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Abstract: The microstructure evolution of spray formed and rapidly solidified AlI-Cu—Mg alloy with fine grains during rapid cold
punching and recrystallization annealing was investigated by transmission electron microscopy (TEM). The results show that the
precipitates of fine-grained Al-Cu—Mg alloy during rapid cold punching and recrystallization annealing mainly consist of S phase
and a small amount of coarse AlgMn phase. With the increase of deformation passes, the density of precipitates increases, the size of
precipitates decreases significantly, and the deformation and transition bands disappear gradually. In addition, the grains are refined
and tend to be uniform. Defects introduced by rapid cold punching contribute to the precipitation and recrystallization, and promote
nucleation and growth of § phase and recrystallization. Deformation and transition bands in the coarse grains transform into
deformation-induced grain boundary during the deformation and recrystallization, which refine grains, obtain uniform
nanocrystalline structure and promote homogeneous distribution of S phase.

Key words: Al-Cu—Mg alloy; microstructure evolution; precipitate; recrystallization; deformation band; rapid cold punching

1 Introduction

Al-Cu—Mg alloy has been widely applied to
aerospace and military industries because of its
advantage such as high strength, good formability and
heat resistance [1,2]. Precipitation strengthening and
grain refinement are the main strengthening and
toughening methods. Under the conventional T6-like
heat treatment, the main strengthening phase in
Al-Cu—Mg alloy is S phase with low Cu/Mg ratios
(AlLCuMg) and 6" phase (Al,Cu) with high Cu/Mg
ratios [3—6]. Deformation not only makes the material
obtain good work hardening properties, but also
introduces a large number of dislocations during the
deformation. Aging process after deformation can
release deformation stress, promote the dispersive
nucleation and growth of precipitates, and even change
the characteristics and precipitation sequence of
precipitates [7—10]. STYLES et al [11] investigated the
relationship between the decomposition sequence of
supersaturated solid solution and the phase in
Al-Cu—Mg alloy, and pointed out that the formation

time of S phase at higher temperature is much shorter
than that at lower temperature. LI et al [12] investigated
the effect of pre-deformation on the microstructure of
high-purity Al-Cu—Mg alloy and found that the density
of S’' phase (Al,CuMg) increases while its size decreases
with the increase of pre-deformation degree. YIN
et al [13] studied the growth behavior of S precipitation
phase particles within the grains of high strength
Al—Cu—Mg alloy. It was reported that the structural units
in the GPB region formed around S phase at higher aging
temperature (above 180 °C) and hindered the growth of S
phase along the width direction, resulting in the growth
of S phase into columnar crystal. YANG et al [14]
studied the effect of applied stress on the precipitation
process of 8’ and S phases in AI-Cu—Mg alloy and found
that applied stress prevented the precipitation of ' phase
by changing the #"S ratio during the competitive
precipitation, thereby the precipitation of S phase was
promoted. It can be seen that the microstructure
evolution and phase structure characteristics of
Al-Cu—Mg alloy have been studied under the
conventional deformation and aging temperatures.

In the present work, the aluminum alloy cartridge
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was prepared by rapid cold punching and
recrystallization annealing, based on the spray formed
Al-Cu—Mg alloy with fine grains. The precipitation
phase, grain morphology and the evolution of
deformation band during rapid cold punching and
recrystallization annealing were studied. The interaction
between precipitation phase and recrystallization, the
formation mechanism of deformation band and its effect
on grain refinement were discussed.

2 Experimental

Fine-grained AlI-Cu—Mg alloy cylindrical billet was
prepared by spray forming on a self-developed spray
forming device SD380. The chemical composition of the
alloy is shown in Table 1. The cylindrical billet was
extruded into round bar with a diameter of 30 mm by a
1250T extruding machine at 723 K and the extrusion
ratio was 15:1. Cylinder samples with 20 mm in length
were cut from the bar by wire-cutting machine and then
placed in a self-designed stamping die. After four passes
of rapid cold punching and recrystallization annealing,
the aluminum alloy cartridges were prepared. The
schematic diagram of rapid cold punching is shown
in Fig. 1. The process of rapid cold punching and
recrystallization annealing is shown in Fig. 2. In
the case of recrystallization annealing, the corresponding

Table 1 Chemical composition of Al-Cu—Mg alloy (wt.%)
Cu Mg Mn Si Fe Al
4.51 1.46 0.56 <0.05 <0.05 Bal.
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Fig. 1 Schematic diagrams of rapid cold punching: a—Sample;
b—Drawing die; c—Punch

Recrystallization annealing at 763 K for 30 min

Temperature

w2
w2
I
=3
@
L
-
=
=

AS-extmded
Four-pass

Rapid cold punching at 298 K

Time
Fig. 2 Process diagram of recrystallization annealing at 763 K
for 30 min and rapid cold punching at 298 K

heating rate was 623 K/min. After holding for 30 min,
the samples were cooled to room temperature and the
next cold punching was performed. The process
parameters of rapid cold punching are shown in Table 2.

