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Effect of Al;Zr particles on hot-compression behavior and processing map
for AI-Cu—Li based alloys at elevated temperatures
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Abstract: The influence of Al;Zr particles on the hot compression behavior and processing map (PM) of Al-Cu—Li
based alloys under isothermal plane-strain compression in the temperature range of 400—500 °C and at the strain rates
of 0.01-10 s™' was investigated. The corresponding microstructure was analyzed using optical microscopy (OM),
electron back-scattered diffraction (EBSD) and transmission electron microscope (TEM). The results showed that
dynamic recovery (DRV) played a greater role than dynamic recrystallization (DRX) in dynamic softening. At low
temperatures, the Al;Zr particles were the significant barriers to inhibit DRV and DRX grain growth. When the
temperature reached 500 °C, the Al;Zr particles readily spread along grain boundaries just like a necklace due to the
dissolution of Al;Zr particles and rapid diffusion of Zr through grain boundary, resulting in generating the macroscopic
cracks and forming an instability domain at 490—500 °C, 0.01 s in the PM.
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1 Introduction

The ongoing thrust in aerospace applications
has caused the rapid development of lightweight
structural materials such as Al-Cu—Li based alloys
in recent years. Lithium is the lightest metallic
element, having the advantages of reducing the
mass of aerospace structural components. For
example, 1 wt.% Li addition decreases by 3% in
density approximately, and enhances by 6% in
elastic modulus of Al alloys, contributing to high
strength/fracture toughness, fatigue resistance and
corrosion of the [1,2].

resistance materials

Therefore, the family of Al-Cu—Li based alloys like
AA2195 aluminum alloy has been widely tailored
to apply to a variety of structural components for
aerospace systems, such as cryogenic propellant
tanks and large aircraft shells, owing to its lower
density, higher strength, better malleability and
weldability, and smaller anisotropy [2,3].

To manufacture these components and meet
the strict requirements for their microstructure and
mechanical  properties, different  processing
procedures including hot extrusion, rolling and
forging are adopted. Generally, the microstructure
and mechanical properties during hot working
are predominately controlled by the deformation
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parameters which are able to be analyzed and
optimized using the processing map (PM) in the
light of dynamic materials modeling (DMM). To
identify and optimize the deformation parameters,
PM is applied in wvalidating the deformation
mechanisms in the hot compression process of
Al-Cu—Li based alloys.

In general, the Zr element in AA2195
aluminum alloy can improve the thermal stability of
the alloys since the Zr element inhibits the
recrystallization through the formation of coherent
L1, structured AlsZr particles [4,5—7]. However, as
the temperature rose to ~475°C in the aging
treatment process, the metastable Al;Zr phases were
relatively unstable in Al-Zr alloys [6,8]. Moreover,
the AlLZr (L1,) precipitates coarsened into
equilibrium Al;Zr (DO0y;) phases under overage
condition (aging at near 500°C) for
Al-0.1Zr—0.1Ti (at.%) alloys [9]. The tetragonal
Al;Zr (DO0y;) phases that were the inherent
brittleness could not afford enough equivalent slip
systems to coordinate the deformation of the Al
matrix [10].

Previous investigations of Al alloys indicated
that AlZr particles could exist at 300—500 °C
during hot deformation [11]. At low temperatures
(300—450 °C), the Al3Zr particles -effectively
inhibited the process of dynamic recrystallization
(DRX) and dynamic recovery (DRV), owing to the
enhanced pinning effects on grain boundary
migration and dislocation motion [12]. However,
few studies have focused on the impact of Al;Zr
particles on hot-compression behavior and the PM
of AA2195 aluminum alloy at -elevated
temperatures (450—500 °C).

