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Abstract
Simultaneously achieving high strength and ductility has been a long-standing goal in aluminum alloys, while the increase 
in strength usually leads to ductility loss. In this study, a novel thermomechanical treatment (TMT) method, i.e., pre-existing 
precipitation in coarse grain (CG) and cryogenic rolling plus warm rolling followed by peak aging, is developed to achieve 
high strength and good ductility in 211ZX aluminum alloy. As a result, a composite nanostructure including ultrafine-grained 
(UFG) and nanoprecipitation is obtained. Compared to a conventional T6 sample, the multi-step TMT sample has a finer 
grain (205 nm), while numerous GP zones and θ" phases are dispersed inside the grain. The precipitation characteristics 
are similar to the T6 sample. The yield strength (635 MPa) and ultimate tensile strength (690 MPa) are about 81% and 
53% higher than the T6 sample, respectively, with only a slight decrease in plasticity. Microstructural characterization and 
thermodynamic analysis confirmed that pre-existing precipitates and cryogenic temperatures facilitate the formation of the 
composite nanostructure. Quantitatively strengthening calculations demonstrate that the high strength is attributed to the 
ultra-fine grain strengthening and precipitation strengthening, while the high plasticity is mainly due to the reduction of 
dislocation density caused by recovery and recrystallization during the aging process as well as the massive production of 
nano-GIPs (interior grain precipitates).

Keywords  211ZX aluminum alloy · Multi-step thermomechanical treatment · Ultrafine-grained microstructure · 
Precipitation behavior · Strength-ductility synergy

1  Introduction

2xxx aluminum alloy is widely used in aerospace, transpor-
tation, and other fields due to its low density, high strength, 
and good formability [1–3]. The high strength of 2xxx 
aluminum can be attributed to interior grain precipitates 
controlled by solution treatment and aging. Besides pre-
cipitation hardening, fine grain strengthening plays a very 
significant role in determining the mechanical properties of 
the alloy. Thus, severe plastic deformation have been devel-
oped to produce materials with ultra-fine grains, such as 
equal-channel angular process (ECAP) [4–6], high-pressure 
torsion (HPT) [7, 8], and more recently, dual rolls equal 
channel extrusion (DRECE) [9, 10].

However, bulk nanostructured materials have difficulty 
achieving simultaneous improvement of strength and duc-
tility, as reported in the literature [11–15]. The low duc-
tility of ultrafine-grained materials is due to their inability 
to accumulate dislocations [16]. Thus, some researchers 
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have attempted to improve the ductility of NG materials by 
inducing nanoprecipitation in nanograin or ultrafine grain 
with the logic that dislocations are forced to accumulate 
while shearing or bypassing the nanoprecipitation, leading 
to strain hardening. Unfortunately, for precipitation-hard-
ening aluminum alloy, severe plastic deformation increases 
the density of crystalline defects, such as particularly dis-
locations and non-equilibrium grain boundaries, altering 
the precipitation sequence, shape, dimensions, and number 
density of the second phase particles during aging, which 
affects the efficiency of precipitation hardening in aluminum 
alloys [17–19]. Recently, many scholars found that cryoroll-
ing and subsequent aging increased the strength, ductility, 
and corrosion resistance of the aluminum alloy [20, 21]. 
Moreover, some scholars pointed out that cryorolling fol-
lowed by warm rolling can improve the precipitation kinetics 
and aging hardening. Mei et al. [22] have investigated the 
Al–Zn–Mg–Cu sheet and reported an increase in its strength 
through the combined treatment of warm rolling (WR) and 
cryorolling (CR). The increase in the strength of an alloy 
has been attributed to the formation of fine precipitates dur-
ing warm rolling at 393 K, and the increase in ductility has 
been attributed to the formation of fine equiaxed grains and 
the recovery effect. In addition, some researchers concluded 
that the precipitation in the initial coarse grain microstruc-
ture could also alter the aging precipitation behavior and 
improve the mechanical properties of UFG materials. For 
instance, Xu et al. [23] reported a precipitate optimization 
method wherein a high density of grain interior precipita-
tion (GIPs) was obtained inside the 2024 nanocrystalline 
aluminum alloy by the appropriate introduction of GIPs 
embryo (solute-rich structures) in the coarse grain coun-
terparts before heavy-room temperature rolling and aging.

Currently, investigations on the combined process of cry-
ogenic rolling (CR), warm rolling (WR), and heat treatment 
of 2xxx alloy are rarely reported, and the coupling influence 
factors and mechanism still need to be further explored. In 
this paper, pre-existing precipitates are introduced into the 
initial CG microstructure to architecture the nuclear-embryo 
structure of the precipitation phase. The influences of CR, 
WR, and artificial aging on microstructure and mechanical 
properties are investigated, and the relationships among the 
process, microstructure, and performance are revealed. The 
results of this research can provide theoretical support for 
the thermomechanical treatment (TMT) process design of 
the 211ZX alloy.

2 � Experimental investigation

A self-developed new high-strength and heat-resistant 
211ZX aluminum alloy was used in this study. The alloy 
has high thermal stability due to the micro-alloying of Mn, 

Zr, and rare earth metal elements. The chemical composition 
measured by the AS6 JAGUAR Fluorescence spectrometer 
was Al-6.21Cu-0.37Mn-0.057Zr-0.07Fe-0.12Si-0.051Ti-
xRE (wt.%). The hot deformation behavior and fatigue prop-
erties of the alloy have been extensively studied in previous 
work [24–26].