The specimens were selected on the wall of
cartridges for transmission electron microscopy (TEM)
analysis. The preparation process of TEM specimens was
as follows. The specimens were mechanically ground to
100 um before punching, and then finely ground to
70 um. After that, the specimens were twin jet
electropolished in a mixed solution of 25% nitric acid
and 75% methanol at 253 K using the voltage of 20 V.
All specimens were washed in plasma cleaner Fishione,
and their fine structures were observed in a Titan G2
60—300 transmission electron microscope. The electron
microscopic parameters observed by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) were as follows. Acceleration voltage
was 200 keV, half-convergence angle of electron beam
was 10 mrad, inner half-angle of high-angle annular
probe was 36 mrad, and beam spot diameter was
0.20 nm.

Table 2 Process parameters of rapid cold punching

Punch Diameter/mm Velocity/(mm- sh
One-pass 10 30
Two-pass 14 25

Three-pass 20 20
Four-pass 27 15
3 Results

3.1 Precipitation phase characteristics

The TEM images of the precipitation phases
after recrystallization annealing of Al-Cu—Mg alloy
specimens with different passes are shown in Fig. 3. EDS
spectra of precipitation phase in Fig. 3(a) are shown
in Fig. 4. The main precipitation phase of the alloy is S
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Fig. 3 TEM images of precipitation phases in Al-Cu—Mg alloy specimens under different conditions: (a) As-extruded; (b) One-pass;

(c) Two-pass; (d) Three-pass; (e, f) Four-pass
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Fig. 4 EDS spectra of precipitation phases in Al-Cu—Mg alloy specimens: (a) Position 1 in Fig. 3(a); (b) Position 2 in Fig. 3(a)
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phase (Al,CuMg). Due to the addition of Mn, a small
amount of coarse AlgMn phase can be observed. With the
increase of deformation passes, the degree of
deformation increases, the density of precipitation phase
increases, the size decreases, and the precipitation phase
tends to disperse. As a result of high deformation
temperature of hot extruded alloy, the coarse AlgMn
phase and S phase can be observed in the alloy
(Fig. 3(a)). After rapid cold punching of one pass and
recrystallization annealing, the size of precipitation phase
significantly decreases, especially the AlgMn phase is
refined obviously and its shape is elongated (Fig. 3(b)).
After rapid cold punching of two or three passes and
recrystallization annealing, the sizes of AlgMn and S
phases decrease further, the amount of both phases
increases, and the distribution of them in matrix tends to
be more uniform. The elongated AlgMn phase decreases
continuously, and the spherical AlgMn phase increases
(Figs. 3(c) and (d)). Compared with the cold-punched
specimens in the first three passes, the precipitation
phases in the specimens through rapid cold punching of
four passes and recrystallization annealing need to be
observed clearly at a larger multiple. A larger multiple
was used to observe the region near the grain boundary
(the square area in Fig. 3(e)). It is found that the
nano-sized precipitation phases are uniformly distributed
in the matrix, and the size and morphology of the
precipitation phases are basically the same (Fig. 3(f)).

3.2 Grain morphology

Figure 5 shows TEM micrographs of Al-Cu—Mg
alloy specimens after rapid cold punching of different
passes and recrystallization annealing. With the increase
of deformation passes, both the deformation and
recrystallization degrees of the specimens increase, the
grain size becomes finer and finer, and the grain structure
becomes more uniform. Incomplete recrystallization
occurs in as-extruded alloy specimens annealed at 763 K
for 30 min. Substructure with high dislocation density
still exists near the recrystallization zone. The
recrystallized grains are mainly in micron size, and a
small number of recrystallized grains are found in the
vicinity of coarse recrystallized grains (Fig. 5(a)). After
rapid cold punching of one pass or two passes, the grain
size of the specimens is obviously refined, the
recrystallization degree increases and the dislocation
density decreases, but it is still incomplete
recrystallization. The recrystallized grains are mainly
nanocrystalline, and some recrystallized grains grow to
coarse grains (Figs. 5(b) and (c)). After rapid cold
punching of three passes and recrystallization annealing,
the specimens are fully recrystallized, and the
microstructure becomes uniform. There are no coarse
recrystallized grains, the recrystallized grains are all
nanocrystalline, the average grain size is less than
100 nm, and the dislocation density is further reduced
(Fig. 5(d)). When the specimens are subjected to rapid

Fig. 5 TEM images of Al-Cu—Mg alloy specimens under different conditions: (a) As-extruded; (b) One-pass; (c) Two-pass;

(d) Three-pass; (e) Four-pass
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cold punching of four passes and recrystallization
annealing, the fully recrystallized structure is more
uniform and the recrystallized grains are mainly
equiaxed. Compared with the specimens through rapid
cold punching of three passes, the grain size is further
refined and the average grain size is less than 50 nm.
Due to the increase of deformation degree and strain rate,
the high dislocation density produced by cold punching
still exists in the local region (Fig. 5(¢)).

