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ABSTRACT 

The damping property of 6061 aluminium alloys, fabricated by hot isostatic pressing (HIP), has 
been studied for different ratios of fatigue on the base of modal damping analysis. The effects of age 
hardening on hardness, fatigue strength and damping loss factor of the material are discussed. On 
the other hand, the interrelations of fatigue life ratios and the damping loss factor are examined 
using modal analysis of free-free standard fatigue specimens within a wide range of resonance 
frequencies (2000 Hz-25 kHz). Methodologies used to generate data and extract the characteristics 
of damping phenomenon have been illustrated. Numerical analysis of values of damping loss factor 
has been evaluated and compared with experimental measurements. 
A rotating bending fatigue test is performed to correlate the modal damping to fatigue damage. The 
results show that, age hardening process increases the fatigue strength by 15% and the damping loss 
factor by 160 %. The underlying mechanisms are analyzed and discussed. The results seem to be a 
useful guide that may help in estimating the lifetime or at least the remaining life of a member 
loaded under fatigue through measuring damping loss factor. 
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1- INTRODUCTION 

Lightweight systems, in which aluminums alloys are 
involved, are becoming more and more important in 
mechanical engineering such as robotics, machine- 
tools and automotive industry. However, a major 
problem arises from the mechanical vibrations, which 
may be noxious as it concerns machine tool precision, 
fatigue of components or simply noise pollution. There 
is then a need to increase the damping capacity of the 
light alloys which are used in mechanical dynamical 
environment engineering and which are submitted to a 
severe dvnamical environment. 

influence the fatigue resistance of a structural 
component. Fatigue is the primary cause for 80-90% of 
all engineering failures [I]. 

The research trends on damping mechanism of 
aluminum alloy that have been conducted so far could 
be divided into two main categories, i.e. the dislocation 
damping and interfacial damping mechanism 121. 
Since the interfacial damping is intimately concerned 
with the absorbing ability of interface and grain 
boundary to the thermal gradient or mechanical snain 
formed in internal structure, it has been frequently 
proposed as dominant mechanism on metal matrix - .  
composite (MMC) and rapid solidification and 

Fatigue is an important parameter to be considered in powder metallurgy (RS-PM ) [31, 
the behavior of mechanical comvonents subiected to 
constant and variable amplitude loading. Mechanical, Liet.al. 12-31 have reported in their experimental 
metallurgical and environmental variables can research that the damping capacity of RS-PM Al-based 
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alloy is enhanced through microstructure change by 
precipitation of hard dispersion. Thus, if the 
microstructure transformation is accomplished, so that 
it. s favorable to dislocation damping behavior, this 
simultaneous enhancement of mechanical property and 
damping capacity will be remarkably achieved even in 
conventional alloy systems. 

The effect of microstructure change on the fatigue 
behavior and dynamic (Modal) characteristics of 
austempered ductile iron has been investigated [4] .The 
effect of microstructure change on dynamic behavior 
was investigated with the objective of exploiting the 
ability of modal testing to predict fhe microstructure. 

It was found that the damping ratio was the most 
noticeable response to the change in material and 
fatigue life [5].Based on these observations, it appears 
promising to develop a method which is capable of 
relating modal damping deviations to structural fatigue 
at failure mode of structure. 

Aging conditions significantly affects the resonant 
vibration, such as vibration deformation feature and 
damping capacity, in the case of precipitation hardened 
Al-Mg-Si alloy. Under the vibration conditions in 
study by J.M.Song et al. [6], the damping capacity 
decreases with a longer artificial aging time, but this 
tendency reverses when over-aging conditions are 
reached. 

