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Abstract: The strain-controlled low cycle fatigue (LCF) tests were firstly carried out to investigate the LCF behavior of
the 2195 Al-Li alloy at warm temperatures (100 and 200 °C). All initial and mid-life hysteresis loops showed a
centrosymmetric characteristic. The cyclic stress response curve at 100 °C and strain of 0.6% exhibited complete cyclic
hardening, while response curves under other conditions showed cyclic hardening initially followed by cyclic softening.
Then, various fatigue life prediction models were employed to evaluate LCF life. The prediction model based on the
total strain energy density could present the best prediction accuracy. Finally, the fatigue fracture under different
conditions was observed to reveal the fatigue fracture mechanism. The fatigue striations were visible at 100 °C and
strain of 0.6%, but gradually diminished with increasing temperature and strain. Furthermore, the fatigue fracture zone
at 200 °C and strain of 1.0% presented an evident intergranular fracture characteristic.
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1 Introduction

Compared with traditional aluminum alloys,
Al-Li alloys have attracted extensive attention in
the aerospace field due to their low density, high
specific strength, and good fatigue resistance [1-3].
Al-Li alloys are generally used to manufacture the
essential structural components [4—6], which are
frequently subjected to complicated temperature
fields and fluctuating loads in service. As a result,
the fatigue life or behavior of Al-Li alloys is an
important factor that should be considered in
engineering design.

XU et al [7] investigated the fatigue behavior
of an Al-Cu—Li alloy at ambient and cryogenic
temperatures and found that the fatigue strength

increased as the testing temperature decreased.
ZHANG et al [8] investigated the low cycle fatigue
performance of 2195 Al-Li alloy at ambient
temperature, and it was found that the cyclic
properties of the alloy were closely related to the
interactions between dislocations, grain boundaries,
and second phase particles. PRASAD and RAO [9]
studied the low cycle fatigue (LCF) behavior of
several Al-Li alloys at room temperature and
pointed out that the fatigue resistance of the alloys
was closely related to the alloy composition, aging
state, and microstructure. LIU and WANG [10]
investigated the low cycle fatigue behavior of 8090
Al-Li alloy. It was observed that the heat-treated
alloy showed cyclic hardening followed by cyclic
softening characteristics, whereas the alloy exhibited
a continuous cyclic softening behavior after equal
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angular extrusion. LEWANDOWSKA et al [11]
considered that the existence of 7; phases could
lead to more uniform plastic deformation and
significantly improve the fatigue resistance of
Al-Li alloys at ambient temperature.

It is generally accepted that the fatigue
property is closely related to the loading
temperature [12]. From the above reviews, the
fatigue behavior of Al-Li alloys at room temperature
has been systematically reported. Besides, an
amount of research has already been carried out on
the high cycle fatigue properties, fatigue crack
growth behavior, and fatigue behavior of friction
stir welded joints of Al—Li alloys [13—20]. However,
the reasonable characterization on the LCF behavior
of the 2195 Al-Li alloy at warm temperatures has
never been illustrated yet.

The fatigue life prediction is of great
significance for the practical application of Al-Li
alloy components, so it is dispensable to develop
efficient life prediction models with high prediction
accuracy. GANESH SUNDARA RAMAN and
RADHAKRISHNAN [21] combined the Coffin—
Manson and Basquin models with the cyclic stress—
strain relation for low cycle fatigue analysis.
KLIMAN and BILY [22] pointed out that the
plastic strain energy density could be employed as
an essential parameter for predicting the fatigue life.
GOLOS and ELLYIN [23] proposed a unified
theory based on total strain energy density and
revealed that damage parameters based on total
strain energy density could be used to characterize
the low cycle fatigue failure and cumulative
damage processes. WANG et al [24] proposed a
fatigue life prediction model based on strain rate
optimized hysteresis energy, which took both
fatigue and creep damage into account. ZHANG
et al [25] developed a novel LCF life prediction
model that took grain size into account, discovering
that the prediction accuracy of the new model
outperformed the Manson—Coffin relationship and
the Ostergren energy method.