3.3 Deformation band and transition band

TEM images of deformation and transition bands in
Al—Cu—Mg alloy specimens cold-punched with different
passes are presented in Fig. 6. Deformation band with
about 100 nm in width can be observed in coarse grains
after single-pass rapid cold punching (Fig. 6(a)). When
the rectangular region in Fig. 6(a) is further enlarged, the
boundary of the deformation band with about 10 nm in
thickness can be clearly observed, which is the transition
band (Fig. 6(b)). The transition band is obviously
narrowed after rapid cold punching deformation of two
passes (Fig. 6(c)), and can hardly be observed in the case
of rapid cold punching deformation of three passes

(Fig. 6(d)).

D eforma{_ ion band ;j

4 Analysis and discussion

4.1 Interaction between precipitation phases and
recrystallization

The dissolving sequence of Al-Cu—Mg alloy from
high to low is generally GP region, S'(Al,CuMg),
S(Al,CuMg). In this the work, GP zones, S’ and S phases
are found in Al-Cu—Mg alloy specimens after rapid cold
punching of different passes and recrystallization
annealing (Fig. 7). The GP region consists of Cu and Mg
atom pairs enriched on {110} crystal plane [1] (Fig. 7(a)).
These atom pairs strengthen the alloy by pinning
dislocations. The S phase, which is semi-coherent with
the matrix, is mainly formed (Fig. 7(b)). The
non-coherent equilibrium phase of granular S phase is
formed undergoing four passes (Fig. 7(c)).

Previous studies have shown that the precipitation
sequence of precipitates in AlI-Cu—Mg alloy is related to
heating temperature, deformation amount and grain size
after deformation [15,16]. If the heating temperature can
eliminate the high stress caused by strong deformation,
the sequence is first transition phase, and then stable
phase. If the heating temperature cannot eliminate the

Fig. 6 TEM images of deformation and transition bands in AI-Cu—Mg alloy specimens under different conditions: (a, b) One-pass;

(c) Two-pass; (d) Three-pass
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Fig. 7 Phase morphologies of Al-Cu—Mg alloy specimens: (a) GP zones; (b) S’ phase; (c) S phase

high stress, the grain size is ultra-fine. The transition
phase is inhibited, and the stable phase is generated
directly when reprecipitated. Based on the spray forming
and rapid solidification technique, fine-grained
Al—-Cu—Mg alloy billet is prepared in this work. The
Al-Cu—Mg alloy cartridge is prepared by multi-pass
rapid cold punching, high temperature recrystallization
annealing, rapid heating and slow cooling. With the
increase of deformation passes, the density of
precipitation phases increases, and their size decreases
significantly (Fig. 3). A large number of S’ phases can be
observed in the specimen, which indicates that the main
dissolving process during the forming of cartridge is first
transition phase, and then the stable phase (Fig. 7).
Meanwhile, the grain structure of the specimen tends to
be homogeneous and the grains are refined to
nanocrystalline (Fig. 5). Further analysis shows that the
main reason for the above phenomena is the interaction
between precipitates and recrystallization under the
condition of rapid cold punching and high temperature
recrystallization annealing [5,6]. Rapid cold punching
significantly increases the dislocation density and
becomes the most effective absorption source of vacancy,
thus increasing the number of vacancies diffused to
dislocation. S’ phase nucleates preferentially at
dislocation. The high density dislocation introduced by
rapid cold punching provides the effective nucleation
sites for S’ phase, thereby the nucleation number of S’
phase increases with the increase of rapid cold punching
passes. It was reported that dissolving and
recrystallization compete and interact with each other
during the recrystallization annealing of supersaturated
solid solution after deformation, and that the
recrystallization process depends on the instantaneous
equilibrium of the dissolving and recrystallization [17].
In this work, the defect introduced by rapid cold
punching promotes dissolving and recrystallization
nucleation, and the dissolving phase particles in turn
pin the grain boundaries, thereby affecting the
recrystallization nucleation and growth, so as to delay the

recrystallization. Further study shows that the rapid cold
punching and recrystallization annealing process can
obviously promote the recrystallization of spray-formed
Al—-Cu—Mg alloy and refine the microstructure of the
specimens. The main reasons are as follows. Firstly,
rapid heating in this experiment makes the dissolving
particles too late to produce, reduces effectively the
recrystallization temperature, and promotes the
occurrence of recrystallization, leading to the precipitates
formed during the subsequent recrystallization annealing
to affect the recrystallization to proceed in the
recrystallized grains. Obviously, the recrystallization
annealing temperature is the critical factor affecting
precipitation and recrystallized grains [18]. Secondly,
there is a simple geometric relationship between the
recrystallized grain size Dy and precipitation phase
volume fraction f'and particle radius » [18,19]:

Dy=2rf " M

As can be seen in Eq. (1), the larger the volume
fraction of precipitation phase is, the smaller the radius
of particles is, the finer the recrystallized grains are,
which is consistent with the present result. Thirdly, the
larger the deformation amount is, the larger the
dislocation density is, thus increasing the deformation
storage energy and the driving force of recrystallization.
Meanwhile, the larger the deformation amount is, the
greater the maximum orientation difference of the
precipitation phase edge is. The larger orientation
gradient is conducive to recrystallization nucleation, thus
promoting the microstructure homogeneity and grain
refinement of the alloy. Finally, certain amount of Mn is
added to the alloy, resulting in intragranular segregation
due to the grain boundary adsorption phenomenon of Mn.
Elongated AlgMn phase is easily formed during the rapid
cold punching and recrystallization annealing (Fig. 3(b)).
The coarse AlgMn phase can further improve the
deformation storage energy and increase the orientation
difference at the edge of precipitates, thereby promoting
the occurrence recrystallization.
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4.2 Formation mechanism of deformation band and

its effect on grain refinement

During large deformation of high stacking fault
energy aluminum alloy polycrystal, due to different
crystallographic orientations of adjacent grains at grain
boundaries, the deformation of each grain must be
coordinated with the adjacent grains to maintain the
continuity of polycrystal deformation. In this experiment,
the specimens are divided into different orientation zones
in coarse grains, i.e. deformation bands, because of the
inhomogeneous stress of grains propagating to adjacent
grains or the instability of grains during plastic
deformation. Figure 8(a) shows the HRTEM image of the
deformation and transition bands after rapid cold
punching of one pass, and Fig. 8(b) shows schematic
diagram of deformation and transition bands. As can be
seen, region B is the original orientation region of the
grain, and region C is the deformation band with
different orientations from the original grain. Region 4 is
the transition band with drastic change of orientation
from region B to region C, and the orientation change

across the transition band A4 has great gradient orientation.

Studies indicate [1,20] that transition band 4 can be
either a wide orientation region or a narrow orientation
region, and can be transformed into the large angle grain
boundary, i.e. deformation-induced grain boundary,
under high strain rate deformation condition. The
mechanism of transformation from transition band to
deformation-induced grain boundary can -effectively
refine coarse grains and play an important role in
obtaining uniform fine grain structure.

Studies [20,21] demonstrate that the occurrence of
deformation band in high stacking fault energy
polycrystal depends on the microstructure and
deformation condition, and that the grain orientation
determines the rotation of grains during deformation.
The rotation of each part of coarse deformed grains
varies greatly under the action of adjacent fine grains,
resulting in deformation band or transition band. Lower
deformation temperature will increase the inhomogeneity
of deformation, so it helps to cause deformation band. In
this experiment, the grain morphologies of AlI-Cu—Mg
alloy specimens under different states are observed
(Fig. 5). It is found that the coarse grains exist in
extruded and one pass or two passes cold-punched
specimens to a certain extent. Therefore, the deformation
and transition bands can be observed in the coarse grains
(Figs. 6(a) and (b)). However, in the specimens after cold
punching of three or four passes, the grain morphology
tends to be consistent, the grain size is remarkably
uniform and the deformation band is difficult to be
observed in the specimens (Fig. 6(d)). It can be seen that
the combination of rapid cold punching deformation and
recrystallization annealing process, and the formation of

deformation and transition bands in the coarse grains
under the process plays a decisive role in the grain
refinement of the alloy, and there is a high correlation
among them.

Fig. 8 HRTEM image (a) and schematic diagram (b) of
deformation and transition bands in Al-Cu—Mg alloy
specimens undergoing one-pass deformation

5 Conclusions

(1) The precipitates of Al-Cu—Mg alloy during
rapid cold punching and recrystallization annealing
mainly consist of S phase and a small amount of coarse
AlgMn phase. With the increase of deformation passes,
the density of precipitates increases and the size
decreases significantly.

(2) Rapid cold punching promotes the dissolving
and recrystallization nucleation of the specimens by
introducing defect, and contributes to the nucleation and
growth of §' phase and recrystallization, and thus
obtaining the nanocrystalline structure and dispersed S
phase.

(3) Rapid cold punching favors the formation of
deformation and transition bands in the coarse grains,
and these bands transform into deformation-induced
grain  boundary during the deformation and
recrystallization, thus effectively refining grains and
obtaining uniform fine grains.
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