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Abstract: The mechanical properties of large 2219 Al-Cu
alloy rings need to be further improved with the diameter
of the launch vehicle being more than 10 m. In this study,
the effects of cold rolling (CR) and cold compression on
microstructure evolution and the comprehensive mechan-
ical properties of such rings were compared. The evolution
of dislocation characteristics, grain structure, second phase,
and the mechanical properties of the T8-aged samples were
examined. Results show that compared with CR, because of
deformation characteristics, cold compression deformation
induces less increase in dislocation densities; however, the
increase in dislocation densities on the core was higher than
at other positions, resulting in a more uniform grain struc-
ture and elongation in the axial and radial direction. The
cold compression deformation contributes to the uniform
dissolution of the secondary phase, resulting in denser pre-
cipitates, and thus improved strength. Brittle fractures occur
in fewer CR samples because of the longer moving distance
of the Al matrix. In summary, both CR and cold compression
can improve the mechanical properties. However, the cold-
compressed sample exhibits more uniform microstruc-
ture and higher comprehensive mechanical properties (the
radial elongation increased from 7.1 to 11.2%; the in-plane
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anisotropy decreased from 36.6 to 8.9%), without any brittle
fractures, because of more uniform metal flow.
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1 Introduction

With the development of space exploration, the diameter
of the launch vehicle is more than 10 m, and the tank tran-
sition ring, which is the core component connecting the
tank and the rocket body, has a higher mechanical prop-
erty index [1]. Previous studies show that cold deformation
is a highly effective method, which can be used to greatly
change the microstructure of the 2219 Al-Cu alloy [2,3].
Based on the original manufacturing process, the addi-
tional cold deformation can lead to the formation of fine
grains and crystalline phases, improving the comprehen-
sive mechanical properties of rings. However, different
cold deformation modes exhibit different deformation char-
acteristics, and the microstructure evolution of cold defor-
mation is complex and difficult to control [4,5].

The microstructure and mechanical properties of Al
alloy can be fully changed by deformation via cold com-
pression [6,7]. Lu et al. [8] performed multidirectional axial
compression of a 2297 Al alloy sheet at 160°C to induce
different cumulative strains. The results show that the ten-
sile strength of the sheets increases from 267 to 480 MPa
due to the higher density and smaller precipitated phase of
the new dislocations. Due to the destruction of the dislo-
cated structures by the high-strain deformation mode, a
large amount of precipitated phase should be located in
the original dislocation, so the size of the precipitated
phase is effectively reduced. The smaller precipitated phase
also attenuates the local hardening during the tensile pro-
cess and also yields a higher elongation (11.2%). Dong et al.
[9] studied the effects of ultra-low-temperature compression
on the second-phase particles of 2219 aluminum alloy. The
results show that the ultra-low-temperature compression
disrupts the coarse second-phase particles significantly.
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The crystalline phase is more soluble in the matrix, which
enhances precipitation and reduces the stress concentration
in the matrix, resulting in a significant improvement in the
mechanical properties of the alloy.

Cold rolling (CR) is another conventional cold deforma-
tion mode [10,11]. Changela et al [12] reported that con-
strained groove pressing, followed by CR, is an effective
alternate route to produce Al alloy sheets with ultra-fine
microstructure. The 4.7 um fine crystal Al-6.5 Mg alloy was
prepared by high strain rate hot rolling at 400°C, resulting
in a combination of low ultimate strength (354 + 1 MPa) and
high elongation (34 + 0.9%). After subsequent CR treat-
ment, the ultimate strength was further increased to 454
+ 2MPa, and the ductility was 9.2 + 1.1%. The strength
improvement was mainly due to the combination of strain
hardening, grain refinement, and high Mg content because
of additional solute during CR.

