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ABSTRACT
In this study, a cryogenic thermal treatment is developedand its effects onmechanical properties
and precipitates are investigated. Water-quenched samples were immersed in liquid nitrogen
and reheated in hot oil at 180°C or boiling water for 5min. Finally, the samples were artificially
aged at 190°C for 12 h. The results indicated a notable increase of about 75MPa in the ultimate
tensile strength in comparison to T6 heat-treated alloy. TEM observations revealed that the S(S′)
precipitates were fine and uniformly distributed in themicrostructure due to reheating in hot oil
and subsequent aging treatment.
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Introduction

Deep cryogenic treatment is an important supplemen-
tary process of conventional heat treatment to improve
the mechanical properties of ferrous and nonferrous
metals, such as wear resistance, durability and dimen-
sional stability [1–3]. The use of cryogenic treatment
on metallic alloys has grown during the last decades.
Most of the investigators in the field of cryogenic treat-
ment have focused on steels, especially tool steels [4–6].
Recently, there has been a great interest in the applica-
tion of low-temperature heat treatment on nonferrous
alloys in order to improve their properties [7–9].

Aluminium alloys are widely used materials in the
aerospace industry due to their desirable properties,
such as low density, high specific strength and elas-
tic modulus, good corrosion resistance, excellent cryo-
genic properties and low fatigue crack growth rate
[10–12]. The application of cryogenic treatment on alu-
minium alloys has not received enough attention so far.
Some studies have been devoted to investigating the
effect of deep cryogenic treatment at −196°C on the
properties of aluminium [13–14]. It has been shown
that the process used for tool steels cannot be effec-
tive for aluminium alloys. For example, Lulay et al. [15]
proved cryogenic treatment does not affect strength,
hardness and toughness of a 7075-T6 aluminium alloy.
In another work, Chen et al. [16] showed that the
increase in tensile strength and hardness of an alu-
minium alloy subjected to deep cryogenic treatment is
negligible.

The present work is aimed at studying the pos-
sibility of employing a new cryogenic thermal treat-
ment to enhance the mechanical properties of a

2024 aluminium alloy, the most common group of
Al–Cu–Mg alloys, and investigate its influence on
microstructure.

Experimental procedures

Samples with dimensions of 55mm× 25mm× 25mm
were cut from an as-received extruded billet of a
2024-T3 aluminium alloy. The chemical composition
of the alloy is given in Table 1. The samples were
solution treated by heating to 495± 5°C for 2 h and
then quenched in water at 20°C. Subsequently, the
samples were reheated in hot oil or boiling water
after cryogenic treatment through immersion in liquid
nitrogen for 24 h. Finally, these samples were artifi-
cially aged at 190± 6°C for 12 h. For comparison, T4
and T6 heat-treated samples were also provided. The
detailed descriptions along with sample label are given
in Table 2. Figure 1 illustrates the schematic of cryo-
genic thermal treatment cycles used in this study.

Tensile specimens were cut from the heat-treated
samples using the electric discharge machining (EDM)
method with the dimensions in accordance with the
standard of ASTM E8-13. Uniaxial tensile tests were
carried out with a 5 kN tensile machine which utilised a
laser extensometer at room temperature. Uncertainties
in the 0.2% yield stress and tensile strength were ±4%
and ±2%, respectively. Three samples were tested for
each condition and the average values were reported.
The measurement of the Rockwell B hardness was car-
ried out in accordance with ASTM E18-13. For each
sample, at least five points were measured and the aver-
age value obtained was recorded with a typical uncer-
tainty of ±1%. Schematic of the locations of the tensile
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Table 1. Chemical compositions of 2024 aluminium alloy
(wt-%).

Element Cu Mg Mn Si Fe Cr Zn Ti Al

Nominal 3.8–4.9 1.2–1.8 0.3–0.9 < 0.5 < 0.5 < 0.1 < 0.25 < 0.15 Bal.
In this
study

4.37 1.29 0.6 0.3 0.4 0.052 0.075 0.009 Bal.

test specimens and hardness measurement is given in
Figure 2.