The sheet-shaped raw material with 10 mm thickness 
was made by melting, casting, rolling, and homogenizing 
processes. Next, the thick sheet was subjected to the multi-
step TMT process. First, the sample was solution treated at 
803 K for 16 h, followed by aging at 433 K for one hour. 
This sample was labeled as the UA sample throughout the 
manuscript. Next, the UA sample was cryogenically rolled, 
and the thickness reduction was 8% per pass. Before each 
rolling pass, the sheet was immersed in liquid nitrogen for at 
least 20 min to ensure the sheet was rolled at a temperature 
close to that of liquid nitrogen. Subsequently, the cryogeni-
cally rolled sample was warm rolled at 363 K–443 K with a 
30%-60% reduction in a single pass. Lastly, the warm rolled 
sample was aged for 100 h at either 373 K, 393 K, or 413 K. 
For comparison, the peak-aging T6 sample was treated at 
803 K for 16 h, followed by aging at 393 K for 24 h. A 
double roll mill with a diameter of 450 mm and a rolling 
speed of 20 rpm was used in the TMT process. A detailed 
summary of the sample identification and the corresponding 
process conditions is shown in Fig. 1.

The mechanical performance of the samples was char-
acterized using Vickers microhardness and tensile testing. 
All samples were polished, and the hardness tests were per-
formed on the samples at a load of 200 g and a dwell time 
of 10 s using an FM-800 micro-Vickers hardness tester. The 
reported values are the average of 10 indentations for each 
sample. For tensile testing, the rolled sheets were machined 
into dog-bone-shaped samples with a gauge length of 15 mm 
and a cross of 5 mm × 1 mm along the rolling direction. 
The tensile test was conducted on an MTS-810 tensile test-
ing machine at room temperature, and the tensile rate was 
1 × 10–3 s−1. The values of strength and ductility were taken 
from an average of three samples.

The longitudinal, transverse, and rolling sections of the 
sheets under different processing conditions were ground by 
SiC papers and then polished with Al2O3 paste. The micro-
structure of the samples was observed using an OLYMPUS 
optical microscope after the sample was etched in Keller’s 
reagent (1.5 mL HCl, 1 mL HF, 0.5 mL HNO3, and 95 mL 
distilled water). A SUPRA 40 scanning electron microscope 
(SEM) with a voltage of 20 kV was used to reveal the mor-
phology of the tensile fracture of samples with different 
states.

Foils for transmission electron microscopy (TEM) obser-
vation were cut from the sample by wire electric discharge 
machine along the ND-RD cross-section and prepared by 
jet electropolishing in an electrolyte of 30% HNO3 and 
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70% CH3OH at 298–303 K with an electrolysis voltage of 
12–15 V and a current of 60–80 mA. The grain structure, 
dislocation morphologies, and precipitate characteristics of 
these samples were observed on FEI G2 F20 TEM equipped 
with a high-angle annular dark field (HAADF) detector.

X-ray diffraction (XRD) analysis was conducted on a 
PANalytical-Empyrean X-ray diffractometer using Cu Kα 
radiation (40 kV, 10 mA). Jade 6.0 software was used to 
analyze and calculate the XRD results to obtain dislocation 
density results [27, 28]. Three pole Figures (111), (200), 
and (220) were characterized with a PANalytical-Empyrean 
X-ray diffractometer using the Schulz back-reflection method 
to measure the macro-textures of the various samples. Due 
to the inhomogeneity of the microstructure through-thick-
ness of the alloy sheets during TMT processing, the texture 

at one-fourth thickness of the sheet is commonly considered 
to be the average texture. The series expansion method was 
used to calculate the orientation distribution function (ODF) 
for each sample, and JETX software was used to draw the 
ODF map and calculate the volume fraction of texture.

3 � Results

3.1 � Mechanical properties

Figure 2a presents the effect of rolling reduction on the 
hardness of 211ZX alloy after CR. CR with reductions of 
30%, 50%, and 70% increases the microhardness from 91 
HV (after a solution treatment) to 143 HV, 159 HV, and 169 

