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Focused on New Trends in Fatigue and Fracture
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ABSTRACT. Microstructural characteristics, monotonic and strain-controlled
cyclic axial behaviors of AW2099-T83 Aluminum-Lithium alloy were

investigated. Grain sizes and structures are not uniform in the different
orientations studied. High strength and low ductility characterize the tensile
behavior of the alloy under static loading. Strain-controlled fatigue testing was
conducted at strain amplitudes ranging from 0.3% to 0.7%. Over this range,
macro plastic deformation was only observed at 0.7%. Cyclic stress evolution
was found to be dependent on both the applied strain amplitude and the
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number of cycles. Limited strain hardening was observed at low number of

cycles, followed by softening, due probably to damage initiation. With low
plastic strain, analytical approach was adopted to profile the damaging
mechanism for the different applied strain amplitude. Because of the absence
of fatigue ductility parameters due to low plasticity, a three-parameter
equation was used to correlate fatigue life. Fractured specimens were studied
under SEM to characterize the fracture surface and determine the controlling
fracture mechanisms. The fractography analysis revealed that fracture at low
strain amplitudes was shear controlled while multiple secondary cracks were
observed at high strain amplitude. Intergranular failure was found to be the
dominant crack propagation mode.
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INTRODUCTION

industry. Aluminum alloys have a long history in the industry because of their low weight and considerable strength

[1-4]. Therefore, the history of aircraft material cannot be told without aluminum occupying a prime position. Even
with recent effort to replace major parts of the aircraft with composite, Al alloys continue to play a major role in the industry.
Thus, the importance of Al alloys in vital components of aircraft has caused an unending research for improved Al alloys.

I ightweight alloys such as aluminum (Al) alloys are crucial to the transportation sector, especially the aerospace
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Aluminum alloyed with lithium (Li) has shown to be a promising material for the acrospace industry due to its high strength-
to-weight ratio. Aluminum-lithium (Al-Li) alloy is not an entirely new alloy to the industry. The first major deployment of
the alloy in aircraft components was in the 1950s in the form of Al-Li 2020, even though its development started in 1920.
Later generations of the alloy which have found application in aircraft components include Al-Li 2090, 2091, 8090 and 8091
[1-4]. The high elastic modulus of Al-Li stands it out compared to traditional aluminum alloys. It is reported that elastic
modulus of aluminum metal is increased by 6% while weight is decreased by 3% when it is alloyed with 1% lithium [3-5].
The simultaneous addition of copper and lithium improves the strength of the alloy [6]. However, challenges such as
prohibitive cost, poor fatigue performance, low fracture toughness, poor corrosion resistance and high anisotropic behavior
constrained the wide deployment of Al-Li in the aircraft industry [1,2,7,8]. Perhaps, poor fatigue performance is the larger
reason that sundry works on different generations of the alloys were focused on fatigue crack behavior [9-15].

While there is growing research interest in the tensile behavior of the Al-Li, fatigue studies of the alloy are scarce in the open
literature. Srivatsan and Coyne [8] studied the cyclic deformation behavior of both Al-Li-Cu and Al-Li-Mn alloys and showed
that while the former hardened to failure due to dislocation-precipitates interaction, the latter softened to failure at all strain
amplitudes and possessed poor fatigue property. Blankenship et al. [16] reported that direct-chill cast and rolled X2095 Al-
Li showed immediate cyclic softening accompanied by a plateau region with homogeneous distribution of strain over its
microstructure. Liu and Wang [17] performed strain-controlled fatigue testing on heat treated and equal channel angular
pressing (ECAP) 8090 Al-Li and found that the fatigue behavior of the alloys differed due to different processing parameters
which imposed varying fracture mode and deformation.

The third generation of Al-Li alloy has, in recent times, attracted renewed research interest because of its comparably high
strength [18-23]. This generation of Al-Li alloy contains less than 2% Li and has been reported to exhibit better corrosion
resistance, fatigue crack growth resistance, amenability to various welding technology and higher mechanical strength and
toughness [13,24-27]. It was anticipated that the new generation of Al-Li alloy may find its presence in aircraft components
such as the fuselage skin, wing, doors, windows, etc. [2,3]. AW2099-T83 is one of the third generation Al-Li alloys whose
tensile and microstructural characteristics have, in recent years, gained renewed interest [21,22]. However, like its
counterparts, very limited information about its fatigue behavior is available in the open literature. Adinoyi et al. [28] studied
the shear strain-controlled fatigue behavior of AW2099-T83 and concluded that the alloy has very low plasticity and that
macroscopic plastic strains evolved only at high strain amplitudes. The authors further showed that cracking behavior of
the alloy is dependent on applied strain amplitude.