Some studies were about the comparison of deforma-
tion behaviors of cold compression and CR [13]. First, the
deformation mechanisms were studied. By comparing the
deformation process and crystal orientation characteristics
of rolling and compression deformation, Fujita et al. [14,15]
found that the metal flow for the two deformation modes was
very different. Rolling was the surface material extending
around unevenly, and compression was the intermediate
material extending outwards. In addition, the textures
formed in the uniaxially compressed rod and rolled sheet
are not similar. On the other hand, the focus was on the
differences in microstructures and mechanical properties
caused by two such modes of deformation. The effects of
cold stretching and cold compression on the microstructure
evolution and strong plasticity of Al-Cu-Mg-Si alloy were
compared [16]. Compared with no deformation, the sample
with 4% cold compression had a finer & phase, higher dis-
location density, and larger contact angle of Al,Cu phases,
resulting in higher strength and lower plasticity. Compared
with 4% cold compression, the proportion of the & phase of
the cold stretching sample was higher and the contact angle
of the Al,Cu phase was smaller. Therefore, the cold stretching
sample of Al-Cu-Mg-Si alloy exhibits higher strength and
plasticity.

Guo et al. [17,18] adopted cold compression and CR to
induce the deformation of large 2219 Al-Cu alloy rings.
Both cold deformation modes cause large accumulation
of dislocations, contributing to grain refinement and dis-
solution of the Al,Cu phase, and improved strength and
plasticity of the ring. However, the two deformation modes
had different effects on the ring microstructure and mechan-
ical properties. In order to further accurately control the
microstructure and mechanical properties of the ring, this
study compared the effects of two cold deformation modes
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on the microstructure evolution and comprehensive mechan-
ical properties of the large ring, and the effects of different
cold deformations on the microstructure and properties of
the ring were fully explored. This study focused on the varia-
tion in dislocation density under cold deformation, the grain
structure of different parts, the dissolution behavior of the
second phase in the solution after cold deformation, and
the subsequent aging precipitation to further analyze the
mechanical behavior.

2 Experimental procedure

The elemental composition of the 2219 Al-Cu alloy is shown
in Table 1. Figure 1 shows the process of cold deformation
comparison of the 2219 Al-Cu alloy. The test method is
shown in Figure 2, and the process parameters are pre-
sented in Table 2. A sample with dimensions of 135 (cir-
cumferential direction) x 220 (radial direction) x 135 (axial
direction) mm was cut from the 1,200 mm 2219 Al alloy
ingots. The samples were billeted by multi-direction for-
ging first, followed by warm rolling at 240°C/25%. The
single rolling pressure was 4.0 mm, which simulated the

Table 1: The chemical composition of the 2219 Al alloy used in this test
(wt%)

Si Fe Cu Mhn Mg Zn V Ti Zr Al

02 03 602 040 002 01 0.08 008 012 Bal

Solutionizing

. 540°C/4h
cogging down

510°C/0.5h

‘Warm rolling
240°C/29%/0.3h

Temperature

Aging
155°C/30h

2. Cold rdlling/5%/(.1h Cold df ression
3. Cold compressing/5%/0.1h  25°C/3%/0.1h

Time

Figure 1: Experimental process of the cold deformation comparison.
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Figure 2: Experimental method of the cold deformation comparison.

real ring rolling process, followed by cold deformation.
According to the shape characteristics of the application
object, a large ring, the selected cold deformation mode
involved radial CR and axial cold compression. The three
specific terms of comparison include no cold deformation,
CR deformation, and cold compression deformation, with
an overall deformation of 5%. The subsequent heat treat-
ment (T8) entailed solution treatment for 4h at 540°C,
followed by water quenching and deformation via cold
compression (3%). After cold deformation, they were directly
transferred to the aging furnace for 30 h at 155°C.

The corresponding directions and positions of each
sample are shown in Figure 3. The tensile tests were con-
ducted on the WDW-100A universal testing machine with a
tensile speed of 2.0 mm'min . The shape of the mechanic’s
performance testing sample is shown in Figure 4. Tensile
tests based on the GB-T228-2002 standard were performed
in the axial, radial, and circumferential directions (AD, RD,

Table 2: Parameters of cold deformation comparison

and CD), the tensile tests were conducted thrice in each
direction, and the measured values were averaged. The grain
structure of the 2219 Al-Cu alloy was analyzed with an
OLYMPUS DSX500 metallographic microscope. The sample
was polished using the Keller reagent (HF/HCI/HNO3/H,0 =
2:3:5:190). The coarse second phase particles and fracture

Figure 3: Positions and directions of samples.

