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Abstract: An aluminum alloy (Al–Zn–Mg–Cu) subjected to deep cryogenic treatment (DCT) was systematically investigated. The results 
show that a DCT-induced phase transformation varies the microstructures and affects the mechanical properties of the Al alloy. Both 
Guinier–Preston (GP) zones and a metastable η′ phase were observed by high-resolution transmission electron microscopy. The phenomenon 
of the second precipitation of the GP zones in samples subjected to DCT after being aged was observed. The viability of this phase transfor-
mation was also demonstrated by first-principles calculations. 
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1. Introduction 

Deep cryogenic treatment (DCT) is an important sup-
plemental process after conventional heat treatment for im-
proving the mechanical properties of ferrous metals, such as 
wear resistance, durability, dimensional stability, and ero-
sion/corrosion resistance [1−2]. DCT has been reported to 
convert the retained austenite into martensite, enhance the 
volume fraction of precipitated small carbide particles, and 
reduce the inherent/residual stress caused by the manufac-
turing process [3−8].  

DCT can also be used to treat nonferrous metals, such as 
aluminum (Al), copper (Cu), and magnesium (Mg) alloys 
[9−22]. Strength, toughness, and hardness of 7075 Al alloy 
can be enhanced with DCT. Asl et al. [20] reported that the 
mechanical properties of AZ91 magnesium alloy were sig-
nificantly improved by DCT, which dissolved tiny laminar β 
particles into the microstructure and facilitated the penetra-
tion of the coarse divorced eutectic β phase into the matrix. 
Moreover, Ma et al. [22] noted that the martensitic phase 
transformation of B2 CuZr phase to B19' CuZr phase in-
duced by DCT in a Cu–Zr–Al bulk metallic glass composite 

increased its microhardness and ultimate compression frac-
ture strength. All these aforementioned results indicate that 
atom diffusion and phase transformation can still occur dur-
ing DCT, even though the temperature used in the process is 
very low. 

In addition to experimental studies, the first-principles 
calculation, which is one of the most important theoretical 
methods, has been widely used to investigate phase trans-
formations in nonferrous metals [23−27], such as the trans-
formation of the θ phase in Mg–Li–Al alloys [23], the 
transformation of typical precipitates (Mg2Si, Mg2Ge, 
Mg2Sn, and Mg3Zn3Y2) in creep-resistant magnesium alloys 
[24], and the transformation effects of B impurities in NiAl 
intermetallics [26]. Zhang et al. [27] successfully investi-
gated the phase transformations induced by an electric field 
by calculating the Gibbs free energy of atom clusters in an 
Al–Cu–Li alloy. However, the transformation of precipitates 
during DCT in Al alloys has not been adequately investi-
gated with either experimental methods or theoretical ap-
proaches.  

In the current study, the DCT-induced phase transforma-
tion and the mechanical properties of the Al–Zn–Mg–Cu al-
loy were studied by experimental tests combined with 
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first-principles calculations.  

2. Experimental 

2.1. Experimental methods 

An Al alloy (Al–Zn0.078–Mg0.018–Cu0.015) was pre-
pared by semi-continuous casting. The as-received samples 
were step-homogenized at 430°C for 18 h and then at 467°C 
for 4 h. Traditionally, homogenized materials are subjected 
to extrusion, solution with quenching, and aging prior to 
their final application. To obtain the optimal DCT soaking 
time, the samples were subjected to a single deep cryogenic 
treatment in liquid nitrogen at −197°C after being subjected 
to extrusion, quenching, and aging treatments. Vickers 
hardness measurements were carried out on samples at each 
state. A load of 49 N was applied for 30 s using a diamond 
Vickers indenter. The experimental results are shown in Fig. 
1, which illustrates that the DCT time strongly affects the 
hardness of the samples. The hardness does not increase 
linearly with the increase in DCT time and decreases when 
the DCT time is prolonged. As shown in Fig. 1, the optimum 
duration of DCT is approximately 36 h. 

 

Fig. 1.  Vickers hardness of the samples as a function of the 
DCT time: (a) extruded samples; (b) quenched samples; (c) 
aged samples.  