The present work intends to study the microstructural characteristics in different orientations, monotonic tensile and axial
strain-controlled fatigue behavior of Al-Li AW2099-T83. The study will determine the monotonic and cyclic properties of
the material under tensile loading conditions. These will be used to estimate the fatigue life of the material. Fractured
specimens will be directly observed under optical and Scanning Electron Microscope (SEM) to determine the controlling
fracture mechanisms.

MATERIAL AND EXPERIMENTATIONS

Bedfordshire, UK. The chemical composition of the material is illustrated in Tab. 1. Microstructure analysis was

conducted on specimens taken from the transverse orientation (diameter of the bar) and along its length (extrusion
direction) as shown in Fig. 1. E1 and E3 are notations to represent sample taken from the edge and the center of the
extrusion orientation. While E2 is the sample from midway between E1 and E3. Likewise, T1, T2 and T3 denote similar
locations in the transverse orientation. Samples were ground, polished with diamond paste and etched in sodium hydroxide
solution before microscopic observation. Tensile test specimens (Fig. 2(a)) were machined parallel to the extrusion direction,
with a gauge length of 25.0 mm and a gauge diameter of 6.0 mm. Tensile tests were conducted at a crosshead speed of 2
mm/min on Instron 5569 tensile test machine, according to ASTM E8-08 Standard [29]. Extensometer with 12.5 mm gauge
was used to measure strains up 1% after which it was removed and the test was switched to displacement-controlled
condition. Five tensile tests were performed and the resulting force and strain data, automatically recorded in the computer
during the test, were analyzed to determine the tensile properties of the alloy.
The strain-controlled tension-compression tests were conducted as per ASTM E606-12 Standard [30] on smooth solid
specimens (Fig. 2(b)) using Instron servo-hydraulic test frame with a load capacity of 100 kN. The solid specimens were
prepared on a CNC machine with aerospace certified coolant. Gauge sections were machined in one pass for a uniform
profile. This was followed by three-stage polishing with aluminium oxide abrasive belts of grades P240 (59 pm), P400 (39
um) and P800 (22 pm), respectively. Alignment cells were used on test fixture to minimize off-axis load and incident of

T he Al-Li used in the present study is an extruded AW2099-T83/SHP, acquired from Smiths Metal Centres, Ltd,
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buckling. The extensometer used has a gauge length of 11 mm. Following testing, fractographic analysis was conducted on
fractured specimens of selected strain amplitudes under JOEL JSM6610 Scanning Electron Microscope (SEM).

Element Al Cu

Fe Li Mg Mn Si Ti /Zn 7t
wt%o 94 27 002 18 029 03

0.02 003 07 01

Table 1: Material chemical composition.

Transverse orientation

T1

Extrusion direction

Extrusion direction

Figure 1: Illustration of locations of sample for metallography analysis.
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Figure 2: (a) Solid specimen for monotonic tensile test, (b) Solid specimen for axial fatigue test
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Transverse orientation Extrusion direction

Figure 3: Optical metallographs of the AW2099-T83 alloy at different locations for transverse and extrusion directions.

RESULTS AND DISCUSSION

Microstructure

ig. 3 shows the microstructure of AW2099-T83 in the various locations in the transverse (T'1, T2, T3) and extrusion

directions (E1, E2, E3) analyzed. The structure in the transverse orientation at location T1 is composed of clusters