Rolling temperature (°C) Rolling deformation

Single rolling reduction (mm)

Cold deformation parameters Heat treatment

1 240 4.0
2

3

25%

None 540°C*4 h solution
5% CR +3% compression
5% CP +155°C*30 h aging
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Figure 4: The shape of the mechanical property testing sample.

structure were observed and analyzed by scanning electron
microscopy (SEM)(model: Phenom ProX desktop SEM); ele-
ment composition of phases in the Al matrix or fracture
surface and Cu content in the matrix were measured by
SEM-energy dispersive spectrometer (EDS) analysis. In this
experiment, dislocations and precipitation were observed
and analyzed via Tecnai G2 F20 emission transmission elec-
tron microscopy (TEM).

3 Results

3.1 Dislocation characteristics after cold
deformation

Figure 5 shows the dislocation characteristics of the Al
matrix after cold deformation at the core sampling loca-
tion. By scanning transmission electron microscopy-EDS
analysis, the variety of secondary phases to each sample
was all Al,Cu. As shown in Figure 5(a), warm rolling induced
obvious dislocations in the matrix, and intertwined disloca-
tion lines. The secondary phase was relatively dispersed
without an obvious relationship with dislocation structures.
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As shown in Figure 5(b), after radial CR, a large number
of dislocations accumulated locally in the Al matrix and
spread across multiple regions through the dislocation
wall. The sub-crystalline structures formed initially. Concur-
rently, many areas with lower dislocation densities were
observed. No obvious interactions between the secondary
phase and dislocation structures were found. As shown in
Figure 5(c), after axial cold compression, obvious dislocation
entanglements in most areas of the Al matrix indicated the
flow of metal flows more evenly during cold compression
than in CR, and a more uniform dispersion and accumula-
tion of dislocations. The dislocation-free area around the
secondary phase, namely the dislocation cell structure, indi-
cates that the secondary phase, as a stress concentration
location, can lead to the accumulation of a large number
of dislocations during cold compression.

With the change in the dislocation structure, the dis-
location densities also change. Table 3 shows the disloca-
tion density (obtained by XRD analysis) of samples with
different cold deformations at the core in the longitudinal
section. The relationship between the relevant data obtained
by XRD and the dislocation densities in the sample is repre-
sented by the following equations:

Table 3: Dislocation densities at each position

Core Quarter Border

(1,014 m™) (1,014 m™) (1,014 m™?)
None  0.26 + 0.03 0.30 + 0.02 0.37 £ 0.02
5% CR  0.79 + 0.05 0.86 + 0.09 0.93 + 0.10
5% CP  0.58 + 0.05 0.52 + 0.07 0.46 + 0.07

0.5 pm
? d

Figure 5: Dislocation structures after cold deformation. (a), (b) and (c) Cold deformation mode without deformation, 5% CR, and 5% cold compression,

respectively.
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Here, 626 is the half peak-width; 6, is the maximum
position of each diffraction peak; e? is the lattice strain; d is
the size of the XRD coherent diffraction zone; A (= 0.15418 nm)
is the wavelength of the X-ray; b (= 0.286 nm) is the Burr

(520)*

tan? 6, and

vector; and p is the dislocation density in m2 In

620
tan 6 sin 6’

from the XRD data. The 3 and e? values are obtained by

the corresponding 620 and 6, can be calculated

numerical fitting, and the final p value can be obtained by
direct substitution [19,20].

The dislocation density of the sample undergoing only
warm rolling was 0.26 x 10" m™2 After 5% CR deformation,
the dislocation density of the sample increased greatly,
reaching 0.79 x 10 m™ In comparison, the dislocation
density increase by cold compression was less than that
of CR, which was 0.58 x 10'* m 2. The results show that the
dislocation density of the 2219 aluminum alloy can be sig-
nificantly increased by cold deformation. The increase of
CR deformation was stronger than that of cold compres-
sion. The change in the dislocation density corresponds to
the change in the dislocation structure. The dislocation
distribution in the matrix of the CR sample was more con-
centrated, and the regions of high dislocation density and
free region were separated from each other. However, the
dislocation distribution in the cold-compressed sample was
more dispersed, and dislocations accumulated in the dis-
persed secondary phase. These factors contribute to the
differential increase in the amplitude of dislocation densi-
ties for each sample subjected to cold deformation. In addi-
tion, the standard deviation of the dislocation density of
each sample with different cold deformation modes indi-
cate the local dislocation density uniformity of alloy after
CR is lower than that of cold compression. This is related to
the deformation characteristics of CR.

