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Abstract: In this paper, the evolution of creep strain and mechanical properties of 2195 Al-Li alloy is investigated at
different temperatures (160/170/180°C), with the aim of discovering the mechanism of temperature influence on creep
properties and providing a reference for improving the creep properties of the target material by adjusting the
temperature in the future. This study demonstrates that the creep curve is strongly influenced by temperature, with a
plateau and a transition period occurring at low temperatures. As the temperature increases, the creep curve gradually
reverts to the typical two-stage creep characteristics due to the interaction of dislocation density proliferation and
dislocation reversion within the material at high temperatures. In addition, by means of tests such as TEM, it was
confirmed that the decrease in mechanical properties of the material caused by increasing the creep temperature is
mainly due to the coarsening of precipitates and the appearance of precipitation-free zones at grain boundaries.
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1. INTRODUCTION

With the development of the aviation industry, the
requirements for the performance of space vehicles are
increasing and the requirements for structural materials
are also increasing day by day. Aluminium alloys are
widely used in the aerospace industry because of their
low density, good corrosion resistance and ease of
processing. And with the development of society,
further increases in payload and voyage of space
vehicles are the way forward. As a representative of
lightweight and high-strength structural materials,
aluminium-lithium alloy not only has the advantages of
traditional Al alloys, but also has lower density and
higher strength, and is gradually replacing traditional Al
alloys in aerospace manufacturing applications [1-3].
As previously reported, for every 1% increase in Li
element in Al-Li alloys, the alloy density decreases by
3% and the alloy modulus of elasticity increases by 6%
[4]. However, in actual manufacturing, Al-Li alloy
components are difficult to shape precisely, especially
during the manufacture of large components where
springback is more pronounced. As an advanced
manufacturing process developed specifically for the
manufacture of large Al alloy components, creep-age
forming (CAF) involves creep forming and stress
ageing processes [5]. Large Al alloy components can
be formed and strengthened simultaneously by the
corresponding creep/stress relaxation and age
strengthening to meet the practical requirements.
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In recent years, researchers have studied the
changes in the microstructure of Al alloys during creep
aging process by means of characterisation techniques
such as TEM, revealing the relationship between
microstructure and creep properties, which in turn has
promoted the development of CAF [6-9]. Dong [10] et
al. and Tang [11] et al. evaluated the effect of pre-
deformation on the creep ageing process of Al alloys
and showed that the increase in pre-deformation strain
can promote the ageing precipitation process and
improve the tensile properties, Kahn tearing properties
and fatigue extension properties of the formed alloy at
room temperature; at the same time, increasing pre-
deformation will bring a large number of dislocations to
the lattice, which can be detached from the pinning
effect of the reinforced precipitates under the stress
field, promoting creep strain and improving creep
strength. Yang [12] et al. found that 5% and 7% strain
improved creep strain, with reversal occurring when the
strain went to 9%. The work presented by Chen[13] et
al. showed that the loading rate accelerates the creep
process by changing the initial behaviour, making the
plastic deformation increase during the loading phase,
which in turn affects the final deformation and the
microstructure of the material, but the loading rate does
not have a direct effect on the creep mechanism. Xu
[14] et al. carry out the experiments on the creep
behaviour of Al-Cu-Mg alloy at different temperature
rise rates, and the results showed that with the
increase of the temperature rise rate, the creep
deformation, yield strength and tensile strength of the
material decreased during the heating process;
meanwhile, the size of grain boundary precipitates and
the width of precipitation-free zone also increased with
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the increase of the temperature rise rate. Xu [15] et al.
and Chen [16] et al. explored the effect on creep
behaviour during a two-stage creep ageing process. Xu
et al. found that temperature was the main influence on
creep behaviour during two-stage creep ageing. Chen
et al. proposed that two-stage creep aging would allow
the elongation of Al-Li alloys to increase without a
reduction in strength or creep strain. Zhan [17] et al.
then explored the different creep ageing behaviour
under elastic loading and plastic loading, showing that
under elastic loading the creep deformation behaviour
exhibits multi-stage creep characteristics, while under
plastic loading the creep behaviour exhibits a typical
two-stage behaviour.