of small grains, measuring about 10 um, intermingling with large grains of approximately 80 ym. The small grains
resulted from recrystallization after solution heat treatment, while the large grains are unrecrystallized structures [21,24].
Comparable microstructures were reported for materials of similar type and were attributed to dynamic recovery and the
presence of AlsZr [31,32]. It is noted that grains become smaller towards the radius of the billet as can be seen in the
micrographs representing T2 and T3 locations and these measure approximately 5-8 pm. However, in the direction of
extrusion, elongated primary grains donated by o can be seen in the micrographs marked E1, E2 and E3 in Fig. 3. Within
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the primary grains are subgrains, indicated by arrows, which either are aligned parallel to the primary grains or are equiaxial.
The subgrains are the product of recrystallization process as previously stated. It can be observed that primary grains are
wider in E3 than E2. The sizes of the grains vary between 6 and 13 pm in thickness. As reported by Lin et al [22], elongated
grain is due to severe deformation taking place in the surface layer during hot extrusion. Al-Li alloys have been reported in
several studies as possessing varied grain structure and size in different orientations [21,22,31,33]. The existence of
inhomogeneous grain sizes and structures in different orientation is a precursor to anisotropy in the behavior of the alloy.

Static Tensile Behavior

The characteristic engineering stress-strain curve for the alloy is presented in Fig. 4. It shows that AW2099-T83 exhibits a
deformation behavior nearly similar to that of an elastic, perfectly plastic material with a very limited amount of post yielding
strain work hardening. Even though post yield hardening is small, data from the plastic region of the curve is fitted to Eq.
(1) to estimate the hardening behavior represented by the strength coefficient K and hardening exponent 7 These values
and other tensile mechanical properties are illustrated in Tab. 2 along with their standard deviations.

o=Kg" (1)

It can be observed that the tensile strength is comparable to similar material [18,31] but higher than several other types of
Al-Li alloys [3,7,19,24,34] reported in the literature. It has been shown that increase in the Cu and Li contents of the alloy
promotes the formation of strengthening precipitates such as Al,CuLi and Al,Cu phases which increase the alloy’s strength
[13,24,35]. Aging condition, homogenization heat treatment, orientation of testing and precipitate phases have been
identified as vital factors which influence the alloy’s tensile properties [5,18,21,22,31]. It is worth mentioning that in spite of
the high number of researches on the tensile property of the alloy, the characteristic stress-strain cutve is rarely reported. It
is noticed that the alloy exhibits high strength, while it possesses low ductility. Similar results was recorded by Zheng et al.
[36] for 2060 Al-Li. The low ductility can be regarded as tradeoff for the high tensile strength. However, such a balance is
not unusual for structural alloys. The observable strain in tensile strength will be used as the basis for choosing the applied
strains in cyclic test.
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Figure 4: Engineering stress-strain curve for the investigated AW-2099-T83.

Low Cycle Fatigne Bebavior of AW2099-1T83

Hysteresis loops

Representative hysteresis loops at second cycles, half-life cycles and near failure are shown in Fig. 5, for each of the
investigated strain amplitudes (ga). The second cycle is chosen, being the first complete loop, while at half-life cycle is
considered to have a stabilized loop. The post half-life loop is representing a near-failure cycle, which may be significantly
different from events at eatlier cycles. This selection is expected to illustrate the cyclic trend and loop evolution through the
fatigue life of the material, for each strain amplitude. It can be seen from Fig. 5 that the alloy exhibits no macroscopic plastic
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strain for the applied e, less than 0.7%. Thus, the deformation of the alloy over the strain amplitude of 0.3%-0.6% is elastic;
indicating that the total strain was recovered in each cycle. Similar behavior was recorded by Adinoyi et al. [28] for the same
material under shear fatigue at strain amplitudes less than 1.0%. The implication of this characteristic evolution of the
hysteresis loop is that energy-based fatigue models [37,38] dependent on plastic strain may be inapplicable to the present
alloy, in this strain range. It is also noticed that for this range of applied ea, cyclic hardening/softening behavior is
insignificant, as the loops superimpose on each other, irrespective of the number of cycles. However, at the e, =0.7%, a
plastic strain of about 0.1% at half-life was measured. In addition, there is a slight increase in plastic strain as the number of
cycles increases from the second cycle through the half-life cycle. The plastic strain shown by the present alloy at ea= 0.7%
is still small compared to most other alloys. In general, two important factors are liable for limited cyclic plastic deformation
in alloys; high mechanical strength resulting from microstructure or strain amplitude too low to activate plastic deformation.
The strengthening mechanism of the present alloy, as mentioned in section 3.2, creates many precipitates that inhibit plastic
deformation. Such an alloy with high mechanical strength and low ductility resists applied strain in an elastic manner resulting
in very slim hysteresis loops [39].