After radial CR and axial cold compression, the dislo-
cation densities of the 2219 Al-Cu alloy changed signifi-
cantly peripherally, and at quarter and core positions.
Table 3 shows dislocation density values. In the case of
the undeformed sample, the dislocation densities of the
core, quarter, and edge increased successively, and the
increment from the periphery to the quarter position
was large, which is consistent with the distribution of
flow stress during warm rolling, indicating the minor
change in the deformation from the core to the quarter,
and the large change from the quarter to the periphery
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during warm rolling. Exposure to 5% radial CR substan-
tially increased the dislocation densities of different com-
ponents, and the increase in amplitude was relatively
similar, indicating uniformity of CR deformation, and the
uniform increase in the dislocation density of different
sample components. Exposure to 5% axial cold compres-
sion increased the dislocation densities of different parts,
with a maximum increase in the core, followed by the
quarter, and the periphery, indicating that the cold com-
pression contributed to the increased core deformation.
Compared with CR deformation, the deformation induced
by cold compression effectively improved the dislocation
densities of the core. However, the core dislocation densi-
ties were lower in the absence of cold deformation, which
led to uniform dislocation densities of the cold-compressed
sample.

3.2 Grain structure characteristics after heat
treatment

After heat treatment, each sample recrystallized comple-
tely. Figure 6 shows the grain structures of the sample
periphery and core under different cold deformation modes.
Table 4 presents the statistical results of the grain size. The
average grain size of the sample without cold deformation
was coarse (>162.0 um). The grain size at the periphery was
obviously finer than at the core, with a difference of 36.0 um.
Under 5% radial CR deformation, the average diameter of
the grain at the periphery and core decreased by more than
50.0 ym. The difference in size between the periphery and
the core decreased to 24.0 um. Under 5% axial cold compres-
sion, the grain diameters at both the periphery and the core
also decreased. The grain diameters of the core decreased
greatly, while the grain diameters at the periphery decreased
slightly. The difference in grain diameter between the border
and the core was only 8.0 um, and the grain structure unifor-
mity greatly improved. In addition, comparing the aspect ratio
of the three samples, it can be seen that after cold deformation,
the equiaxial degree of grains at each position showed little
change.

The statistical results of the grain size are basically
consistent with the dislocation densities of each position,
indicating the effectiveness of the method for refining
grain structure of the 2219 Al-Cu alloy via cold deformation
and additional dislocation. Cold compression is preferential
because of the larger increase in the degree of deformation
at the core, which is contrary to the effects of warm rolling.
Thus, it improved the uniformity of the grain structure.
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Figure 6: Grain structures of the sample under different cold deformations. (a1), (b1), and (c1) Longitudinal (core) grain structures in the absence of
deformation, in the presence of CR, and cold compression, respectively. (a2), (b2), and (c2) Longitudinal (peripherally) grain structures in the absence
of deformation, in the presence of CR, and cold compression, respectively.

Table 4: Statistical results of the grain size

Grain size Aspect ratio of grains
Core (pm) Border (pm) Difference (pm) Core (pm) Border (um) Difference (um)
None 198.0 + 25.0 162.0 + 22.0 36.0 1.5 1.4 0.1
5% CR 137.0 £ 14.0 113.0 £13.0 24.0 1.5 1.5 0

5% CP 146.0 + 20.0 138.0 £ 18.0 8.0 1.5 1.4 0.1
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Figure 7: Al,Cu phases of the sample under different cold deformations. (a), (b) and (c) Sample with no cold deformation, 5% CR, and 5% cold

compression deformation, respectively.

3.3 Second-phase dissolution and
precipitation behavior during heat
treatment

After heat treatment, the second phases of different sam-
ples undergoing cold deformation were dissolved to various
degrees. Figure 7 shows the corresponding characteristics
of Al,Cu phases on the core of the longitudinal section.
Table 5 presents the statistical results of Cu content
(SEM-EDS was used for elemental analysis); although the
accuracy of this test method is not the highest, it is enough
to form regular findings through obtained data from this
test). In Figure 7, the Cu content in the Al matrix near the
Al,Cu phase is compared. The yellow arrow points to the
selected measurement point, and the two measurement
points deviate from 15 um. The Cu content in the sample
matrix with 0% deformation, 5% CR, and 5% cold compres-
sion was reduced by 0.29, 0.1 and 0.21%, respectively, while
the corresponding average Cu content in the matrix was
4.77,5.03 and 4.96%, respectively. The diffusion range of Cu
atoms during the dissolution was extended under cold
deformation. The dissolution of the Al,Cu phase was ade-
quate, and the Cu content in the Al matrix was increased by
cold deformation. In addition, compared with cold com-
pression, CR facilitated the increased diffusion efficiency

of Cu atoms close to coarse Al,Cu phases during the dis-
solution process.

