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Abstract

Alloys with grain or subgrain structures refined down to 1 lm or below usually have high strength, but often inadequate tensile duc-
tility. Past efforts in improving their ductility have usually led to a sacrifice of strength. We have developed an effective approach in
achieving both high strength and high ductility in a 2024 Al alloy. The approach involves solution-treatment to partially dissolve T-phase
particles, cryo-rolling to produce a fine-structure containing a high density of dislocations and submicrometer subgrains and aging to
generate highly dispersed nano-precipitates. It was found that the remnant T-phase particles made it very effective in accumulating dis-
locations during cryo-rolling, which in turn promoted the precipitation of nanosized S 0 precipitates with an interparticle spacing of only
10–20 nm. Such a high density of S 0 precipitates enabled effective dislocation pinning and accumulation, leading to simultaneous
increases in strength, work-hardening ability and ductility.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There has been a strong push to refine the grains or sub-
grains of metals into the submicrometer and nanocrystal-
line regimes. Such metals typically have high strength,
but their inadequate ductility has become a major issue
in their practical application. In recent years, a number
of methods have been developed to improve the tensile
ductility [1–16]. While most of the earlier approaches
improved ductility at the expense of yield strength (e.g.,
Ref. [3]), a few most recent approaches have succeeded in
simultaneously achieving high strength and ductility. One
such successful approach involves nano-precipitation hard-
ening in 7075 Al alloy [15]. The processing steps in this
approach include: (1) solution-treating the Al alloy to dis-
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solve all second-phase particles and to produce an oversat-
urated solid solution; (2) cryo-rolling at liquid nitrogen
temperature to produce ultrafine-grained (UFG) micro-
structures, and (3) aging to produce highly dispersed sec-
ond-phase nano-sized particles. It should be noted that
similar precipitation approaches were also attempted ear-
lier and produced good combinations of high strength
and ductility [17–21,12], although no simultaneous
increases in strength and ductility were achieved or verified.
For instance, equal-channel angular pressing (ECAP) has
been applied to different Al alloy systems to obtain high
strength and ductility [19–21,12,22]. Kim et al. reported
that by combining solid solutioning, ECAP and post-
ECAP low-temperature aging, the yield strength of 2024
Al alloy was improved to �630 MPa while maintaining a
respectable �15% elongation to failure. However, their
study did not explore much on the mechanism [21]. Horita
et al. studied the effect of post-ECAP low-temperature
aging on tensile behavior of Al–10.8 wt.%Ag alloy [10];
by high-resolution transmission electron microscopy
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(HRTEM), they revealed that work hardening can be
improved by producing fine ‘‘g-zone’’ precipitate particles
with sizes <50 nm dispersed in the grain volume.

In all of the foregoing investigations, the second-phase
particles were mostly or completely dissolved into the
matrix to produce a supersaturated solid solution. This
may not be desirable for some Al alloys. For example,
the high concentrations of alloying elements in the 2024
Al alloy render the alloy very brittle if all of the second-
phase (T-phase) particles are dissolved into the matrix,
making it very difficult or impossible to refine its grains
by plastic deformation methods such as cryo-rolling or
ECAP. In addition, if one leaves some second-phase parti-
cles undissolved, they could play a positive role in promot-
ing dislocation accumulation and grain refinement during
the severe plastic deformation step. This, if proved true,
may in turn promote the precipitation of nano-sized sec-
ond-phase particles during aging, which may further
enhance both the strength and ductility by resisting disloca-
tion slip and trapping dislocations.

It was the objective of this study to develop an improved
procedure for simultaneously enhancing the strength and
ductility of age-hardening Al alloys. In this approach, we
aimed to only partially dissolve the second-phase particles
during the solution treatment to improve the processability
and to enhance the precipitation of nano-sized second-
phase particles. We used 2024 Al-alloy in this study
because it represents a type of alloys that are brittle if the
second-phase particles are completely dissolved. In addi-
tion, our investigation on the 2024 Al alloy systematically
adjusted the processing parameters to obtain the optimized
strength and ductility.