The problem of surveying the integrity of industrial 
structure becomes an increasingly important issue as 
the operational safety requirements turn to be more 
stringent and maintenance cost need to be reduced. 
This requires advanced safety inspection techniques to 
account for the nature of damages. With this setting 
any concept for detecting and localizing structure 
damage from vibration data must be capable of 
working with information from a small number of 
generally inappropriately placed excitation points and 
response sensors. This leads to the introduction of 
experimental modal analysis, as a nondestructive tool. 
Deobling et al. [7-81 gave a review of the research on 
crack and damage detection and location in structure 
using vibration data. The estimation of crack size and 
location based on the change in modal parameters was 
investigated [9]. The use of modal analysis for damage 
detection in aluminum cylinders was studied by Davis 
[lo]. The most popular approach is where modal 
analysis is repeatedly performed and changes in the 
modal parameters interpreted in terms of change in the 
structure. A complete review of related methods can be 
found in [ll]. Because there are multiple modal 
parameters required to describe each mode, it is logical 
to inquire whether the parameters are equally sensitive 
to the failure mode of the structure. The appropriate 
parameters to trace these parameters as a function of 

failure mode may vary depending mainly on the type 
of structure being considered. 

The present paper offers an attempt to correlate the 
damping behavior of a widely used aluminum alloy 
with its fatigue properties. An understanding of such 
damping behavior may help to estimate the lifetime (or 
even the remaining period) of a member loaded under 
fatigue through the relation between damping loss 
factor (q) and fidlure modes. The second aim is to find 
a good candidate alloy, which can be developed as a 
new high damping material afier precipitation 
hardening. 

2- PROBLEM FORMULATION 

The method proposed is based on the observation that 
the influence of fatigue life ratio on the structure 
modal quantities changes from mode to mode. 
Comparing modal damping values variation before and 
after fatigue cycles took place; the idea is to solve the 
inverse problem to set of modal data i.e (modal 
frequency and modal damping) before and after fatigue 
cycles to identify the failure mode. 

The analytical modal was derived from system 
matrices to coordinate with the corresponding 
experimental damping values and the measured 
frequency response function has been consequently 
analyzed. 

The governing equation of free damping vibration of 
structure model of n degree of freedom may be 
expressed as 
mq"+cqLtkq=O ( 1 )  - - . - . - - 
where, m, c, I<, are nxn mass damping and stiffness 
matrices, respectively and q corresponding nxl 
displacement vector. Substituting the trial solution: 

= ve*iw' 
- - 

The natural frequencies mi and the corresponding mode 
shapes V] for i =I, ...., n are obtained by solving the 

eigenvalue problem. Note that V is the nxn orthogonal - 
classical modal matrix formed from the eigen vector 

2 
V,' and the Q is the nxn diagonal frequencies(0J), . 
- 

V and Q form the complete set of n eigenpairs. 

By using proportional damping approach (Rayliegh) 
damping. 

[cl=a,n[ml+ P k M  (a 
where a and p are proportionally constant for the ith 
mode. Equation (2) can be split into 
Ci = a M i  +p ,Ki  (3) - - - 
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where, C, M and K are generalized damping, mass and 
stiffness matrices respectively 

i =  l ,n*,n 
where, i is a mode number, n is a number of mode, n* 
is typical number of damaged modes or failure modes. 

The orthogonality properties of mass m and stiffness 
matrices k and damping matrices c are then expressed 
as 

where, M, I<, C, are the nxn diagonal mass sti%ess 
and damping matrices, respectively. 
Consequently, equation (1) for the ibmode is then 
exoressed as. 

The damping ratio and the damping loss factor qi for 
the ith mode can be then expressed, respectively, as 

24ai  = a, f pkm; (8) 

%nalytical = a m / ~ i +  p k a i  (9) 
It is obvious that the tern altoi diminishes with 
increasing frequency. In the case of viscous damping, 
where a,/wi = 0, the effective damping for particular 
modes varies directly with the natural frequency of the 
mode. 

2-1. Analytical Modal Damping 

For aluminium light damping material we suppose the 
damping matrix [c] is proportional to stiffness, mass or 
to some linear combination of both. Thus instead of n 
coupled equations we would have n uncoupled and iIh 
equation will have the form : 

q;'+2<wiq;+w;qi= 0 (10) 

In the case of uniform mass damping, the previous 
equations can be simplified to be 
C= a,m 
Consequently the equation of motion can be recast'as, 

q;'+a,,q; +ozqi = 0 (11) 

where 
2<ai= a, and qi = a,/wi 
The proportionality constant a,,,, is tuned such that 
qima,y,i,,, provides the best approximation to the 
measured modal damping values of the structure before 
the fatigue cycle in a least square sensitivity. 