As shown in Table 5, the Al,Cu phase diameter and
area fraction of Al,Cu phases in the matrix with 0% defor-
mation, 5% CR, and 5% cold compression were in des-
cending order. The diffusion behavior of Cu atoms indicates
that the cold compression was more favorable to the frag-
mentation of Al,Cu particles, increasing the diffusion range
of Cu atoms. By cold compression process, there are more
dislocations accumulation on the coarse Al,Cu phases, and
such dislocation accumulation process can make more Al,Cu
phase exceed the critical load required for fragmentation,
achieve more frequent fragmentation, and lower the mean
diameter.

In addition, by comparing the standard deviation of
the Cu content in the Al matrix of samples under different
cold deformations, it can be seen that the Cu content of the
Al matrix in the 5% cold-compressed sample was the most
uniform. The minimal standard deviation indicates that
the cold compression contributed to the uniformity of
the Cu atom diffusion during the solution treatment. The
cold compression increased the number of dislocation
channels enormously around the secondary phase to pro-
mote atomic diffusion, while the secondary phase distribu-
tion was relatively dense.

Table 5: Cu content in the Al matrix (%), Al,Cu phase diameter (um) and area fraction (%)

1 2 3 4 5 6 7 8 9 10 Mean Standard Al,Cu phase Area fraction of
value deviation diameter Al,Cu phases
None 515 457 46 512 5.01 515 439 441 448 4382 477 +0.32 15.6 0.74
5% CR 527 507 475 519 483 463 524 533 521 482 5.03 +0.25 13.6 0.62
5% CP 478 482 4.82 512 524 507 492 479 4385 516 4.96 +0.17 12.5 0.53
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Figure 8 shows the TEM images of the sample under
different cold deformations after aging. Table 6 presents
the statistical results of the precipitated phase sizes. The
sampling location is the core. As shown in Figure 7(a2),
(b2) and (c2), the selected diffraction spots were analyzed
(white arrows in SAED indicate {110} and {020} directions).
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Diffraction spots of & and 6" phases are observed in the
selected diffraction spots of each sample. In TEM images,
the coarse needle-like phase is the 8 phase. which is also
the main strengthening phase of 2219 Al-Cu alloy. (In the
three-dimensional space, the 8 phase appears as a disk
shape. TEM images of only the cross section. The length of

Figure 8: Characteristics of the sample precipitate under different degrees of cold deformations. (a1), (b1), and (c1) Samples with 0% cold deformation,
5% CR, and 5% cold compression. (a2), (b2), and (c2) Corresponding diffraction spots.
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Table 6: 6’ phase results after T8 heat treatment

Average volume
fraction of the 6’
phase (%)

Average
diameter of the
6’ phase (nm)

Average
thickness of the
6’ phase (nm)

None 84 147.0 6.22
5% CR 93 1.0 5.42
5% CP 10.8 118.0 6.20

the “needle” is the diameter of the “disk,” and the width of
the “needle” is the thickness of the “disk” [21,22].) When the
@ phase is dense and uniform, the yield strength of the 2219
aluminum alloy is high. The slight, dense, and needle-like
phases are represented by 6.

Figure 8(al) shows TEM images of samples without
cold deformation, the non-uniform distribution of the &
phase, and an obvious precipitation-free area. The dia-
meter is 147.0 nm, the thickness is 6.22 nm and the volume
fraction is 8.4%. (The volume fraction can be obtained by
multiplying the average volume by the amount of the disk-
shaped precipitates on the measured area, divided by the
product of the area and the thickness of the measured
area.) As shown in Figure 8(b1), the ¢ phase diameter of
the 5% cold-rolled sample decreased to 111.0 nm and the
thickness decreased to 5.42 nm. However, the § phase dis-
tribution is denser and more uniform, without obvious pre-
cipitation-free region, and the volume fraction increased to
9.3%. As shown in Figure 8(c1), the & phase diameter of the
5% cold-compressed sample increased to 118.0 nm, the thick-
ness increased to 6.20 nm, and the distribution is distribution
is denser and more uniform, with a volume fraction of 10.8%.
The cold-compressed sample showed a greater increase in the
size and a more uniform distribution of & phase after heat
treatment, compared to the cold-rolled sample.