In general, the occurrence of DRX in
Al-Cu—Li based alloys is more often found at high
temperature Table 1 exhibits the
optimized stable domain in the PMs applied in 2xxx
series aluminum alloys. It can be seen that the
optimized processing temperatures for the 2xxx
series alloys during the hot-compression
deformation are around 500 °C [13—19]. After hot
deformation, the hot-formed specimens will be
subjected to different aging treatments to obtain
better mechanical properties for aerospace
structural components. Therefore, it is necessary to
systematically understand whether Al;Zr particles
coarsen or transform into equilibrium Al;Zr (D0,3)

condition.

phases or dissolve into the matrix at the elevated
temperatures because these changes reduce the
thermal stability of AA2195 aluminum alloy.

Table 1 Optimized stable domain in PMs applied in 2xxx
series aluminum alloys

No. Alloy Optimized stable region  Ref.
1 w049 475°C, 5x107*s™ [13]
2 UL40 475°C,0.1s" [14]
3 2060 380-500 °C, 0.01-3s '  [15]
4 2219 380—-510°C, 0.008—0.78 s [16]
5 2195 475-525°C,0.1-1s"  [17]
6 Al-Cu-Li-Zr—Sc 460-500 °C, 0.001-0.1s™" [18]

Al-Cu—-Li—Zn— a
Me—Mn—Zr 450-500 °C, 0.01-0.1 s~ [19]

In this work, the influence of Al;Zr particles
on hot compression behavior of AA2195 aluminum
alloy during isothermal plane-strain compression
at elevated temperatures (450-500°C) was
investigated and discussed in detail by flow stress
curves, PM and microstructure characterization.

2 Experimental

In this study, AA2195 aluminum alloy sheets
with the nominal chemical composition of 93.91 Al,
1.02 Li, 4.12 Cu, 0.4 Ag, 0.44 Mg, 0.11 Zr (wt.%)
were used. The cuboid samples (20 mm x 15 mm x
10 mm) machined through the wire-cut process
from the central part of the plate were subjected to
homogenization treatments at (440 °C, 16h) +
(490 °C, 20h) in the hot furnace with an air
circulating system. The homogenized specimens
were then subjected to the water quenching process.
The homogenized AA2195 aluminum alloy mainly
consists of the equiaxed grains with the size of
~150 um, as shown in Fig. 1.

To simulate the hot rolling process, the
Gleeble—3500 apparatus was employed to perform
plane-strain compression tests under different
compression conditions (400—500 °C, 0.01-10 s").
All specimens were coated with graphite lubricant
to reduce friction. The specimens were isothermally
compressed at different desired test temperatures
with the heating speed of ~5°C/s and kept
isothermally under this condition for 3 min, and
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Fig. 1 Microstructure of homogenized alloy

finally compressed to 60% thickness reduction.
After isothermal plane-strain compression testing,
the compressed specimens were rapidly water
quenched to obtain the microstructure at the
corresponding test temperatures. The macro-
morphology of the samples before and after
deformation is presented in Fig. 2. No microcracks
are detectable when the specimens are compressed
at 400 °C, 1s™';420°C, 0.1 s°'; 480 °C, 0.1 s '; and
500°C, 0.1s'. Interestingly, the sample
compressed at 500 °C, 0.01 s~ is found to present
obvious microcrack.

To meet the needs of microstructural
observations, the samples after compression were
machined along the cross-section of the compression
axis. The microstructure characterization of all the
samples was monitored by a field emission
gun-environmental scanning electron microscopy
(FEG-SEM, FEI) device equipped with an HKL
Channel 5 EBSD System for electron backscatter
diffraction (EBSD) observation and a Libra 200 FE
transmission electron microscope manipulated with
accelerating voltage of 200 kV for transmission
electron microscopy (TEM) observation. The
specimens for metallographic observation were

480 °C, 0.1 s7!

| Undeformation

carefully polished with mechanical polishing and
then etched with standard Keller’s reagent. The
specimens were electropolished in a 30 vol.%
HNO; and 70 vol.% CH;OH solution at —30 °C
with a voltage of ~10 V and a current of ~100 mA
for TEM analysis.

