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ABSTRACT 

The purpose of this paper is to calculate the fatigue life of titanium 
lugs from full scale fatigue substantiation tests using the stress-
-endurance curve together with a knowledge of the variation of fatigue 
strength with the mean stress. The tests were carried out using lugs 
with bushes whereas a helicopter components all have bushed holes. 

Since, the Goodman diagram for titanium lugs has never been defined, the 
tests provide sufficient data to draw a Goodman diagram with confidence. 
A computer program for curve fitting has been designed to determine the 
different S-N curves from the laboratory fatigue test data. 

The flight fatigue damage and the safe life for the sections of the titanium 
lugs as used in helicopter components are calculated on the basis of the 
flight load levels. 

INTRODUCTION  

The lug represents the simplest form of a bolted joint and its fatigue 
strength often indicates that likely to be obtained in an entire structure. 
The mean stress-vibratory stress cycles relationship for lugs is compli-
cated by fretting effects between the pin and the hole boundary. Bushed 
lugs generally have some degree of interference-fit between the lug and 
bush. These lugs give better fatigue strength than unbushed lugs. The 
fatigue life of the titanium lugs is calculated from fatigue tests. 

Fatigue substantiation of the lugs used in different dynamic components of 
helicopters is achieved by correlation of measured flight test loads with 
component fatigue strength determined from laboratory fatigue testing at 
representative multi-level loads. The cumulative damage summation used to 
establish the safe fatigue life of the lugs. Fatigue strength scatter and 
flight load variability factors are included in these calculations. 
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FATIGUE ANALYSIS PHILOSOPHY  

The Fatigue substantiation process of any helicopter dynamic components 

can be summarized by the flow diagram shown in Fig.l which is based on the 

use of laboratory fatigue test results to establish the component/section 
fatigue endurance limit. Analysis of the results of the fatigue test 
consists of construction for the section under consideration of its 

modified Goodman diagram, which shows fatigue endurance limit as a function 
of local mean stress (corrected for geometric stress concentration). 

From laboratory fatigue test results on each component a fatigue endurance 
limit may be calculated by assuming failure at each section and summing the 
cumulative fatigue damage as: 

n. 
	 - 1.0 
Ni  (1)  

where: 
n. 	The number of load cycles experienced at a given loading 

Ni 	The number of cycles to failure at that loading. 

In these calculations material S-N (vibratory stress-cycles endurance) 
curves are used, which are represented in this paper by an assumed mathema-
tical model of the form: 

s=s co  (( 1' o+ A 	) 
NB  ) 

where: 

A,B Material constants • 
S 	Vibratory stress. 
N 	Endurance in megacycle at that stress. 
Sm 	Fatigue endurance limit. 

A computer program for curve fitting has been designed to calculate the 
material constants as well as the endurance limit (S ) from fatigue test 
data. 

To avoid loss of accuracy in the treatment of test results the load spectra 
applied in the laboratory fatigue tests are designed to be as representa-
tive as practicable of those in flight. For each dynamic component sub-
-assembly either fifteen specimens or more have been tested and the endura-

nce limits for the critical sections of each specimen are calculated. The 
section log-mean endurance limit is then calculated as: 

m 

log (Sm  
( i=1  Sm(mean) = EXP( 

A material scatter factor (equal to 1.37 for 15 titanium specimens) Mlich 

is a function of the number of tests performed and material is then applied 
to the section log-mean endurance limit; and this figure is further factored 
by 1.2 to cater for measured flight load scatter. This fully factored 

i=1 

(2)  

(3)  
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Fig.1. Flow diagram of the fatigue substantiation. 	 _J 
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endurance limit is then used in flight fatigue damage calculations. 

The flight fatigue damage rate is then calculated on the basis of the 
flight load levels according to the flight spectrum. The number of cycles 
to failure N at a given load level may be calculated from Eq.l stated above, 
and therefore the safe life for the section is calculated as: 

Safe Life - 	m 1 n 	
(4) 

1=1 	Ni  

where: 
m 	n. 

N. 
	is the cumulative damage rate per hour. 

i=1 

FATIGUE AND FLIGHT TESTS DATA  

The detail fatigue test stress 	which is a combination of a vibratory 

stress and mean 	stress as shownin Fig.8 is given in table 1,2,3 and 4. 
The aims of the tests are to produce S-N curves for three mean stresses 
which can be used to derive a median curve. In addition the endurance 
limit for each curve will be used to plot a point on the Goodman Diagram. 
There is one special case curve, the mean stress = vibratory stress (R=o) 
curve. This curve gives the limit of tensile loading in the lug since 
loadings with the vibratory load greater than the mean load produce no 
fatigue stress at the critical section for the compressive load portion of 

the cycle. 