As a typical third-generation Al-Li alloy, 2195
Al-Li alloy used in this work has been successfully
applied to aircraft wings and fuel tanks [26—29].
For the supersonic aircraft, when its flight speed
exceeds Mach 2, the aerodynamic heating effect (air
compression leads to an increasing temperature for
aircraft) could not be neglected. It is found that

when the aircraft speed reaches Mach 2 and Mach
2.5, the corresponding temperature of aircraft is
roughly 117 and 210 °C. In addition, the high
temperature generated by the aerodynamic heating
effect makes the thin-walled components such as
space shuttle wings and skin vibrate with the fixed
frequency and amplitude, thus causing instability of
these structures and even endangering the safety of
aircraft.

Therefore, the LCF behavior and fatigue
life prediction of 2195 Al-Li alloy at warm
temperatures were investigated in this work, which
is similar to the fixed-frequency vibration behavior
caused by the aerodynamic heating in supersonic
aircraft flying at Mach 2 and Mach 2.5. The low
cyclic fatigue test was first carried out at warm
temperatures (100 and 200 °C) and the cyclic stress
response behavior was analyzed. Meanwhile, the
fatigue life of the 2195 Al-Li alloy was predicted
based on different models. Finally, the fatigue
fracture morphology of the alloy was observed to
illustrate the fatigue fracture mechanism.

2 Experimental

2.1 Material preparation

The test material used in this work is an
extruded 2195 Al-Li alloy sheet prepared by
spray-forming, and its chemical composition is
indicated in Table 1. Firstly, a cylindrical billet
with the specification of d550 mm x 800 mm was
obtained by the spray forming process. A schematic
diagram of the spray forming device is shown in
Fig. 1(a). Then, the hot extrusion was performed on
a 100 MN extrusion press with an extrusion speed
of 0.1 mm/s, die temperature of 450 °C, and billet
temperature of 470 °C. Finally, a rectangular sheet
with a size of 710 mm x 500 mm x 20 mm was
acquired. After the extrusion, the sheet was treated
with a 2 h solid solution at 505 °C, followed by
quenching in water, and subsequently, a 6h
artificial aging treatment at 170 °C, as illustrated in
Fig. 1(b).

Table 1 Chemical composition of spray-formed 2195
Al-Li alloy (wt.%)

Cu Li Mg Ag Zr Fe Al
402 092 049 036 0.12 0.066 Bal
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Fig. 1 Schematic diagram of spray forming device (a) and heat treatment route of alloy (b)

2.2 LCF tests

LCF sample preparation and experiments
were carried out according to ISO 12106:2017.
Each fatigue sample was taken along the extrusion
direction from the central plane of the extrusion
billet. The sample dimensions are presented in
Fig. 2. Tension—compression loading LCF tests
with a strain-controlled symmetric triangular
waveform were conducted on an MTS 370
testing machine at total strains ranging from 0.5%
to 1.0%, corresponding to loading frequencies
ranging from 0.45 to 0.2 Hz, as shown in Table 2,
and the test temperatures were 100 and 200 °C,
respectively. In the process of LCF tests, the
furnace of the LCF machine was set to be a
given experimental temperature firstly, and then
the fatigue specimen was placed into the furnace.
The heating time of each specimen was set to
be 20min and then held for 30 min after
reaching the experimental temperature. LCF
samples were subjected to cyclic loading until final

rupture.
“
N
1x45° %i
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— = §
29 32
90

Extrusion direction

Fig. 2 Dimensions of LCF samples (unit: mm)

Table 2 Strains and loading frequencies in LCF tests
Strain /% 05 06 07 08 1.0
Loading frequency/Hz 0.45 04 035 03 0.2

2.3 Microstructure characterization

To analyze the effect of temperature and strain
on the fracture behavior, the fracture morphology of
the alloy was observed by a JSM—6610LYV scanning
electron microscope (SEM). All SEM samples were
cut within a gauge length of approximately 7 mm
away from the fracture position.

