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Abstract: High-angle annular dark-field scanning transmission electron microscopy and selected area electron
diffraction techniques were used to study the mechanism that underlies the influence of rapid cold-stamping
deformation on the fracture behavior of the elongated nanoprecipitated phase in extruded Al-Cu—Mg alloy. Results
show that the interface between the long strip-shaped S’ phase and the aluminum matrix in the extruded Al-Cu—Mg
alloy is flat and breaks during rapid cold-stamping deformation. The breaking mechanisms are distortion and brittle
failure, redissolution, and necking. The breakage of the long strip S’ phase increases the contact surface between the S’
phase and the aluminum matrix and improves the interfacial distortion energy. This effect accounts for the higher free
energy of the S’ phase than that of the matrix and creates conditions for the redissolution of solute atoms back into the
aluminum matrix. The brittle S’ phase produces a resolved step during rapid cold-stamping deformation. This step
further accelerates the diffusion of solute atoms and promotes the redissolution of the S’ phase. Thus, the S’ phase necks
and separates, and the long strip-shaped S’ phase in the extruded AlI-Cu—Mg alloy is broken into a short and thin S’
phase.
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relationship between the resolution sequence of a
supersaturated solid solution and the formation
phase of the equilibrium S phase in Al-Cu—Mg

1 Introduction

A heterogeneous microstructure that consists
of hardened precipitates and dispersoids is the
primary strengthening of Al-Cu—Mg
alloys [1,2]. The S’ phase is a key strengthening
precipitate in high-strength AlI-Cu—Mg alloys and
exhibits an orthorhombic structure with space group
CMCM [3-6]. Strong plastic deformation can
improve the precipitation phase characteristics,
such as the morphology, size, distribution, and
orientation relationship with the matrix, of
aluminum alloy, improve its microstructure, and
obtain microscale or even nanoscale fine-grained
structures [6—11]. STYLES et al [12] studied the

source

alloy. The formation time of the S phase at high
temperature is considerably shorter than that at low
temperature. YANG et al [13] studied the effects of
applied stress on the aging kinetics and precipitated
phase morphology of Al-Cu—Mg alloy and found
that applied stress promotes the precipitation of the
S’ phase by changing the force contrast between the
S’ phase and the 6’ phase in competitive
precipitation. NOURBAKHSH and NUTTING [14]
found that the flaky 6’ phase is severely bent and
broken after the large reduction cold-rolling of
A1-4%Cu alloy. MURAYAMA et al [15] observed
a needle-like #’ transition phase in the equal-

Foundation item: Project (19A131) supported by Key Scientific Research Project of Hunan Province, China; Project (2019JJ60050)
supported by the Natural Science Foundation of Hunan Province, China
Corresponding author: Ling OU; Tel: +86-731-22183432; E-mail: ouling24@126.com

DOI: 10.1016/51003-6326(20)65404-8



Cai-he FAN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2590—2598

diameter extrusion deformation of Al1—Cu alloy,
which gradually decomposed into short-chain
particles during equal-angle extrusion
processes until it redissolved into the matrix.
HUANG et al [16] used cold rolling to change the
dislocation cell structure in AlI-Cu—Mg alloy with a
low Cu/Mg mass ratio and obtained a high-density
dispersed fine S" phase. ZHAO et al [17] found that
the S phase continuously converts to the £ phase
with an increase in cold deformation degree in the
cold rolling deformation of 2024 aluminum alloy.
ZHANG et al [18,19] studied the effect of
multidirectional compressive deformation on the
precipitation phase of Al—Cu alloy and found that
the precipitation sequence of the supersaturated
solid solution formed by the redissolution of the
precipitates under strong plastic deformation is
related to heating temperature, deformation, and
postdeformation grain size.