The natural frequencies (ai)  and damping loss factor 
(qi) are determined numerically by using the general 
purpose program ANSIS and the results are listed in 
Tablel. 

Table 1 Numerical values (mi) and ( ~ j )  of free-free 
specimen before fatigue test. 

I Mode No. I Theoretical 

3. EXPERIMENTAL PROCEDURE 

3-1 Specimen preparation 

The 606lalundnium alloy is selected because of the 
wide variety of available shapes and processes in 
which it can be used. It can be easily extruded, forged 
or cold worked, and offers good strength after heat 
treatment. Considerable industrial interest exists on 
aluminium alloys of 6xxx series because of nearly two- 
third of all extrusions are made from aluminium alloys, 
and 90% of these are 6xxx series alloys. Inert gas 
atomized aluminium alloy 6061 powders supplied by 
Valimet Inc., USA, were used to produce all the test 
materials for this investigation. The powder had an 
average particle size of 25 pm, and the composition 
was found to comply with the supply specification 
given in Table 2. 

Table 2. Nominal chemical composition (wt. %) 
of aluminium 6061 

Mg Si Cu Cr Al 
1.0 0.6 0.3 0.2 Bal. 

Powder metallurgy samples of aluminium 6061 were 
produced by HIP technique. Prior to hipping, the 
compacts were encapsulated and degassed. The HIP 
conditions were; ~ = 5 2 0 ' ~ ,  P=100 bar and t= 4 hrs 
followed by furnace cooling to ambient temperature. 
Once densification has been achieved, the resulting 
billets were removed from the encapsulating material 
and heat treated to the T6 condition of aluminium alloy 
(solution treatment 550°C, 2hrs followed by water 
quenching then aged at variant temperatures ; 150 OC , 
175 OC and 200°C for time up to50 hrs). The density of 
the sample was determined on completion of 
processing and the measured value was compared w~th 
the theoretical density of aluminium alloy 
606lmaterial (2.79 gicm" to indicate the level of 
(volume %) porosity in the sample. 
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The measurements were carried out on the specimens 
after hipping (as-received), quenched in water and 
aged at 150 OC for 18 hrs (peak-aged). 

3.2 Fatigue test: 

The fatigue tests were carried out using a Oho's Rotary 
Bending Fatigue Testing Machine (Model H7 
Shimadzu Co. Kyoto Japan). Fig.1 shows a schematic 
drawing of the specimen used in the present work. The 
tests were carried out at room temperature on the 
specimens in the as-received, as-quenched, and after 
peak-aged conditions. The samples were subjected to 
alternate cycles of tensile and compressive stresses as 
it is simultaneously bent and rotated. 

Tests were terminated by complete fracture of the 
specimens. At least three specimens were tested to 
fracture for each data point on S-N curve. The 
specimens were subjected to different number of 
cycles (N). The ratio of the number of cycles (N) to the 
failure number of cycles (Nf) at constant stress(S =I20 
MPa) is denoted by 

R =N/N, for O<R<1 

3.3  Experimental Modal Analysis 

The experimental setup was designed to measure 
damping loss factor using modal analysis [12-131 on 
specimens with overall dimensions shown in Fig.] 
Specimens were freely supported to avoid the effect of 
the ground support device on the obtained results, as 
shown in Fig.2. 

A piezoelectric transducer for impact hammer was 
used for excitation, and a similar transducer for 
acceleration measurements was mounted in the same 
position with (2.2 gram) to assure that no additional 
mass for sensor could affect the results. The 
actuatorisensor position has been chosen such that a 

sufficient amount of energy introduction into the 
structure and a sufficient high output signal is 
generated in the sensor element. This is very useful for 
resonance dwell parameters since individual mode 
could he precisely exciting without exciting other 
modes. The measurements were tnade at each natural 
frequency as shown in Fig.3. 

From Fig.3, a linear relationship between the response 
acceleration and excitation force in full frequency 
range exists. The observed drops in coherence at low 
frequency are explained from the expected behavior of 
the suspension. 

In Fig.4 the modal damping (qi) is computed from 
frequency response function (FRF) at a selected 
resonance in the range of investigated modes using 
curve fitting for multiple measurements around 
resonance frequency. The sensitivity to experimental 
error is reduced using coherence function. 