3 Results

3.1 LCF behavior
3.1.1 Hysteresis loops

Figure 3 shows the initial cycle (IC) and
mid-life cycle (MC) hysteresis loops at different
temperatures (100 and 200 °C) and strains (0.5%,
0.6%, 0.7%, 0.8%, and 1.0%), respectively. It is
noted that the area enclosed by the hysteresis loops
represents the degree of plastic deformation of
materials. It can be seen that all hysteresis loops
exhibited centrosymmetric characteristics, which
indicated that the cyclic deformation behavior of
the alloy under the tensile and compressive stages
of cyclic loading was nearly identical. In addition,
with increasing the strain, the area of hysteresis
loops at various temperatures increased, revealing
that more plastic deformation occurred with
increasing the strain.

Figure 4 shows the comparison of initial and
mid-life hysteresis loops at different temperatures
and total strains of 0.5%, 0.7%, and 1.0%,
respectively. At the total strain of 0.5%, the IC and
MC hysteresis loops at 100 °C were quite narrow,
and the shape of curves was approximately a
straight line, indicating that the fatigue damage
under this condition was minor or negligible.
However, the hysteresis loop at 200 °C became a
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Fig. 3 Stress—strain hysteresis loops of initial (a, ¢) and mid-life (b, d) cycles at different temperatures: (a, b) 100 °C;

(¢, d) 200 °C

certain area, suggesting that plastic strain was
generated during the cyclic loading. With increasing
strain to higher degrees (0.7% and 1.0%), the area
of IC and MC hysteresis loops at various
temperatures gradually increased, and the bending
degree near the peak stress end of IC and MC
hysteresis loops was more obvious. It was revealed
that with an increase of total strain, the degree of
plastic deformation increased continuously, and the
yield behavior also became more noticeable.
Furthermore, the cyclic stress of IC and MC
hysteresis loops at 200 °C was lower than that at
100 °C and all strains.
3.1.2 Cyclic stress response behavior

Generally, the cyclic stress varies with the
strain in a cyclic loading process. If the cyclic stress
increases continuously with the cyclic loading, it is
called cyclic hardening, otherwise, it is called cyclic
softening [30]. Under specific conditions, the cyclic
stress response behavior of a material is related to
its heat treatment state [31].

The cyclic stress response curves under
different strains and temperatures are given in
Fig. 5. The cyclic stress of the alloy at 100 °C was
higher than that at 200 °C with the same strain. As
the strain increased, the cyclic stress of the alloy at
the same temperature increased and fatigue life
decreased. At the total strain of 0.5%, a slight cyclic
hardening of the alloy at 100 °C was observed at
the initial stage of cyclic loading, followed by a
slow decrease in cyclic stress after about 4000
cycles, which exhibited quite weak cyclic softening
until final fatigue fracture. When the temperature
increased to 200 °C, the initial cyclic hardening and
subsequent cyclic softening were also observed.
However, the cyclic softening rate increased
dramatically after about 3500 cycles until the final
fracture. At the total strain of 0.6%, the alloy at
200 °C presented a slight cyclic hardening followed
by an obvious cyclic softening whereas the material
at 100 °C exhibited complete cyclic hardening
characteristics throughout the entire fatigue life.
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Fig. 4 Comparison of initial (a, ¢, e) and mid-life (b, d, f) hysteresis loops at different temperatures and strains:

(a, ) 0.5%; (c, d) 0.7%; (e, f) 1.0%

When the total strain increased to higher levels
(0.7% and 0.8%), the cyclic stress response
behavior of the alloy at 100 and 200 °C was quite
similar, displaying cyclic hardening initially and
subsequently cyclic softening throughout the
whole fatigue life, and a rapid decrease in the cyclic
stress at the cyclic softening stage. However, at the
cyclic hardening stage, the cyclic stress increased

slightly at 100 °C, whereas the cyclic stress
increased substantially at 200 °C. As the total strain
rose to 1.0%, the alloy at different temperatures
exhibited a slight increase in the cyclic stress at the
cyclic hardening stage, while at the cyclic softening
stage, the cyclic stress at 200 °C decreased more
significantly than that at 100 °C, demonstrating a
more obvious cyclic softening characteristic.
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3.2 Low cycle fatigue life prediction

The relation between cyclic stress and total
strain of 2195 Al-Li alloy can be characterized by
the following formula:

Ag,  Ag, . As, Ao ( Ao ]l/n

2 2

2 2E " 2K’ M
where E is Young’s modulus of the material, K' is
the cyclic strength coefficient, n is the cyclic
hardening index, Ao/2 is the cyclic stress, Ase/2,
Agy/2 and Aeg/2 represent the elastic strain, the
plastic strain, and the total strain, respectively.
Meanwhile, Eq. (1) can be decomposed further into
the relation of cyclic stress versus plastic strain and

elastic strain, as illustrated in Egs. (2) and (3),
respectively. The values of E, K', and n at different
temperatures are acquired by linear regression
analysis, as given in Table 3.

Ag n
%:K’[T"j @)

3.2.1 Low-cycle fatigue life prediction based on

total strain

In the strain-controlled low-cycle fatigue test,
the total strain is a critical factor in determining the
fatigue life of materials and it is composed of
elastic strain and plastic strain. The Basquin and
Coffin—Manson model expressions based on the
relation of fatigue life in terms of elastic and
plastic strains are presented in Egs. (4) and (5),
respectively. By combining the aforementioned
equations, the Coffin—Manson—Basquin(CMB)
fatigue life prediction model related to the total
strain can be obtained, as shown in Eq. (6).

e (on, Y 4)
Ag c

2p =& (2N;) (5)
Ae, _Ag, A&, of

St (2N,) +&/(2N;)° (6)
where o; and b are the fatigue strength coefficient
and exponent, respectively, & and c are the
fatigue ductility coefficient and fatigue ductility
exponent, respectively, and N; is the fatigue life of
materials. The fitting values of the above LCF
parameters are shown in Table 3.

Relations between total strain and the number
of reversals to failure based on the CMB model
are presented in Fig. 6(a). It was shown that the
fitting curves at 200°C were closer to the
corresponding data points than those at 100 °C.
In order to accurately evaluate the reliability of

Table 3 Parameters in fatigue life prediction models for 2195 Al-Li alloy at warm temperatures

t/ E/ K . , wi K/

n b oi/MPa c ef ~ B _ a
°C GPa MPa (MJ-m™) (MJ-m3)
100 72.942 503.498 0.057 —0.0636 714.7722 -1.2025 956.7532 13093.3272 —-1.2739 75.8122 -0.4474

200 65.189 403.776 0.061 —0.0614 563.4509 —1.0003 216.1623

4593.5488 —1.0675 325.4468 —0.6324
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experimental fatigue life based on CMB model (b)

different fatigue life prediction models, the fatigue
life prediction factor (LPF) was introduced in this
work, which could be given as

LPF= {%,%} (7)
exp Vpre | o

where Nexp is the experimental fatigue life, and Ny

is the fatigue life predicted by models.

A comparison between predicted and
experimental fatigue life based on the CMB model
is given in Fig. 6(b). The solid diagonal line
indicated the predicted fatigue life was in perfect
agreement with experimental fatigue life, while red
and blue dashed lines represented the boundaries
with LPF values of 1.3 and 2.5, respectively. It was
shown that data points at 200 °C were much closer
to the diagonal line than those at 100 °C, meaning
that the CMB model could offer a more accurate

prediction for the fatigue
temperature.

life at a higher

3.2.2 Low-cycle fatigue life prediction based on

plastic strain energy density

Fatigue damage of the material is a process
of energy dissipation in essence [32]. For strain-
controlled LCF tests, the plastic strain has a
significant effect on the fatigue life of materials.
Despite the widespread use of the CMB model, the
effect of cyclic stress and plastic strain on fatigue
life is not taken into consideration. Therefore, the
life prediction model based on plastic strain energy
density is proposed, which
considers the effects of cyclic stress and plastic
strain on fatigue life. According to previous
studies [32—34], the Halford—Marrow (HW) model
based on plastic strain energy density was used in
this work to conduct fatigue life prediction, as
expressed in Eq. (8):

simultaneously

AW, =W (2N, )’ (8)

where W/ and f are the plastic strain energy
density coefficient and exponent, respectively, and
their fitting values are given in Table 3. AW, is the
plastic strain energy density of the material in each
cycle and its calculation method is shown in

Eq. (9):

1-n'

A

AW, = AcAe, )

l+n
where n' is the cyclic hardening exponent, Ao and
Ag, are the cyclic stress range and plastic strain
range, respectively.