Cold deformation can induce a large number of
entangled dislocations around the Al,Cu phase, the disloca-
tions act as atomic diffusion channels, can improve the dis-
solution of the phases, and enhance the Cu content in the Al
matrix, increasing the density of the precipitated phases.
Compared with CR, the dislocation structures are more
inclined to wind around the secondary phases after cold
compression. Because of a denser distribution of the sec-
ondary phase, and a large number of dislocations around
the phases, the diffusion and range of Cu atoms in solution
treatment improved greatly, enhancing Cu supersaturation
in the Al matrix, and the uniform dispersion of Cu in the
matrix, resulting in denser and more uniform distribution
of the 6 phase. In addition, the size of the & phase also
increased because of such Cu supersaturation in the Al
matrix.
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3.4 Mechanical properties and fracture
behaviors

Figure 9 shows the effects of different cold deformation
modes on the overall mechanical properties of large 2219
Al-Cu alloy rings. This content only reflects the axial and
radial directions (with excellent circumferential perfor-
mance). As shown in Figure 9(a), compared with 0% cold
deformation sample, the mechanical properties were effec-
tively improved by adding 5% cold-rolled samples. The
radial yield strength increased from 310 to 368 MPa and
the elongation increased from 7.1 to 8.1%. However, the ten-
sile strength decreased significantly from 440 to 414 MPa. The
axial tensile strength increased from 421 to 453 MPa; the yield
strength increased from 323 to 334 MPa, while the elongation
increased from 6.8 to 7.6%. Under 5% cold compression, the
mechanical properties of the sample also improved signifi-
cantly, with the largest increase in the yield strength and
elongation of the ring. The radial yield strength increased
from 310 to 358 MPa, and the elongation increased from 7.1
to 11.2%. The axial yield strength increased from 335 to
361 MPa, and the elongation increased from 11.2 to 12.3%.
Both axial and radial tensile strengths improved slightly.
The mechanical properties of the samples in the current
study were compared with the previous studies. Compared
with the sample whose warm rolling deformation reaches
40%, the axial elongation is similar, and other mechanical
property indexes have no certain advantages, indicating
that the mechanical properties cannot be linearly increased
by increasing the deformation amount of warm rolling [23].
Before rolling, by changing the hot forging to warm forging,
severe plastic deformation is achieved; the tensile strength,
yield strength, and elongation of the sample are higher than
those of the current studies, especially the tensile strength
and yield strength. However, due to the severe metal flow
during the warm forging process, instability and cracking
are likely to occur, and the warm forging needs further
exploration in industry [2]. Adopting cryogenic technology
to study the deformation limit and mechanical properties of
the 2219 Al-Cu alloy is another exploration direction [24].
After cryogenic deformation treatment (-190°C/20%), the
mechanical properties have been greatly improved com-
pared with the normal temperature deformation, especially
the tensile strength and yield strength. However, with cryo-
genic technology, it is difficult to realize industrial manufac-
turing for large components. On the contrary, the cold
deformation with a small deformation amount adopted in
this study is easier to realize in industrial manufacturing,
having industrial application prospects. Moreover, many
experiments have been carried out, including complete
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shallow dimples (Al,Cu phases were surrounded by shallow
dimples) appeared on the fracture of a cold-rolled sample,
proving the occurrence of a sort of damage [26,27].

As shown in Table 7, by comparing the in-plane aniso-
tropy (IPA) of the samples obtained by CR and cold compres-
sion, the effect of the improved process on the ring anisotropy
was determined. The IPA can be calculated as follows [28]:

= XmidXmin

IPA =
ZXmax

% 100%. 3

Compared with the CR sample, the IPA based on the ten-
sile strength, yield strength, and elongation of the cold-com-
pressed sample showed a downward trend. The IPA of the
original elongation was the worst. Following process improve-
ment via cold compression, the IPA significantly decreased
from 36.6 to 8.9%. The results showed that the anisotropy of

the cold-compressed sample was obviously weakened.

