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Abstract
In this work, the impacts of shallow cryogenic (−40 °C) and natural ageing treatments on the precipitation of the second 
phases in a 7xxx alloy were investigated. Using the differential scanning calorimetry (DSC) analysis technique, transforma-
tion temperatures of the phases both in standard natural aged and naturally aged after cryogenic treatment were determined. 
As a result of the analyses made, the activation energies of the precipitates formed in the material were calculated with the 
Kissinger, Takhor and Augis-Bennett equations and their effects on diffusion were considered. With DSC analysis, nucleation 
characteristics of the η′ phase (MgZn2) were determined by the Avrami parameter from the Ozawa equation. Also, features 
and distributions of different types of precipitates were analysed by means of scanning electron microscopy (SEM), energy-
dispersive X-ray spectrometry (EDS) and X-ray diffraction (XRD) techniques, respectively. Particularly, during the cryogenic 
and natural ageing processes, dislocation densities, strain values of the planes, texture coefficients and so subsequent after 
effects on the crystal structure were assessed. It was anticipated that excess dislocations generated during sub-zero treat-
ment preferably settled on suitable planes to subside the strain energy. Finally, it was noticed that compared to natural aged 
samples, application of the cryogenic treatment before ageing upsurged the hardness of the material on the average by15%. 
This was possibly because of the η′ precipitates nucleated mainly on dislocations.
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Introduction

Al–Zn–Mg–Cu (7XXX) alloys, which are used as body-build-
ing materials in the aeronautics and automotive industry, can 
be reached to high strength levels by various ageing heat treat-
ment techniques [1–4]. These alloys, which normally have high 
ductility, naturally have good forming properties. [5]. However, 
their formability decreases very rapidly with the effect of age-
ing heat treatment and continues to change as the ageing time 
increases [6, 7]. After solution heat treatment and rapid quench-
ing, a supersaturated solid solution (SSSS) is formed. During 
the initial stages of natural ageing, Guinier-Preston (GP) zones, 
which are periodically lined up in the matrix, often form homo-
geneously [8–10]. According to the development process, firstly, 
GPI as congruent-solute-rich clusters and then GPII zones con-
sisting of gap-rich clusters are observed and are suggested as 
possible precursors of metastable precipitate [11–14]. In some 
special cases, especially GPI zones can be found in the environ-
ment even after long-term ageing. In Al–Zn–Mg–Cu alloys, η 
(MgZn2), T(Al2Mg3Zn3), S (A2CuMg) phases are also formed 
as secondary phases. In general, the phase transformations in 
this alloy series are as shown below [15–17];

SSSS → GPI zones → GPII zone → metastable
�′

(

MgZn2
)

→ stable �
(

MgZn2
)

In the ageing process at high temperatures, hexago-
nal η phase is formed at high Zn/Mg ratios, while T 
(Al2Mg3Zn3) phase can be formed at low Zn/Mg ratios. 
If the precipitate size exceeds a critical value, the dislo-
cation movements become easier as the residual grains 
become excessively coarse and cause a decrease in 
strength. Thus, as η′ phase causes an increase [18, 19], in 
contrast η phase affects the strength adversely [20, 21].

The sequence of precipitation during natural ageing has 
been reported in different studies as follows [22, 23];

The Zn-rich η′ phase appears to occur mainly between 
30 and 240 min of artificial ageing, co-existing with larger 
GPI regions. A significant portion of the elongated clusters 
are also observed during this ageing period. It has been 
shown that the dominant mechanism for the formation of 
η′ at this stage is not by nucleation in larger regions, but by 
conversion of small GPI regions via these elongated clus-
ters [23]. Clumps dissolved in Al-Zn-Mg alloys can cause 

SSSS → GPI zones → GPII zone → metastable T′
→ stable T

SSSS → GPI zones → metastable �′ → stable �

SSSS → Vacancy Rich Clusters (VRCs) → GPII zones
→ metastable �′ → stable �
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a strong hardening effect, but the kinetic rate of cluster 
is relatively low at room temperature. In recent studies, 
solute clusters with a wide Zn/Mg ratio have been found 
to form rapidly after quenching. Most of the solute clusters 
are rich in Zn, and increasing the number density led to 
a rapid strengthening [24]. It has been observed that the 
formation of clusters that dissolve at ∼2 min during very 
early natural ageing, is followed by nucleation of the GPII 
region adjacent to the clusters at ∼10 min. Furthermore, 
nucleation of GPII is found to be associated with GPI, 
but not in a single unique mechanism. Occasionally, some 
GPII precipitates have been observed to dissolve in the Al 
matrix without further transforming into η′ precipitates 
[25]. By DSC analysis, it is observed that the formation 
of GP regions is governed by the migration of Zn and Mg 
atoms, while the precipitation of the η′ metastable and η 
stable phase is governed by both migration and diffusion 
of solute atoms [26].