In the following study, the DCT process was used one or 
multiple times in addition to the traditional solution and ag-
ing treatments at different stages. Ten schemes were de-
signed for the DCT process (Table 1).  

Table 1.  Experimental schemes for the extruded samples 

Sample No.
(as extruded)

DCT for 
36 h 

Solution with 
quenching 

DCT for 
36 h 

Aging DCT 

1  ◆  ◆  

2 ◆ ◆  ◆  

3  ◆ ◆ ◆  

4  ◆  ◆ ◆ for 18 h

5  ◆  ◆ ◆ for 24 h

6  ◆  ◆ ◆ for 36 h

7  ◆  ◆ ◆ for 48 h

8 ◆ ◆  ◆ ◆ for 36 h

9  ◆ ◆ ◆ ◆ for 36 h

10 ◆ ◆ ◆ ◆ ◆ for 36 h

 
The tensile mechanical properties were tested at room 

temperature on a GALDABINI SUN5 electronic tension 
machine. The Vickers hardness was determined using a 
HXP-1000TM digital hardness tester. X-ray diffraction 
(XRD) was conducted using a RIGAKU 2500PC X-ray dif-
fractometer. The microstructures were examined using a 
Hitachi S-3400N scanning electron microscope (SEM) and 
a Tecnai G220 high-resolution transmission electron micro-
scope (HRTEM). Specimens for transmission electron mi-
croscopy (TEM) were prepared by jet polishing with a 
MTP-1A twin-jet electropolisher at −40°C (in a solution of 
10vol% nitric acid and 90vol% methanol). 

2.2. Computational methods 

In general, the thermodynamic properties and phase sta-
bility in experimental study are determined by the chemical 
potential — specifically, the molar Gibbs energy G, which 
can be calculated by 

G H TS= −   (1) 
where H is the enthalpy, S the entropy, and T the tempera-
ture. H is a function of temperature and is calculated using 
the results of vibrational analysis or Hessian evaluation as 
follows [28]: 

   
vib rot trans( ) ( ) ( ) ( )H T E T E T E T RT= + + +  (2) 

where Evib, Erot, and Etrans represent the vibrational, rotational, 
and translational contributions, respectively, and R is the 
ideal gas constant. The former three contributions are given 
by 
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where k is the Boltzmann constant, h is the Planck’s constant, 
Qvib is the partition function of Evib, and νi represents the indi-
vidual vibrational frequencies (Erot(linear) and Erot(nonlinear) 
are used for linear and nonlinear systems, respectively). 

The contributions to the entropy S in Eq. (1) are given by 

vib rot trans( ) ( ) ( ) ( )S T S T S T S T= + +   (7) 

where Svib, Srot, and Strans represent the vibrational, rotational, 
and translational contributions, respectively. 

vib

/ exp( / )

1 exp( / )
i i

i i

h kT h kT
S R

h kT

ν ν
ν
−

= +
− −  

ln[1 exp( / )]i
i

R h kTν− −  (8) 

2

rot 2

8π
(linear) ln

IkT
S R R

hσ
 

= + 
 

 (9) 

rot (nonlinear)S =  
322 2

CA B 8π8π 8ππ 3
ln

2 2

clcl clR kT
R

h h h hcσ
   +  

   
  (10) 

trans
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where σ is the symmetry number, w is the molecular weight, 
l is the directional cosine of the system to the axis, and the 
other quantities are as previously described. Srot(linear) and 

Srot(nonlinear) are used for linear and nonlinear systems, re-
spectively.  

First-principles calculations were performed using the 
plane-wave pseudo-potentials with the generalized gradient 
approximation refined by Perdew, Burke, and Ernzerhof. 
The macrocanonical ensemble NVT was chosen for the 
calculations of the Guinier–Preston (GP) zone and the me-
tastable η′ phase of the aged Al–Zn–Mg–Cu alloy. 