Fig. 1   Experimental scheme of 
thermomechanical treatment 
(TMT) process

Fig. 2   Hardness curves: a UA 
samples cryogenically rolled 
with different reductions; b CR 
samples warm rolled at different 
temperatures with 50% rolling 
reduction; c CR samples warm 
rolled at 403 K with different 
reductions; d WR samples aged 
for 100 h
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HV, respectively. The UA sample with a reduction of 70% 
is defined as the CR sample. Figure 2b shows the variation 
in the hardness of CR samples subjected to warm rolling at 
different temperatures with a 50% reduction. The hardness 
first increases and then decreases. The maximum value is 
183 HV when the rolling temperature is 403 K. The CR 
sample is subjected to different reductions at 403 K to fur-
ther determine the appropriate reduction for warm rolling, 
and its changes in hardness are shown in Fig. 2c. It can be 
found that all CR samples show a similar trend with defor-
mation temperature: hardness decreases after reaching its 
peak, and the maximum value is 188.5 HV when the rolling 
reduction is 60%. The hardness increment of the WR sample 
reflects the effectiveness of WR after CR in improving the 
mechanical properties. Thus, the CR sample warm rolled 
at 403 K with 60% rolling reduction is defined as the WR 
sample. In fact, the hardness increases with rolling strain 
due to the introduction of many dislocations and provides 
strain hardening. However, during the high temperature and 
larger rolling reduction, recovery and recrystallization occur, 
reducing the hardness of the alloys [12]. The WR samples 
are then aged successively at 373 K, 393 K, and 413 K for 
100 h, and the hardness is shown in Fig. 2d. It can be seen 
that the hardness tends to increase first and then decrease 
with an increase in aging time. The trend is associated with 
hardening precipitation levels [14]. According to the hard-
ness curve, the time taken to achieve peak hardness in the 
WR sample for 393 K is significantly reduced. Peak aging 
with a hardness of 201.4 HV is attained after 24 h at 393 K, 
which is defined as the WR-PA sample. A detailed summary 
of the sample identification is listed in Table 1.

The typical tensile stress–strain curves and mechanical 
properties values of 211ZX alloy at different processing 
states are shown in Fig. 3a and Table 2, respectively. Accord-
ing to Table 2, the T6 sample exhibits a relatively low yield 
strength (YS) of 350 MPa and ultimate tensile strength 
(UTS) of 450 MPa. On the other hand, the CR sample dis-
plays a higher yield strength (YS) of 510 MPa and ultimate 
tensile strength (UTS) of 549 MPa. After WR and aging, the 
yield strength and ultimate tensile strength reach up to 

639 MPa and 690 MPa, respectively. The results indicate 
that TMT significantly improved the strength of the 211ZX 
alloy. The elongation of the CR specimen is only 5.3%, indi-
cating that many dislocation multiplications occur during 
the CR process, depleting the strain-hardening ability [16]. 
However, the elongation of the WR-PA sample increased to 
10.5%, suggesting that warm rolling and aging improve the 
ductility of the CR sample. The work hardening rate curves 
are shown in Fig. 3b. It can be seen that the work-hardening 
rates of the CR, WR, and WR-PA samples decrease rapidly 
with increasing rolling reduction, while the decline rate 
slowed down for these samples. The work hardening rate 
(

Θ=
1

𝜎

(

𝜕𝜎

𝜕𝜀

)

𝜀̇

)

 reflects the plastic deformation ability of 
materials. Typically, when Θ > 0, dislocations are further 
stored during deformation, and the materials are in a uniform 
deformation stage [29]. For the CR sample, the inflection 
point is located when the value of the true strain is 3.26%, 
while the inflection point is located when the value reaches 
8.14% for the WR-PA sample. This result explains the higher 
ductility of the latter. Moreover, the WR-PA sample exhibits 
the highest product of strength and elongation of 
7245 MPa%, which is 1.81, 1.53, and 1.33 times that of the 
T6 sample. Clearly, the WR-PA sample has the best strength-
plastic synergy.

A careful examination of the fracture surface is made 
to reveal the mechanism involved in the fracture process. 

Fig. 3   a Tensile engineering 
stress–strain and b work harden-
ing rate (Θ) curves of 211ZX 
aluminum alloy under different 
process conditions

Table1   Sample identification and the corresponding processing con-
dition

Sample Processing

UA Solution treated at 803 K for 16 h and aging at 433 K for 
one hour

CR Cryogenically rolled UA sample with a reduction of 70%
WR CR sample warm rolled at 403 K with 60% rolling reduc-

tion
WR-PA WR sample aged at 393 K for 24 h
T6 Solution treated at 803 K for 16 h and aging at 393 K for 

24 h
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Figure 4a, c, e display the macroscopic fracture surfaces of 
the UA, WR, and WR-PA samples, while Figs. 4b, d, and f 
are the corresponding high-magnification images. The UA 
sample exhibits a typical ductile failure. Numerous dim-
ples as large as several micrometers over the entire fracture 
surface are found at high magnification (Fig. 4b). After 
the fracture, the fracture surface of the WR sample is rela-
tively smooth. WR sample displays micro-delaminations 
marked by the small (red) arrows in Fig. 4c. Similarly, 
the fracture surface of the WR-PA sample (Fig. 4e) also 
contains the characteristic of laminates. It is clear that the 
large dimples are replaced by fine dimples in the WR sam-
ple, resulting in a relatively low elongation. The same phe-
nomenon was detected in the subsequent WR-PA sample, 
as shown in Fig. 4f. However, high-magnification images 
of the WR-PA sample reveal that such dimples are elon-
gated rather than equiaxed, demonstrating that the more 
uniform plastic deformation occurs in the WR-PA sample 
[16]. Besides, comparing Fig. 4c with Fig. 4e, some shal-
low tear dimples are observed in the WR-PA sample, and 
a significant lamellae fracture formed by the junction of 

small deep dimples is visible. This may be another reason 
for the higher elongation of the WR-PA sample [16].