Engineering Tensile Property Value
Tensile strength (MPa), Uy 567 £ 10.11
0.2% Yield stress (MPa) 549 + 9.26
Elastic Modulus (GPa), E 80 + 0.84
Strain hardening coefficient, K (MPa) 680 + 15.76
Strain hardening exponent, n 0.0437 = 0.01
Reduction in area (%) 8.0 £0.02
Elongation (%) 25+ 0.22
Fracture stress (MPa) 530 + 4.95
Fracture strain (%) 6.58 £ 0.7

Table 2: Average tensile mechanical property for AW2099-T83.

Cyclic Stress Evolution

The cyclic stress evolution, illustrated in Fig. 6(a), shows that the maximum and minimum stresses vary with the number of
cycles for all the applied strain amplitudes. The point at which stress changes with respect to cycle is different for each e,,
indicating that the maximum value of the cyclic stress is influenced by the applied strain amplitude.

At g, =0.7%, maximum stress slightly increases until the 5 cycle, followed by stress stabilization before dropping to the
initial value. A similar trend is observed for the minimum stress with the latter showing lower absolute values. The stress
increment during hardening at 0.7% is about 25 MPa. A similar behavior is observed at e = 0.6% with higher initial cyclic
hardening of about 40 MPa. After about 100 cycles of stress stabilization, the alloy cyclically softened to failure. At applied
strain amplitudes of 0.3 to 0.5%, cyclic hardening resulting in a rise of stress of about 10 to 40 MPa is observed until failure.
Cyclic hardening at low strain amplitude for the alloy may be explained by the change in the dislocation density of the
material due to slip deformation [40]. When an alloy is cyclically strained, slips happen, and dislocation gradually builds up.
The rise in dislocation density however restricts dislocation mobility [40]. This restriction manifests in the form of stress
increment or cyclic hardening. Cyclic hardening can also be due to dislocation-dislocation interaction or dislocation pile-up
[41]. Stivatsan and Coyne [8] have reported that Al-Li-Cu alloys generally softened to failure under plastic strain amplitudes
ranging between 0.02% and 1.8%. The authors [8] explained that once precipitates are cut, particles offer less resistance to
dislocation movement in the active slip plane and local work hardening capacity are reduced resulting to cyclic softening. It
has already been recognized by Liu and Wang [17] that Al-Li processed by ECAP may soften to various degrees under cyclic
loading. The rate of softening depends strongly on the initial structure and loading conditions and may vary in a wide range,
because the microstructure is far from equiaxial and the dislocation density is high. Likewise, the microstructure for the
present alloy, as observed in Fig. 3, is far from being equiaxial. The orientation of a particular structure and associated
strengthening precipitate with loading cycle would determine the behaviour at that instance. Elongated structures with
accompanying long grain boundaries have weak resistance to loading and this might appear as softening. On the other hand,
short grain boundaries resulting from small grain size create tortuous path and offer resistance that may appears as cyclic
hardening.
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Figure 1: Representative hysteresis loop evolution for all investigated strain amplitudes; (a) stabilized cycles; (b)-(f) for selected cycles.

Fig. 6(b) displays the mean stress (em) evolution with the number of cycles for the alloy. For a major part of the cycling,
negative mean stress evolved at applied strain amplitudes of 0.3% to 0.6%. However, there is a tendency for the mean stress
to rise abruptly with increasing number of cycles at lower applied strain amplitudes. In contrast, strain amplitude of 0.7%
produces tensile mean stress of about 10 MPa for the entire fatigue life. Mean stress development indicates the asymmetry
of cyclic stress. It is clear from the illustrations in Fig. 6(b) that mean stress evolution for the present alloy is dependent on
both applied strain amplitude and number of cycles. This may be due to its microstructure and strengthening mechanism.
The evolution of tensile mean stress with the number of cycles for the alloy may suggest that, the density of dislocation
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increases, resulting in dislocations-dislocation interaction [8]. This interaction will result in cyclic hardening, translating to
positive mean stress. Thus, the abrupt rise in the mean stress at higher number of cycles can be attributed to increase in
dislocation density. The en behavior for the alloy can then be summarized as follows: for e, less than 0.6%, the en is
compressive but rises to become tensile if the fatigue life exceeds three thousand cycles or when applied strain amplitude is
above 0.6%.
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Figure 6: Variation of (a) the maximum and minimum stresses with the number of fatigue cycles, (b) Mean stress with number of
fatigue cycles.