3. Results and discussion 

3.1. Mechanical properties 

Fig. 2 presents the mechanical properties of the samples 
listed in Table 1; the results from three-staged experiments 
are summarized. In the first stage, samples 1, 2, 3, and 5 
were designed to elucidate the effect of a single 36-h DCT 
performed on samples in the as-extruded, as-quenched, or 
as-aged state. The results show that the single DCT per-
formed on samples in the as-aged state most strongly influ-
enced the properties of the observed Al alloy. Accordingly, 
in the second stage, we further investigated the variable of 
DCT processing time following aging using samples 4–7. 
We observed that the mechanical properties improved with 
the increase in DCT time before reaching a peak value at 36 
h, and then decreased. On the basis of the experimental re-
sults for samples 1–7, we performed combinatorial DCTs on 
samples 8–10 in the third stage. The results indicated that 
sample 8, prepared using the scheme of extrusion + DCT 
(36 h) + solution + quenching + aging + DCT (36 h), exhib-
ited the highest hardness and strength among the prepared 
samples.  

 

Fig. 2.  Mechanical properties of the samples: (a) Vickers hardness; (b) tensile properties. 

As a whole, together with Fig. 1, Fig. 2(a) indicates that 
with the exception of sample 4, the hardness of the samples 

subjected to DCT while in their as-extruded or/and as-aged 
states can be increased to various extents and that the effects 
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of multiple DCTs in the same scheme are not simply addi-
tive. At the same time, the effect of DCT applied to samples 
in the as-quenched state is not retained after the subsequent 
heat treatment. The variation of the yield and tensile 
strengths shown in Fig. 2(b) is similar to that of the Vickers 
hardness in Fig. 2(a), and elongation of the samples is rela-
tively less obviously changed by DCT compared with 
strength. Moreover, comparisons of sample 3 with 1, sample 
9 with 6, and sample 10 with 8 reveal that DCT only slightly 
influences the properties of the Al alloy in all of the schemes 
as long as it is performed after the samples have been 
quenched. This phenomenon is mainly attributable to the 
application of DCT prior to the traditional high-temperature 
aging process serving as a pre-aging process of the alloy, 
inducing nucleus formation of the GP zone. However, this 
effect disappears after subsequent aging at high tempera-
tures. The detailed reasons for the variation of the mechani-
cal properties among samples in different states after the 
samples have been subjected to a DCT will be further dis-
cussed in the following sections. 

3.2. Microstructures 

Fig. 3(a) shows an SEM image of sample 1, which was 
not subjected to DCT, whereas Fig. 3(b) shows an image of 
sample 2, which was subjected to DCT. A comparison of 
Figs. 3(b) and 3(a) reveals that the DCT process facilitates 
to grain refinement, which results in an increase of hardness, 
as shown in Fig. 2. Fig. 3(c) shows a TEM image of sample 
1, whereas Figs. 3(d)–3(e) show the images of sample 2. 
The images indicate that Al matrix grains are refined by the 
subgrain boundaries generated by dislocation climbing and 
sliding, which are driven by the deformation energy stored 
during extrusion. The formation of subgrains consumes the 
deformation energy, decreases the driving energy for grain 
growth during the subsequent solution treatment, and di-
minishes the grain growth rate in the Al matrix. 

Figs. 3(f)–3(h) show the precipitate distribution in the Al 
matrix of sample 1, whereas Figs. 3(k)–3(m) display the 
precipitate distribution in sample 6. The precipitates in these 
two different states both exhibit uniformly dispersed distri-
butions in grains as well as discontinuous distribution along 
grain boundaries, accompanied by a 30–40-nm wide pre-
cipitate-free zone. These results indicate that DCT per-
formed after aging maintains this favorable microstructural 
morphology along the grain boundaries of the aged Al alloy. 
However, as shown in Figs. 3(h) and 3(m), the lattice struc-
tures of the precipitates in the grains of these two states are 
essentially different; we therefore further investigated these 
lattice structures using SAED and HRTEM. 

Figs. 3(i)–3(j) and Figs. 3(n)–3(o) present the SAED pat-
terns along the <001> and <111> zone axes of sample 1 (not 
subjected to DCT) and sample 6 (subjected to DCT) (Table 
1).  