3.2 � Microstructural evolution

The microstructure evolution of the 211ZX aluminum alloy 
after different processes was studied by TEM. Figure 5a dis-
plays that some spherical or rod-shaped particles with sizes 
of 100–500 nm are dispersed in the UA sample, which is 
verified as the T phase (Al20Cu2Mn3) by EDS analysis in the 
previous work conducted by the authors [30]. The distrib-
uted T-phase played a critical role in preventing grain growth 
[31]. In addition, many perpendicularly distributed needle-
like precipitates are observed in Fig. 5b. High magnification 
TEM image indicated that the lengths of precipitates of the 
UA sample range from 10 to 20 nm, and the thickness is sev-
eral nanometers (Fig. 5c). Their fast Fourier transform (FFT) 
diffractograms with simulated diffraction patterns are shown 
in Fig. 5d, e, f to identify these precipitates in the UA sam-
ple. In Fig. 5d, some continuous streaking appears along the 
{020}Al direction, indicating that the corresponding precipi-
tates are the GP zone [32]. The FFT diffractogram in Fig. 5e 

Table 2   Mechanical properties 
of the tested samples

Sample Ultimate tensile 
strength /MPa

Yield strength 
/MPa

Elongation /% The product of the strength 
and elongation (PSE) 
(MPa·%)

T6 450 350 12.1 5445
CR 546 510 5.3 2893.8
WR 631 598 6.9 4353.9
WR-PA 690 635 10.5 7245

Fig. 4   Fracture morphology of samples with different states and different magnifications: a, b UA sample; c, d WR sample; e, f WR-PA sample
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displays some continuous streaking along the {200}Al direc-
tion, indicating that the corresponding precipitates are the 
θ″ phase [32]. Moreover, a bright spot at the {110}Al can be 
seen in Fig. 5e. Such characteristic feature indicates that the 
precipitates are θ′ phase as reported in [33, 34].

Figures 6a, b show TEM bright-field images of the CR 
samples. It can be found that equiaxed grains and precipi-
tates disappear in the matrix, and many dislocation cells and 
dislocation bands are observed in the matrix. These results 
indicate that the precipitates are completely redissolved after 
a 70% rolling reduction. Figures 6c–e are the TEM images 
of the WR samples. As shown in Fig. 6c, high densities 
of dislocations were trapped around the T-phase particles. 
However, the dislocation density is much lower in the area 
without T-phase particles. Different dislocation density indi-
cates that the remaining T-phase plays an important role 
in dislocation accumulation during the CR process [31]. 
Meanwhile, the dislocation cells increase in size to about 
500–600 nm in Fig. 6d. A sub-grain was observed in the 
high-magnification image of Fig. 6d1. The corresponding 
diffraction spots in Fig. 6d2 demonstrate short arc diffrac-
tion spots, suggesting that sub-grain structures with small 
misorientation were formed during WR [35]. However, there 
are no obvious precipitates in HRTEM imaging (Fig. 6f), 
and the corresponding diffraction spots also prove the result. 

Therefore, it can be concluded that precipitates cannot form 
in the WR process. This result can be further confirmed by 
the XRD analysis shown in Fig. 9.

Figure 7 displays TEM images of the WR-PA sample. 
The dislocation cell in the sample has been transformed into 
equiaxed grains with an average size of 205 nm (Fig. 7b). 
The equiaxed grains have flat and straight boundaries, 
indicating that boundaries are formed with larger misori-
entation (Fig. 7c). Xu et al. pointed out that the form of 
misorientation originated due to dislocation multiplication, 
rearrangement, and dislocation reaction. Meanwhile, some 
other equiaxed grains have blurred interfaces, showing that 
mostly loose dislocation structures exist in grain boundaries. 
The corresponding diffraction spots consist of continuous 
rings, indicating a significant grain refinement (Fig. 7d) [35]. 
Furthermore, the bright field image (Fig. 7e) and high-angle 
annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) image (Fig. 7f) display that the 
many needle-shaped precipitates are uniformly distributed 
in the grain interiors viewed along < 011 > Al (Fig. 7e). The 
presence of dispersed precipitates can be attributed to the 
nucleation and growth during the aging treatment. Addi-
tional inspection shows that these precipitates primarily 
grow along the {100}Al and {010}Al directions of the matrix 
according to the diffraction spots (Fig. 6i). Meanwhile, these 

Fig. 5   a T phase in the UA sample; b TEM micrograph of the UA sample; c high-resolution transmission electron microscopy (HRTEM) of the 
UA sample; d–f diffraction spots of GP Zone, θ′′, and θ′ phase in the UA sample after fast Fourier transform (FFT)
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diffraction spot features indicate that the precipitates mainly 
consist of the GP zone and θ" phase.

The TEM images of the traditional peak-aging treatment 
T6 sample are also shown in Fig. 8 to further investigate the 
effect of thermomechanical treatment on the precipitation 
behavior of 211ZX alloy. Figures 8a, b show that numerous 
needle-like precipitates occurred in the T6 sample. The pre-
cipitates are confirmed to consist of the θ' phase with a small 
amount of GP zone and θ′' phase according to the diffraction 
spots (Fig. 8d). The size of θ' precipitates is measured to be 
approximately 100 nm long and 10 nm thick. The length 
of the GP zone is less than 10 nm, while the length of the 
θ′' phase is less than 30 nm. According to the orientation 

relationship observed in the FFT diffractograms in Fig. 8d, 
the GP zone, θ', and θ'' precipitates grow along the [100] 
and [010] directions of the matrix. Additionally, the orienta-
tion relationships of θ' and θ'' precipitates concerning the Al 
matrix can be identified as follows: < 100 > Al// < 100 > θ' 
and < 100 > Al// < 100 > θ''.. The detailed precipitates infor-
mation of the corresponding samples has been listed in 
Table 3. 