Chen [18] and Chen [19] et al. tuned the creep
properties of Al-Li alloys by adding a period of pre-
aging behaviour prior to creep aging, demonstrating
that pre-aging can effectively increase elongation
without reducing strength, while also promoting a shift
in fracture mechanism from intergranular fracture to
mixed fracture. Zhou [20] et al. used electrical pulses to
adjust the creep properties of Al-Cu-Li during creep
ageing and found that the introduction of electrical
pulses at the initial stage of creep could promote
dislocation movement making the creep strain
increase, and the application of electrical pulses at the
final stage induced an increase in elongation. The
results of work conducted by Zhou and Chen [21-22] et
al. showed that as the frequency of electrical pulses
increased, dynamic recrystallisation was promoted and
the average grain size became smaller, therefore
resulting in improved creep ageing formability and
mechanical properties of the alloy. Wang [23] et al.
proposed a mechanism-based creep intrinsic structure

model and combined it with the work-hardening
equation to accurately describe the creep deformation
of the T8 state Al-Li alloy from 0.02% to 0.45%. Peng
[24] et al. established a unified intrinsic structure model
for the anisotropy of Al-Li alloys and successfully
described the creep ageing behaviour of AA2195 Al-Li
alloy. In most studies, process parameters such as pre-
strain, pre-aging, electrical pulses etc. have been
adjusted to influence the properties of dislocations and
precipitates and the mechanical properties of the
material. However, little research has been carried out
on some of the problems of 2195 Al-Li alloy in the
forming process, such as the poor plasticity of the aged
Al-Li alloys at high temperature. These problems to a
certain extent limit the application of creep ageing
processes in practical production.

Using 2195-T34 Al-Li alloy as the target material,
the creep behaviour at 160/170/180°C and the
differences in mechanical properties and
microstructural changes after creep aging were
investigated, with the aim of discovering the influence
of temperature on the properties of the material after
creep aging and the reasons for its occurrence, and
providing a reference for the subsequent creep aging
process of Al-Li alloy.

2. EXPERIMENTAND METHODS

2.1. Materials and Specimens

Table 1 illustrates the material parameters of the
T34Al-Li alloy used in this study. The pattern required
in this study was cut along the rolling direction of the
sheet and Figure 1 Illustrates the shape and
dimensions of the specimens used.

Table 1: The Element Composition of the 2195 Al-Li Alloy (wt.%)
Element composition Cu Li Mg Ag Zr Mn Si Ti Al
Weight fraction 418 1.19 0.40 0.38 0.052 0.094 0.0047 0.014 0.018 Bal.
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Figure 1: Dimensions of the sample (unit: mm).
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Figure 2: Experimental programme and flow.
2.2. Experimental Programme

The experiments were divided into three groups: the
material was held at 160/170/180°C for 21 h
respectively and the specimens were subjected to a
stress of 220 MPa. After the specimen is mounted to
the creep machine, a preload force of 200 N is applied
to the specimen to eliminate the mounting and
connection gap, then heating of the specimen is started
at a rate of 5°C/min. After the temperature of the
specimen reaches the target temperature
(160/170/180°C) holding is started and loading is
started at a rate of 15 N/s until the stress applied to the
specimen reaches the target value (220 MPa) and is
maintained. When the holding time reaches 21 h, the
specimen is unloaded and cooled down to remove the
sample. At the same time, intermittent experiments are
carried out in order to explore the evolution of the
mechanical properties of the material as it progresses
through the ageing tests. The specific experimental
programme is arranged as shown in Figure 2. It should
be noted that the yield strength of the target material at
160-180°C is approximately 240-250 MPa and that
creep ageing at a stress of 220 MPa is in the elastic
state.

2.3. Mechanical Properties Test and Microstructural
Characterisation

In this paper, the yield strength, ultimate tensile
strength and elongation of the patterns were tested
using an MTS tensile machine at a speed of 2mm/min.
At least two samples of each type of the same heat
treatment were selected for testing to ensure the
accuracy of the experimental data.

A 4

Time(h)

The Tescan mira3 field emission scanning electron
microscope (SEM) was used to observe the fracture
surface of the specimen after stretching. The
microstructure of the samples at different stages was
observed by transmission electron microscopy (TEM).
The specimens were ground to a thickness of 80 uym
and then a punch was used to obtain @ 3mm discs. The
discs were twin-jet electro polished at -30°C using a
mixture made from 25% nitric acid and 75% alcohol.
The TEM samples were examined on TalosF200X
equipment operating at 300 KV.XRD testing with the
Advance D8 X-ray diffractometer, scanning a range of
20°-90° at 2° per minute.