3 Results

3.1 Flow stress curves

Figure 3 shows the representative true
stress—true strain curves of AA2195 aluminum
alloy obtained under the selected experimental
conditions. It can be seen that there is a rapid
increase in flow stress with the increase of strain in
the early stage of deformation due to the effect of
strain hardening. The flow stress then decreases
immediately from the peak and finally reaches a
steady level, which may be associated with the
occurrence of DRV and/or DRX. Additionally, the
flow stress rises with the increased strain rate and
decreased temperature.

Compared with the specimens deformed at
400—480 °C, the specimens deformed at 500 °C
possess the lowest flow stress, which is indicative
of strong softening. However, the flow stress of the
specimens compressed at 500 °C, 0.01 s, begins to
experience a downward trend that occurs at a high
strain beyond the value of 0.9, owing to the
occurrence of cracks (Fig. 2).

3.2 Processing map

In the light of DMM, the PM pioneered by
PRASAD et al [20—22] is established under various
deformation conditions. The DMM theory suggests
that the hot compression process of the material is
actually a process of energy consumption. There-
fore, the total power (P) applied to the material

500 °C, 0.1 s

Fig. 2 Macro-morphologies of samples before and after compression
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Fig. 3 Typical flow stress curves under various conditions for AA2195 aluminum alloy: (a) 0.01s™'; (b) 0.1 s ';(c) 1's™;

(d10s™!

consists of two complementary parts: G and J.

P=G+J=[odé+| édo (1)

where G is viscoplastic heat consumed in the hot
compression process, J is the other part of the
power that is dissipated through microstructural
changes during hot compression such as DRV,
DRX, phase transformations, super plasticity [23],
pore as well as wedge cracks [14].

Under a given compression temperature and
strain, the relationship between the flow stress and
strain rate is represented by the -constitutive
equation:

o =ké™ ©)

where k is a material parameter, ¢ is the strain rate,
m is the strain rate sensitivity parameter.

The main parameters in the PM contain the
strain rate sensitivity index (m) calculated by partial
differential equations, and the efficiency of power
dissipation (7) determined as a function of m. The
non-dimensional parameter # is used for reflecting
microstructural changes.

The m and 7 can be represented as follows:

;e Algo éodlno _&o Olno _ dJ

= ~ = = - 3
Alge o0élng o0 Olne 0G )

J 2m
= = 4
g J m+1 )

max

In Egs. (3) and (4), for an ideal linear
dissipation process, m is equal to 1. At the same
time, Jpax 1S the maximum value of J and it is
calculated as J—=0 & /2.

In general, the instability map and the power
dissipation map constitute PM by using flow stress
data which were acquired from plane-strain
compression tests.

The instability map is obtained by the different
¢ with different 7 and &. In the light of extremum
principles  of  irreversible  thermodynamics,
PRASAD et al [20,22] developed an unstable
criterion applied to different metallic materials. The
criterion of flow instability is represented as
follows:

(31n[m/(m—i-l)]+m<

f(é)ZT <0 (5)
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If the conditions satisfy Eq.(5), the
undesirable microstructure may be observed,
containing flow localization, twinning, dynamic
strain aging, adiabatic shear band, kink bands, and
so on. This typical metallurgical microstructure has
an adverse influence on the manufacturing process
of metal materials.

The power dissipation map is depicted by the
variational # which is determined as a function of
different 7 and ¢. This map shows different
domains that undergo different metallurgical
processes.

Figure 4 illustrates the established PM of
AA2195 aluminum alloy at strain of 0.7 during hot
compression. The figures beside each contour line
in PM represent the different values of #. The
shadow regimes stand for the unsafe conditions
which satisfy the criterion of Eq. (5). Compared
with other aluminum alloys, the instability regions
of AA2195 aluminum alloy are much wider,
appearing in Regime I (400—500 °C, 1-10 s™) and
Regime II  (400-430°C, 0.01-1s™' and 430-
460 °C, 0.04-1s7"). According to the previous
studies [11], dynamic precipitation of 7}-Al,CuLi
phases occurred at low deformation temperatures
(400—440 °C). T, precipitates with a high aspect
ratio, the thin plate-shaped phases appearing on the
matrix {111} planes, are the main strengthening
precipitates in AA2195 aluminum alloy during
artificial aging. These massive 7;-Al,CuLi phases,
the main precipitated phases, are also a significant
barrier to inhibit DRV during hot deformation,
which is unfavorable to the processing of aluminum
alloy. Therefore, it is reasonable to assume that
massive instability regions shown in Fig. 4 are