The number of available eigen frequencies for 
comparison between experimental tests and analysis is 
limited for the suitability of the individual measured 
resonance for curve fitting (frequency spacing and 
peak height). 

Fig. 1 Fatigue test specimen (dim. in mm) 

Sunoort Soecimen 

Accelerometer 
Line drive 

, 

Computer F.F.T Analyzer 
Impact hammer 

ch B ch A Force transducer 

Conditioning amplifier 

Fig.2 Set-up for vibration test 

I \ 

ch B ch A Force transducer 

Conditioning amplifi 
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Fig.3 A sample of measured frequency response function together 
with coherence function 

Fie4 Zoom for selected mode 

Beside the nonlinearity behavior of the suspension at 
low frequency, as shown Fig.3, and anti-resonance 
represents frequencies at which the structure does not 
respond to the excitation giving a poor signal to 
noise ratio. Therefore, four sets of modes have been 
selected to investigate the analytical modes chosen 
for correlation, these modes were (2"d, 31d, 5"and 7th). 
The values ofthese modes a given in Table 3. 

The experimental and analytical damping factor 
deviators were correlated through the modified 
assurance criteria MAC [ I l l .  The MAC values were 
close to 0.9. 

For the sake of verification, the measured natural 
frequencies and damping loss factor before fatigue 
test(R=O) are extracted from Figs 3,4 and listed in the 
table below. 

Table 3 the experimental parameters (ah) and (qi) of 
free-free specimen before fatigue test. 

Mode No. 

12600 
20980 
23960 

The results of the available measurements were in 
good agreement with those obtained by numerical 
analysis given in Table.]. It is worth mentioning that 
specific characteristics of the experimental design is 
summarized and listed in Table 4. 

Table 4.Summary of damping measurements 

Driving force [Impact hammer 
Measurement device 1 Piezoelectric 

Direction modes 
Oscillation mode 
Frequency range 

~ -~...~~ 

l~ccelerometer 
emperature boom temperature 

(rl) 
Flexure 
2nd,3rd,5'h, and 7" 
(2000 Hz-25 kHz) 

The measured damping loss factors obtained from 
frequency response data of fatigue tests before and 
after specific fatigue life ratios, are shown in Table 
5.and drawn in Fig. I la. 
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Table 5.Experimental modal damping (qi)of free-free 
specimen for different ratios of fatigue cycle (R) 
before heat treatment (as received specimens). 

I Mode// Damping loss factor (qiv.) 

The experimental damping loss factors (qi) are 
measured for different fatigue life ratios (R) and for 
quenched and peak-aged state and the results are 
listed in table (6) and table (7) respectively. 

Table.6 Experimental modal damping loss factor (qi ) 
as-quenched specimens 

Damping loss factor (nix) 

Table.7 Experimental modal damping loss factor (qi ) 
as-peak-aged specimens 

Damping loss factor (qiu) 1 

The measured natural frequencies at different fatigue 
life ratios are listed in Table 8. 

Table .8 Experimental natural frequencies of free- 
free specimens at different fatigue ratios (R). 

od 

4. ANALYSIS AND DISCUSSION 

4.1 Aging behavior 

During aging, the solid solution elements (Mg, Si, 
Cu) in the supersaturated solution began to 
precipitate. The higher the aging temperature the 

higher the nucleation sites for precipitates will be 
[14]. This will facilitate the attainment of peak 
hardness at much shorter times, Fig.5. The hardness 
of the materials increased as the number of the 
precipitates increased. After the hardness reached a 
maximum value (the peak aging condition) further 
aging led to the coarsening of the precipitates and 
softening resulted. An alternate pheneomenon which 
tended to occur during isothermal aging was 
annihilahion of dislocations that were unstable at 
higher temperature. 

Detailed precipitation sequence for the 6061 
aluminium alloy has been studied by Dutta and Allen 
[15]. The followings aging sequence for 6061 
aluminum alloy was indicated: Supersaturated solid 
solution -clusters of solute atoms and vacancies 
(premitive Guinier-Preston {GP) zone) - needle- 
shaped G Pzonerod-shaped,metastable,hexagonal, 
semicoherent pphasestable, incoherent, cubic, Mg,Si 
precipitate (P phase). 