2. Experimental procedure

Commercial 2024 Al alloy bars were purchased from
Alfa Aesar, with a composition of 4.5 wt.%Cu–
1.5 wt.%Mg–0.5 wt.%Mn–balance Al. The as-received
alloy was first solid-solution treated at a temperature in
the range of 493–540 �C for 1–10 h and then quenched in
water to room-temperature [23–26]. Such samples are
referred to as the solid-solution-treated (SST) samples
hereafter. The SST samples were subsequently cryo-rolled
(CR) at liquid nitrogen temperature (LN2T) to a rolling
strain up to �100% (rolling strain er ¼ ðS0 � SÞ=S, where
S0 and S are the cross-sectional areas before and after
rolling [11]), with <5% for each rolling pass. The samples
processed by cryo-rolling will be referred to as the fine-
structured samples hereafter because of their refined sub-
grain structure after processing. Temperature was moni-
tored before and after each rolling pass and the
temperature after each pass was below –150 �C. Alternate
rolling along the longitudinal and transverse directions
was used to avoid severe grain elongation. For the purpose
of comparison, room temperature (RT) rolling was also
conducted. Different schemes of aging were conducted at
100–200 �C for up to 150 h to optimize the strength/ductil-
ity combination. Vickers hardness was measured to keep
track of the hardness variation. Specimens with a gage
length of 6 mm, a thickness of �0.5 mm and a width of
3 mm were used for tensile testing, which was carried out
at a strain rate of 5 · 10�4 s�1. Microstructures were exam-
ined using transmission electron microscopy (TEM). Post-
mortem TEM specimens were cut from the gage section of
tensile samples. Energy dispersive spectroscopy (EDS) was
used to determine the composition of the precipitates under
TEM. High-resolution TEM (HRTEM) was performed to
study the precipitate morphology and the dislocation/pre-
cipitate interactions. All of the TEM specimens were pre-
pared using jet polishing with a solution of 20% nitric
acid +80% methanol at �45 ± 5 �C. TEM observations
were carried out using a Philips EM420 microscope oper-
ated at 120 kV. The HRTEM was conducted using a JEOL
3000F microscope operated at 300 kV.

3. Experimental results

3.1. Mechanical behavior

Fig. 1a displays the Vickers hardness variation as a func-
tion of rolling strain on SST 2024 Al alloy samples. It is
clear that the hardness increased with the rolling strain
for both RT rolling and cryo-rolling. However, cryo-roll-
ing at LN2T is more effective in increasing the hardness
than RT rolling. At high rolling strains, the hardness tends
to saturate.

Fig. 1b shows the hardness variation with aging time at
160 and 100 �C. In contrast to conventionally processed
2024 Al alloy, which typically shows a two-stage aging
characterized by an initial rapid hardness increase followed
by a plateau [27–29], the 2024 alloy produced by cryo-roll-
ing exhibited a peak hardness at an aging time of �12 h
without a hardness plateau during aging at 160 �C. Com-
pared to the conventional aging in 2024 Al alloy this is a
rather short time for the hardness peak to appear at
160 �C. This suggests that the fine-structure produced by
CR enhanced aging kinetics [30]. At an aging temperature
of 100 �C, the fine-structured sample showed a different
hardness evolution with aging time. Specifically, the hard-
ness increased slightly at the beginning and then decreased
at a very slow rate at longer aging times, with the maxi-
mum hardness at 30–40 h. It is of interest to note that
the maximum hardness for the 160 �C aging is about the
same as that for the 100 �C aging. The early onset of hard-
ness peak when aged at 160 �C and broad hardness peak
when aged at 100 �C are in contrast to the behavior
observed in 2024 Al alloy processed by the conventional
SST + aging route, which is discussed elsewhere [31].

Fig. 2 shows the typical tensile stress–strain curves of Al
2024 alloy at different processing states. As shown in the
engineering stress–strain curves (Fig. 2a), after solution
treatment at 493 �C for 10 h the sample has a yield strength
of �150 MPa, an ultimate tensile strength (UTS) of
�380 MPa and an elongation to failure close to 26%



Fig. 1. Vickers hardness of 2024 Al samples. (a) Variations with rolling strain: a higher Vickers hardness was obtained from the CR than from the RT
rolling. (b) Variations with aging time at different aging temperatures. The dashed lines in (a) and (b) show the trend lines over the experimental data. CR,
cryogenic rolling at liquid nitrogen temperature; RT, room temperature; SST, solid-solution treatment.