Domain I1

031
Regime 111

60 480 500

A // /
4

T/°C
Fig. 4 Established PM of AA2195 aluminum alloy at
strain of 0.7

attributed to the dynamic precipitation (77-Al,CuLi
phases), but further studies are needed to figure out
what is the exact reason.

The stability regions exist in Domain I
(435450 °C, 0.01-0.03 s™") which experiences a
maximal efficiency of 0.39 close to 450 °C, 0.01 s™'
and Domain II (475-500 °C, 0.01-0.1 s~ with the
exception of 490-500 °C, 0.01s™') which has a
maximal efficiency of 0.35 close to 490 °C, 0.01s™".

Interestingly, an easily overlooked small
triangle instability domain, occurring at 490-—
500 °C, 0.01 s in Regime III, can be observed at
the lower right-hand side corner of PM, which
shows a tendency to increase with the rise of
temperature.

3.3 Microstructures
Figure 5 illustrates the typical EBSD images
of the compressed specimens close to the triangle

PP - - $2 U5
Fig. 5 EBSD images of specimens near Regime III:
(a) 480 °C, 0.1 s'; (b) 500 °C, 0.1 s™'; (c) 500 °C,

0.01s"
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domain (Regime III) at 480 °C, 0.1 s™'; 500 °C,
0.1 s™'; and 500 °C, 0.01 s™'. In these EBSD images,
the black lines denote high-angle boundaries having
misorientation larger than 15° and the white lines
denote low-angle boundaries having misorientation
2°—15°. The microstructure of all specimens close
to Regime III contains a large number of elongated
grains and a lot of fine recrystallized grains, which
is the partially recrystallized microstructure.
Although new quasi-equiaxed grains are observed,
the fraction of high-angle grain boundaries is
relatively low and dense dislocation substructures
occur in the stretched grains, illustrating that both
DRV and DRX are generated in the process of hot
compression at high temperatures, but DRV is the
dominant deformation mechanism. At 480 °C,
0.1 s, the average size of recrystallization nuclei is
about 5pum. The size of recrystallized grain/
subgrain and temperature increase and the strain
rate decreases. The main reasons may be as follows:
1) High temperatures and low strain rates mean
higher migration rates of high-angle grain

boundaries and more time for recrystallization
respectively. The growth of recrystallized nuclei
occurs easily; 2) The subgrain rotation and
coalescence are also thermally activated because of
the high migration rate of atoms and dislocations;
3) DRX occurs by thermal activation. The
nucleation rate increases as the deformation
temperature increases. Therefore, compared with
the specimens compressed at 480 °C, 0.1 s’ and
500°C, 0.1s', those compressed at 500 °C,
0.01 s™' have a perfect softening effect.

As shown in Fig. 6, the configurations of
dislocations (Figs. 6(a)—(c)), substructures
(Figs. 6(a) and (b)) and DRX (Fig. 6(d)) of AA2195
aluminum alloy compressed at (480 °C, 0.1 s™') and
(500°C, 0.01s") are characterized by TEM.
Dislocation walls (DWs) are formed (Figs. 6(b) and
(c)), which is ascribed to dislocation climbing and
sliding. At the same time, the disappearance of
subgrain boundaries (SBs) contributes to the
coalescence of the subgrains (Fig. 6(b)), resulting
in a large quantity of fine continuous dynamic

Disappearance of subboundary

Dislocation walls

~ Dynamic recrystallization

Fig. 6 Configurations of dislocations, substructures and DRX of AA2195 alloy compressed under different conditions:

(a, b) 480 °C, 0.1 s°"; (c, d) 500 °C, 0.01 s~
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recrystallization (CDRX), as shown in Fig. 6(d).
Therefore, the presence of DWs, subgrains and
recrystallized grains reveals that both DRV and
DRX exist during hot compression for all
specimens deformed near Regime II1.