The diffraction spots from the Al matrix are indexed in 
Figs. 3(i)–3(j) and Figs. 3(n)–3(o). The pattern of the aged 
sample 1 in Fig. 3(i), according to Fig. 3(p) [29], shows the 
strong sets of spots associated with the metastable hardening 
phase η′; the spots appear at 1/3 and 2/3 of the <220> matrix 
reflections. The weak spots mainly located to the left and 
right of 2/3 of the <220> matrix reflections describe the sta-
ble phase η. No clear spots associated with the GP zone ap-
pear in the [001] patterns in Figs. 3(i) and 3(n). Furthermore, 
no GP spots are observed in Fig. 3(j). Together with the re-
sults in Fig. 3(i), these results indicate that no GP zone ex-
isted in sample 1. However, in Fig. 3(o), the SAED pattern 
of sample 6 (subjected to DCT) after aging shows clear 
spots related to the GPII zone, and sets of three spots corre-
sponding to three different <110>Al directions locate around 
the <422>/3Al position. The spots along <422>Al are the 
strongest, and the other two sets of spots in the group are the 
results of double scattering by a 220-type matrix reflection 
[30]. Note that the [001] Al matrix direction is not suitable 
for the observation of GPII zones, whereas the [111] and 
[112] directions of Al matrix are more reasonable for the 
detection of GPII; this difference is the reason why GPII 
spots appear in Fig. 3(o) but not in Fig. 3(n). 

On the basis of the aforementioned analysis, the use of 
DCT after aging results in an increase in the density of the 
GPII zone, which can be attributed to two factors. First, it 
can be attributed to the second precipitation of a GPII zone 
during DCT. Second, the reverse phase transformation from 
the η′ phase to the GPII zone during DCT after aging may 
also result in an increase in the quantity of GPII zones. We 
further analyzed this second possibility through a combina-
tion of HRTEM images and first-principles calculations. 

The HRTEM observations of GPII zones and the η′ phase 
of the Al alloy were usually performed along the <111>Al 
and <112>Al zone axes. Figs. 4(a)–4(c) show the HRTEM 
images collected in the <112>Al projections of sample 1, 
which was subjected to a traditional heat treatment. Accord-
ing to Fig. 4(d) [29], the fast Fourier transformation (FFT) 
images of the precipitates indicate that they are mainly the η′ 
phase with a small quantity of stable η phase and that most 
of the η′ precipitates are 3–5 nm in length along the c axis 
and 5–7 nm in diameter parallel to the plane of the a–b axes. 
The enlarged image of the precipitate outlined in Fig. 4(a) is 
illustrated in Fig. 4(b), where periodic ring chains separated 
by wave-like lines are observed. These observations are 
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Fig. 3.  SEM and TEM images and selected area electron diffraction (SAED) patterns of different samples subjected or not sub-
jected to a DCT: (a) SEM image of sample 1; (b) SEM image of sample 2; (c) TEM image of sample 1; (d,e) TEM images of sample 2; 
(f,g,h) TEM images of sample 1; (i,j) SAED patterns of sample 1; (k,l,m) TEM images of sample 6; (n,o) SAED patterns of sample 6; 
(p,q) schematic representation of the [001] and [111] patterns (small solid circles: Al3Zr; small open squares: η; solid triangles: η′; 
crosses: GPII with several orientation variants). 

consistent with the lattice structure of the η′ phase along its 
six-fold axis. A red rectangular box corresponding to the 
(1120)  plane of the unit cell of the η′ phase is drawn in Fig. 
4(b). The length of the unit cell along the <111>Al projection 
is 1.4 nm, and its width along the <220>Al projection is 0.86 
nm; these results are consistent with the lattice parameters, c 
= 1.402 nm and 1.732a = 0.86 nm (a = 0.496 nm), of the η′ 
phase. The FFT image in Fig. 4(c) further confirms that the 
precipitate is η′-phase. 