Fig. 2. (a) Typical tensile engineering and (b) the corresponding true stress–strain curves of 2024 Al alloy under different processing conditions. (c)
Comparison of the work-hardening rate curves of two types of samples. These curves correspond to different sample processing states: (i) SST at 493 �C;
(ii) SST + aging at 160 �C for 10 h; (iii) SST + CR; (iv) SST + CR + aging at 160 �C for 13 h; (v) SST + CR + aging at 100 �C for 100 h.
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(curve i). Aging the SST sample at 160 �C for 10 h
increased not only the yield strength, but also its ductility
(curve ii). Cryo-rolling the SST sample (SST + CR) signif-
icantly increased its strength, but reduced its elongation to
failure to <5% (curve iii), which is typical of cold-worked
metals. Significantly, aging the SST + CR samples dramat-
ically increased their elongation to failure, while modestly
further increasing their strength (curves iv and v). It is also
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clear that aging at 100 �C for 100 h (curve v) yielded higher
strength and ductility than aging at 160 �C for 13 h (curve
iv). The yield strength in curve (v) is �580 MPa, which is
more than three times that in curve i for the SST samples
and more than twice that in curve ii for the SST + aging
samples. Furthermore, curve (v) showed that SST +
CR + aging at 100 �C produces an elongation to failure
of �18%, of which �13% is uniform elongation. These
elongations are much larger than those of the SST + CR
samples, which are 3.8% and 3.2%, respectively. The uni-
form elongation is determined by the Considère criterion
governing the onset of localized deformation [32,33],

or
oe

� �
_e

¼ r ð1Þ

where r is true stress and e is true strain.
In contrast to most pure nanocrystalline or UFG met-

als, which often show weak work hardening or even work
softening [34–36], the SST + CR + aging samples (curves
iv and v) have evident work hardening (Fig. 2b). The nor-
malized work-hardening rate, H, ðH ¼ 1

r
dr
deÞ, is plotted as a

function of true stress in Fig. 2c. As shown, the sample
aged at 100 �C has a higher H than that in the sample aged
at 160 �C, which explains the higher ductility of the former.

Fig. 3a shows tensile strength variations with aging time
at 160 �C and 100 �C for the fine-structured samples. When
aged at 160 �C, the yield strength and the UTS peaked at
an aging time of �13 h, after which a rapid strength decline
followed. Both the yield strength and UTS dropped quickly
after the peak and then the drop slowed down at longer
aging times. Aging at temperatures higher than 160 �C
led to disappointing properties. For example, aging at
180 �C for 5 h led to a low ductility of <10% and a low
UTS of �520 MPa. Therefore, our effort was concentrated
on aging at the lower temperatures and higher temperature
aging was not studied in detail. By contrast, aging at
100 �C led to high yield strength and UTS, which contin-
Fig. 3. (a) Tensile strength variations with aging time at 160 and 100 �C. For sa
t = �13 h, then decrease with longer aging times. For samples aged at 100 �C
t = 100 h. (b) Tensile elongation-to-failure (solid symbols) and uniform elo
respectively.
ued to increase, albeit slowly, with longer aging times.
These variations in strengths are consistent with the trend
in Vickers hardness shown in Fig. 1b.

Fig. 3b shows tensile elongation-to-failure variation
with aging time at 160 and 100 �C. At 160 �C, prolonged
aging (>�13 h) also led to low ductility. A minimum elon-
gation-to-failure of �6% was observed at an aging time of
25 h, after which it recovered to �8% after aging for 35 h.
In contrast, aging at 100 �C led to a tensile elongation-to-
failure of �18% after aging for �42 h and this slightly
increased further with longer aging times.

3.2. Microstructures

The mechanical behaviors presented above were con-
trolled by the microstructures of the 2024 Al alloy at differ-
ent processing states. To correlate the observed mechanical
behaviors with microstructures, we performed systematic
TEM and HRTEM investigations on samples at different
processing states to reveal their grain structure, evolution
of the precipitates and precipitate-dislocation interactions.

Fig. 4 shows the TEM micrograph inside a grain of a
2024 Al alloy sample after SST at 493 �C for 10 h. The
grain sizes after SST were determined under TEM as
�5 lm. As shown, this grain is ‘‘very clean’’, attesting to
a very low dislocation density. The large rod-like disper-
soids were retained from SST and were identified as the
orthorhombic T-phase with a composition of Al20Cu2Mn3

by EDS analysis [37]. The boundaries of the T-phase are
very clear and sharp and free of dislocations. The width
of the T-phase precipitates is mostly <100 nm and their
aspect ratios range from 1 to 7.