4 Discussion

4.1 Deformation characteristics

The metal flow shows a large difference in deformation between
CR and cold compression. As shown in Figure 11(a) and (b),

Table 7: Statistical results of IPA

Yield
strength (%)

Tensile
strength (%)

Elongation (%)
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during the rolling process, the internal particle is mainly
subjected to tensile stress along the rolling direction (cir-
cumferential). However, during compression, the internal
particle is subjected to both axial compression stress and
tensile stress along the section perpendicular to the axial
direction [13,29]. Therefore, the metal flow in CR deforma-
tion is more concentrated, while the metal flow in compres-
sion deformation is more dispersed.

In addition, because the direction of the compression
deformation force is perpendicular to the direction of
metal flow, the direction of the rolling deformation force
is parallel to the direction of metal flow. It is difficult to
transfer the force to the core. Therefore, during the rolling
process, the strain at the periphery is larger than at the
core. The core strain is larger than at the periphery during
compression deformation. Therefore, the changes in the
grain size of different components under the two deforma-
tion modes differ [30,31]. The grain structure of the sample
after CR deformation is still in the state of “thin border and
coarse core” after heat treatment, which is consistent with
the sample undergoing zero cold deformation. Under cold
compression, the grain at the core is significantly reduced
in size after heat treatment, resulting in more uniform
changes in the state of a “thin border and coarse core” [32].

4.2 Dislocation evolution and its effects

CR and cold compression are two typical deformation
behaviors; however, the metal flow during deformation
differs. As described in Section 4.1, the metal flow is

D

None 7.5 0.5 36.6 more concentrated during rolling and more dispersed
9 . . . . .
2 o;“ EE 3'2 3"9‘ ;109.0 during compression. According to the microscopic charac-
0 . . . o 4. P .
teristics of polycrystal plasticity deformation, under low
(2) (b) © 3
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Figure 11: Deformation and stress characteristics. (a) Reference direction; (b) and (c) cold deformation under CR and cold compression, respectively.
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temperatures, the internal dislocations glide mainly within
the grain without crossing the grain boundary into the area
adjacent to the grain. Thus, the material deformation modes
determine the dislocation movement. Therefore, the disloca-
tion distribution of the CR sample is relatively concentrated,
with regions of high density and dislocation-free regions
separated from each other. In contrast, the dislocation dis-
tribution is more dispersed in the cold-compressed sample.
This phenomenon also increases the dislocation densities
after CR deformation than after cold compression [33].

As shown in Figure 12, compared with the CR deforma-
tion, the metal flow direction under cold compression is
more dispersed, with a shorter metal flow distance in the
single direction [34]. The Al,Cu phase (blue circle in Figure
12) represents the stress concentration [35]. A large number
of dislocations do not bypass the Al,Cu phase but tangle
with the AL,Cu phases, continuing to accumulate in large
quantities. During the subsequent solution treatment, a
large number of dislocations can be used as atomic diffusion
channels to fully expand the diffusion range of Cu atoms,
thus improving the density of the precipitated phase of rings
during aging [36,37]. Such dislocation accumulation process
can also cause partial Al,Cu phase fragmentation, also con-
tributing to the dissolution of Al,Cu phases. However, during
the CR process, the metal flows quickly and in a certain
direction. The Al,Cu phase is insufficient to cause the accu-
mulation of a large number of dislocations.

4.3 Comparison of microstructure and
mechanical properties

By increasing dislocation densities via cold deformation,
the degree of grain refinement can be effectively improved
by the elongation of the ring because of stronger interaction

DE GRUYTER

between grain boundaries [21]. The more uniform grain struc-
ture induced by cold compression facilitates the extension of
the alloy during the radial tensile process, resulting in better
elongations [38].

In terms of tensile strength and yield strength, the
range of increase under the two deformation modes is
relatively similar. The yield strength mainly depends on
the fine-grain strengthening and precipitation strength of
the 2219 Al-Cu alloy [39]. The contribution of fine-grain
strengthening to the yield strength can be expressed by
the Hall-Petch relationship:

4

k
Ao =0y + \/E’
where Ag is the yield strength, d is the average grain dia-
meter, k and g, are constants. The value of k = 0.04 MPa-m*?
[39]. After calculation, the increase in yield strengths is calcu-
lated to be ~1 MPa as the grain diameter decreases from 113 to
198 pm.