Even though the mechanisms are still obscure, cryogenic 
treatment has been introduced to many aluminium alloys 
in the last decade. Particularly age-hardenable aluminium 
alloys have considerable advantageous mechanical proper-
ties after treated at cryogenic temperatures. Several studies 
have shown that deep cryogenic treatment (from − 150 °C 
to − 196 °C) increases ductility [27, 28]. On the perspective 
of the shallow cryogenic treatment and the natural ageing, 
the precipitation kinetics of the main strengthening phase ή 
has not been adequately studied yet.

This research therefore highlights the reporting of the 
properties of the crystallography and particularly the ή phase 
in an Al–Zn–Mg–Cu alloy, which received shallow cryo-
genic and natural ageing treatments, respectively. For this 
purpose, various experimental techniques and mathemati-
cal models were used to analyse and evaluate the properties 
emerging within the microstructure. With the analyses and 
calculations made, natural ageing was viewed from a broad 
perspective.

Experimental

In the experimental study, 7075 aluminium sheet material 
was used. The chemical composition of the material in % by 
mass is given in Table 1.

The heat treatment cycle applied to the Al 7075 alloy is 
given in Fig. 1. Before experiments, a preliminary study 
was performed to determine the optimum sub-zero treat-
ment temperature to be effective on natural ageing process. 
On successive tries at −40 °C, −80 °C and −100 °C for 2 h, 
it was found that −40 °C was the most critical level for the 
initiation of subsequent natural ageing. Temperatures below 
this degree were not sufficient to activate the GP forma-
tion in a reasonable duration of time. Thus, the typical heat 
treatment cycles were then planned as follows. Firstly, the 
solution process was carried out in an SFL (sc 1206 model) 
brand chamber-type horizontal high-temperature furnace 

Table 1   Chemical composition 
of Al 7075 T651 alloy

Elements/%

Zn Mg Cu Mn Cr Fe Si Ti Al

5.9 2.7 1.8 0.3 0.25 0.4 0.35 0.2 Balance
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Fig. 1   Heat treatment cycles applied to Al 7075 alloy a natural ageing, b cryogenic + natural ageing
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at 480 °C for 2 h. Then it was quenched and left to natu-
ral ageing for 10-20-30-40-50-100 days at room tempera-
ture. These specimens were coded as NA10, NA20, NA30, 
NA40, NA50, NA100. As the second step, it was taken into 
the solution at 480 °C for 2 h and cryogenic treatment was 
applied at −40 °C for 2 h in the quenching stage. Then it 
was left to natural ageing for 10-20-30-40-50-100 days at 
room temperature. These specimens were coded as CNA10, 
CNA20, CNA30, CNA40, CNA50, CNA100. Microhard-
ness tests of the specimens were taken from at least 5 differ-
ent points for each specimen in the Qness Hardness device 
according to the ASTM E384 standard, and average HV0.5 
values were determined. JEOL JSM-6060LV scanning elec-
tron microscope (SEM) was used in microstructure studies. 
Elemental distributions were obtained with the JEOL JSM 
6060LV energy-dispersive X-ray spectrometer (EDS, IXRF 
Sys.). X-ray diffraction (XRD) analysis was obtained using 
the Bruker D8 Advance instrument. Monochromatic Cu Kα 
beam (λ = 1.54056 A°) was used as X-ray source, and pat-
terns were obtained at 40 kV and 40 mA. Specimens were 
scanned at a scanning speed of 0.04°/min in the range of 2θ 
20–90°. HİTACHİ DSC 7020 thermal analysis unit was used 
to perform differential scanning calorimetry (DSC) experi-
ments. The tests were carried out at a temperature range of 
30 °C to 480 °C in an argon atmosphere with a heating rate 
of 5 °C min−1, 10 °C min−1, 15 °C min−1, 20 °C min−1. It 
was tested with specimens of 10 mg mass enclosed in alu-
minium pans.