These remnant T-phase particles played a critical and
positive role in grain refinement and dislocation accumula-
tion during cryo-rolling. Fig. 5 shows a sequence of dislo-
cation accumulation from small rolling strains to large
rolling strains. In Fig. 5a, where the sample was rolled to
mples aged at 160 �C, both the yield strength and the UTS reach a peak at
, the yield strength and UTS stayed nearly unchanged from t = 42 h to

ngation (open symbols) variations with aging time at 160 and 100 �C,



Fig. 4. TEM micrograph of the 2024 Al alloy after solid-solution
treatment at 493 �C for 10 h, showing low dislocation density and
remnant rod-shaped T-phase.

Fig. 5. (a) Dislocations were tangled by T-phase dispersoids after CR to a stra
and accumulated between the T-phase dispersoids after CR to �40%. (c) A
accumulated and were stored in the grain/subgrains.
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a strain of �15%, some dislocations were tangled around
the T-phase dispersoids. In Fig. 5b, the rolling strain was
increased to �40%. It is clear that high densities of disloca-
tions were trapped between the T-phase dispersoids, while
in areas without T-phase dispersoids, the dislocation den-
sity was much lower and large dislocation cells were
formed. When the rolling strain was increased to �80%,
dislocations even accumulated in the area away from the
T-phase dispersoids and were more homogenously distrib-
uted all over the grain.

The microstructure of the SST + CR samples was exam-
ined in more detail using TEM. Fig. 6a displays typical
bright-field TEM micrographs of an as-rolled sample.
The slight contrast difference was caused by small orienta-
tion variations among the subgrains. Careful inspection of
Fig. 6a suggests that most of the subgrain boundaries are
similar to the so-called ‘‘non-equilibrium grain bound-
aries’’ [38]. Fig. 6b is another bright-field TEM micrograph
in of �15%. (b) More dislocations were tangled by the T-phase dispersoids
fter CR to �80%, a very high density of dislocations homogeneously



Fig. 6. (a) Bright-field TEM micrograph of CR samples showing the lamellar subgrain structure with submicron sizes. (b) TEM micrograph showing the
subgrain morphologies and boundaries. (c) Electron diffraction with a (110) zone axis showing the refined structure; the aperture size was 1 lm.

Fig. 7. TEM micrographs of 2024 Al sample that was SST, aged at 160 �C
for 10 h and then tensile tested to an elongation of �30%. Dislocation cells
were developed during the tensile test.
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that shows more clearly the subgrain morphologies. Some
elongated subgrains are revealed with dislocations stuck
at the boundaries. Fig. 6c shows the electron diffraction
patterns with Æ110æ zone axis for the cryo-rolled samples.
The aperture size used was �1 lm. It can be seen that
the diffracted patterns were distorted into discontinuous
rings, suggesting a refined structure, but the misorienta-
tions were not large enough to yield continuous rings.
The size of the subgrains was refined to 400–800 nm after
the cryo-rolling.

Fig. 7 shows the microstructure of a sample that was
SST, aged at 160 �C for 10 h and then tensile tested to an
elongation of �30% (corresponding to curve ii in Fig. 2).
As shown, similar to many ductile metals, dislocation cells
were developed. The typical sizes of dislocation cells are
200–400 nm.

Aging the SST + CR fine-grained samples changed the
structures in two aspects. First, the high density disloca-
tions recovered extensively during the course of short aging
and grain growth occurred at long aging times due to
recrystallization. Secondly, precipitation preferentially
took place in locations where the dislocations were heavily
tangled, resulting in high density of precipitates. These two
structural changes are evidenced in the TEM micrographs
shown in Figs. 8 and 9.
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Fig. 8a shows the microstructure of a SST + CR + a-
ging sample that was aged at 160 �C for 10 h. It revealed
a lamellar subgrain structure that was retained from CR,
but the subgrain sizes remained about 400–800 nm,
suggesting that recrystallization had not yet commenced.
However, when the aging time was increased to 13 h,
equiaxied grains �1 lm in size were observed (Fig. 8b),
indicating that recrystallization had occurred. Fig. 8c
shows the microstructure of a SST, CR sample that
was aged at 100 �C for 100 h. It is evident that
recrystallization and some grain growth occurred,
which increased the average grain size to 800 nm to
1.5 lm.