DAMAGE ASSESSMENT THROUGH RESIDUAL STIFFNESS AND ESTIMATED STRAIN COMPONENTS

lastic strain is an important parameter for the assessment of fatigue damage in fatigue loading. However, the current
alloy exhibits no discernible plastic deformation for the majority of the strain amplitudes investigated. Thus, it is
devised to evaluate damage through the trend analysis of the residual stiffness, E. The residual stiffness is analogous
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to elasticity. However, elasticity is associated with previously unloaded sample; hence, the term residual is being considered.
The residual stiffness is estimated by taking the slope of the unloading reversal for all sample tested as illustrated with half
loop in Fig 7. Fig. 8 shows the trend for residual stiffness with percentage cycle for every 10% of the total loop sampled
per strain amplitude. Each test at all strain amplitudes was replicated. Thus, the notations 1 and 2 are for the first run and
its replicate, respectively. The observed trend is that there is no significant change in the stiffness with increase cycle and
strain amplitude. The value of the stiffness fluctuates around 77-80 GPa which is in close agreement to the stiffness in
uniaxial tensile. However, there is an abrupt drop in the stiffness at 0.4% and 0.6%. This signifies a significant damage in
the specimens as typified by distortion in the hystereses loops shown in Fig. 9. The half-life loops are also plotted for
comparison. It can be seen that the more rapid the drop in the stiffness, the more distorted the loop is. Hence, damage can
be assessed through stiffness.

In addition, an assumption is made by estimating strain components from the stiffness by the application of Eqns. (2), (3)

and (4), where &,, €and ¢ , are the total, elastic and plastic strains, respectively. Maximum stress from portion of the loop

that was analyzed for stiffness calculation is used to represent o, in order to calculate for the elastic strain according to

Eq. (3). Hence, plastic strain is estimated according to the relation in Eq. (4)

£ =¢ +¢, @
O

& =—= 3

‘E €)

£,=& €, )

The trend in the estimated plastic strain with loop percentage is shown in Fig. 10. The plots are separated for strain
amplitudes (0.3-0.6%) which show no plastic deformation in the hysteresis loop and those (0.7%) that exhibit plastic strain
as previously observed in Fig. 5. The following deduction can be made: regardless of applied strain amplitude, the initial ten
cycles for the alloy will exhibit tensile plastic deformation. Beyond the 10% cycles, the plasticity evolves into a compressive
strain in the strain amplitudes (0.3%-0.6%) which shows no observable plastic strain. However, strain amplitude at 0.7%
where visible plastic strain is present maintains a tensile plastic strain that rapidly rises in value toward the end of the cycle.
Thus, there is a trend for the likely underlying mechanism for the damage in the alloy. It shows that compressive strain is
the damaging strain in the alloy at strain amplitude below 0.7%, while tensile strain is the dominant effect at strain amplitude
equal or greater than 0.7%. The trend observed correlate with that shown by the mean stress illustrated in Fig. 6(b).
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Figure 7: Illustration for the estimation of residual stiffness.
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Strain-life correlation
The correlation between strain amplitude and fatigue life in strain-controlled tests is often represented by a strain-life curve
described usually by the Coffin-Manson equation:

c

¢ :%(ZNf ) +e,(2)) 5)

where o 5 rs band care respectively, the fatigue strength coefficient, fatigue ductility coefficient, fatigue strength exponent

and fatigue ductility exponent. Summary of experimental strain amplitudes, stress responses and fatigue life at half-life
cycles are presented in Tab. 3. Regression analysis was performed on the data, as illustrated by the curve in Fig. 11, to obtain

the material fatigue properties in Eq. (5). Because of the absence of plastic deformation, only the parameters O';, cand b.

can be determined. Strain-controlled fatigue experimental data for Al-Li alloys is scarce in open literature. Common
aerospace grade alloys with which AW-2099-T83 can be compared are shown in Tab. 4. It is found that the magnitudes of