Precipitated phase characteristics are correlated with
the material strength. 6" phases are disk-like and non-
shearable precipitate phases, and they improvise signifi-
cantly towards the attainment of larger peak hardness by
blocking dislocations efficiently. The size and quantity of
the precipitates are deciding factors for influencing the
strength of the material [40,41]. Orowan model indicated the
following relationship between phases and shear-resistant:

Gb
= (5)
where 7 is the shear stress, G is the shear modulus, and b is
the Burgess vector. The most critical factor in determining
the yield strength is A, which is the effective distance
between precipitated phases.

Zhu and Starke [42] derived the following relationship
between @ phases and yield strengths under other constant
conditions:
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Figure 12: Comparison of Al,Cu phases and dislocation accumulation. (a) and (b) Cold deformation modes under CR and cold compression.



DE GRUYTER

(2)

Al,Cu particles

Before the deformation

(b)

Al,Cu particles
Aluminium matrix

Before the deformation

Rolling
direction

Compression
direction

Effects of cold deformation modes

. Microfissures
Al Cu particles oSS

Aluminium matrix

After the deformation

Aluminium matrix

ol

After the deformatién

Figure 13: Comparison of Al,Cu phases and brittle fractures. (a) and (b) Cold deformation mode under CR and cold compression.
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where Ag is the yield strength and r, h, and f, are the
diameter, thickness, and volume fraction of the & phase,
respectively, M is the Taylor factor, G is shear modulus, b.
is Burgess vector, and ry is the radius of the dislocation
core near the & phase [43]. The value of M = ~3.1, G = 27
GPa, ry = ~4.5nm [44], and b = 0.286 nm. After calculation,
when cold deformations are carried out, the increase in
yield strengths is calculated to be ~14 MPa as the volume
fraction and size of the & phase change. The calculated
yield strength of CR and cold compression sample is close.
The effective distance of the 6 phase is determined by the
diameter, thickness, and volume fraction. The & phase of the
cold compression sample is denser (the distance between
particles is smaller, reducing the effective distance), but
with a larger width (when the dislocation bypasses the par-
ticle, the bigger the particle, the smaller the curvature radius
of the dislocation movement, resulting in an increase in the
effective distance), leading a relatively close effective dis-
tance [45,46].

In addition, the deformation resistance during cold
deformation is large, resulting in local damage [47]. As
shown in Figure 13, after the rolling process, the Al matrix
moves around the coarse phase, and the moving distance

(6)

of the Al matrix differs in the circumferential and radial
directions, resulting in larger microfissures around the
coarse phase [48,49]. The microfissures in the tensile process
under stress concentration may result in a local failure
drastic fluctuation in mechanical properties [50,51] and
reduction in the average mechanical properties [52,53]. Con-
versely, during cold compression, the similar circumferen-
tial and radial movements of the Al matrix around the
coarse phase prevent local failures [54].

5 Conclusions

The effects of cold deformation modes on the microstruc-

ture (dislocation accumulation, grain structures, and second-

phase distribution), and their role in variations in mechanical
properties of large 2219 Al-Cu alloy rings were studied. The
main conclusions of this study are as follows:

1) Compared with CR, cold compression causes a smaller
increase in the dislocation density. However, the dislo-
cation densities at the core are higher than in other
areas, leading to a more uniform grain structure as
well as uniform elongation in the axial and radial
directions.

2) The CR deformation contributes to the dissolution of the
coarse phase. The cold compression strongly contributes
to the dissolution of the secondary phase, leading to
denser and finer precipitates of cold-compressed
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samples, resulting in improved strength. Brittle fractures
on the 5% CR samples reduce the mechanical properties
due to the deformation mechanism of CR.

3) Deformation induced by both CR and cold compression
can improve the mechanical properties of large rings,
but the cold-compressed sample exhibits more uniform
microstructures and higher comprehensive mechanical
properties (the elongation increased from 7.1 to 11.2%;
the IPA decreased from 36.6 to 8.9%) without brittle
fractures.

4) The cold deformation with a small deformation amount
adopted in this study is easier to realize in industrial
large-ring manufacturing. This process has application
prospects for mechanical properties improvement of
other large components.
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