bolt holes. cracked htc_)les, ‘
o : OF & Flange bolt holes. All significantly

- 41 16F and lug 3F, 4F, SF, 19F, 2 g Sl

;()):s(t: L(())61?EX o hole stbd fwd.  5A, 6A, 7A, 16, 20A. (-:racke €!
“04A -081 program 17 4F 4F. T

Pre LOTEX = - -

el o g 20‘2. 19F .and 19A. Flange bolt holes /All  All significantly
e i ke cracked bolt holes. cracked holses.
s h and Flange bolt holes. Two VBH/.

6 S18F/VBH4F. S5F/VBHIF (depth an 2!

: 194(!: I:%l:'EX G area), S18F/VBHA4F. cracks.

0s

iioom 092 failed at the port aft wing attachment lug. Whereas the lug from boom 084 cracked

from the bore of the hole, cracking in 092 initiated from the outside surf“acedof t:lhe tlllllg. T::nzzac(:)l;
initiati i its i ide surface of the lug, associated wi e pre

itiation points were deep pits in the outsi ! ;
i;:a.nganesi:3 sulphide inclusions (stringers) in the material. The boom also had substantial crack

growth at bolt hole 3F.

: i d after this time were glass bead
Boom 067. The lug surfaces in all booms teste .
;igefiot:elrs Almen N. The 067 boom failed through bolt hole 16 however on removing the two

i i t lug was found to
i achine the forward starboard wing attachmen und
RN AT SN have failed. Prior to the termination

of the test (16A failure), the aft lug
was taking virtually the entire load
making the 16A crack growth data
suspect. Lug cracking had initiated
sub-surface from a very large
surface-breaking group of 'blocky’
particles of aluminium oxide, 250 pm
wide (across the lug) by 13 mm long
(in the axis of the boom).

04C Lower Boom 058. Since all the
“previously tested O4C booms had
failed in at least one of the wing
attachment lugs (while the main
failure in 067 was from a bolt hole, the effect of the lug failure (l>n ;hi bol}r hole ftgﬁeox:rassc rr:\),:
i i duce a single failure from a
the prima oal of this boom test was to pro ;
}clloelzr)"l"hz Il))oomrz:vfs prepared in the same manner as the 067 boom and it was hoped that no

Fig. 3 Boom 058; fracture surface holes 19F and 194.
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large inclusions of the type observed in the lug failure of 067 would exist in the lugs. The boom

failed satisfactorily through the 19F and 19A bolt holes. The fracture surface is shown in Fig. 3.

0O4C Lower Boom 014. The boom was prepared in the same manner as the 058 boom. In
addition, after initial magnetic rubber inspection of all bolt holes, all bolt holes were reamed
oversize to the nearest 0.5 mm on diameter above their present size to remove any machine tears,
corrosion and other minor defects.

During the test several bolt holes were found to have cracked. The test was continued after these
holes were reamed to the maximum oversize and cold expanded. The boom failed through the
complex near-intersection of screw hole 18 forward (S18F) with vertical bolt hole VBHA4F,
through VBH4A and flange bolt hole
1A. No fatigue cracking was
detected in flange bolt hole 1A. The
fatigue cracking that caused failure
had grown from the top and bottom
of hole S18F and the aft side of the
VBHA4F, as shown in Fig. 4.

Inspection of the VBHIF hole
revealed similar cracking to the crack
that caused failure. The port end of
the boom was loaded to establish
the residual strength of the cracked
VBHI1F/SS5F configuration, as an aid
to assessing the life of the region.
The boom failed (through SSF/VBHIF and VBH1A, similar to the STBD end)-at a load of 1195
kN. This failure revealed fatigue cracking had grown from the top and bottom side of hole S5F
and the aft side of the VBHIF (small fatigue cracks were detected in the VBH1A). The fracture
surface appeared similar to the main (STBD end) failure although the fatigue areas were

nsiderablv smaller
consiaeradly smaiier.

Fig. 4. Boom 014, fracture surface, holes S18F and VBH4F.