O'If and |!9| obtained in the present study are higher. The fatigue strength coefficient is approximately two to four times

higher than those reported for conventional aluminum alloys. High fatigue strength coefficient is an indication of good
fatiigue properties especially in the high cycle fatigue (HCF) regime. However, it should be noted that with higher strain

amplitude that would initiate plastic strain, the value of G} decreases and thus lowering the HCF performance. High fatigue

strength coefficient for Al-Li is as a result of high monotonic strength rather than good fatigue resistance [37]. Similarly, the
stress-life evolution is compared to recently published work for other types of Al-Li alloys [7] as shown in Fig. 12. Stress-
life profile for the three alloys is similar for stress amplitudes between 220 and 340 MPa. The trends in the curves indicate
that fatigue limit is likely to be achieved for Al-Li alloys for stress amplitudes less than 200 MPa. Due to its higher tensile
strength, the capacity of the present alloy to accommodate higher cyclic stress is noticeable. However, taking into account
that strengthening phases and heat treatments ate different, such a comparison is influenced by these factors. It is also worth
mentioning that the stress amplitude used in Fig. 12, for AW2099-T83, is that obtained at half-life.

The strain-life curves for completely reversed loading are shown in Fig. 13. Due to the observed low plasticity behavior of
AW2099-T83 over the range of strain amplitude studied, both total and elastic strain curves are superimposed on each other.

Alloys with low plasticity usually exhibit high strength coefficient (O'f') but low ductility coefficient (Sf) causing the

fatigue behavior to be dominated by elastic behavior, as was observed in the hysteresis loops in Fig. 5. Since the plastic
strain data is insufficient to obtain a reliable curve fit for ductility exponent, ¢, the strain-life equation for AW2099-T83 is
metely the Basquin equation. Thetefore, the strain-life equation for AW2099-T83/SHP is expressed in Eq. (6).

165030 (2N, )70451

E = 6
‘80300 ©

where ¢, is the applied strain amplitude and N, is the fatigue life.

Alternatively, because of the low plastic deformation, it is assumed that Coffin-Manson equation or any of its component
relation is insufficient as life correlation for the present alloy. Hence a three-parameter equation, first proposed by Manson
[42], is used to characterize strain-life behavior. The expression for his equation is shown in Eq. (7).

“ —
(¢,-¢,) N,=C Y
where &, ptand C are fitting constants that can be considered as unique material properties. &, can be viewed as the strain
endurance limit [42]. The fitting constants were found through regression analysis. The fatigue curve based on this equation

is illustrated in Fig. 14 and the corresponding equation, for the present alloy, is expressed as:

(&,-0.000289)" " N, =4.7x10™" ®)
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Although both the Basquin curve and three-parameter curve are similar, however, the latter curve shows a slightly better
correlation for the experimental data.

d €a Omax Omin O, Om €e ep Nf
Spec. ID (mm) (%) (MPa) (MPa) (MPa) (MPa) %) (%) (Cycle)
63448C 6.37 0.3 249.63 -223.12 236.38 13.26 0.3 0 100,000
(stopped)
63449C 6.37 0.3 281.78 -206.33 244.06 37.73 0.3 0 156375
63446C 6.36 0.4 344.75 -309.97 327.36 18.39 0.4 0 23066
63447C 6.37 0.4 320.03 -313.24 316.64 3.39 0.4 0 37215
63444C 6.36 0.5 404.14 -394.06 399.1 5.04 0.5 0 8925
63445C 6.36 0.5 404.92 -398.82 401.87 3.05 0.5 0 6875
63450C 6.36 0.6 493.4 -453.25 473.33 20.08 0.6 0 1816
63452C 6.36 0.6 469.36 -473.54 471.45 -2.09 0.6 0 2966
63451C 6.37 0.7 520.21 -506.73 513.47 6.74 0.6 0.1 785
63453C 6.36 0.7 519.37 -505.12 512.25 7.13 0.6 0.1 929
Table 3: Axial strain-controlled fatigue parameters and results.
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Figure 11: Regression curve to evaluate fatigue properties.
Al alloys of (MPa) ef c ref
AW2099-T83 1650.3 -0.151 - - Present work
2024-T3 850 -0.086  0.22 -0.462 [43]
6060-T6 376.5 -0.084  0.157  -0.537 [44]
6082-T6 486.8 -0.07 0.209  -0.593 [44]