3.3 � XRD analysis

Figure 9a, b shows XRD patterns of the UA sample and 
CR sample with 50% and 70% reduction. The XRD profiles 

Fig. 6   a TEM image of the CR sample; b the dislocation band in the 
CR sample; c TEM image of the WR sample; d dislocation cell in the 
WR sample; d1 sub-grain in the WR sample; d2 the diffraction spots 

of WR sample; e high magnification of the WR sample; e1 HRTEM 
image of e image; e2 the diffraction spots of e image
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reveal the slight shifting of peaks from the standard posi-
tions to smaller Bragg angles, particularly for the CR sam-
ple with a 70% reduction. According to Bragg’s law, the 
(220) interplanar spacing of the UA sample and CR sam-
ples with rolling reduction of 50% and 70% are calculated 
to be 4.0524 Å, 4.0584 Å, and 4.0624 Å, respectively, 
which are higher than the lattice constant of pure alu-
minum (4.04 Å). This indicates partial or complete disso-
lution of precipitates into the matrix and the introduction 
of lattice mismatch during CR. The result also suggests 
that increasing rolling reduction promotes the dissolution 
of precipitates. Figure 9c displays the XRD pattern of the 
CR, WR, and WR-PA samples. The trend of 2θ values 

follows 2θCR-(220) < 2θWR-(220) < 2θWR-PA-(220), which means 
that dCR-(220) < dWR-(220) < dWR-PA-(220). The results suggest 
that dissolution transformation occurs during the WR and 
PA processes. However, the XRD pattern shows that the 
diffraction peak of the precipitates does not appear in the 
CR and WR samples but rather in the 40°–45° range for 
WR-PA samples (Fig. 9d). The results suggest that the 
precipitate’s reaction only occurs in the PA process, which 
was also confirmed by TEM observations.

The Williamson-Hall formula (1) is commonly used to 
calculate grain size (D) and lattice microstrain (ε) in the 
deformed structure [27, 28].

Fig. 7   a TEM image of the WR-PA sample; b the grain size distri-
bution of the WR-PA sample; c microstructure of the WR-PA sam-
ple along the [110] zone axis; (d) the diffraction spots of the WR-PA 
sample; e the UFG in WR-PA sample; f the HAADF-STEM image 

of WR-PA sample g precipitate in the WR-PA sample; h HRTEM 
image of the precipitate in the nanocrystals; i the diffraction spots of 
g image
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Fig. 8   a bright-field TEM 
images; b high magnification 
TEM image of the T6 sample; 
c HRTEM image of GP zone, 
θ′' phase and θ' phase; d the 
corresponding diffraction spots 
of image c 

Fig. 9   XRD pattern of the UA 
and CR samples: a fast scan; b 
slow scan; XRD pattern of the 
CR, WR, and WR-PA samples: 
c fast scan; d slow scan
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where B is the full width at half maximum (FWHM) and 
�B is the Bragg angle, K is a constant (K = 0.9), λ is the 
wavelength of Cu radiation (λ = 0.154 nm), D is the grain 
size, and ε is the micro-strain. The values of D and ε can be 
obtained from the intercept and the slope of the fitted line 
after the linear fitting of B cos �B and sin �B . In addition, the 
dislocation densities are calculated as follows [27]:

where ρ is the dislocation density and b represents the Bur-
gess vector of aluminum alloy (b = 0.286 nm).

The results obtained from Eqs. (1) and (2) are shown in 
Fig. 10. As can be seen, the dislocation density in the CR 
sample is 1.68 × 1014 m−2. After WR processing, the dislo-
cation density in the WR sample is slightly increased. This 
result indicates that a dynamic balance between dislocation 
annihilation and dislocation multiplication occurs during 
WR processing. In the subsequent peak aging, the disloca-
tion density significantly decreases due to the annihilation 
of dislocations caused by precipitation and recrystallization.

The texture components affect the mechanical prop-
erties of alloys and can be quantitatively calculated by 
orientation distribution functions (ODFs) [36]. Face-cen-
tered cubic (fcc) metallic materials, brass, S, and copper 
textures commonly undergo cold rolling, and cube and 
Goss textures are normally formed by recrystallization. 
The exact positions of ideal textures in three ODF sections 
with a constant φ2 of 0°, 45°, and 65° are displayed in 
Fig. 11a [37]. Figures 11b–d show the corresponding ODF 
sections of the UA, WR, and WR-PA samples, respec-
tively. It can be found that they have different texture com-
ponents. The texture is relatively weak for the UA sample. 

(1)B cos �B =
K�

D
+ � sin �B

(2)� =
2
√

3�

Db

On the other hand, the WR sample mainly consists of roll-
ing texture, including Brass, copper, and S orientation. 
Moreover, Goss and cube textures can also be observed in 
the WR sample. The appearance of Goss and cube texture 
confirmed the occurrence of recrystallization. This also 
explains the reason for the formation of some ultrafine 
grains during WR. After peak aging, these textures remain 
up to the WR-PA sample, but the intensity of brass, cop-
per, and S textures is slightly lower than the WR sample. 
The reason is that peak aging makes the rolling texture 
transform into a recrystallization texture. Some theories, 
such as the maximum energy release theory, micro-growth 
selection theory, and selection growth theory, were pro-
posed to explain texture evolution during aging [37].