It can be seen that the existing literature is
mainly study the characteristics of the
precipitated phase and the re-dissolution
phenomenon under the conditions of conventional
plastic deformation. There is still a lack of rapid
cold punching as the method of plastic deformation,
and the impact of the nano-precipitated phase on
the microstructure of the alloy is discussed. In order
to study the mechanism that underlies the influence
of rapid cold-stamping deformation on the fracture
behavior of the elongated nanoprecipitated phase in
extruded Al-Cu—Mg alloy, this experiment is based
on the rapid solidification of fine-grained
Al-Cu—Mg alloy billet prepared via spray forming.
The fracture behavior of the long strip S’ phase in
Al-Cu—Mg alloy during rapid cold stamping is also
studied. The analysis of the breaking mechanism of
the S’ phase lays a theoretical foundation for the
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systematic study of the evolutionary law and
strengthening mechanism of the long-shaped S’
phase.

2 Experimental

A rapidly solidified fine-grained Al-Cu-Mg
alloy cylindrical ingot prepared on a
self-developed SD380 large-scale injection molding
apparatus. Table 1 provides the chemical
composition of the alloy. The cylindrical ingot was
extruded into a d30 mm round bar on a 1250 T
extruder at 450 °C with an extrusion ratio of 15:1.
The round bar was cut into a small cylinder with
dimensions of d30 mm % 20 mm and rapidly
cold-stamped for four passes at 25 °C. The sketch
maps of rapid cold stamping are presented in Fig. 1.
The small cylindrical sample was first placed in the
mold, and the first small punch was used to rapidly
cold-stamp along the center of the sample to
complete the first pass of rapid cold forming. Then,
a large-diameter punch was used for cold-stamping
along the first pass forming hole, and four passes of
rapid cold-stamping were completed in sequence.
The parameters of rapid cold stamping are listed in
Table 2.

was

Table 1 Composition of alloy studied (wt.%)
Cu Mg Mn Si Fe
3.91 1.63  0.38 <0.03 <0.03

Al
Bal.

The samples for microstructure observation
were obtained from the center wall of the cylinder

fabricated through rapid cold forming. The
morphology, size, and distribution of the
nanoprecipitated phase of the sample were

analyzed through JEM-F200 transmission electron

—

K

As-extruded One pass

Two passes

Three passes Four passes

Fig. 1 Sketch maps of rapid cold punching (a—Sample; b—Drawing die; c—Punch)
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Table 2 Technological parameters of rapid cold punching

Pass number  Diameter/mm  Velocity/(mm-s ')
One 10 30
Two 14 25
Three 20 20
Four 27 15

microscopy (TEM). The transmission samples were
mechanically prethinned to approximately 80 um
and then subjected to twin-jet electropolishing. The
electrolytes were nitric acid and methanol (volume
ratio of 1:3) at a temperature of less than —25 °C.
The electron microscopy parameters of the
high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) were as
follows: acceleration voltage of 200 keV, electron
beam half convergence angle of 10 mrad, and beam
spot diameter of 0.20 nm.

3 Results

3.1 As-extruded sample

Figure 2 shows a HAADF—STEM images of
the as-extruded Al-Cu—Mg alloy. The elongated S’
phase in the as-extruded alloy is regularly
distributed in the aluminum matrix; the lengthwise
dimension of the elongated S’ phase is less than
300nm, and a number of dislocations are
distributed around the precipitated phases
(Fig. 2(a)). Figure 2(b) shows the interface between
the elongated S’ phase and the aluminum matrix
observed along the [001],, direction. The shape of

the S’ phase is regular, and the interface with the
aluminum matrix along the length direction of the S’
phase is flat.

3.2 Rapid cold punching sample

Figure 3 depicts a HAADF—STEM image of
the extruded Al-Cu—Mg alloy after two passes of
rapid cold-stamping deformation. The number of S’
phases increases drastically, and the S’ phases are
irregularly distributed in the aluminum matrix. The
length of the S’ phase after two passes of rapid
cold-stamping deformation is the same as that of
the extruded sample (Fig. 3(a)). The morphology of
most S’ phases has changed, and the interface
between the S' phase and the aluminum matrix is
not flat. The S’ phase distorts and breaks during
rapid cold-stamping deformation (Fig. 3(b)). The
high-magnification field TEM image shows that the
long S" phase is broken, the broken interface is
visible, and one S’ phase is broken into several parts
(4, B, C, and D). Each part undergoes drastic
twisting, B is rotated by the a; angle with respect to
A, C is rotated by the a, angle with respect to B, and
D is rotated by the o; angle with respect to C
(Fig. 3(c)).