The AW,—2Nr relation on the logarithm scale
based on the HW model is given in Fig. 7(a),
revealing that the fatigue life at wvarious
temperatures increases with a decrease in plastic
strain energy density. Moreover, fitting curves
at 200 °C were also closer to the associated
experimental data points than those at 100 °C,
which is consistent with the observed result shown
in Fig. 6(a). A comparison between predicted and
experimental fatigue lives based on the HW model
is presented in Fig. 7(b). At 100 and 200 °C, the
LPF values of the HW model were smaller than
those of the CMB model, marked 2.0 and 1.2,
respectively. Therefore, compared with the CMB
model, the HW model had a better prediction effect
for the fatigue life at different temperatures.

3.2.3 Low-cycle fatigue life prediction based on
total strain energy density

Under cyclic loading with a low strain, little
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plastic strain appears and the plastic strain energy
density approaches zero. The prediction model
based on plastic strain energy density is difficult to
accurately predict the fatigue life of materials under
this circumstance, and the influence of elastic strain
on fatigue life needs to be considered. As a result, it
is appropriate to adopt the total strain energy
density as a fatigue life prediction parameter. The
Golos—Ellyin (GE) prediction model based on total
strain energy density is introduced in this work, as
shown in Eq. (10):

AW, =AW, + AW, =K (2N, )" (10)

where K and a represent the total strain energy
density coefficient and exponent, respectively, and
their corresponding values are shown in Table 3.
AW, AW,, and AW, symbolize the total, plastic,
and elastic strain energy density of materials,
respectively, and AW, is presented in Eq. (11):

O _ L (A0
¢ 2FE 2E

2
Tax +0 11
5 m] (11)

where omax and om are the peak tensile stress and
mean stress obtained from mid-life hysteresis loops,
respectively.

Figure 8(a) shows the relation between total
strain energy density and the number of reversals to
failure based on the GE model. It was revealed
that the fitting curves of AW —2N; were highly
consistent with the corresponding experimental data
at various temperatures, where the comparison is
given in Fig. 8(b). The figure presents data at
100 and 200 °C at LPF values of 1.3 and 1.1,
respectively, which were lower than those of the
mentioned models.

Based on the above analysis, it was revealed
that all prediction models had a better prediction
accuracy at 200 °C than at 100 °C. Meanwhile, at
the same temperature, the LPF value of the GE
model reached a minimum, suggesting that the
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model based on the total strain energy density could
present a more accurate prediction compared with
other models.

3.3 LCF fracture morphology
3.3.1 Fatigue fracture morphology at low strain

Figure 9 shows fatigue fracture morphology
under the condition of 100 °C and the strain of
0.6%. From Fig. 9(a), it was shown that several
voids of different sizes were distributed near the
sample surface, leading to the stress concentration
in this region. With the progress of cyclic loading,
the stress concentration would be further intensified,
which promoted fatigue crack initiation (FCI).

A typical fatigue crack growth zone with
obvious fatigue striations is shown in Figs. 9(b, c).
It was noted that the fatigue crack propagation
(FCP) direction was always perpendicular to the
fatigue striations, as marked by yellow arrows, and
spacing between fatigue striations reflected the
propagation speed. At the early stage of fatigue
crack propagation, the spacing between fatigue
striations was small, which meant a relatively slow
propagation, as shown in Fig. 9(b). However, at the
late stage of fatigue crack propagation, fatigue
striations with a larger spacing were observed,

Zi-jie MENG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2574—-2587

indicating that the propagation process
accelerated. Meanwhile, some cracks were found to
coalesce with each other, forming tear ridge bands
at junctions [14], as illustrated in Fig. 9(c). In
addition, a few secondary cracks parallel to fatigue
striations existed in the local crack propagation area
while an increase in secondary cracks was also
observed with cyclic loading. The final rupture
zone of the material could be seen in Fig. 9(d). The
size of secondary cracks in this area increased
significantly compared with that in the FCP zone.
Moreover, cleavage planes of different sizes were
also discovered on the fracture surface.