The volume fractions of different texture components at 
various samples were calculated, as indicated in Fig. 12. 
As shown in Fig. 12a, the volume fractions of brass, S, 
and copper textures in the UA sample are the lowest. The 
values are 5.83%, 5.42%, and 4.49%, respectively. After 
WR, the values of brass, S, and copper textures evidently 
increase to 33.76%, 11.53%, and 15.19%. This indicates 
that the deformation textures increased. Figure 12b dis-
plays the change of recrystallization texture. It is clear 
that the UA sample remains as the recrystallization tex-
ture from the as-received alloy, and the corresponding 
volume fractions are 5.25% and 6.13% for cube and Goss 
orientations. Company to the UA sample, the recrystalliza-
tion texture of the WR and WR-PA samples increases to 
13.54% and 17.71%, respectively. Accordingly, the random 
texture volume fraction decreases gradually. The aver-
age Taylor factors can reflect the influence of texture on 
strength, which is related to the volume fraction of texture 
components in the alloy. Based on the texture results, the 
average Taylor factors of the UA, WR, and WR-PA sam-
ples can be calculated according to [38], and the results 
are shown in Fig. 12d.
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4 � Discussion

4.1 � Effect of TMT on precipitation behavior

The 211ZX aluminum alloy is a type of age-hardening 
aluminum alloy. The typical precipitation sequence can be 
described as follows: supersaturated solid solution → GP 

zones → θ″ → θ′ → θ. The coherent GP zone and θ″ phase are 
regarded as the dominant strengthening phases at the peak-
aging condition [39]. However, SPD accelerates the precipi-
tation kinetics and changes the precipitation sequence. The 
primary reason is that grain boundaries produced by SPD 
are characterized by relatively high energy, excess free vol-
ume, dislocation content, disordered atomic structure, and 

Fig. 11   a Schematic drawing of section (φ2 of 0°, 45°, and 65°) of ODF with typical texture components for FCC materials; ODFs (φ2 of 0°, 
45°, and 65°) of the different samples: b UA sample; c WR sample; d WR-PA sample
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energetically metastable state compared to their equilibrium 
counterpart. Therefore, incoherence precipitates with poor 
crystallographic match form directly at the grain boundaries 
to reduce high interfacial energy [40, 41]. On the other hand, 
these non-equilibrium grain boundaries act as fast diffusion 
paths for solute atoms and accelerate atomic diffusion and 
the segregation of solute atoms attached to the grain bound-
ary. Accordingly, the chemical condition of the grain bound-
ary precipitate can be easily satisfied.

In this work, HRTEM analysis confirms that the major-
ity of the precipitates are located in the WR-PA sample 
matrix, and the GIPs phase mainly consists of the GP zone 
and θ "phase, i.e., the same as with the T6 sample. Such 

precipitate characteristics are attributed to the pre-existing 
precipitation and processing history of the 211ZX alu-
minum alloy. First, CR can effectively suppress dynamic 
recovery and accumulate a higher density of dislocations. 
Consequently, high-density dislocations provide more 
nucleation sites for precipitations. Moreover, the high 
density of mobile dislocations effectively promotes the 
dissolution of pre-existing precipitation [42]. On the other 
hand, the ultra-low temperature can suppress the diffusion 
of dissolved solute, forming an enriched zone with Cu 
vacancies that serve as embryos of the GP zone during 
WR and subsequent aging [43]. Considering Cu diffusing 
in Al, the diffusion coefficient (D) can be calculated by the 
following formula [44]:

where D0 is the pre-exponential coefficient that includes the 
jump frequency, Q is the activation energy, T is the tem-
perature, and R is the gas constant (8.314 J·mol−1·K−1). 
The values for Cu bulk diffusion in a single Al crystal are 
D0 = 6.47 × 10–5 m2/s and Q = 135.1 kJ/mol at 630–926 K. 

(3)D = D0 exp[−
Q

RT
]
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Table 3   Precipitates information of the corresponding samples

Sample Precipitates

UA GP Zone, θ′′, θ′ and T phase
CR T phase
WR T phase
WR-PA GP Zone, θ′′, θ′ and T phase
T6 GP Zone, θ′′, θ′ and T phase
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Extrapolation to 273 K (estimated cryogenic temperature) 
gives a value of DCu = 9.135 × 10–31 m2/s [45]. Furthermore, 
the diffusion distance, x, diffusion coefficient, D, and time, 
t, can be described as follows:

Assuming the diffusion distance is half of the average 
grain diameter (102.5 nm), diffusion from the interior of a 
grain to a grain boundary would take almost 3.6 × 106 years. 
Dolgopolov et al. [46] calculated the Q and D0 values for 
Cu sub-grain boundary diffusion in polycrystalline Al as 
D0 = 2 m2/s and Q = 118.5 kJ/mol, respectively. Thus, a Cu 
atom diffusion length of 102.5 nm to a grain boundary at 
273 K requires 2 × 104 s. These calculations indicate that it 
is difficult for the dissolved solutes to undergo long-distance 
migration during the CR process. Previous investigations 
[47] have determined that the critical nucleation radius 
RCritical of the precipitates is usually described by the fol-
lowing formula (5):

where k is the Boltzmann constant, T is the temperature, Vat 
is the atomic volume, C is the concentration of solute atoms 
in the solid solution, Ceq is the equilibrium concentration 
of solute atoms at temperature T, and  � is the interfacial 
energy when new phases are formed. Equation (5) indicates 
that a larger solid solubility C results in a smaller critical 
nucleation radius of the precipitation phase. Thus, when the 
pre-existing precipitates dissolve, CR increases the concen-
tration of vacancies in the matrix and promotes solute segre-
gation of Cu at matrix or intragranular dislocation. Alterna-
tively, this process can form vacancy–solute complexes and 
clusters, allowing the relatively low concentration of solute 
to easily satisfy the chemical condition and form embryos 
in the matrix. The formation of embryos has been confirmed 
in the works of Xu and Liu et al. [23, 48, 49]. However, 
transforming the embryos to GIPs during cryogenic rolling 
is difficult. The driving force (∆G) for the homogeneous 
nucleation of the GP zone is expressed by the following 
equation [47]:

Moreover, the nucleation resistance (∆G*) of the GP 
zone can be expressed by the following equation [47]:

(4)x =
√

Dt

(5)RCritical =
R0

ln(C∕Ceq)
, andR0 =

2�Vat

kT

(6)ΔG = −
kT

Vat

ln(
C

Ceq

)

(7)ΔG∗ = −
16

3
�

V2
at
�3

k2T2 ln2(C∕Ceq)

When |∆G|> ∆G*, the GP zone starts to nucleate as 
follows:

Equation (9) demonstrates that nucleation can occur only 
when the temperature is above a certain value to reach the 
nucleation activation energy of the GP region. Thus, a further 
process is designed to induce the transformation of clusters or 
embryos to GIPs. Considering low-temperature aging often 
weakens the age-hardening ability, the designed TMT process 
conducts a WR with a 60% reduction. Generally, short-time 
warm rolling provides the thermal driving force to promote 
uniform diffusion of solute atoms in the matrix, benefiting the 
composition concentration and uniform nucleation of the GP 
zone in the matrix [50, 51]. Experimental results also dem-
onstrate that considerable large-sized GP zones appear in the 
matrix of the WR-PA samples, and only minor grain boundary 
precipitation is observed in Fig. 7f. Therefore, the designed 
TMT process produced composite nanostructures consisting 
of UFG and high-density GIPs in WR-PA samples.

Based on the above analysis, the schematic diagram of the 
microstructure evolution of 211ZX alloy during TMT pro-
cessing is shown in Fig. 13. Comparing Figs. 13a, b, the UA 
sample produces many dislocations and vacancies after CR, 
and the GP region and θ" phase dissolved. On the other hand, 
ultra-low temperature inhibits the long-range diffusion of sol-
ute atoms, and a zone enriched with Cu vacancies serves as 
the embryo of GIPs [23]. After warm rolling and subsequent 
peak aging (Figs. 13c, d), embryos are further transformed 
into GIPs.

4.2 � Mechanism of TMT processing on strength 
and plasticity

According to the tensile results, the TMT processing signifi-
cantly improves the mechanical properties of the 211ZX alu-
minum alloy. The contributions of each strengthening mecha-
nism in the T6 sample and the WR-PA sample are calculated 
to quantitatively characterize the influence of microstructure 
on yield strength after TMT processing. For age-hardening 
aluminum alloys, the yield strength is calculated according to 
Eq. (10) [27, 52]:

where �y is the yield strength, �gb is the contribution of 
grain boundary strengthening, �0 is the friction stress 
of approximately 10 MPa, �s is the contribution of solid 

(8)
kT
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ln(
C
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) >
16

3
𝜋
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at
𝛾3

k2T2 ln2(C∕Ceq)

(9)T > (
16

3
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Vat𝛾

k ln(C∕Ceq)

(10)�y = �gb +MAverage(�0 + �s + �p + �d)
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solution strengthening, �d is the contribution of dislocation 
strengthening, and �p is the contribution of precipitation 
strengthening.

The contribution of grain boundary strengthening 
( �gb ) is calculated according to the classical Hall–Petch 
formula:

where k is the Hall–Petch constant (0.10 MPa m1/2 for alu-
minum alloys [53]), and d is the grain size. The average 
grain size of the T6 sample is 115 μm, while that of the 
WR-PA sample is only 205 nm. Accordingly, the �gb values 
for the T6 sample and the WR-PA sample are 11.19 MPa and 
265.04 MPa, respectively.