QUANTITATIVE FRACTOGRAPHY

After completion of the fatigue test on boom A7-092, the boom was torn down to reveal all the
locations of fatigue cracking and the major fatigue cracks were examined using a novel rapid crack
growth estimation method to indicate fatigue-critical areas. This method relies on use of log/linear
fatigue crack growth curves; it is based on wide experience with crack growth determinations
which indicate that crack growth tends to follow a straight line when plotted on a log/linear scale
[2,3]. Such exponential behaviour is expected in the constant-amplitude loading case where crack
growth per cycle is a function of (AK)?. The authors have observed, however, that many cases of
variable-amplitude loading result in crack growth which aligns closely with this type of behaviour
(see Fig 5 below). Fractography on the centre-section booms also showed that growth of major
cracks began from the initial flaw during the first applied program i.e. the initiation phase of
fatigue was not present. Combining these two observations, then if the initial flaw size and the
final crack depth are known, a simplistic crack growth curve may be assumed from these two
data points. Crack growth curves were produced by this means and plotted as log crack depth vs

_ flaw size, and the slope of the log/linear curve provi
~ and materials parameters controlling crack growth from that flaw.

of crack initiation. This may have been a score mar
case the size was taken to be the ellipse w-hic
 Jong in comparison with its depth, the maximu
edge crack configuration was assumed. Once th

sequivalent flaw size”, which is a notional initial

~ appropriate caution.
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on, the starting crack size is simply the initial

ber (or life). In this representati . .
i e 5 ) des a measure of the severity of the stressing

initi i i ifyi articular flaw in the region
:ation of the initial flaw size was based on identifying a p ' . ! .
o k, a pit or an intermetallic particle, in which
h fits around the boundaries. Where the flaw was
m depth was taken as the effective flaw size 1.e. an
e crack starts growing from the initial flaw, there
is an anomalous crack growth regime [3], where various factors can influence crack growth:

i i initi the local stress field
i) the influence of the initial flaw geometry on
8) short crack growth conditions; differences in crack closure for long and short cracks at the

same nominal stress intensity factor results in different crack growth rates
(iiiy metallurgical and environmental influences on early crack growth.

measured size, to distinguish it from the term
flaw which if allowed to grow according to some

chosen growth law, will, later in life, duplicate the actual long crack sizes found in service.

Note that the initial effective flaw size here is a

ne representing exponential crack growth can be plotted based on

i traight 1i
g el permits crack growth to be

initi i i h. This approach
the initial effective crack size and final crack dept : . :
situations where full fractographic analysis would be too time-consuming, or

- aha sk fractographic growth information.

where crack sizes are too small to allow for extraction of

ly based on several important assumptions;. these
xponential behaviour, are currently the subject .of
this approach must therefore be treated with
particularly difficult; for

The approach described above is clear
assumptions, particularly the assumption of.e
further research and the results obtained using oach m
The estimation of initial defect size 1s itself

g A L g “
example, which dimension of the defect is the critical one?

1 ecent case. the severity of the cracking was extracted by fitting an exponential curve with
in the presemnt €ase, e STvolity L2 ol

the general form:
: (crack depth) = A exp [B * (programs)] o :
where B defines the slope of the log crack depth vs programs curve (see exarnl')le in hg .Zl),ﬂan

therefore indicates the stressing severity (and indirectly the growth rate), and A is the initial flaw

size.
RESULTS

iticality Comparison, O4A4 vs O4C Booms. ;
gnrrllcfmgon of fhe crack growth from the O4A booms and the 04C boom major bolt holej cracks
o the O4C cracks are slower than those in O4A

the data shown in Fig. 5. Generally, . :
;v::rzz,sa’;nonc exception. This exception is the cracking from 084, w?nch displayed a gr(l)wt.h
rate similar to the O4A booms, despite being of 04C geo.metry. .T.hlS apparent anon(;a g is
believed to be associated with the fact that the 084 b'oom. is, surprisingly, manufacn;reSF \;)/IS
material very similar to the O4A material. Note that in Fig 5, crack growth from hole
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upper on 092 initiated at a defect substantially smaller than the initiating defects for oth
er

geometrical features, highlighting the statistical nature of the crack growth process

]C:rigctczlit){ Cor;:lparison, Bolt and Screw Holes.