Regardless of the nature of the precipitates, for 
needle distribution of the alloying constituents, aging 
in the 6061 aluminium alloys always involves the 
diffusion of Mg and Si atoms in the aluminium alloy, 
i.e. the process is diffusion controlled. 

As the aging time and temperature increase, the 
density of GP zones will also increase (i.e. form 
coherent precipitates Mg,Si). Hence, the degree of 
irregularity in the lattices will cause an increase in 
hardness. A reduction in hardness of the alloy in the 
over-aging conditions (increase in aging time and 
temperature) has occurred because of coalescence of 
the precipitates into larger particles, bigger grain size 
and the formation of non-coherence precipitates of 
microscopic size. 

Fig.5 Variation of hardness with time of aging, 
solution- treated at 550 "C for 2 h 
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Figure 6. shows X-ray photography of the HIP'ed 
sample which revealed defect-free fully dense 
structure. A density of 2.693 g/cm3 was measured for 
HIP'ed samples and was attributed to the increased 
densification and thus increased bonding between 
powder particles. 

Fig.6 X-ray picture of specimen 

Microsturctural obeservations of HIP'ed materials 
are shown in Fig.7 for quenched and peak-aged 
conditions. The peak-aged specimence revealed 
precipitates of MgzSi as small dots. Thermal 
vacancies introduced during the cooling cycle of the 
HIP treatment may simulate the prcipitation. 

Fig.7 Structure of Hipped specimenes, a) as 
quenched 200x, b) peak aged 600x ( light 
microscope) and c) peak-aged (SEM) lOOOx 

4.2 Fatigue behavior 

The effect of processing on HIP'ped materials on S- 
N curve and conventional powder technique Ref.[l6I 
plotted in Fig.8 for comparison with results. 
Because aluminium and most of its alloys present 
continuously decreasing fatigue strength with an 
increasing number of cycles, the fatigue limit is 
defined as the fatigue strength at lo7 cycles. As a 
result, the fatigue strengths are 50, 100 and 11 5 Mpa 
for conventional, HIP, and aged alloy, respectively. 
As can be observed from fatigue curves, the peak- 
aged specimens have the highest fatigue strength 
compared with the conventional material with an 
increase of 130 % due to dense, defect-free structure 
and by 15% than the HIP'ed materials. 

In case of age hardening, the strength of the matrix 
is increased by the action of submicroscopic particles 
(MgzSi) in impeding the movement of "dislocation 
eont". Since, such dislocations pass through such 
particles because they are harder and stronger than 
the matrix; "loops" are formed. This dislocation 
loops act as further barriers to the progress of any 
dislocation front, which may follow. Furthermore, in 
the heat treatable aluminium alloy, work hardening 
induced by fatigue deformation, not only supplement 
the strength achieved by precipitation hardening, hut 
also increase the rate of precipitation hardening. This 
treatmeant increases the strength in at least two ways. 
Firstly, it gives the finer precipitate by introducing 
more dislocations as nucleate sites. Secondly, the 
high density of dislocations resulting from fatigue 
deformation are subsequently trapped in place by 
precipitation giving a relatively rigid tangle of 
dislocations through which additional dislocations 
must be forced through for further deformation to 
occur. The introduced dislocations and point defects 
increase the internal strain energy and provide the 
driving force for the microstructural changes that 
occur during aging. 

Also, the increase in fatigue strength of peak-aged 
alloy can be partially attributed to the dynamic strain 
aging effect that will enhance additional precipitation 
in finer forms. This effect surpasses the softening due 
to dislocation annihilation. The nucleation 
mechanism of precipitates during dynamic aging is 
proved to be dislocation-assisted process. 
Meanwhile, coarsening of the precipitates in the 6061 
alloy may be due to dislocation acting as short-circuit 
diffusion path for solute during dynamic aging [17]. 