Results and discussion

The evolution of the precipitates formed by cryogenic treat-
ment and natural ageing was investigated by DSC analy-
sis. In Fig. 2, DSC analyses were performed at 5 °C min−1, 
10 °C min−1, 15 °C min−1, 20 °C min−1. As can be seen in 
all specimens, the peak temperature shifted to the right as 
the speed increased. The transformations of the η′ phases 
at about 180 °C and the η phases at 220 °C were detected. 
Similar temperature ranges were observed in most studies 
[29]. DSC experiments highlighted the precipitation order 
in the Al-Zn-Mg alloy. The shift of the peak temperature to 
higher temperature with increasing heating rate confirmed 
that the precipitation and dissolution reactions were ther-
mally activated. As seen in Fig. 2, it was observed that the 
η phase transformation of the cryogenically treated speci-
mens was at higher temperature. As it is known, the η phase 
is larger in size compared to the η′ phase and reduces the 
strength [18–21, 29]. Retardation in the formation of the η 
phase showed that the η′ phase was more dominant in the 
structure, where in return the strength continued to increase.

Table 2 shows the activation energies of the η′ phase 
calculated by the Kissinger, Takhor and Augis-Bennett 
equations.

Kissinger equation [30];

where β is heating rate, Tx is temperature of the top of the 
crystallization curve, R is gas constant, and Ea is the crystal-
lization activation energy. Figure 3a, d, g, k shows NA10, 
CNA10, NA100 and CNA100 specimens versus 1000/Tx 
against ln(β/Tx

2). Using the slope of the graph of 1000/Tx vs. 
ln(β/Tx

2), the activation energy required for crystallization 
was calculated according to the Kissinger equation.

Another equation used to calculate the activation energy 
required for crystallization was the Takhor equation [31];

Thus, β is heating rate, Tx is temperature of the top of the 
crystallization curve, R is gas constant, and Ea  is the crystal-
lization activation energy. Figure 3b, e, h, 1 shows ln(β) vs. 
1000/Tx plot of NA10, CNA10, NA100 and CNA100 speci-
mens. Using the slope of this graph, the activation energy 
required for crystallization was calculated.

Finally, the third equation used to calculate the crystal-
lization activation energy was the Augis-Bennett equation 
[32];

In this equation, β is heating rate, Tx is temperature of 
the top of the crystallization curve, T0 is absolute tempera-
ture, R is gas constant, and Ea is crystallization activation 
energy, K0 is the frequency factor. In Fig. 3c, f, j, m, the 
plot of NA10, CNA10, NA100 and CNA100 specimens vs. 
1000/Tx is presented. Using the slope of this graph, the crys-
tallization activation energy is calculated. The change in the 
activation energy calculated by the Kissinger and Takhor 
equations was also obtained in the Augis-Bennett equation 
calculations.

An up hill energy barrier (i.e., activation energy) is 
required for the movement of atoms during diffusion. In 
general, a lower activation energy indicates easier diffu-
sion. In the present work, activation energies evaluated for 
the η′ precipitation from Fig. 3 are listed in Table 2. It was 
observed that the activation energy of the CNA10 specimen 
increased during the 10-day ageing period. As can be under-
stood from here, it is seen that diffusion is more difficult in 
the formation of the η′ phase compared to the Arrhenius 
equation given in Eqs. 4 and 5 [33].

In a previous work, compared to classical ageing process, 
due to the effect of the deep cryogenic treatment (−146 °C), 
quench sensitivity diminished and number of imperfec-
tions minimized as the temperature decreased. In response 

(1)In (�
/
T
2
x
) = −(Ea∕RTx) + C

(2)ln � = −Ea∕RTx + C

(3)ln (�∕Tx − T0) = −Ea∕RTx + ln K0
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Cu-, Mg- and Zn-rich ultra-fine precipitates of GP and η′ 
appeared successively during the current artificial ageing 
treatment [34]. Accordingly, difficulty in diffusion might be 
directly related to the vacancy concentration in the structure. 
After homogenization and quenching, during deep cryogenic 

treatment, supersaturated aluminium developed an steady 
structure with less imperfections to reduce internal energy or 
entropy. Solute elements organized a more tiny and uniform 
distribution at the atomistic measure, where dislocations 
were less in number with specific distributions. As quench 
sensitivity faded away, subsequently vacancy and dislocation 
concentrations decreased considerably.