3. RESULTSAND DISCUSSION

3.1. Creep Behaviour

Figure 3 shows the creep curves at different
temperatures, from which it is clear enough that
temperature has a more pronounced effect on the
creep properties of the target alloy. As the temperature
increases, the creep strain also progressively
increases, with no significant difference in the final
steady state rate. At 160°C, creep ageing has a clear
plateau at A in the diagram, while only a transition
period at B exists when the temperature rises to 170°C.
When the temperature rises to 180°C again, the creep
curve shows the typical two-stages creep characteristic
[25-26], with no plateau or transition period present. It
is well known that creep strain arises from the
movement of dislocations, and that creep behaviour
causes changes in dislocations, which is a complex
interplay of dynamic processes [27-28]. In order to



68 Journal of Material Science and Technology Research, 2022, Vol. 9

Feng et al.

025 | ® [60°C+220Mpa
’ ® 170°C+220Mpa
A [B0°C+220Mpa aahA AL
0.20 | A A
A Al
—_ A A
=x A oo ®
< A o
Z015}F ~ ...00'
& A -
2 A .® .
o
D010 A o EggunBEH
5 L "N B
[ ]
A.\ . m -
0.05 | A B
Ill..
~
000 = A
1 1 1 " 1 " 1
0 5 10 15 20
Time(h)

Figure 3: Creep curves at different temperatures.

further understand the mechanism behind this
phenomenon, it is necessary to understand the
dislocation density within the material.

As illustrated in Figure 4(a), X-ray diffraction (XRD)
analysis was carried out on specimens at 3h and 21h in
order to fully understand the variation of dislocation
density with the creep process at different
temperatures for the 2195 Al-Li alloy. X-ray peaks can

reflect the condition of defects (dislocations) present in
the internal crystal structure of a material, and an
increase in the density of dislocations in a crystal
increases the X-ray full width at half maximum (FWHM)
[29-30]. Figure 4(b) and (c) show the full width at half
maximum of the XRD diffraction curves of creep
specimens at different angles of diffraction for 3h and
21h of aging at different temperatures, respectively.
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Figure 4: XRD patterns (a) and FWHM at different moments (b-c).
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Not only that, but the wave peaks of the diffraction
curves obtained by XRD also represent different
precipitates [31]. The number and position of the wave
peaks in all four diffraction curves in Figure 4(a) remain
the same, indicating that there is no difference in the
type of precipitates within the material at 160°C and
180°C for 3h and 21h of creep aging, suggesting that
the sequence of precipitates and the type of
precipitates are not affected when the temperature is
varied within a certain range. The FWHM for creep at
160°C and 180°C for 3h is shown in Figure 4(b). It can
be seen that the values of FWHM at 160°C are both
higher than the FWHM at 180°C, indicating that: the
dislocation density of the material after creep for 3h at
160°C is lower than that at 180°C for the same creep
time. The FWHM for samples aged at 160°C and
180°C for 21h is shown in Figure 4(c). The figure
shows that the difference between the value of FWHM
at a temperature of 160°C and the FWHM at a
temperature of 180°C when aged 21h is not significant,
indicating that: the difference in dislocation density
between the two groups of specimens at creep
temperatures of 160°C and 180°C is large at 3h, and
the difference in dislocation density narrows as creep
progresses. It is worth noting that the dislocation
density of the specimens with a creep temperature of
180°C is higher than that of the specimens with a creep
temperature of 160°Cat 3h.In general, an increase in
temperature speeds up the annihilation rate of
dislocations and decreases the dislocation density [32],
but why would a higher creep temperature here result
in a higher dislocation density? This is probably due to
the lower activation energy of dislocations at high
temperatures, the creep strain is more considerable
within the initial phase of creep, and new dislocation

increasing the dislocation density, which in turn
increases the creep strain, ultimately leading to a creep
curve at 180°C with no plateau and transition period,
whereas at low temperatures, the opposite is true,
leading to a plateau in the creep curve. As creep
progresses, the groups of specimens enter a steady-
state creep phase where dislocation strengthening and
reversionary softening reach equilibrium and are no
longer temperature sensitive, leading to a reduction in
the dislocation density difference between the groups
of specimens at a later stage.

3.2. Mechanical Strength

Figure 5 shows the variation of creep ageing
strength and elongation of the specimens at
160/170/180°C.The trend of the different performance
curves in Figure 5(a) and 5(b) shows that the creep
specimen at 180°C has reached its peak ageing state
at 3 h; The creep specimen at 160/170°C reaches its
peak ageing stage at 9 /6 h respectively. With the
increase of aging temperature, the peak aging strength
decreased. As the ageing time increases, the strength
of the 160/170°C specimens fluctuates little and tends
to rise slightly, while the 180°C specimens show a
certain downward trend in yield strength after a short
plateau period of peak ageing. The yield strengths of
the three sets of specimens at 21 h creep were 580,
577 and 554 MPa respectively.