Fig.8 Effect of processing on S-N curves 
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4.3 Fractography 

Fractographic analysis of fatigue failed specimens, 
in Figs.9 and 10 have shown the operation of several 
modes of fracture depending on the type of heat 
treatment and so the microstructural parameters. 
However, an examination of the fracture surface of 
peak-aged sample revealed the classical, dimple 
ductile surface, Fig.10-a. In such case, fracture 
proceeds by nucleation, growth and coalescence of 
voids. The voids then grow under fatigue loading and 
influence the local plastic constraint until a 
coalescence mechanism is activated, followed by the 
total failure of the specimen. 

The morphology of the fracture surface for the as- 
received samples was similar to that for the peek- 
aged but larger dimples were observed, Figl0.b. 

Fig.9 Fatigue fracture morphology of, a) Peak- 
aged , h)As-received ,andc)As-quenched 

Fig.10 SEM of fracture surface of 
a) Peak-aged and b) As-received 

4.4 Modal damping loss factor behavior 

Fig. 11 (a, b, and c) reports the measured values of 
damping loss factor (11) for specimens, in as-received, 
as-quenched and as peak-aged versus the by fatigue 
life ratios for each mode of vibration. It is evident 
from the figure that damping loss factor of specimen 
depends not only on the modes (resonant frequency), 
but also on fatigue life ratio, within the range of 
resonant frequencies (2000 Hz- 25 kHz). 

With the help of fitting techniques the relationship 
between the experimental results of damping loss 
factors and fatigue life ratios are deduced and given 
as 

qi = a (R)' f o r O < R < l  

where, a, y are weight factors depending on the 
materials properties and number of cycles. 

The fitting plots of measured values are plotted 
within the range of confidence level equal to 97.96% 
to 99.69 %. 'The highest damping loss factor was 
found to be 0 .022 for the aged specimen compared 
with the Hip'ed or even quenched specimens. 

The increases in damping loss factor for the peak- 
aged samples can he explained as follows: among the 
known damping mechanisms, dislocation damping is 
one of the most important in aluminium. An increase 
in dislocation damping means an increase in 
dislocation mobility and consequently a decrease in 
mechanical strength. A good combination of the 
mechanical p1,operties and of the damping capacity 
could be achieved if the dislocation loops, which on 
one hand are firmly pinned by precipitates. On the 
other hand when allowed to vibrate between these 
pinning points, dislocation damping is proportional to 
the dislocation density and to the square of the mean 
dislocation loop length [IS]. In aluminium alloys, the 
strengthening is typically obtained by precipitation. 
In order to irnprove the damping, it is necessary to 
lower the concentration of foreign atoms, which 
remain in solution to increase the dislocation loop 
length and consequently the dislocation local 
mobility. 

Quenching increases the damping loss factor by 7%, 
28%, 33%, and 54% for associated modes 
respectively, compared with the as-receive 
specimens; however, aging increases the damping 
loss factor by 160 % at R=0.2. 

The precipitation transformation on aging will induce 
the depletion of solute atoms in matrix and 
simultaneously the formation of coherent and 
incoherent precipitate. Generally, the coherent 
precipitate has a role of stronger pining effect than 
the point defect source [19]. 
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Fig l l .  Variation of damping loss factors with 
fatigue life ratio (R) for the different modes a) as 

received, b) as quenched and c) peak-aged at  
stress 120 MPa. 

This has favorable effect of coherent- strong pinning 
point on damping capacity as reported by Li et a1 
.[2]. It was reported in their recent study that the 
damping capacity of rapid solidification and powder 
metallurgy (RS-PM) Al-Fe-Mo-Si alloy is 
remarkably enhanced by precipitation of Al12 (Fe, 
Mo),Si dispersions. Since the strong pining point 

such as Mg2Si has more powerful effect than the 
weak pinning point for strain independent range, the 
damping loss factor of peak-aged specimen will be 
increased through the formation of strong pinning 
effect with depletion of solute concentration in the 
matrix. 

Therefore, from the viewpoint of dislocation 
damping mechanism, the enhancement of the 
damping loss factor can be achieved through the 
control of pinning effect between solute atom and 
dislocations, without degradation of mechanical 
property. 