The precipitates in a sample aged at 160 �C for 13 h are
shown in Fig. 9. As shown in Fig. 9a, densely distributed
nano-sized second-phase precipitates had formed during
the aging. Fig. 9b shows the second phases under a higher
magnification, in which S 0 precipitates with two different
morphologies can be seen: needle-shaped and lath-shaped,
Fig. 8. Bright-field TEM micrographs of SST + CR samples that were age
recrystallization has not yet occurred as the grains remained elongated due to
have occurred as equiaxied grains have formed; and (c) 100 �C for 100 h, whe
recrystallization.
as marked by dotted circles. Both needle- and lath-shaped
S 0-phase precipitates have a {100} habit plane with the Al
matrix. The width of the needles ranges from 2 to 6 nm and
the length ranges from 9 to 17 nm. The average spacing
between precipitate particles is �30 nm. The density of
the S 0-phase precipitates is estimated from the TEM micro-
graphs as �1 · 1015 m�2. These precipitates nucleated and
distributed homogenously in the grain volume. Fig. 9c is a
selected area electron diffraction pattern. The orientation
relationship between Al matrix and S 0 precipitates is deter-
mined as ½�1 00�Al==½100�S; ½021�Al==½0 10�S; ½01�2�Al==
½00 1�S. Longer time of aging at 160 �C led to precipitate
coarsening and a density decrease, which consequently
decreased both strength and ductility. In the samples aged
at 100 �C for 100 h, S 0 precipitates with a size in the range
of 10–15 nm had formed, at a higher density of
�4 · 1015 m�2. The interparticle spacing is �15 nm. The
microstructures after different processing procedures are
summarized in Table 1.
d at: (a) 160 �C for 10 h, where dislocation recovery was observed, but
the rolling; (b) 160 �C for 13 h, where both recovery and recrystallization
re some extent of grain growth has occurred in addition to recovery and



Fig. 9. (a) High density of S 0-phase precipitates in the SST + CR samples that were aged at 160 �C for 13 h; the precipitates were homogeneously dispersed
in the Al matrix. (b) Needle- and lath-shaped precipitates at a higher magnification. (c) Selected area diffraction pattern from image (b). The subscript ‘‘Al’’
denotes diffraction from the Al matrix and ‘‘S’’ denotes S 0-phase. The orientation relationship between Al matrix and S 0-phase was determined as:
½�100�Al==½100�S; ½021�Al==½010�S; ½01�2�Al==½001�S.

Table 1
Summary of processing states and microstructures of 2024 Al alloys

Aging Al matrix Precipitates

Shape and state Grain/subgrain
size

Small needles and plates S 0: interparticle
spacing/density

160 �C, 10 h Lamellar grains, dislocation recovery 400 nm Al2CuMg S 0 phase, orthorhombic,
high density

�20 nm/2–2.5 · 1015 m�2

�800 nm

160 �C, 13 h Equiaxed grains, recrystallization �1 lm Less high density S0 phase �30 nm/�1 · 1015 m�2

100 �C, 100 h Large equiaxed grains, recrystallization
and grain growth

800 nm Higher density S 0 phase 10 � 15 nm/�4 · 1015 m�2

� 1.5 lm

All samples were solution-treated at 493 �C for 10 h and cryo-rolled; all contains remnant orthorhombic T-phase (Al20Cu2Mn3).
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The interaction of S 0-phase precipitates with dislocations
during tensile testing was investigated using HRTEM.
Fig. 10 displays the typical inverse Fourier transformed
HRTEM images before and after tensile tests. Shown in
Fig. 10a is a typical S 0-phase precipitate in the sample prior
to tensile testing, which reveals a few dislocations in its vicin-
ity, but no dislocation inside the precipitate. This is because
the dislocations generated by CR have been annihilated dur-
ing the subsequent aging. However, after the tensile test, S 0-
phase precipitates have entangled many dislocations around
them, causing an increase of dislocation density (see
Fig. 10b). Some dislocations were also able to cut into the
precipitates, as the needle- and lath-shaped S 0 precipitates
have semi-coherent interfaces with the matrix [39].