O deterrmune the relative criticality of screw a'nd b i

i olt holes, the 'B' constant

wﬁe?}c;er:?:hel:lzlces anlcli bolt holgs of boom Q92 (and later boom 067), zrsx; nwse:gelrxiecc?l fmz'itfiq fo{
rew hole stressing was significantly different from that of the various bgltln héﬁgg’

The data from boom 092 are presented in Fig:

6. The value of B determined in each case is

an estimate based on judging the initial defect

size and ﬁpa] defect size, or by fitting a

Straight  line  through fractographically

E
f’i i determined growth information.
"E 0.1
g Dgspite the inaccuracies inherent in the
- .estl.mation of the initial flaw size, Fig. 6
indicates a clear trend to higher ‘B’ values in
gk, the regions believed to be highly stressed (the

o 10

20
30 40 % flange bolt holes from 3 to 7 and 15 to 20).

Program No.

Fig. 5. Crack depth (on a log. scale) vs. No. of The screw holes featured slightly lower B

programs for the O44 and O4C boom Toste va1~ues, indicating that they are therefore less
fatigue-critical than the bolt holes. The 'B'
constants for the bolt and
the A7-067 boom test also showed that e
£t the fl
O e e ange bolt holes from 3 to 7 and 15 to 20 were more

ﬁz’entiﬁcz_zlion of Other Critical Areas using Fractographic Analysis
most important finding was that the B values were also high for regions where screw holes
near-intersect other bolt holes (eg the

= Boli holes fwd

0‘25?-7 e — 5 ESI:hSI:;aH VBHA4F/S18F intersect in Fig. 6)

a  Screw holes aff 1 ifvi 1 1 : :

o 2 S_;mw ;glzz r\;d identifying the potential fatigue criticality

ok e  VBHAF/SISF interscct of the intersect region. This result led to

i ; : ] the f.atlgue program being extended to

it : . - examine that result further by testing the

g : = e 2 . screw hole/bolt pole intersect region in

£ & e - ‘: A ] boom 014 to failure. In this test the
= a ~ - - - S . i 1 1 ;

2 ol % X : it o quant.ltatlve fractographic analysis of the

: : ‘:‘ . i":BM ; cracking that grew from the VBHIF

0 v : S o VBH4F, S5F and S18F intersect regions

; e = - = i gave ‘B’ constant values between 0.09

Hole Position No.

and 0.13. Analysis of the B’
Fig. 6 'B’'constants, representin i 7 indi W
4 ; g severity of stressing, exponents ind umin
fsnma;led ' for the A7-092 centre section boom cracked lﬁ)lt and unli)f distri lc'ated t'hz'it" i i
crew holes and the near-intersecting hole region. orm Shiiuneniof ing] B e
boom, the following holes, with ‘B’
' values above 0.12, could be consid
e 12, ered
113;: in the group regarded as most critical to the structural integrity of the boom: bolt holes 3 t70
to 20 forward and aft along with VBH1F/S5F and VBHA4F/S18F. ‘ T
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{ONCLUSIONS

The results of the testing and fractographic analysis of fatigue cracks produced in Macchi O4A
and O4C centre-section booms indicated the following:
The wing attachment lugs on the O4C booms tested were the most highly stressed part of
the boom in this test configuration. The tests showed that the wing attachment lug region
of the boom is highly susceptible to the presence of defects. Pitting in the bore of the lug
holes leads to rapid fatigue cracking, and the presence of deep pitting on the outboard end
of the lugs or the presence of any large metallurgical defects (such as a large array of
inclusions) will also be detrimental to the fatigue life.

b.  An examination of the crack growth rates of the flange bolt holes indicated that there is a
significant difference between the O4C booms and the O4A booms. An exception to this
appears to be the cracking observed in one boom which could be attributed to the
significant material variations noted for this boom when compared to the other 04C

a.

booms.
The tests showed that the screw hole/vertical bolt hole intersection was a source of

fatigue cracking that grew at much the same rate as the most severe known critical bolt
hole cracking.

d.  Crack growth from screw holes which are remote from other holes was generally at a
significantly slower rate than cracking from the critical bolt holes or the screw
hole/vertical bolt hole intersection regions.

The development and use of simplified crack growth curves, and the calculation of a
growth exponent for these simplified crack growth curves was a significant aid to the
interpretation of crack growth in these tests. These curves were used to identify the
“next most critical” area of the boom.

f.  The final 04C boom test (014) showed that reaming combined with cold working, can
retard fatigue crack growth in bolt holes in the O4C booms. Use of these life
enhancement methods caused the failure location in this boom test specimen to move to a
screw hole/vertical bolt hole intersection, unfortunately with little gain in life, due to the
high stress at the screw hole/vertical bolt hole intersection locations.
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