In the area of dynamic environment, it is important to 
take into account the influence of inertia distribution. 
The dependence of damping loss factor on frequency, 
as depicted in Fig.12. The relation follows the 
hyperbolic form with quasiuniform mass damping as 
defined by the ratio a&o, in equation (11) and as 
given in [20]. The figure can be classified into two 
regions depending upon the change of the frequency. 
The first is the low frequency range (up to 12600 
Hz), and the second is the high frequency range 
(12600 to 23960 Hz). In the high frequency range, 
the effect of frequency on loss factor damping 
diminishes. Whereas on the low frequency range, the 
higher the frequency the lower the damping. Similar 
results were found for steel alloy [21]. However, no 
explanation from these experimental findings was 
offered in previous work. The decrease in damping 
with frequency as depicted in Fig.12 can be 
attenuated by the Granato-Lucke theory [22]. 

The dislocation damping depends fundamentally 
upon the disIocation density since the sweeping 
motion of dislocation to pinning point induces energy 
dissipation that is proportional to the traversed area 
by dislocation movement. 

Besides, the distance between pinning points 
influences also the dislocation mobility. The latter is 
also related to the number and source of pinning 
point, temperature, and diffusivity of pinning point as 
was stated by Lee [23]. Therefore, the experimental 
results shown in Fig. 12 can be interpreted on the 
viewpoint of both dislocation damping and interfacial 
damping mechanism. So it is expected that the 
decrease of both interfacial boundary layer and 
dislocation mobility results in decrease in damping 
loss factor with frequency. However, the 
understanding of the individual contribution on 
damping loss factor was beyond the scope of the 
present study and further details are required. 

To  facilitate the quantitative analysis of the weight 
factors (a and y) for updating mathematical modal, 
logarithmic relation between the damping loss factor 
(q) and the fatigue life ratio (R) for different modes 
are plotted in linear form as shown in Fig. 13 a, b, 
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and c at the selected resonant frequency. The 
applications of exttapolation and interpolation 
techniques are useful for controlling the damping loss 
factor and number of cycles at the selected resonant 
frequency ar~d at any fatigue life ratios. 

Fig.12 Variation of damping loss factors with 
frequency (Hz) for the materials at stress 120 
MPa and fatigue life ratio 0.2. 

Consequently, the damage modes, which represent 
the relation between the damping loss factor ('1) at 
the failure (R=l) and resonant frequencies are 
deduced and plotted in Fig.14. The figure helps in 
detecting the damage caused by fatigue cycling 
damage mode as described by a reduction in (q) as 
the frequency changes from mode to mode. The 
experimental results shown in Fig.14 could be a 
useful guide for preventing fatigue damage or even 
predicting the remaining life through measuring the 
damping loss factor (q) value that should not be 
lower than that given by the curve for a specific 
structure and resonant frequency. 

Fig.13 a, b, c Logarithmic representation 
of damping loss factor and fatigue life 
ratio for various structures and modes of 
frequencies 

Fig. 14 Dependence of damping loss factor at 
fatigue failure (R=l) on resonant frequency 
for various conditions. 
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5, CONCLUSIONS 

In view of the analysis of the results in the present 
work, one can conclude: 

1- A hyperbolic relation between damping loss factor 
(11) and fatigue life ratio (R) are deduced. This 
relation provides efficient tool for predicting the 
fatigue damage behavior. 

2.  In contrast to the considerable change in the 
measured damping loss factors, the associated 
measured frequencies are invariant for various 
fatigue ratios (R). 

3. The quantitative analysis and applications of 
extrapolation and interpolation techniques utilized 
in the present work are good to control the damping 
loss factor and fatigue life at the selected resonant 
frequency. 

4. The experimental analysis shows that 6061 
aluminium alloy having the highest damping in the 
peak-aged condition. So, in order to obtain high 
damping without degradation of fatigue strength, it 
is preferred to lower the concentration of foreign 
atoms which remain in solution. Careful control of 
alloy preparation and processing are of great 
importance. Hot isostatic pressing technique offers 
a uniform, defect-free structure with improved 
quality. 

Finally it is recommended for a future work to 
examine the effect of test temperature on modal 
damping variation. Also, the predictability of the 
proposed formula for fatigue life estimation on 
composite structure will be of great interest. 
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