Fig. 10. Typical inverse Fourier transformed HRTEM images of {111} matrix planes of samples aged at 160 �C for 13 h: (a) before tensile testing and (b)
after tensile testing. The white dots denote second S 0-phase/matrix interface. Few dislocations were observed in the vicinity of an S 0 precipitate particle
before tensile testing. In sharp contrast, a high density of dislocations was observed around the S 0 precipitate particles after the tensile test. Some
dislocations had cut into the S 0-phase particles.
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4. Discussion

The mechanical behaviors of fine-structured 2024 Al
alloys at various processing states are very similar to those
reported for 7075 Al alloy at similar states [15,17]. How-
ever, precipitation hardening in the 2024 alloy improved
the mechanical properties, especially the ductility, more
effectively than in the 7075 alloy. Specifically, using the
2024 Al alloy in the state of SST + CR + aging at 100 �C
as an example, precipitation hardening increased the yield
strength of the SST + CR 2024 alloy sample by 12.4%,
which is slightly higher than the 12% obtained in the
7075 alloy [15]. Significantly, precipitation hardening
enhanced the uniform elongation of the SST + CR 2024
alloy sample by approximately four times, from 3.2% to
13%, which is much higher than the 2.2 times increase
obtained in the 7075 Al alloy. These results indicate that
the processing strategy developed in this study is superior
to that reported for the 7075 alloy. This superiority is lar-
gely derived from the remnant T-phase particles that were
not dissolved during the SST.

4.1. Effect of the remnant T-phase particles on
microstructures at subsequent processing states

As shown in Fig. 5, the remnant T-phase particles acted
to trap dislocations around them, which effectively
increased dislocation density during cryo-rolling (Fig. 5a).
Consequently, areas with high densities of T-phase parti-
cles also have high densities of dislocations (Fig. 5b). More
importantly, as the CR strain increased, the high densities
of dislocations extended from areas with high density T-
phase particles to those with low density T-phase particles
(Fig. 5c). The microstructure was also refined as a result of
the increased dislocation density (Fig. 6).

Since a high density of dislocations promotes the nucle-
ation of S 0-phase precipitates [40,41], the uniformly distrib-
uted high density of dislocations led to the uniform
precipitation of a high density of nano-sized S 0-phase pre-
cipitates. As listed in Table 1, the density of S 0-phase pre-
cipitates in the sample aged at 100 �C for 100 h after
SST + CR is �4 · 1015 m�2, which is more than twice the
density reported for the 7075 Al alloy [15]. As discussed
later, this high density of S 0 precipitates led to the superior
mechanical properties of the 2024 Al alloy.

4.2. Factors affecting strength

Comparing curve iii with curve ii in Fig. 2 reveals that
cryo-rolling significantly increased the strength of solu-
tion-treated 2024 Al alloy, but the ductility decreased dra-
matically. The subsequent aging at 100 �C for 100 h further
increased the strength by 12.4% (curve v). This increase was
caused by the high density of nano-sized S 0-phase precipi-
tates generated during the aging step.

As shown in Fig. 8c, during the aging, three microstruc-
tural changes occurred. First, the grain size increased to
800 nm–1.5 lm, which should have decreased the strength
of the SST + CR sample and eliminated most the strength-
ening effect by grain refinement generated during cold roll-
ing. Secondly, the high density of dislocations generated
during CR mostly disappeared due to recovery and recrys-
tallization. This should also significantly decrease the
strength of the SST + CR sample. Thirdly, a high density
of nano-sized S 0-phase precipitates was generated during
the aging, which should increase the strength. Therefore,
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the nano-sized S 0-phase precipitates not only compensated
for the strength decrease caused by the grain growth and
dislocation density decrease, but also further increased
the strength by 12.4%, attesting to the effectiveness of a
high density of nano-sized S 0-phase precipitates in enhanc-
ing the strength. This also explains why a previous study
did not observe an increase in yield strength after aging,
although a significant improvement in ductility was
observed [10]. It is likely that the densities of second-phase
precipitates were not high enough to overcome the strength
decrease caused by the loss in dislocation density and the
thermally induced grain growth.