Fatigue Test Specimen: 

The titanium test Piece shown 	in Fig.2 is representative of the Lynx 

helicopter main rotor blade attachment lugs. The test lug is 13mm thick 
compared to 50mm for the actual lug in order that testing may be carried 
out at moderate load levels. It was not considered that the shape of the 
curves will change with lug thickness. The lugs were not subjected to out-
-of-plane bending loads and, since non of the lugs was clamped, there was 
no transfer of load by friction. The geometric stress concentration 
factor( K) was taken equal to 3.0. The total number of specimens was 
equal to 85. 

Fatigue Test Results: 

The results of the fatigue testing (endurance in megacycle ) are summarised 
in tables 1,2,3 and 4. These values of the endurance with the correspon-
ding vibratory and mean stresses are used as an input data to the designed 
computer program for curve fitting. The output of the computer program 
represents the endurance limit (Sw  ) and the constants A and B for different 
values of mean stress as shown in Figs. 3,4,5 and 6. Finally by plotting 
the vibratory stress on the ordinate and the SR, 	on the abscissa, the 

fatigue endurance litjt can be presented giving the so-called Gopdman 
diagram as shown in Fig. 7. The endurance limit was taken as 10u cycles. 

L 



SEC. A-A 

SPECIMEN 
(TitaniuniT-
(Ti-6A1-4V) 

Fork End 
(Rig Part) 

A 4 tA 

Specimen Hole 
+0.020 

0 29.5 
-0.070 To Test 

Machine To Test Machine 

34.5 

SEC. B-B 

+0.486 
0 26 +0.469 

PIN(Steel) 

DIMS. IN mm. 

NOTE: No Clamping Load 
Applied to Lugs. 

STEEL 
BUSH (Silver plate 0/D 10/0 - 13,m thick) 

+0.02 

0 26.5 +0.0 
+0.033 

029.5 -0.020 

F q. 2. Main Features of The Specimen and Assembly. 
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Table 1 Fatigue Test Data (Sm = 
SVib )  

Test 

Piece 

No. 

Vibratory 

Stress 

(Ibf/in
2
) 

Endurance 

(Cycles) 

X 	10
-6 

Test 

Piece 

No. 

Vibratory 

Stress 

(Ibf/in
2
) 

Endurance 

(Cycles) 

X 10
-6 

1 20000.0 0.11 11 9000.0 10.09 
2 15000.0 0.24 12 9000.0 4.69 
3 15000.0 0.30 13 9000.0 1.97 
4 15000.0 0.46 14 9000.0 1.81 
5 12500.0 0.30 15 9000.0 20.49 
6 12500.0 0.41 16 8000.0 10.57 
7 12500.0 0.86 17 8000.0 14.24 
8 10500.0 1.53 18 8000.0 3.74 
9 10500.0 1.48 19 7000.0 16.82 
10 10500.0 2.34 20 7000.0 100.18 

s
vib. 	( Ibf/in2) 

20000 

16000 

12000 

8000 

4000 

10
4 

10
-5 	

10
6 

.10
7 

10
3 

-N(cycles to failure) 

Fig. 3. 	Results of Fatigue Tests and curve fitting. 
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E 

Table 2 Fatigue Test Oata (Sm  = 12500 Ibf/in
2
) 

Test 

Piece 

No. 

, Vibratory 

Stress 

(Ibf/in
2
) 

Endurance 

(Cycles 

X 10
-6 

Test 

Piece 

No. 

Vibratory 

Stress 

(Ibf/in
2
) 

Endurance 

(Cycles) 

X 	10
-6 

1 12500.0 0.30 9 8000.0 2.09 
2 12500.0 0.41 10 8000.0 13.91 

3 12500.0 0.86 11 8000.0 3.12 

4 10500.0 1.61 12 7000.0 10.13 

5 10500.0 0.95 13 7000.0 9.75 

6 10500.0 0.92 14 7000.0 9.88 

7 10500.0 1.41 15 7000.0 106.89 

8 8000.0 2.26 
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Fig. 4. Results of fatinue tests and curve fitting. 
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Table 3 Fi.tigue Test Data (Sm  = 15000 Ibf/in
2
).  

Endurance 

(Cycles) 

X 10
-6 

Test 

Piece 

No. 

Test 

Piece 

No. 