Figs. 4(e)–4(i) show the HRTEM images of sample 6 
(subjected to DCT after aging), which were also taken with 
the incident electron beam parallel to the <112> zone axis of 
the Al matrix. The images indicate that the precipitates in 
Fig. 4(e) include numerous GPII zones and transition struc-
tures between the GPII zones and η′ phase. Enlarged images 
of the transition stage and the GPII zone are shown in Figs. 
4(g) and 4(i), and the corresponding FFT images are shown 
in Figs. 4(f) and 4(h), respectively. The marked unit cell in 
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Fig. 4(g) reveals a main feature of the transition structure 
from ring chains to wave-like lines. The lattice distribution 
of the transition structure is similar to that of GPII, not to 
that of the η′ phase; conversely, its lattice parameter is simi-

lar to that of η′ phase but not similar to that of GPII. Fig. 4(i) 
shows the enlarged image of the GPII zone showing only 
wave-like lines, which can be distinguished from the diffuse 
diffraction spots of GPII near the <311>Al/2 axis in Fig. 4(h).  

 
Fig. 4.  HRTEM images along the [112]Al and [111]Al projections of the samples: (a) full image of sample 1; (b) enlarged image of 
one precipitate in sample 1; (c) FFT pattern of the precipitate in image (b); (d) schematic of the [112] patterns (small open squares: η; 
filled triangles: η′ with several orientation variants); (e) full image along the [112]Al projection of sample 6; (f) FFT pattern of the 
transition structure in image (e); (g) enlarged image of the transition structure in image (e); (h) FFT pattern of the GPII zone in im-
age (e); (i) enlarged image of the GPII zone in image (e); (j) full image along the [111]Al projection of sample 6; (k) FFT pattern of the 
transition structure in image (j); (l) enlarged image of the transition structure in image (j); (m) FFT pattern of the GPII zone in im-
age (j); (n) enlarged image of the GPII zone in image (j).  

To obtain more information about the precipitates of the 
sample subjected to DCT after aging, we collected a 
HRTEM image in the <111>Al projection, as shown in Fig. 
4(j). The FFT and enlarged images of precipitate A in Fig. 
4(j) are shown in Figs. 4(k) and 4(l), respectively. Fig. 4(k), 
in conjunction with Fig. 3(q), indicates that the precipitate 
exhibits a transition structure between the η′ phase and GPII 
structures; i.e., it has the same lattice parameter as the η′ 
phase, but is nearly coherent with the Al matrix. GPII zones 

also frequently appear in the matrix, as determined from 
FFT images. As is well known, the GPII zones are planar 
{111} Zn sheets with a slight lattice-position offset relative 
to the Al matrix [30]. In Fig. 4(n), the spacing between the 
centers of two adjacent hexagons outlined with a triangle is 
0.46 nm, which is slightly less than the lattice parameter (a 
= 0.496 nm [31−32]) of the η′ phase but is equal to the lat-
tice parameter of the GPII zone [30] and is also consistent 
with the strong radial spots near the <422>/3 positions in 
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Figs. 4(m), 4(h), and 3(q). On the basis of the aforemen-
tioned analysis, precipitate A is the transition structure with 
its c axis along the electron incident direction. Precipitates B, 
C, and D in Fig. 4(j) are actually also the transition structure 
or GPII zones with different profiles formed by different 
transition structures or GPII sheets in others intersecting 
with the observed {111}Al plane.  

A comparison of Figs. 4(e)–4(n) with Figs. 4(a)–4(c) re-
veals that numerous transition structures and GPII zones 
appear in the Al matrix subjected to DCT after aging. Fur-
thermore, we deduced that DCT after aging can induce an 
increase in the quantity of GPII zones. We systematically 
investigated, from the viewpoint of atom lattice distribution 
and phase-transformation thermodynamics, whether this in-
crease results from the reverse phase transformation from 
the η′ phase to a GP zone or from the second precipitation of 
GP zones. 

3.3. First-principles calculations  

The GPII zones are planar (111) sheets with a high Zn 
content in an Al matrix, and the (0001) and (1120)  planes 
of the η′ phase are always parallel to the (111) and (110) 
planes, respectively, of the Al matrix. Therefore, the (111) 