Table 4: Comparison of fatigue constants of the present alloy with conventional Al alloys.
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Figure 12: Comparison of the Stress-Life curve with other Al-Li alloy.
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FRACTOGRAPHY

SEM of Fractured Surfaces

he fracture surfaces of specimens for selected strain amplitudes are shown in Fig. 15. The SEM fractographs for

I AW2099-T83 tested at &, = 0.3% are presented in Fig. 15(a). The overall fracture happened on a plane of maximum

shear suggesting that the load causing the final fracture is shear in nature. As can be seen in Fig. 15a(i), the fractured
surface exhibits two separate areas: a fibrous section and a fairly smooth area with ridges. Higher magnifications of the
different zones of fractured surface are illustrated in Fig. 15a (ii-iv). The fibrous area indicates that the crack initiated from
the edge of the smooth area (Fig. 15a(ii)). Final fracture zones usually show fibrous appearance [40,45]. The transition zone
from slow crack propagation to rapid crack growth area (Fig. 15a(iii)) suggests that a shear deformation occurred during
this transition. The ridges on the smooth region are perhaps beach marks indicating crack arrests. Fig. 15a(iv) is a higher
magnification micrograph showing cleavage fracture.
SEM micrographs for the specimen tested at g2 =0.5% are shown in Fig. 15(b). It can be seen that, the overall fracture
surface exhibits a wedge or bevel shape. A slow crack propagation region and crack initiation areas can be seen in Figs.
15b(i) and 15b(ii). The presence of secondary crack in this region can be seen as illustrated in Fig. 15(b)(iii). The secondary
crack appears to follow a grain boundary. The final fracture area, shown in Fig. 15b(iv), presents a texture that is
characteristics of a semi-ductile fracture.
The fractographs of Fig. 15(c) are those of fractured specimen under e, = 0.7%. The surface consists of a flat region (marked
A) and a slant final fractured surface (marked B). Similar fracture has been reported by Alexopoulos et al. [7] for 2198 Al-
Li. The multiplication of secondary cracks, due to higher e, is clearly visible in Fig. 15(c)(iii). Evidence of crack branching
can also be observed on the same illustration. The fracture region of Fig. 15(c)(iv) is similar to that obtained at lower strain
amplitudes. It is noted that cracks propagated along grain boundaries as evident from Figs. 15b(iii) and 15c(iii). Elongated
grains as identified for the microstructure (Fig. 3) are susceptible to fatigue cracking along grain boundaries.

Analysis of Secondary Crack Bebavior

For a further analysis of secondary crack characteristics, optical micrographs of observed cracking features on the fractured
surface and on the gage section close to fracture point for specimen tested at a strain amplitude of 0.6% is presented in Fig
16, with the red arrow indicating loading axis. The surfaces were etched in a solution of sodium hydroxide. In the micrograph
on the left side of Fig. 16(a), two adjacent secondary cracks are seen to have propagated on the fractured surface of the
specimen. The thinner crack advanced faster than the larger one. Both cracks initiated from the surface of the specimen. A
close-up look on a section of the thinner, but longer crack is shown on the right side micrograph of Fig. 16(a). It can be
observed that the crack meandered through several grain and grain boundaries. Therefore, the cracking is mainly
intergranular and partially transgranular. Intergranular fracture was also reported by Wang and Liu [17] for heat-treated 8090
Al-Li. Comparing the fractured surface with the microstructure shown in Fig. 3, it can be inferred that crack growth occurred
on the location T in the transverse orientation. The transverse orientation is the plane of loading in the cyclic axial fatigue.
This location possesses the large, unrecrystallized grains which have been recognized to reduce Al-Li resistance to crack
growth [24,32]. The susceptibility of large and elongated grains of A356 Aluminum alloys to cracking have been reported
by Mo et al [46].

Fig. 16(b) shows secondary cracks observed under the microscope on the outer surfaces near to the specimen fracture zone.
It can be seen that cracks propagated along the grain boundaries, whether in the region of the elongated grains or the smaller
subgrains. For a comparison between microstructure over which cracks are present to the microstructure in Fig. 3, it can
be observed that grain boundaries in the tested specimen have become widet, signifying that fracture was preceded by grain
boundary separation. Elongated grains in the AW2099-T83 are hence weak regions for fatigue cracks to exploit.
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(b) Fractured surface of AW2099-T83 specimen tested at e, = 0.5%.
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(c) Fractured surface of AW2099-T83 specimen tested at e, = 0.7%.