In the present work, as mentioned before, a pilot test 
was performed to determine the optimum temperature 
for shallow cryogenic treatment. Several specimens were 
treated −40 °C, −80 °C and −100 °C successively. Natural 
ageing could only initiated after −40 °C cryogenic treat-
ment, where the transient gaps decreased with ageing in 
the first 10 days after the shallow cryogenics route. Fasci-
natingly, results displayed that the activation energies eval-
uated for both NA100 and CNA100 specimens decreased 
over the time towards the end of the 100-day period of 
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Fig. 2   DSC graphs of specimens at different speeds a NA10, b CNA10, c NA100, d CNA100

Table 2   Crystallization activation energy for the η′ precipitate formed 
in the specimens as a result of heat treatments

Specimens Crystallization activation energy Ea (kj mol−1)

η′ (MgZn2) precipitation

Kissinger Augis-Bennett Takhor

NA10 116 124 115
CNA10 127 135 126
NA100 105 113 104
CNA100 105 112 103
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the natural ageing (Table 2). Thus, as the ageing time 
increased, the atomic mobility of the alloying elements 
participating in the formation of the η′ phase, became sig-
nificant. This might be due to the governing room tempera-
ture conditions, where increase in time resulted in a rise 

in vacancy concentration, where their number upturned to 
the thermodynamic level of the equilibrium concentration. 
Consequently, both GP and later η′ precipitation encour-
aged in the microstructure with an ease till the consump-
tion of the supersaturation in the aluminium matrix.
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Fig. 3   Slope graphs for the activation energies of the specimens. a, b, 
c Kissinger, Takhor, Augis-Bennett slope graphs for NA10 specimen, 
respectively. d, e, f Kissinger, Takhor, Augis-Bennett slope graphs for 
the CNA10 specimen, respectively. g, h, j Kissinger, Takhor, Augis-

Bennett slope graphs for SNA100 specimen, respectively. k, l, m 
Kissinger, Takhor, Augis-Bennett slope graphs for the CNA100 spec-
imen, respectively
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Here, D is diffusion coefficient, Do is diffusion constant, 
Ea is activation energy, R is gas constant (8.314 J mol−1 K), 
T is shown as temperature (K).

Here, k is reaction rate, A is exponential factor, Ea is acti-
vation energy, Kp is Boltzmann constant (8.314 J mol−1 K), 
T is shown as temperature (K). The Arrhenius equation was 
used to determine the reaction rate.

XRD studies

Figure 4a displays the XRD patterns of the material sub-
jected to natural ageing at specific times, and similarly, 
Fig. 4b shows that of cryogenic plus naturally aged. A 
standard reference pattern (PDF 03-065-2869) for alu-
minium was used to detect crystallographic planes. It 
was used for MgZn2 precipitates (PDF 01-077-1177), for 
Al7Cu2Fe (PDF 03-065-1685) and for Al23CuFe4 (PDF 
03-065-7654). With XRD analysis, it was determined 
that the phase volume ratios of intermetallics such as 
Al23CuFe4 and Al7Cu2Fe increased in sub-zero treated 
specimens. In addition, with the increase of ageing and 
cryogenic treatment time, an increase in the volume ratio 
of the η′ (MgZn2), which is the main strengthening phase, 
was observed. The highest peak of the NA10 specimen, 
which was aged for 10 days, was observed in the (200) 
plane. In the NA20 specimen, the highest peak was at 
(111) plane. This plane showed the most intense XRD 
peak proposed for Al alloys [35]. In the NA30-NA40 
specimens, which were aged for 30 and 40 days, the high-
est peak was again shown in the (200) plane. In the NA50 
and NA100 specimens, the highest peak intensity was the 
(220) plane. The results show that increasing the natural 
ageing time changed the order of dense planes. In the 
CNA10 specimens the highest peak of the plane (200) was 
in competition with the (111) plane. The same trend con-
tinued in CNA20, CNA 30 and CNA40 specimens as the 
(200) plane was the highest, respectively. Standard natural 
aged and cryogenics plus natural aged specimens up to 
40 days showed the highest peak in the same manner. The 
most intense plane of the CNA50 specimen differed from 
the NA50 specimen, and the highest peak was observed 
in the (200) plane. The CNA100 specimen, on the other 
hand, showed the highest peak in the suggested densest 
plane, namely (111). Thus, after the cryogenic process, 
during ageing, the most intense peak intensity returned to 
the recommended (111) plane at the end of 100 h. Chang-
ing the dense planes means, altering the most habit planes 
of the material. Thus, in this work an unsteady texturing 

(4)D = D
0
.e
−Ea/RT

(5)k = A. e
−Ea∕KpT

took place, where the change in the crystal inclination had 
to be limited because of the requirement of coherency at 
the grain boundaries. Currently to determine the degree 
of texture in polycrystalline materials [36], the texture 
coefficient of the specimens has to be calculated. In the 
present study, texture coefficients were calculated by the 
Harris analysis.