plane of the Al matrix (Fig. 5(a)) is suitable for analysis of 
the phase transformation between the GPII zone and η′ 
phase. Fig. 5(b) shows the structural projection of the Al 
matrix with three layers along the <111> zone axis. The re-
placement of Al atoms with Zn atoms results in the forma-
tion of a GPII zone. The adjacent atoms in the upper and 
under layers around one Zn atom in the middle layer will 
form the erected and inverted triangular bonds (the diagram 
in Fig. 5(b)). Since Zn has a smaller radius than Al, the 
spacing between the rows of atoms is approximately 6% to 
8% less than that in the Al matrix; this diminished spacing 
results in the diffraction spots near the {422}/3 of the Al 
matrix in the {111} reciprocal plane (Fig. 4(m)). Given that 
Zn atoms at the special positions in the middle layer of the 
GP zone are replaced with Mg atoms (Fig. 5(c)), the unit of 
the transition structure between the GPII zone and the η′ 
phase is constructed. Simultaneously, since the Mg atom has 
a larger radius than Zn and Al atoms, the contraction of the 
interatomic distance in the upper and under layers in the 
GPII zone is offset by the replaced Mg atoms in the middle 
layer. Thus, the lattice parameter of the η′ phase becomes 
larger than that of the GPII, which results in the diffraction 
spots at {422}/3 and {220}/3 of the Al matrix in the  

 

 atoms in the upper layer;  atoms in the middle layer;  atoms in the under layer;  Mg atoms in the middle layer;  Al;  Mg;  Zn. 

Fig. 5.  Schematics of the structural projection along the [111]Al and the crystal structures of the calculated unit cells: (a) (111) plane 
of Al; (b) three (111) layers of Al; (c) transition structure between the GPII and η′ phase with three layers; (d) η' phase along the 
[0001] zone axis; (e) (1120)  plane of the η' phase; (f) GPII zone; (g) η' phase. 
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reciprocal planes (Figs. 3(j), 3(q), and 4(c)). The representa-
tive structural projection of the η′ phase along the <0001> 
zone axis can be constructed as shown in Fig. 5(d). In addi-
tion, the (1120)  plane of η′ phase is shown in Fig. 5(e), 
where every two repeating units consisting of Zn atoms and 
interstitial Mg atoms are separated by one layer of Al atoms. 
The layers consisting of Zn and Mg atoms in Fig. 5(e) pre-
sent as ring chains, and the separating layer of Al atoms 
presents as wave-like lines, which is consistent with the ex-
perimental results of η′ phase in Fig. 4(b). In general, the 
GPII zones of 1–2 nm thick and 3–4 nm wide always appear 
as thin objects parallel to the (111) planes (Fig. 4(i)) [30], 

and most of the η′ phases are observed within a thickness of 
3–5 nm along the c axis and within a width of 5–7 nm in the 
(0001) plane of the a–b axes (Fig. 4(b)). 

According to the current study and the other previous 
studies [30−31,33−34], the crystal structures are built as shown 
in Figs. 5(f)–5(g), and the unit-cell parameters of the preci-
pitates (the GPII zone and metastable η′ phase) are shown in 
Table 2. The GPII zone is a Zn-rich layer in the {111} planes 
of the Al matrix and expands along the <110> direction of 
the Al lattice. The metastable phase η′, with lattice parame-
ters of a = 0.496 nm = [211]Al/2 and c = 1.40 nm = 2[111]Al, 
is semi-coherent with the Al matrix, as previously discussed.  

Table 2.  Lattice parameters of the calculated precipitates 

Phases Crystal system Space group a / nm b / nm c / nm α / (º) β / (º) γ / (º) 

GPII Tetragonal I4/mcm 0.405 0.81 0.81 90 90 90 

η′ Hexagonal 6 2P m  0.496 0.496 1.402 90 90 120 

η′ (experimental data) Hexagonal 6 2P m  0.496 [34] 0.496 [34] 1.40 [34] 90 90 120 

 
The Al–Zn–Mg–Cu-series alloys are typical precipitation 

strengthening Al alloys. At high temperatures, a generally 
accepted precipitation pattern is supersaturated solid solu-
tion–GP (GPІ and GPII)–metastable phase η′–stable phase η, 
and each phase transformation step is an exothermic process 
to obtain a lower system energy at a certain temperature 
[29−30,33,35−37].  