Figure 4 shows a HAADF-STEM image of the
extruded Al-Cu-Mg alloy after three passes of
rapid cold-stamping deformation. As shown in the
figure, the number of S’ phases in the alloy is
reduced significantly compared with those in the
specimens after two passes of rapid cold-stamping
deformation. However, a large number of short rod-
shaped S’ phases are observed, and the S’ phases

P

Fig. 2 HAADF—STEM images of S’ precipitates in as-extruded AI-Cu—Mg alloy viewed along [001]4, direction
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B

Fig. 3 HAADF-STEM images of S’ precipitates in
Al—-Cu—Mg alloy undergoing two passes viewed along
[001]; direction

remain irregularly distributed in the aluminum
matrix (Fig. 4(a)). As the degree of the deformation
increases, the morphology of the S’ phase changes,
the degree of distortion is aggravated, and the
broken part of the S’ phase begins to separate from

Necking

Fig. 4 HAADF-STEM images of S’ precipitates in
Al—-Cu—Mg alloy undergoing three passes viewed along
[001]4; direction

the base metal (Fig. 4(b)). The high-magnification
TEM image shows that the region of the long strip-
shaped S’ phase is necked, and L; is considerably
larger than L,. The ends of necked region tend to
separate as the value of L,/L, increases (Fig. 4(c)).
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Figure 5 shows a HAADF-STEM image of
the extruded AlI-Cu—Mg alloy after four passes of
rapid cold-stamping deformation. This figure shows
that the number of S’ phases in this sample has
increased compared with those in the sample after
three passes of rapid cold-stamping deformation.

Fig. 5 HAADF-STEM images of S’ precipitates in
Al—Cu—Mg alloy undergoing four passes viewed along
[001]; direction

The S’ phase is short and thin, and remains
irregularly distributed in the aluminum matrix
(Fig. 5(a)). After four passes of rapid cold-stamping
deformation, the long strip-shaped S’ phases in the
extruded sample are nearly broken into short rods,
resulting in a considerable reduction in the size of
the S’ phase in the aluminum matrix (Fig. 5(b)). The
high-magnification field TEM image shows that the
necked component of the long strip-shaped S’ phase
has disappeared. The ends of the necked region
have separated, and the distance between the two
parts is L. The S’ phase has broken into several
independent parts (Fig. 5(c)).

4 Analysis and discussion

4.1 Breaking mechanism of nano-precipitated

phase during rapid cold stamping

In this experiment, rapid cold stamping
deformation has three major characteristics: low
deformation temperature (25 °C), large strain, and
high strain rate. In accordance with the general
criteria of PUGH and related research, the Al,CuMg
phase is a typical brittle phase [20,21]. Therefore,
combined with the results of this experiment, the
breaking mechanisms of the long strip-shaped S’
phase in the extruded AI-Cu—Mg alloy induced by
rapid cold-stamping deformation are as follows.

(1) Distortion and brittle fracture

The long strip-shaped S’ phase acts as the
major strengthening phase of the extruded
Al-Cu—Mg alloy and is regularly distributed in the
aluminum matrix, and the S’ phase is flat with the
aluminum matrix (Fig. 2). During rapid cold
stamping deformation, the soft aluminum matrix is
subject to severe shear deformation, which causes
the hard S’ phase to distort under the strong shear
deformation force. The torsion angle between parts
C and D is a;. When the deformation force reaches
a certain level, i.e., when the torsion angle reaches a
certain value (e.g. a; or ap), brittle S’ phase fractures
and interfaces are formed between 4 and B or B and
C (Fig. 3(c)). With the distortion and brittle fracture
of the long strip-shaped S’ phase, the drastic
increase in brittle interfaces considerably increases
the contact surface between the precipitated phase
and the aluminum matrix. The interfacial distortion
energy between the precipitated phase and the
aluminum matrix is improved, and diffusion
conditions for the solute atoms are created. The
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redissolution of the §' phase during rapid
cold-stamping  deformation accelerates. The
distortion and brittle fracture model of the long
strip-shaped S’ phase is shown in Fig. 6.