Harris analysis [37]

According to the equation, if P(hkl) > 1, it had orienta-
tion on the crystallographic plane (hkl). The texture coef-
ficient values of the four crystallographic planes of natural 
aged specimens (111), (220), (200) and (311) were deter-
mined, and results are listed in Table 2. It was observed that 
the NA10, NA20, NA30 specimens textured in the (200) 
and (311) planes. It was clear that the orientations were in 
the (200) and (220) planes at the end of the natural ageing 
period of 40 days. After 50 days, orientation in the (220) 
and (311) planes was observed in the NA50 specimen. As 
seen in the NA100 specimen, it was clear that the orien-
tation in the (220) plane continued as the natural ageing 
time increased, where the (311) plane orientation was also 
intensified. It was observed that CNA10-CNA20-CNA30 
specimens dominantly oriented in the (311) plane. Further, 
CNA40 and CNA50 specimens both intensified at (200) and 
(311) orientations, respectively. Finally, CNA100 specimen 
had (220) and (311) textured planes progressively. The 
reason for the different orientations in the specimens is 
thought to be related with the surface tension of the planes. 
Normally atoms tend to incline towards the plane with low 
interfacial energy [38]. Since the interfacial energy of the 
(311) plane was lower in the CNA10-20–30 specimens, 
it was thought that the orientation proceeded only in this 
plane. During thermal contraction and expansion route of 
the cryogenic treatment, due to elastic constraints and so 
induced microplasticity, excess dislocations were generated 
and mostly arranged on low-energy high-density planes of 
(111) to somewhat reduce the strain energy. Then the crystal 
tilt is then tended to the (311) plane to control the increase 
in energy. The data obtained from Eq. 7 showed the lat-
tice strain values formed by all specimens in each plane. As 
given in Table 3 and 4, except for the NA40 specimen, in 
all other natural aged specimens, lattice strains of the (220) 
and (311) planes were quite high. As understood from all 
through, the strain value of the dominant plane was high. 
Thus, at the end of the natural ageing period of 40 days, the 
planes realigned as the interfacial energy changed.

Debye–Scherrer’s formula [39]

(6)P(hkl) =
I(hkl)

Io(hkl)

⎡
⎢⎢⎣

1

1∕n
∑n

i=1

I(hikili)

Io(hikili)

⎤
⎥⎥⎦
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Here β = FWHM of a diffraction peak (radyan), ɛ = lat-
tice strain.

(7)� = �∕4 ∗ tan� By using Eqs. 8 and 9, the changes in dislocation den-
sities were calculated according to the Williamson–Hall 
equation.

According to Williamson–Hall equation [40]
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Fig. 4   XRD patterns of specimens a natural ageing, b cryogenic + natural ageing



10721A survey of the effect of cryogenic treatment and natural ageing on structural changes and…

1 3

Here,
β = FWHM of a diffraction peak (radyan).
k = 0.94 (for cubic structures).
λ = 0.15406 nm X-ray wavelength (Cu-Kα radiation).
D = crystallite size.
ɛ = lattice strain.
The dislocation density (δ) is calculated by following 

formula

(8)� ∗ cos � = k ∗ �∕D + 4� sin �

As clear from Figs. 5 and 6, cryogenic treatment had a 
profound effect in both increases in the dislocation density 
and the hardness of the material. However, instead of a grad-
ual increase, dislocation density suddenly dropped down at 
40 h of ageing. The reason why the hardness values were 
high and at first glance could be explained by a mechanism 
similar to that of Hall–Petch [41]. Thus, dislocation network 
arrangements might be effective in controlling the plastic 
flow, as in the case of the application of the deep cryogenic 
treatment. However, as mentioned before, for the present 

(9)� = 1∕Dp2
(
lines∕m2

)

Table 3   The texture coefficient 
values of the specimens

Texture coefficient P (hkl)