Figure 15: Fractography of fractured samples at selected strain amplitudes.
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Figure 16: Optical micrographs of cracking mode.
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CONCLUSIONS

The grains present in the transverse orientation for the investigated aluminum-lithium alloy are a combination of

small and large grains, while elongated primary grains with subgrains are present in the extrusion direction. Grains
at the core are smaller than grains on the periphery in both transverse and extrusion directions leading to the conclusion
that the microstructure is inhomogeneous. The grain sizes vary between 8 and 40 microns. Under static loading, the alloy
exhibits low plastic deformation with very limited strain hardening. An ultimate strength of approximately 570 MPa was
found for the alloy, which is comparable to most alloys of similar composition. However, the alloy possesses low ductility,
which can be understood as the tradeoff for the high tensile strength.
Under strain-controlled fatigue, measureable plastic deformation for AW2099-T83 alloy was only present at highest applied
strain amplitude of 0.7%. Below strain amplitude of 0.7%, the deformation was mainly elastic. The resistance to plastic
deformation is due to the precipitate phases present in the alloy. The characteristic hysteresis loop evolution indicates that
strain energy-based models cannot be used to describe the alloy in the present applied strain range. Cyclic axial stress
evolution for AW2099-T83 alloy was found to be dependent both on the applied strain amplitude and on the number of
cycles. Cyclic hardening was observed in the early loading cycles at all strain amplitudes. This is generally followed by stable
hysteresis before starting to soften. Mean stress evolution for the alloy is generally low and compressive for strain amplitudes
lower than 0.7%.
Through regression analysis, fatigue properties were determined and fitting curves were constructed to model strain-life
curves for the alloy. Both Basquin and three-patrameter equations were developed for the alloy with the latter resulting in a
slightly better correlation for the fatigue data. The high fatigue strength coefficient exhibits by the alloy atises from its high
monotonic strength which itself is derived from the strengthening precipitates present in the microstructure.
Stiffness and plastic strains were estimated through discrete analysis of hysteresis loops from which a trend for the damaging
mechanism was profiled. It can be concluded that strain amplitude below 0.7% exhibits a damaging mechanism controlled
by compressive strain, while above this strain amplitude, damage results from tensile plastic strain.
Fractographic analysis revealed that fracture characteristic is majotly by cleavage fracture and is semi-ductile in nature.
Multiplication of secondary cracks along grain boundary was observed. The alloy is susceptible to fatigue crack along grain
boundaries and through the grains. A post fracture metallography revealed that crack growth was mainly intergranular.

T he microstructure, monotonic tensile and axial strain-controlled fatigue behavior of AW2099 T83 have been studied.
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NOMENCLATURE AND ABBREVIATIONS

Al aluminum

AFLi  aluminum lithium

b axial fatigue strength exponent

c axial fatigue ductility exponent

CNC computer numerical control

d gage diameter of specimens

E clastic modulus

E1 metallographic sample from edge of extrusion direction
E2 metallographic sample from midsection between the edge and center of extrusion direction
E3 metallographic sample from center of extrusion direction
E; residual stiffness

Exp  experimental
Freqg  frequency
GPa  gigaPascal

K monotonic tensile strength coefficient
kN kiloNewton
mm millimeter

505



M. . Adinoyi et alii, Frattura ed Integrita Struttnrale, 49 (2019) 487-506; DOIL: 10.3221/IGF-ESIS.49.46

MPa
n
Ny
ref
Spec
T1
T2
T3
o

€a

€e

ef

p
Oa
O'f‘
Om

Omax

Omin

megaPascal

monotonic tensile strain hardening exponent

fatigue life

referenced

specimen

metallographic sample from edge of transverse direction
metallographic sample from midsection between the edge and center of transverse direction
metallographic sample from center of transverse direction
primary grains in the extrusion direction

axial strain amplitude

axial elastic strain amplitude

fatigue ductility coefficient

axial plastic strain amplitude

axial stress amplitude

fatigue strength coefficient

mean axial stress

maximum axial stress

minimum axial stress

506




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