When the temperature goes up and the strain

rate falls down, the extent of DRV increases and the
DRX takes place more sufficiently, which is
consistent with the decrease of flow stress presented
in Fig. 3.

Figure 7 shows the Al;Zr dispersoids of
AA2195 aluminum alloy under various compression

R

—Brown zétr,ain-ﬁeld ‘conﬁads’tb
fraw e

Fig. 7 TEM microstructures of Al;Zr dispersoids for AA2195 aluminum alloy under various compression conditions:
(a) HAADF-STEM image of homogenized alloys taken along [001],;; (b) HREM image, corresponding FFT patterns of
homogenized alloys taken near [001]4;; (c) BF image and corresponding SAD pattern (insert) taken near [001]4; at
480 °C, 0.1 s '; (d, ) BF images at 500 °C, 0.1 s '; (f) BF image at 500 °C, 0.01 s '
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conditions at elevated temperatures. High-angle
annular dark field scanning transmission electron
microscopy (HAADF-STEM) image (Fig. 7(a))
taken along [001]s shows the initial state of
spheroidal Al;Zr dispersoids with a mean diameter
of ~27nm in the non-deformed samples (the
homogenized alloys). The HREM image and
corresponding fast Fourier transform (FFT) patterns
(Fig. 7(b)) of the homogenized samples give
evidence of the metastable L1, Al;Zr particles
precipitated from the supersaturated solution
because of low equilibrium solubility of Zr in Al
matrix [6]. These particles are distributed
homogeneously in the matrix of the homogenized
alloys. BF image and corresponding SAD pattern
(insert), recorded near [001]n zone axis of the
samples compressed at 480 °C, 0.1 s are presented
in Fig. 7(c). The L1,-structured Al;Zr particles with
a mean diameter of ~30 nm are relatively stable
during hot deformation at 480 °C, 0.1 s '. It is
accepted that Cu and Ag can efficiently stabilize the
metastable Al;Zr particles [9]. Moreover, compared
with the alloying elements such as Li, Cu, Mg and
Ag, the heavy rare-earth element Zr possesses
relatively low diffusion activation energy in
aluminum. As a result, the L1, Al;Zr particles show
intrinsically coarsening resistance and
homogeneous distribution in the Al matrix at high
temperatures.

As the samples are compressed at high
temperature, i.e. 500 °C, 0.1 s™', the spheroidal L1,
particles (with a mean diameter of ~41nm)
obviously show the Ashby—Brown strain-field
contrast-structural faults (Fig. 7(d)) in the interior
of grains [6,24—28]. These structural faults can act
as the diffusion path for Zr elements, leading to a
further coarsening of AlZr particles. Moreover,
Al3Zr particles are also re-precipitated along grain
boundaries with the aid of the diffusion of Zr, as
shown in Fig. 7(e), which also suggests that a
portion of L1,-structured Al;Zr particles are locally
dissolved into the matrix. SHI and CHEN [12]
indicated that the nonequilibrium segregation of Zr
in the dendrite centers during casting contributed to
the heterogeneous distribution of Al;Zr dispersoids
near grain boundaries during solution treatment.
Nevertheless, as reported by NES [29], the
metastable Al;Zr particles were no longer stable
during  hot  deformation and  dissolved
discontinuously at the migrating boundaries, and

then re-precipitated near the grain boundaries. In
the present study, the segregation of Al;Zr
dispersoids near the grain boundaries is not
observed under other deformation conditions such
as 480°C, 0.1s'. Therefore, the segregation
phenomena of Al;Zr dispersoids cannot be
interpreted by the theory of SHI and CHEN [12] but
can be in good agreement with the earlier work by
NES [29]. However, the repeated precipitation
phenomena are only observed at a small part of
grain boundaries, which can be attributed to
insufficient compression time for the diffusion of
Zr.