Specimens 111 200 220 311 Specimens 111 200 220 311

NA10 0.21 1.89 0.46 1.40 CNA10 0.27 0.91 0.85 1.95
NA20 0.92 1.38 0.44 1.24 CNA20 0.55 0.92 0.79 1.42
NA30 0.32 1.85 0.99 1.02 CNA30 0.20 0.65 0.48 1.60
NA40 0.25 1.39 1.63 0.71 CNA40 0.62 1.35 0.27 1.74
NA50 0.06 0.35 2.99 1.01 CNA50 0.32 1.08 0.67 1.91
NA100 0.21 0.55 2.20 1.02 CNA100 0.56 0.86 1.04 1.60

Table 4   Lattice strain values 
of crystallographic planes in 
specimens

Strain values of planes

111 200 220 311 111 200 220 311

NA10 0.00012 0.00011 0.00018 0.00050 CNA10 0.00016 0.00029 0.00032 0.00054
NA20 0.00020 0.00015 0.00024 0.00040 CNA20 0.00016 0.00015 0.00031 0.00056
NA30 0.00010 0.00010 0.00024 0.00034 CNA30 0.00016 0.00028 0.00041 0.00044
NA40 0.00013 0.00010 0.00032 0.00021 CNA40 0.00014 0.00016 0.00090 0.00062
NA50 0.00010 0.00011 0.00022 0.00041 CNA50 0.00018 0.00018 0.00031 0.00047
NA100 0.00011 0.00014 0.00018 0.00032 CNA100 0.00033 0.00031 0.00036 0.00048

Fig. 5   Dislocation densities of 
natural ageing (NA) and cryo-
genic plus natural ageing (CNA)
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shallow cryogenics conditions, thermal contraction and 
expansion could introduce microplasticity-induced excess 
imperfections inside the crystal. Thus, there was a remark-
able increase in hardness right after the cryogenic treatment. 
Systematic increase in strength could simply be attributed 
to the increased number of excess dislocations generated 
due to induced microplasticity after the sub-zero treatment. 
At the beginning of ageing up to 30 h, dislocation density 
was high. However, at 40-h ageing time, dislocation den-
sity dropped down considerably. On further ageing density 
again elevated gradually. This was possibly due to excess 
imperfections, mainly dislocations. At the onset of ageing, 
systematic increase in strength was possibly because of the 
creation of fine GP zones, consuming up the excess vacan-
cies. Simply, high precipitation densities could be reached 
by introducing a high dislocation density into the supersatu-
rated solid solution. In the present work, it was anticipated 
that the change in hardness might be a matter of stacking 
fault energy of the extended dislocations. Accordingly, the 
greatest efficiency in lowering the strain energy and there-
fore the activation energy for the onset of precipitate nuclea-
tion could be expected by dissociation of the dislocations 
into extended parts. Nucleation event could be involved on 
the stacking faults with a two-dimensional characteristic, 
rather than the one-dimensional dislocations [42]. The seg-
regation of solute atoms towards existing stacking faults, was 
though to lower the fault energy. Therefore, at this critical 
ageing time of 40 h, the dissociated dislocations increased 
in number and so dislocation density reduced considerably.

At the same time, the Avrami parameter (n) was calcu-
lated by DSC analysis according to the Ozawa [43] equation 
as specified in Eq. 10. In the CNA10 example, the Avrami 
parameter was calculated as n = 1.73. This result showed 
that there was a volumetric nucleation and two-dimensional 
growth of the η′ phase precipitation. By calculating n = 0.87 

in the CNA100 specimen, it was observed that this time 
the η′ precipitates nucleation was planar and precipitates 
grew only in one dimension [44, 45]. Based on these facts, 
it was thought that the two-dimensional growth of the η′ 
precipitates might increase the dislocation density during 
the first 10 days. However, at the end of 100 days, due to 
one-dimensional growth of the η′ precipitates, dislocation 
density decreased remarkably.

Thus, Ozawa equation is given as follows,

where β is the heating rate; x is the conversion rate.
In contrast, during 10, 20, 30, 40, 50 and 100 days of 

standard natural ageing process, hardness values were found 
to be continuously increasing as 105, 120, 133, 143, 147 
and 160 HV0.5, respectively. On the other hand, after cryo-
genic treatment during the sequences of the natural ageing 
progression, hardness values were then measured as 126, 
135, 149, 159, 166 and 175 HV0.5, respectively. These 
results were in fact progressively closing to that of con-
ventional artificial ageing treatment at high temperature of 
120–180 °C [5, 7, 19, 27].