The change in elongation for the three sets of
specimens is presented in Figure 5(c), where the trend
in elongation is opposite to the trend in strength. After
aged 3h, the elongation of the 160/170 °C creep
specimens did not fluctuate much, with elongation rates
of 7.5 % and 7 % respectively. The 180°C specimens

proliferation occurs during the creep process, showed little overall change with time after 6 h of
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Figure 5: Variation of creep mechanical properties with time at different temperatures.



70 Journal of Material Science and Technology Research, 2022, Vol. 9

Feng et al.

creep. At an aging time of 21 h, the elongation of the
180°C specimen was 5.6%.

The above results show that an increase in
temperature significantly promotes ageing, but reduces
peak ageing strength and elongation. Changes in
macroscopic properties are necessarily a result of
changes in microstructure, and the microstructure of
creep at different temperatures will be discussed
below.

Figure 6 shows the intracrystalline precipitates of
the specimens after creep aging at 160/180°C for 21h.
It can be seen that the main precipitates in the two
groups of different specimens are T1 phase and less 6’
phase. Comparing the two graphs in Figure 6(a) and
Figure 6(b), it can be found that the T1 phase of the
precipitate is more elongated at 160°C; the T1 phase
becomes significantly thicker at 180°C temperature.
The coarsening of the precipitates triggers a gradual
change of the dislocation mechanism from a cut-
through mechanism to a bypass mechanism,
weakening the impeding effect of the precipitates on
the dislocation movement and reducing the
strengthening effect [33]. In addition, the coarsening of
the precipitates indicates that the heat treatment state
of the specimen is changing from peak ageing to over-
ageing, which reduces the overall properties of the
material, including strength and elongation, in line with
the trend in mechanical properties in Figure 5. It can be
seen that the increase in ageing temperature reduces
the strength plasticity due to the coarsening of the
precipitates.

Grain boundaries are closely related to the
elongation of the material, and the appearance of
precipitation-free bands at grain boundaries can lead to
brittle fracture of the material, causing a significant
reduction in plasticity [34-36]. Figure 7 shows the
intergranular microstructure of the specimen after
creep ageing for 21h at 160/180°C. In Figure 7(a)
(160°C) many fine, dense precipitates are visible near
the grain boundaries and there are no obvious
precipitation-free zones at the grain boundaries. This
phenomenon has not been found in previous research
work either. Ren et al. [37] point out that at lower
temperatures the precipitation power of the
precipitating phase is high and the required
concentration of critical vacancies decreases, so that
precipitates are formed when vacancies near the grain
boundary diffuse towards the grain boundary and no
obvious precipitation-free zone at the grain boundary
can be observed. When the temperature increases, the
vacancy diffusion to the grain boundary is accelerated,
but the critical vacancy concentration required for
precipitation also increases, and there is a wider region
near the grain boundary where the vacancy
concentration is less than the critical vacancy
concentration required for precipitation, resulting in the
appearance of no precipitation zone or no precipitation
band broadening at the grain boundary [38]. In
addition, the intracrystalline precipitates in Figure 7(a)
are clearly finer than those in Figure 7(b), in keeping
with the comparison of the intracrystalline precipitates
characteristics in the previous section. The above
shows that the decrease in performance caused by the
increase in temperature is due to the change in

Figure 6: Intracrystalline precipitates of specimens aged at 160°C (a) and 180°C (b) for 21h.
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Figure 7: Grain boundary microstructure of specimens aged at 160°C (a) and 180°C (b) for 21h.

precipitates and precipitate-free zones caused,
specifically: the reason for better performance at low
temperatures is that the precipitates are finer and
denser at this time; the increase in temperature
coarsens the precipitates, causing a reduction in
strengthening and poor plasticity.

5. CONCLUSION

In this paper, the effect of temperature on creep
ageing properties was investigated. Focusing on how
temperature affects tensile strength and elongation in
terms of strength, elongation and microstructure, the
following conclusions are listed.

(1) As the temperature increases, the plateau or
transition period in the creep curve will disappear due
to the interaction of dislocation density proliferation and
dislocation recovery within the material at high
temperatures.

(2) The overall performance of Al-Li alloys after
creep aging decreases with increasing temperature,
including strength and elongation.

(3) Increasing the temperature reduces the peak
strength of creep aging of Al-Li alloys, and gradually
decreases with the extension of the aging time, mainly
because the increase in temperature promotes the
coarsening of precipitates.

(4) The reasons for the decrease in elongation
caused by the increase in temperature are the
transformation of the material to the over-aged state

and the appearance of precipitation-free zones at grain
boundaries.
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