The average size of Al;Zr particles under
various compression conditions is listed in Table 2.
It is clear that, compared with homogenized
samples, the average particle size slightly increases
at 480°C, 0.1s', but rapidly increases with
increasing temperature and decreasing strain rate of
500°C, 0.1s' and 500°C, 0.01s'. Because
L1,-structured particles develop Ashby—Brown
strain-field contrast and begin to coarsen, the new
AlsZr particles re-precipitate at a small part of grain
boundaries during hot deformation at 500 °C.

Table 2 Average size of Al;Zr particles under various
compression conditions

Condition Diameter/nm
Homogenized 27+1
480°C,0.1s" 301
500°C, 0.1 s 4143

500 °C, 0.01 s 48+3

When the strain rate drops from 0.1 to 0.01 s'
at 500 °C, an enormous precipitate-free zone is
observed in the matrix (Fig. 7(f)), which is
indicative of the dissolution of Al;Zr particles in the
Al matrix. At the same time, the Al;Zr particles
re-precipitate along grain boundaries, just like a
necklace, as shown in Fig. 7(f). These phenomena
can be attributed to the sufficient deformation time
at elevated temperatures for the dissolution of Al;Zr
particles and rapid diffusion of Zr through the pipe
of the grain boundary.

4 Discussion

In the present study, a large number of DWs
and SBs (Fig. 6), as well as fine recrystallized
grains (Fig. 5) are generated during hot deformation
at elevated temperatures because of the absence of
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T, precipitates (Fig. 6), which is in agreement with
the results by YANG et al [30]. Therefore, the
predominant restoration mechanisms are DRV
accompanied by fine recrystallized grains during
hot compression at high temperatures.

However, hindrance caused by Al;Zr particles
still plays a major role in DRV and DRX at 480 °C
and 500 °C. Figure 8 shows TEM images of the
influence of Al;Zr particles on the microstructure
for AA2195 aluminum alloy. The dislocations are
pinned by the particles, increasing the difficulty
in the polygonization of the dislocations.
Simultaneously, these particles also restrict DRX
grain growth by inhibiting the migration of grain
boundaries (Figs. 6(d) and 8(b)). These phenomena
are consistent with the fibrous microstructures and
fine recrystallized grains observed from EBSD
images, as shown in Fig. 5.

i R N 8
(a) & 7 D
L Dislocation
if ‘p ’ Ny,
4, : S e

Fig. 8 TEM images showing influence of Al;Zr particles
on microstructure for AA2195 aluminum alloy
compressed under different conditions: (a) 480 °C,
0.1s"; (b)500°C,0.01s"

As AA2195 aluminum alloy is compressed at
480 °C, 0.1 s, the Al;Z particles exhibit good
coarsening resistance (Fig. 7(c) and Table 2), and
can effectively restrain the polygonization of the
dislocations and recrystallized grains growth.
Therefore, Al;Z particles are an important barrier
for DRV and recrystallized grains growth.

When the temperature increases to 500 °C, the
AlsZr particles partially coarsen and then transform
into the transitional Al;Zr particles, or partially
dissolve into the matrix and subsequently
re-precipitate along grain boundaries during the hot
compression  process. The coarseness and
dissolution of Al;Zr particles result in weak pinning
of dislocations and boundaries. Therefore, the
extent of DRV and DRX increases, which is
consistent with the features of stability domains of
PM. Simultaneously, the efficiency of the power
dissipation of the instability region (Regime III) is
~0.41, which is associated with DRX process [19].
However, the small triangle instability domain
(Regime III) at 490—500 °C, 0.01 s ' (Fig. 4) and
macroscopic cracks on the surface of the samples
compressed at 500 °C, 0.01 s~' (Fig. 2) indicate that
the specimens manifest the poor workability of
AA2195 aluminum alloy.