(2) Resolving and necking

Figure 7 presents a HAADF-STEM image
showing the resolved step of the S’ phase and a
model of redissolution and necking in the sample
subjected to three passes of rapid cold stamping.
The resolved step is clearly observable in the S’
phase, and the arrows in the figure are the resolving
direction. The resolved step is the product of the
twisting and brittle fracture of the S’ phase during
strong plastic deformation. Given that the distortion
and breakage of the long S’ phase considerably
improve the interfacial distortion energy between
the S’ phase and the aluminum matrix, the solute
atoms located at the region of the S’ phase with high

(@)

distortion energy are highly likely to be redissolved.
The local accelerated redissolution of the S’ phase
results in a significant reduction in the size of the S’
phase in this region, i.e., the formation of a neck
(Fig. 4(c)), which further increases the interfacial
distortion between the precipitated phase and the
aluminum matrix and can accelerate redissolution at
the necked position. Necking disappears when the
value of L,/L, is infinite, and the disappearance of
the neck causes the separation of the two parts of
the precipitated phase (Fig. 5(c)).

The presence of high numbers of resolved
steps in the S’ phase is associated with the large
contact surface of the broken particles within the
aluminum matrix. The diffusion of solute atoms is
facilitated. In accordance with the classical
thermodynamic view [22], a certain equilibrium
vacancy concentration in the crystal exists at any
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Fig. 7 HAADF-STEM image (a) and necking model (b) of precipitated phase in Al-Cu—Mg alloy undergoing three

passes
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temperature and changes positions continuously.
The existence and movement of vacancies create
conditions for atomic diffusion. The dislocation
density increases significantly during rapid cold
deformation. Dislocations will generate a large
number of vacancies in the matrix during delivery
and movement, and each time, a rapid cold shear
deformation will produce a large number of new
vacancies. Simultaneously, the long strip-shaped S’
phase is constantly twisted and broken during rapid
cold-stamping deformation, and the contact
interfaces between S’ phase and aluminum matrix
increase and are accompanied by a large number of
vacancies. The number of vacancies undergoing
strong deformation increases sharply [19,23], the
diffusion rate of solute atoms can be increased by
five orders of magnitude, and volume diffusion can
be increased by eight orders of magnitude. The
alloy was prepared through spray-forming rapid
solidification technology and had fine grains and
uniform structure. The average grain size was
approximately 5 pum. During rapid cold-stamping
deformation, the grains are further refined into
nanoscale, and thus, the grain boundary area
increases. It also provides an atomic diffusion
channel for the redissolution of the precipitated
phase, and this channel considerably promotes the
redissolution of the precipitated phase.

4.2 Fracture mechanism of nano-precipitated

phase during rapid cold stamping

Under the condition of rapid cold-stamping
deformation, the long strip-shaped S’ phase in the
extruded Al-Cu—Mg alloy wundergoes intense
distortion, brittle fracture, redissolution, necking,
and separation (Figs. 3—5). Consequently, the long
strips of S’ phases transform into short rods or even
redissolve and disappear. In contrast with that of the
extruded sample, the brittle fracture of the long strip
S’ phase remarkably increases the contact surface of
the S’ phase and the matrix, and interface distortion
can be drastically improved. This phenomenon
results in the free energy of the S’ phase being
higher than that of the matrix. The disturbance of
the energy balance between the reprecipitated phase
and the matrix creates conditions for the
redissolution of the solute atoms into the matrix.
The binding energy (E.n) and the formation
enthalpy of AH [20,21] between the Al,Cu and
AlL,CuMg phases are calculated using the first

principle equations:

Ecoh :Etlztlzl _[xAE:ﬁom +(1_xA)E§0m] (1)
AH = Egy =[5 By + (1= X)) Eggya] (2)
where E.D is the average energy per atom of
each intermetallic compound; E. _and ES  are

the energy of free atoms A and B, respectively;
E}., and EZ.. are the average energy per atom
in stable elemental A and B, respectively; xa
represents the mole fraction of atom A in the
compound.

VASILS et al [24] believed that two types of
processes will occur when precipitates are
completely dissolved into the matrix. The first
process is lattice transformation, wherein the lattice
of the precipitated phase changes into the matrix
lattice. The second process is the diffusion of the
redissolved solute atoms in the matrix; this
phenomenon increases the uniformity of the
supersaturated solid solution. The results show that
the S’ phase in the as-extruded alloy redissolves into
the aluminum matrix after three passes of rapid
cold-stamping deformation and becomes refined.
The rapid cold-stamping deformation temperature
of the alloy in this test is low, and if solute atoms
uniformly disperse into the matrix by diffusion to
redissolve the precipitate phase, the redissolution
rate must be extremely slow.

In accordance with the solid-state phase
transition theory [22], the critical size of the nucleus
(r.) is expressed as follows:

o

r.= f( e Uj 3)
where ¢ is the surface free enthalpy, AG is the
difference in volume free enthalpy between the
parent phase and the precipitated phase, and U is
the strain energy produced by the two phases. With
the fragmentation of the precipitated phase, o, AG,
and U change significantly, resulting in an increase
in the critical size (r.) of the precipitated phase. The
redissolution amount and rate of the precipitated
phase increase.

In summary, the redissolution of nano-
precipitates during strong plastic deformation plays
an important role in structural evolution. The
distortion and brittle fracture of the S’ phase during
rapid cold-stamping deformation results in a
resolved step, which accelerates the redissolution of
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the S’ phase. The partial redissolution of the phase
promotes the further necking of the S’ phase and
results in the separation of various parts of the S’
phase, resulting in the fragmentation of the
elongated S’ phase in the extruded alloy and its
transformation into a short and thin S’ phase.

5 Conclusions

(1) The interface between the strip-shaped S’
phase and the aluminum matrix in the extruded
Al-Cu—Mg alloy is flat and breaks during rapid
cold-stamping deformation. The fracture
mechanisms are distortion, brittle fracture,
redissolution, and necking.

(2) The brittle fracture of the long S’ phase
increases the contact surface between the S’ phase
and the aluminum matrix, improves the interfacial
distortion energy, and accounts for the higher free
energy of the S’ phase than that of the matrix. The
disturbance of the energy balance between the S’
phase and the matrix creates diffusion conditions
for the redissolution of the solute atoms into the
matrix.

(3) The redissolution of nanoprecipitates
during strong plastic deformation plays an
important role in structural evolution. The break of
the local S’ phase accelerates its redissolution,
resulting in the fragmentation of long S’ phase into
short and thin S’ phase.
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RIER S HXS Al-Cu-Mg & & KR SHRAETT ARSI

e, B B, MEL!, 240, Zha’
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2. ZREENFHE AR AR, #EdL 2350005
3. HEEE T O J\BF7AT, b 102202

H E: RASAEREESHAADR) RIS H BT BAEL(STEM) AL X L FAT 5 (SAED)E AR, #F 5 Pist A vh
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K ROIR SAR SRR T T8, (R PRl v A L A P Ok A B BT, FEREWTHLE 3 B T, [l
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B HRE, VTR T VS AR BG4 M. Witk SARTEPRE S s B R =R VA, i
— IR R T8, (R SRR, &R SAHGRIN S B& B 1 5, TR RS AR STHH
107 AT AEI SAH .
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