Vibratory 

Stress 

(Ibf/in
2
) 

1 15000.0 0.24 12 

2 15000.0 0.30 13 

3 15000.0 0.46 14 

4 12500.0 0.54 15 

5 12500.0 0.54 16 

6 
7 

12500.0 
12500.0 

0.44 
0.57 

17 
18 

8 12500.0 0.70 19 

9 10500.0 1.10 20 

10 10500.0 1.51 21 

11 10500.0 0.86 22 
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2
) 

1-11trtlIt !g41i t tlittli:It? 	 ,Mtltrrn 	If 
,t, U 

20000 

ul r 

11111111111111111=111111MOIMMIMMUIUMUMIIIIIMUUMIIMMUMIMOM‘ UNIMUUUMIUMIUMMIUMUMIONIMUIUMIEUSIIIUMUSIMIOUUNIUUM•11 11•1111UMMIUMMIUMIUMUUMNIMIMI 1111111111Uummumnsomumnumen. UMNINIUMIUMUIMMOOKUIUMIMIIIIIIUMMUSIIMIUMMINUOUNEMINUIN 
11111111111111 nrumnamues uu nnonuommow_muni wannunimmermsomsomemmeen 
moimiuu ummumulmu 	 UllYOUMMUINIUU NIUUMIll11111111111111UUMMOUINUIIIIIIMUIlu 

	

!It  1 mi 170.111•11111111110.11111111.1 	
11/1 

mammuunuum 	mummoumsanuumumuummuumummummolummum 	011111111/01111111.11U1 

=UM= 	NU UMUUNIUURM1111111111/111111U 	IIIUMMUUSIIIIMMUMUw. 	 • 4' 'Ian IIMMIPUUMNIMUMIUUMUqUISIMUMUMMNIIUMUSUa.  

•11111ILUI 	'11/ IIIIMUM111= 	II II IMUNIIUMMIUSIMIlim. 	Vmummenum i mum 	u 
 Ln  

islIMIMIIIIIIIIIMMUMUMINORUIIIMIUMUUMMIOUIEUIUMUUMIUUSIIIIIIMUHIMIIIIIMONw ilIMUI11/001111•1111  
8000 111UMINIU 	U111 	 UMIUMUSUIIMONIUUNIMUSUkt- 

mumuummumumumummum immammusumummummumummumammanumummum mummumammumu 
umumpirmusmuumuummumuommanummumumuumusamunammummuummuuuci 	

nu 
umuummuoummummuumunimmwmmuumummumungummuumnsie- _,  

11111111 1111MUMIUMNIMUUUNIIIIIIIIIIIIIIIMIUMUUNIUMNIOUSINIMOMIIIIIMIUNI■.-_  

	

IIIIIIMUM1113110MUMUMUII _ 	 FIIIIIIIIIIIIMI 
UI MINNIBIUUUU 	IIMII:UHUUMMIWIMUIUMI 	11■1111111111146 

SIUMffl6 	 I mama 	IUM MINIM 	 UMUIMINIUU1 
INSIIIU4   T ill35 ,  4i;, , 	inaummuniseausa=lusa  numsomm 	mousummmum 

Lou 	 mmumum mommommenmsmmummom 	• 
"Illus liCollr InasonnutwolUMMUCCIDIDJI IIIMIURUI=OUITUILI 11162/01EUUNIIIIIIIIIIIIINUMUM11 11 

MOE= 	
UUMMUMIIIIIIINUSUUMIUMMIUMMIUMMUMIMMIIMMILUNIIIMIUMNIMUMURIBUIIIIMUMUI10111111111111111101111UMS11 

11111111U11=IMEMBIUMINUIII=SUIMUIPILMORMUIIIIUMMUIRMUUSUIUM11311=IMUW=IIMII  

	

IIIIIII 	1011renununnuomunumomumumanntsuuroommunimmuneamlimu 

	

, ■ I. 1' ...  , 	I 	II 111111111101111 	
U111111111 U1/01111111111MUMMIUMIUNIMZIUMUIUMMIBINIIIIMURIMMIIMUMUIMMI  -nI-HTH t.i , 	

resWIUMWWWWWWWIWUIMMIWIMIUMIMPERMINNSMUMannli 

	

OMMUMMNICUSUMMION 	0111110111111 	 , II 

10
4 	10

5 	10 	10
7 	10

8 

N(cycles to failure) 

Fig. 5. Results of fatigue tests and curve fitting. 	 _J 
L_ 

16000 

12000 

11=1111111111111MIEUUMUU1  WIIIINIUMIMBILUI UUMUUMULUUNIU 
IIIIIIIIIMUIUMMUMMIUMIMUUMIIIIIIIMMUMUIUMIlmostusim  
mummunummiumpumlumminummuummumuum 1 
smummummunumuuuu mumull•MIIIIIIMMUMMIIMIIIMIN 
MUM  
suumuu  NUm

II IIM
ummMuUuw

MVP
p
I  

mmuo
M
u 

UMIIftuIA uH   	
11•11UUI 

 