Different explanations are proposed to account
for the macroscopic cracks of the specimens
deformed at 500 °C, 0.01 s~ (Regime III) (Fig. 2).
The first possibility is that the poisoning effect of
Zr contributes to coarse grain structures [12].
However, the re-precipitation phenomena near the
grain boundaries can effectively reduce Zr content
in the matrix. The second explanation is that a large
number of necklace-like distributed Al;Zr particles
spreading along the grain boundaries (Fig. 7(f))
reduce the bond strength of grain boundaries and
ultimately generate cavity along the grain boundary.
Meanwhile, the cracking behavior is also detectable
for intergranular cracking when the specimens of
2195 aluminum alloy are compressed at 500 and
550 °C [17]. The brittle intergranular cracking of
2195 aluminum alloy indicates the decrease of
bonding strength of grain boundaries. Therefore, the
necklace-like distributed Al;Zr particles are
responsible for macroscopic cracks of AA2195
aluminum alloy at high temperatures.

As the temperature rises, the diffusion rate of
Zr increases [31-33]. Therefore, the specimens
deformed at the high temperature (500 °C) show
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macroscopic cracks (Fig. 2). Moreover, the small
triangle instability domain (Regime III) at
490-500 °C, 0.01 s~ shows a tendency to increase
with the increase of temperature (Fig. 4).
Simultaneously, the diffusion of Zr needs sufficient
time to complete because of the low diffusion rate
of Zr. Consequently, fracture occurs only at a high
strain level beyond the true strain of ~0.9.

This study has shown that although Regime III
(490-500 °C, 0.01 s ') possesses a perfect softening
effect, this instability domain should be avoided in
processing.

5 Conclusions

(1) As the specimens are deformed at 480 °C,
0.1 s', the metastable Al;Zr particles are relatively
stable and effectively impede DRV and DRX grain
growth.

(2) As the specimens are deformed at 500 °C,

the Al;Zr particles rapidly coarsen into the
transitional Al;Zr particles or dissolve and
re-precipitate  along grain boundaries. The

coarseness and dissolution of Al;Zr particles are
favorable to DRV and DRX.

(3) The necklace-like distributed AlZr
particles along the grain boundary are attributed to
the local dissolution of Al;Zr particles and the rapid
diffusion of Zr through the pipe of the grain
boundary, which results in an easily overlooked
small triangle instability domain at 490-500 °C,
0.01 s™' in PM and macroscopic cracks on sample
surface.
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=2 N ALZr FiRi st AlI-Cu—Li £45 &1
PRI FZ1T A AR N T E R 2200

Rk, SREE M !, kEF DA

F1E°, 3 k'

1. HRRY MERES TSR, HEIK 400045;
2. K RELEMFTLALE, HEIK 401120;
3. PEVEEAEN Tk, K 4013265
4. EPRRE BERKF—F R FEAE SR, HIK 401331;
5. ERRYE MU HiRFb, HK 400045

O FHSETEHESERBITR ALZr BURE A R (400~500 °C) LA K B AFH 4(0.01~10 s )2k 14 T xt
Al-Cu-Li E&E&HJEHT NN TEE, @il MW EOM). T8 AT 5 (EBSD) LK 3% 5 53

(TEM) RGUHERAEA R R4 T A& BMAN. SREW, ERAERE PN TaIAHL 6,

AR E

SER . TR T, WS AlLZe BURL RIS A AN SIS HE DU SIS MK K. MR EIEF] 500 °C B,
ER A BRE I AL Zr SRR AR ISR, BE Zr JURAE S IHPUEY 8 ALZe FURIE S AR ITH, FEFER . Xk
BRI A Al Zr POk AL A TS FE i S8 ML, 7600 L B IR A 22 4 X 38(490~500 °C, 0.01s™").

XA Al-Cu-Li #&4: AlLZr Pk, #JE45: LA

(Edited by Xiang-qun LI)