During the progression of ageing, besides the GP zones, 
η′ (MgZn2) phase precipitates being either rod or plate-like 
in shape increased in number and size by impinging on the 
dislocations. Thus, to reduce the precipitate-matrix inter-
facial energy, semi-coherent and metastable η′ precipitates 
preferentially settled on the dislocations [34] and to reduce 
the mis-fit or strain energy around the precipitate, disloca-
tion loops form precipitate-matrix interfaces were possibly 
generated, resulting in a continuous increase in dislocation 
density. All these factors could cause a considerable increase 
in hardness [46–48].

The changes in the microstructure as a result of the heat 
treatments are shown in Fig. 7. Figure 7a shows the micro-
structure of the 100 days naturally aged NA100, and Fig. 7b 
shows the microstructure of the 100 days naturally aged 
CNA100 after the cryogenic treatment. After as clear from 
the figure, white coloured secondary-phase colonies at cer-
tain regions were detected in the matrix. EDS and mapping 
analyses were therefore performed to determine the elemen-
tal distributions of these phases (Fig. 8).

Thus, Fig. 8a displays an EDS and mapping analysis to 
see the elemental distributions on the microstructure of the 
100-day naturally aged NA100 specimen. It was seen that 
in the mapping analysis, the Al–Zn–Mg–Cu elements were 
homogeneously distributed. Figure 8b shows the EDS and 
mapping analysis of the CNA100 specimen, which was natu-
rally aged for 100 days as a result of cryogenic treatment, 
from 4 different regions. The white regions observed in the 
microstructure images were found to be Cu-rich secondary 

(10)n = −
d[ln(−ln(1 − x))]

dln(β)
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phases. The high Fe ratio in these regions indicated that 
cryogenic treatment increased the ratio of intermetallics 
such as Al23CuFe4 and Al7Cu2Fe. Secondary-phase particles 
such as Al23CuFe4 and Al7Cu2Fe occurred during casting or 
solidification processes. During homogenization of Al 7075 
material, it might undergo phase transformation and their 
morphology could change. These precipitates had larger 
dimensions and a high modulus of elasticity and were not 
consistent with the aluminium matrix. In addition, the distri-
bution and amount of secondary phases such as Al23CuFe4 

and Al7Cu2Fe, which are formed more frequently as a result 
of cryogenic treatment, help to strengthen the aluminium 
alloy [49, 50]. In addition, the presence of intermetallics was 
detected by XRD analysis as seen in Fig. 4.

Accordingly, it was proposed that during ageing, heteroge-
neous precipitation on dislocations could lead to high precipi-
tate densities at certain regions as to lie in strings along certain 
directions [42]. However, particularly after cryogenic sub-zero 
cooling, discrete particles were found to nucleated on the exist-
ing dislocations during ageing. They grew partially coherent 

Fig. 7   SEM images of 
specimens after heat treatment a 
NA100, b CNA100
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with the matrix to accommodate the strains arising from the 
difference between the two lattices. Possible prismatic disloca-
tion loops were created at the expense of the growing precipi-
tates. As ageing progresses, these loops formed the basis of 
new precipitation, and so long stringers of precipitation were 
generated.

Conclusions

In this study, natural ageing and cryogenic plus natural age-
ing processes were applied to Al–Zn–Mg–Cu alloy for certain 
periods and its effect on precipitation kinetics was investigated 
by DSC analysis. In addition, crystallographic analyses were 
studied in detail with XRD analysis and their relationship with 
mechanical properties was discussed and the following results 
were obtained.

•	 The transformation temperature of the η phase was found 
to be at a higher temperature with cryogenic plus natural 
ageing.

•	 The activation energy of the η′ phase was found to be the 
highest in the CNA 10 specimen.

•	 After 40 days of natural ageing, texture changes were 
observed in all specimen.

•	 It has been calculated that the strain value is high in the 
planes with the dominant texture.

•	 With 100 days of natural ageing after cryogenics, the high-
est hardness value was obtained in the CNA100 sample as 
175 HV 0.5. Overall, cryogenic plus natural ageing treat-
ments increased hardness by approximately 15% in all 
specimens.

•	 The presence of white coloured secondary phases 
(Al23CuFe4 ve Al7Cu2Fe) was observed in the microstruc-
tures after cryogenic treatment. Based on the result of EDS 
analyses, these phases were composed of elements contain-
ing Cu and Fe.
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