The fatigue fracture morphology under the
condition of 200 °C and the strain of 0.6% is shown
in Fig. 10. Several FCI areas were distributed on the
surface and central region of fatigue samples, as
illustrated in Fig. 10(a). At the early stage of the
fatigue crack propagation, several dimples were
observed; however, fatigue striations were not as
pronounced as that at 100°C, as shown in
Fig. 10(b). When the crack propagation tended to
be stable, larger cleavage planes and dimples
appeared on the fracture surface, and the number
of secondary cracks increased substantially, as
depicted in Fig. 10(c). Figure 10(d) shows the final
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Fig. 9 Fatigue fracture morphology under condition of 100 °C and strain of 0.6%: (a) Fatigue crack initiation zone;

(b, c) Fatigue crack propagation zone; (d) Final rupture zone
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rupture zone, which was dominated by large-area 3.3.2 Fatigue fracture morphology at high strain

cleavage planes and dimples, indicating a more The fatigue fracture morphology under the
obvious ductile fracture characteristic than that at condition of 100 °C and the strain of 1.0% is
100 °C. In addition, some tear ridges were also given in Fig. 11. Multiple FCI areas were observed
observed on the local fracture surface. in Fig. 11(a). The early crack propagation zone is

Fig. 10 Fatigue fracture morphology under condition of 200 °C and strain of 0.6%: (a) Fatigue crack initiation zone;
(b, c) Fatigue crack propagation zone; (d) Final rupture zone
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Fig. 11 Fatigue fracture morphology under condition of 100 °C and strain of 1.0%: (a) Fatigue crack initiation zone;
(b, c) Fatigue crack propagation zone; (d) Final rupture zone
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shown in Fig. 11(b), where weak fatigue striations
could be observed and a few secondary cracks
began to emerge in the local area. As the cyclic
process proceeded, fatigue striations basically
disappeared. On the other hand, more secondary
cracks and cleavage planes were also observed, as
illustrated in Fig. 11(c). Compared with Fig. 9(d),
the final rupture zone in Fig. 11(d) was flatter and
the area was dominated by cleavage planes and tear
ridges, showing an obvious quasi-cleavage fracture
characteristic. In addition, larger size secondary
cracks could be also observed in the local zone.
Figure 12 shows the fatigue fracture
morphology under the condition of 200 °C and the
strain of 1.0%. A few oxidation inclusions on the
surface of samples appeared in Fig. 12(a), resulting
in the initiation of fatigue cracks. At the early stage
of crack propagation, a small number of dimples
and fatigue striations with an irregular shape were
observed on the fracture surface, as shown in
Fig. 12(b). However, at the late stage of crack
propagation depicted in Fig. 12(c), fatigue striations
were absent and numerous tear ridges appeared.
Meanwhile, the number of dimples also increased
significantly. Figure 12(d) presents the final rupture
zone where grain boundaries
observed, more evident

obvious were

indicating a grain

Oxide inclusion

/ > T

morphology compared with Fig. 10(d). Moreover,
the size and depth of dimples in Fig. 12(d) were far
smaller than those in Fig. 10(d), which meant that
the ductile fracture characteristic was significantly
weakened.

4 Discussion

For the strain-controlled LCF tests, the fatigue
life of the alloy was closely related to the
temperature and strain. At the same temperature, the
higher the strain was, the greater the cyclic stress
was. Meanwhile, the process of fatigue crack
initiation and propagation was accelerated, which
reduced the fatigue life of the alloy. At the same
strain, with the increase of test temperature, the
thermal softening effect on the alloy was intensified,
which led to an increase in fatigue crack growth
rate and a decrease in fatigue life of the alloy.
In the research on fatigue fracture behavior, it
was necessary to pay more attention to the
characteristics of fatigue striations. It was generally
accepted that fatigue striations were the traces left
by fatigue crack propagation, the spacing between
fatigue striations represented the rate of fatigue
crack propagation, and the direction of the
vertical fatigue striations represented the direction

Fig. 12 Fatigue fracture morphology under condition of 200 °C and strain of 1.0%: (a) Fatigue crack initiation zone;

(b, c) Fatigue crack propagation zone; (d) Final rupture zone
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of fatigue crack propagation.