11111 11Miller111  1111111 
UIMMUMU111111111110111111MIB1  
I 	U mamma 
mum 	ri IM Mall 

II 	MI UMW= 

NUL 
IMIIMUIIIIIIIIIMMUIVIMMIEUMMIONIIIIIIIIMUOUSIMMIUMIRMISIMMIUMUUMMIIIIIIIMEMININUMOUNIIIIMIIIIMUMENNUO  
IIMUUOIIIIIUMUUNUIUMUSUINUIUMUMNIMIUMMOBUI IIIIIMIUMUMUIIIIMUMIIIMUUMUNIIIIUMIMMUIUMIUMMIOUIIIIIIIMUII 
IMMUUIIIIMIOUIMI NUMMI 	 01111UIUNMIMUIUMUI 	 IIIIIIIIIMIUMUUOMIIIIMIMUNINIU 

I  lie 

D ili  

S-5614 (1+ 0.55  
0.899

8 ) 

rrrttrrn,Lr., , 
[T T 	" 

4000 



FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 e CAIRO MS-5 645 

  

E 

Table 4 Fatigue Test Data ( Sm  = 20000 Ibf/in2) 

Test 

Piece 

No. 

Vibratory 

Stress 

(Ibf/in
2) 

Endurance 

(Cycles) 

X 	10
-6 

Test 

Piece 

No. 

Vibratory 

Stress 

(Ibf/in
2) 

Endurance 

(Cycles) 

X 10
-6 

1 20000.0 0.11 15 10500.0 0.95 

2 15000.0 0.32 16 10500.0 0.85 

3 15000.0 0.65 17 8000.0 1.28 

4 15000.0 0.49 18 8000.0 2.23 

5 15000.0 0.38 19 6000.0 15.46 

6 15000.0 0.45 20 6000.0 4.23 

7 12500.0 1.23 21 6000.0 6.38 

8 12500.0 0.59 22 6000.0 4.82 

9 12500.0 0.48 23 6000.0 5.93 

10 12500.0 0.32 24 5000.0 21.64 

11 12500.0 0.59 25 5000.0 9.05 

12 10500.0 0.89 26 5000.0 10.98 

13 10500.0 1.42 27 4000.0 111.00 

14 10500.0 0.79 28 4000.0 100.00 
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Fig. 6. Results of fatigue tests and curve fitting. 
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Flight Test Results: 

The distribution of the flight test stresses on the titanium lugs as used 
in the Lynx helicopter main rotor blade attachment is obtained using the 
combination of all-up weight/altitude/center of gravity as: 
(9600 - 9500 lb ) /(0 - 2000 ft) / (forward and neutral). 

The worst flight condition is defined nominally as the highest vibratory 
loading. However, when two similar levels of vibratory loading exist, 
the one with the most severe mean load•is considered. 

It was found from the flight tests that the mean lug stresses are in the 
range 5000 - 15000 Ibf/in and are adequately covered therefore. 

FATIGUE SUBSTANTIATION ANALYSIS  

The severe flight conditions of Lynx helicopter were analysed for fatigue 
damage to the main rotor blade attachment titanium lugs. These conditions 
are: 

- 	1.11 V
NE 

(never exceed speed) forward flight. 

- 	30
o 
Bank Turn at V

No 
(Normal operating speed). 

- 	Hovering flight. 

However, in order to identify the damaging conditions on a given section 
the maximum factors to be applied to the nominal vibratory load was 
determined according to the load spectrum, and the maximum cycle ampli-
tude thereby calculated and compared with the section endurance limit. 
Non-damaging conditions could then be discarded and full analysis carried 
out on only the damaging conditions. 

The damage rate per hour was calculated and the highest damage rate of 
18.868x10-6per hour is on the titanium lugs from which a safe life of 
5300 hours may be calculated. 

CONCLUSIONS  

From the laboratory fatigue tests, the endurance limits of the titanium 
lugs vary with the mean stress where they decrease as the mean stress 
increases. The assumed mathematical model in the computation analysis 
of the fatigue test data for the S-N curves gives good results for 
curve fitting. The titanium lug endurance limit for the case of R=0 
(S 

in,  /S x. m 	
)is equal to 7600 Ibf/in2and Goodman 	-- 	diagram for 

titanium 
a  

anium lugs has been defined. 

The minimum safe life of the titanium lugs as used in helicopter com- 
ponents is 5300 hours in excess of the design requirement of 2500 hours. 
The fatigue damage lies between V 	and 1.11 Vmr  in helicopter level 
flights and close to the maximum Dbrmissible sPbed for each bank angle. 
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