Precipitation strengthening depends on an effective
interparticle spacing, L 0, i.e., sp / 1

L0 [42], (L0 ¼ r=f , where
r is the average diameter of precipitates and f is the volume
fraction of precipitates). Hence, the strength increase due
to precipitation can be written as

rp ¼ k
f
r

ð2Þ

Apparently, for a fixed f, an increase of nucleation sites
would decrease the precipitate particle size, r; thus the age
hardening would be more effective. This is clearly demon-
strated in Fig. 2 and Table 1. As listed in Table 1, the
SST + CR + aging sample aged at 100 �C for 100 h has
smaller and higher density of S 0-phase precipitates and,
hence, higher strength than the sample aged at 160 �C for
10 h (curves iv and v in Fig. 2). In addition, dislocations
inside the semi-coherent S 0-phase precipitates (see
Fig. 10b) should also increase the strength [43].
4.3. Factors affecting ductility

As shown in Fig. 2, aging at 100 �C for 100 h
improved the uniform elongation of the SST + CR sam-
ple by �300% from the as-rolled state (see curves iii
and iv). This significant increase in ductility was caused
by two microstructural changes that occurred during
aging: (i) the dramatic decrease in dislocation density
and (ii) the precipitation of a high density of nano-sized
S 0-phase precipitates. The extremely low dislocation den-
sity after aging leaves much room for dislocation accu-
mulation before saturation during tensile testing, which
should certainly increase the work-hardening rate. The
high density of nano-sized S 0-phase precipitates provides
effective sites for trapping and accumulating dislocations
(see Fig. 10b), which should also increase the work-hard-
ening rate. This is also clearly demonstrated by curves iv
and v in Fig. 2, as well as Table 1. As listed in Table 1,
the SST + CR + aging sample aged at 100 �C for 100 h
(curve v in Fig. 2) has a higher density of S’-phase pre-
cipitates than the sample aged at 160 �C for 13 h (curve
iv in Fig. 2). This led to improved ductility (including
uniform elongation due to sustained work hardening) in
the former (curve v) than in the latter (curve iv). In addi-
tion, the grain growth during aging should also improve
the ductility, but we believe its effect should be second-
ary. Therefore, all the structural changes that occurred
during the aging enhance ductility, which is why we have
observed such a dramatic increase in ductility in the 2024
Al alloy after aging.

4.4. Optimization of processing parameters

We attempted to optimize the processing parameters in
this study and found that aging at 100 �C for 100 h
yielded the best strength and ductility. We also found
that the desirable final microstructure for simultaneous
high strength and high ductility is a high density of
nano-sized second-phase precipitates and low dislocation
density. The remnant second-phase particles played a
critical role in producing the high density of dislocations
during cryo-rolling, which in turn produced a high den-
sity of nano-sized second-phase precipitates. This strategy
should be applicable to other precipitation-hardened
alloys.

We believe the SST parameters should be further inves-
tigated to determine the optimum size and distribution of
the remnant second-phase particles. Small, uniformly-dis-
tributed remnant second-phase particles should be more
effective in producing high densities of dislocations during
the CR. Another issue that needs further study is how these
remnant second-phase particles affect grain refinement dur-
ing the CR. The grain size obtained in the 2024 Al alloy
after CR is not as fine as that reported for 7075 alloy. It
is unclear if this is related to the remnant second-phase
particles.

5. Conclusions

In this study, we have developed a new processing
protocol simultaneously to achieve high strength and
ductility of age-hardenable 2024 Al alloy. Unlike previ-
ous work, we purposely retained some T-phase particles
after the SST, which improved the processibility of the
alloy and, more importantly, helped with the generation
of a uniformly distributed, high density of dislocations
during the subsequent cryogenic rolling at liquid nitrogen
temperature. The high density dislocations enhanced the
nucleation of the S 0-phase during subsequent aging,
resulting in a high density of nano-sized S 0-phase precip-
itates, which in turn led to a significant increase in the
ability to work harden and consequently higher (uniform)
ductility, while modestly increasing strength at the same
time. The high density of nano-sized S 0-phase precipitates
is solely responsible for the strength increase, while both
low dislocation density and high density of nano-sized S 0-
phase precipitates are responsible for the dramatic
increase in ductility. This process has produced better
ductility than in a preciously reported case [15], in which
all second-phase particles were dissolved during SST,
attesting to its usefulness. The approach described here
may be applicable to many other precipitation-hardening
alloys.
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