The �s and �d components of the T6 sample are omit-
ted, as all solution atoms are transformed into precipitated 
phases with low dislocation density after aging at 393 K 
for 24 h. Therefore, Eq. (10) for the T6 specimen can be 
simplified as follows:

(11)�gb = kd−1∕2

The parameter  �p is governed by either the Orowan dis-
location bypassing or dislocation shearing mechanisms, as a 
bypassing mechanism has a smaller strength increment, which 
is the operative mechanism [27, 53–55]. Simultaneously, Ye 
et al. [56] assert that all dislocations pass through the second 
phase via the bypass mechanism when the size of the second 
phase is 3–10 nm. Therefore, the calculations of  �p in this 
work are all conservative calculations that follow the Orowan 
mechanism. The corresponding formula is [54]:

where b is the Burgers vector of 0.286 nm, υ is the Pois-
son ratio of 0.33, and G is the shear modulus of 26.2 
GPa. Furthermore, r and λ are the mean radius and spac-
ing of the matrix precipitate, respectively. Parameter λ 
can be computed as � = N−1∕2 , where N represents the 

(12)�y = �gb +MAverage(�0 + �p)

(13)�p =
0.4Gb ln(2r∕b)

��(1 − �)1∕2

Fig. 13   Schematic illustrations 
of the precipitation evolution by 
following the present processing 
route: a under-aged treatment; b 
cryogenic rolling; c warm roll-
ing; d peak aging
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number density of matrix precipitates. The number density 
of precipitates N is calculated using the following formula: 
N =

[

(3n)∕(1 + 0.8t)
]

× A , where n is the measured number 
of precipitates in a field of view of the TEM sample, t is the 
thickness of the observed region, and A is the area of the 
field of view. For the non-spherical θ' and θ'' precipitates, the 
radius of the precipitates can be replaced by the equivalent 
radius (r). The average value of r can be calculated by the 
following equation: S = � ⋅ r2 [55], where S represents the 
average cross-section area of the precipitates measured by 
thirty HRTEM images. The corresponding r and λ values 
of the T6 sample are calculated to be 6.83 nm and 35.2 nm, 
respectively, using this protocol.

The values of r and λ of the WR-PA samples calculated 
by the same method are 8.04 nm and 45.8 nm, respec-
tively. Therefore, the value of �p calculated by Eq. (13) is 
399.21 MPa. Similarly, the contribution �s of the WR-PA 
sample can also be neglected. The Bailey-Hirsch equation 
�d = �Gb�1∕2 is conducted to obtain �d , where α = 0.27, ρ 
is the dislocation density, and G is the shear modulus of 
26.2 GPa [57].

In addition, according to Eq. (10), the contributions of 
�d and �p also depend upon the Taylor factor. The research 
[50] has pointed out that the characteristic texture of peak 
aging samples is not altered compared to solution samples. 
Therefore, MAverage of T6 is the same as those of the UA 
sample. Thus, the values of  MAverage in WR-PA and T6 are 
3.14 and 3.04, respectively. The higher Taylor factor of 
the WR-PA sample has a greater impact on the strength 
improvement. According to Eq. (12), the value of �p in the 
T6 sample is 389.66 MPa, whereas the values of �p and 
�d in the WR-PA sample are 399.21 MPa and 54.01 MPa, 
respectively. The theoretically calculated yield strengths 
of the T6 sample and the WR-PA sample are 400.8 MPa 
and 618.22 MPa, respectively.

Based on the above data, the contributions of various 
strengthening mechanisms in the T6 and the WR-PA sam-
ples are summarized in Fig. 14a. The higher yield strength 
of the WR-PA samples is primarily associated with the con-
tribution of precipitation strengthening, grain refinement 
strengthening, and dislocation strengthening. In addition, 
the comparison between the experimental and theoretical 
results is also depicted in Fig. 14b. The presented theoretical 
results are in good agreement with the tensile results.

In this paper, the ductility of the WR-PA sample is sig-
nificantly improved compared to the CR sample mainly due 
to two reasons. First, XRD results demonstrate that the dis-
location density of the WR-PA sample is one order of mag-
nitude lower than that of the CR sample (Fig. 10b), improv-
ing the work-hardening rate of the WR-PA sample. Second, 
TEM analysis in Fig. 7 shows that many GP zones and θ” 
phases are formed in the WR-PA samples. The GP zone 
and θ” phases with a coherent or semi-coherent interface 
relationship within the matrix lead to dislocation glide in the 
vicinity of the nano-precipitates, significantly improving the 
plasticity of the alloy [15].

5 � Conclusions

In this work, a novel multi-step thermomechanical treatment 
(TMT) was designed to enhance the strength-ductility syn-
ergy of 211ZX aluminum alloy. The effect of the multi-step 
TMT process on the microstructural evolution and mechani-
cal properties was studied. The key findings of this research 
are summarized as follows:

(1)	 The 211ZX aluminum alloy prepared by the TMT pro-
cess exhibited an excellent combination of strength 
and ductility. Quantitative calculations showed that the 
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high strength of the TMT-processed 211ZX aluminum 
alloy was attributed to a synergy effect of precipitation 
strengthening, fine grain strengthening, and dislocation 
strengthening. The improved plasticity was attributed 
to a decrease in dislocation density and a homogeneous 
distribution of coherent precipitates in the matrix.

(2)	 The microstructure of the TMT-processed 211ZX alu-
minum alloy consists of UFG and homogeneously dis-
tributed GIPs, which are mainly composed of GP zone, 
θ′′ phase, and a small amount of θ' phase. This is the 
main reason for the excellent mechanical properties of 
the WR-PA sample. This TMT process provides a novel 
pathway for designing aluminum alloys with excellent 
mechanical properties.
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