On the basis of our aforementioned experimental obser-
vations and theoretical analyses, the transformation process 
is reversible with respect to the crystal structures of the 
phases. However, whether the appearance of GP zones 
arises from the reverse phase transformation of η′ phase to 
GPII or from the second precipitation of GP zones is deter-
mined by the thermodynamic conditions according to the 
lowest energy principle. 

Fig. 6(a) shows the theoretical results of the Gibbs free 
energy of the GPII zone and metastable η′ phase calculated 
on the basis of the first-principles calculation and the statis-
tical thermodynamics theory. All of the free energies of the 
GPII zone and metastable η′ phase decrease with the in-
crease in temperature because of the increasing entropy of 
the systems based on the equation (∂G/∂T)V = −S. From 0 to 
1000 K, the η′ phase exhibits a lower free energy than the 
GPII zone, indicating that the η′ phase is more stable than 
the GPII zone. Thus, the GPII zone can transform into the η′ 
phase over the whole temperature range. With the increase 
in temperature, the free energy difference between the GP 
zone and the η′ phase increases; consequently, the phase 
transformation rate of the GP zone to the η′ phase should be 
enhanced by the traditional aging process.  

 

Fig. 6.  Gibbs free energy (a) and the formation enthalpy (b) 
of the GPII zone and η' phase from 0 to 1000 K. 

When the aged Al alloys is subjected to a deep cryogenic 
treatment at 77 K, the solid solubility and the permissible 
vacancy density are both decreased. Thus, the Al matrix 
aged at 393 K (120°C) is a supersaturated solid solution at 
77 K and the excess solute atoms should precipitate. At the 
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same time, when the temperature approaches 0 K, the en-
ergy difference between the GPII zone and metastable η′ 
phase is close to zero. In the current experiments, when the 
aged Al alloy is subjected to a deep cryogenic treatment at 
77 K, the energy difference between the GPII zone and me-
tastable η′ phase is small (as shown in Fig. 6(a)); thus, the 
transition from the GPII zone to the η′ phase is virtually 
nonexistent. In addition, at deep cryogenic temperatures, the 
volume of the Al matrix will contract by ~1% ( TV =  

0( )
0 e T TV α − , where α is the expansion coefficient, V is the 

volume, and T is the temperature), and the strain energy 
stored in the Al matrix acts as the driving energy for the 
second precipitation of GPII zones.  

The formation enthalpies per atom of the GPII zone and 
η′ phase can be calculated by 

1 2 3
1 2 3

1
[ ]H E n E n E n E

n n n
Δ = − − −

+ +
Al Zn Mg

t s s s   (12) 

where Et is the total enthalpy of the system calculated by the 
first-principles method, Mg

sE , Zn
sE , and Al

sE are the ener-
gies per atoms of bulk Mg, Zn, and Al, respectively. Here, s 
stands for the bulk system on solid state. As shown in Fig. 
6(b), the trend of the calculated formation enthalpies is 
similar to the trend in Fig. 6(a). The formation enthalpy is 
defined as the energy released or absorbed during a reaction, 
which determines the ease or difficulty of the formation of 
an intermetallic phase. When the formation enthalpy is 
negative, a larger absolute value will facilitate the formation 
of an intermetallic phase. Therefore, at low temperatures, 
the phase transformation from the GPII zone to the η′ phase 
may be delayed. 

As a result, the appearance of GPII zones in sample 6, as 
shown in Figs. 4(e)–4(n), resulted from the second precipi-
tation of GPII zones during DCT after the sample was aged.  

4. Conclusions 

The effects of DCT-induced phase transformations in the 
Al–Zn–Mg–Cu alloy was investigated in this study. The ap-
plication of DCT can refine the grain size of the as-extruded 
Al sample, which improves its properties. However, DCT 
performed on the as-quenched Al alloy resulted in little in-
fluence on the properties of the aged sample. DCT per-
formed after an aging treatment induces the second precipi-
tation of GP zones in the Al matrix while simultaneously 
maintaining the favorable discontinuous distribution along 
grain boundaries with 30–40-nm precipitate-free zones, 
which improves the properties of the alloy. Furthermore, the 
second precipitation has been demonstrated by first-prin-

ciples calculations. In summary, DCT can alter the me-
chanical properties of Al alloys by perfecting their micro-
structures. 
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