For aluminum alloys, the fatigue striations
were usually produced by repeated plastic blunting-
sharpening (B-S) due to the slip of dislocations
in the plastic zone in front of the fatigue crack
tips [35,36]. During cyclic loading, the fatigue
crack continued to propagate, which resulted in
continuous dislocation slip in the plastic zone in
front of the fatigue crack tips. For the 2195 Al-Li
alloy at the low temperature and strain
(corresponding to the experimental conditions of
100 °C and 0.6% strain in this work), a higher
fatigue life was usually observed. The fatigue
fracture occurred after cyclic loading of higher
cycles, which made the fatigue crack propagation
time longer and the dislocation slip in the plastic
zone in front of the fatigue crack tip relatively
sufficient. As a result, obvious fatigue striations
could be observed, as shown in Fig. 9. As the
temperature and strain increased, the fatigue life of
the alloy decreased obviously, and the time of
fatigue crack propagation decreased, which led to
the weakening of dislocation slip in the plastic zone
in front of the fatigue crack tip. Therefore,
relatively weak fatigue striations appeared on the
fatigue fracture surface, as shown in Figs. 10 and 11.
Besides, the fatigue life of 2195 Al-Li alloy was
only 228 cycles under the condition of high
temperature and strain (corresponding to the
experimental conditions of 200 °C and 1.0% strain
in this work), which was the lowest among all test
conditions. So, the slip of dislocation in the plastic
zone in front of the fatigue crack tips was the
weakest, so the fatigue striations were difficult to be
detected, as presented in Fig. 12.

For the fatigue fracture characteristics at
200 °C, the fatigue striations might be influenced
by the second phase evolution as well. According
to our previous research results [37], 71 phases
(ALCuLi), 0’ phases (AlCu), and intermetallic
(Al;CuzFe) were main precipitates in the 2195
Al-Li alloy after T6 treatment, among which T
phase and ' phase hinder the dislocation slip.
When the LCF test was carried out at 200 °C, it was
equivalent to prolonging the artificial aging time,
which might result in an increase of the number of
T phase and @' phase particles, an increase of the
thickness and length of the T phase, as well as the
intensified retardation of dislocation slip in the
plastic zone in front of fatigue crack tips. Therefore,

the fatigue fracture surface at higher temperatures
usually exhibited weaker fatigue striations than
that at lower temperatures. In addition, when the
strain is 1.0%, an obvious intergranular fracture
characteristic in the final rupture zone was observed.
This might be attributed to the presence of a certain
width of precipitation-free zone (PFZ) near the
grain boundary under the condition of higher
temperatures and strains. The strength of grain
boundaries was lower than that at other positions
due to the presence of PFZ, which resulted in the
fracture being more likely to occur at the grain
boundary. As a result, the final rupture zone under
the condition of 200 °C and the strain of 1.0%
showed the characteristics of intergranular fracture.

5 Conclusions

(1) The cyclic stress response curve of the
2195 Al-Li alloy extruded sheet at 100 °C and
strain of 0.6% exhibited complete cyclic hardening,
while the cyclic response curves under other
conditions showed cyclic hardening firstly followed
by cyclic softening. The cyclic stress and the
fatigue life at 100 °C were all higher than those at
200 °C.

(2) The fatigue life prediction models were
developed based on the total strain, the plastic and
total strain energy density, respectively. All fatigue
life prediction models had a better prediction
accuracy at 200 °C than at 100 °C, and the fatigue
life prediction model based on the total strain
energy density presented a more accurate prediction
at the same temperature.

(3) The fatigue striations were noticeable
under the condition of 100 °C and strain of 0.6%,
and then gradually weakened with increasing
temperature and strain. Moreover, compared with
the fatigue fracture surface wunder other
experimental conditions, the fatigue fracture
morphology under the condition of 200 °C and
strain of 1.0% was quite different, which exhibited
an obvious intergranular fracture.
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