Disc-shaped specimens, 5mm in diameter and
1mm thick, were punched from the slices cut from
the samples by EDM. Differential scanning calorimetry
(DSC) measurements were carried out on a PERKIN-
ELMER Pyris-1 apparatus, scanning from room tem-
perature to 500°C at a heating rate of 10°Cmin−1.
An empty aluminium pan was used as a reference.
Final data were corrected by subtracting a previ-
ously established baseline from a DSC run with empty
pans.

A field-emission transmission electron microscope
(JEM-2100F TEM) was used to characterise the
microstructure of the samples. The TEM specimens
were prepared by mechanical grinding and polish-
ing down to about 100 μm and then punched into
discs of 3mm followed by twin-jet polishing using
a solution of 25% nitric acid +75% methanol at a
temperature maintained between −40°C and −30°C
at 20V. The length distributions of the precipitates
were measured based on numerous TEM micrographs
and by the use of image analysis software. About 200
precipitates were taken into consideration per each
sample.

Result and discussion

Figure 3 illustrates the engineering stress–strain curves
of samples with different treatments. Mechanical prop-
erties of the samples are given in Table 3. It can be seen
that ultimate tensile strength (UTS) of the T6 sample
is 506MPa. It increased by 14.8% and reaches 581MPa
in the CTTO sample. Furthermore, the yield strengths
(YS) of the CTTO sample is 12.5% higher than that of
T6 sample.

It should also be mentioned that as compared
to the T6 sample, the elongation of the CTTO is
slightly reduced about 1.8%, indicating that cryogeni-
cally treated sample possess a good combination of

Figure 1. Schematic of the cryogenic thermal treatment cycle.

Figure 2. Schematic of the locations of (a) the extracted tensile
test specimens and (b) hardness measurement.

strength and ductility. Mechanical behaviour of the
CTTB sample shows that UTS and YS have increased
by 6.7% and 2.5%, respectively. It is found that the
enhancement of the strength is lower as compared with
the CTTO sample.

Table 3 shows that the hardness of the T4 and the
T6 sample is 74.6 HRB and 79.2 HRB, respectively. It
increases to 86.7 HRB for the CTTO sample. Reheating

Table 2. Sample identification codes, quenching media and their corresponding condition.

Sample name
Solution heat
treatment Quenching media

Immersion in
liquid nitrogen Reheating medium Aging

T4 495°C, 2 h Water at 20°C – – Natural aging, 30 day
T6 – – 190°C, 12 h
CTTO 24 h Oil 180°C
CTTB 24 h Boiling water

Note: CTTO: cryogenic thermally treated by hot oil; CTTB: cryogenic thermally treated by boiling water.
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Figure 3. The engineering stress–strain curves of 2024 alu-
minium alloys for different treatments.

Table 3. Hardness and tensile properties of the samples for
different treatments.

Sample
name

Hardness
(HRB)

0.2% yield
stress (MPa)

Ultimate
tensile

strength (MPa)
Elongation to
failure (%)

T4 74.6± 0.8 317± 12 453± 9 16.3± 0.7
T6 79.2± 0.8 358± 14 506± 10 11.6± 0.4
CTTO 86.7± 0.9 403± 17 581± 12 9.8± 0.3
CTTB 81.1± 0.9 367± 14 540± 11 11.4± 0.4

the sample in the hot oil with a temperature close to the
aging temperature leads to an increase of hardness from
79.2 HRB to 86.7 HRB. Moreover, the hardness of the
sample heat treated in boiling water is 81.1 HRB which
shows a slight increase in comparison with the T6 one.

The DSC curves of the 2024 aluminium alloy
at different conditions are shown in Figure 4. Five
heat effects, marked as A–E, are determined for as-
quenched condition. Previous DSC studies [17,18] on
Al–Cu–Mg alloys have shown that A and B are exother-
mic and endothermic effect related to the formation
and dissolution of Cu–Mg co-clusters or GPB (Guinier-
Preston-Bagaryatsky) zones, respectively. Moreover,
the precipitation and dissolution of S(S′) phase can be
discernible through C and D. For the water-quenched
and naturally aged sample (T4), there is no evidence of
peak A, indicating that the formation of the precipitate
associated with effect A has completed during long nat-
ural aging. Furthermore, the co-existence of the peaks
B and C suggests that Cu–Mg co-clusters dissolve and
are replaced by the S phase during the artificial aging.
It is clearly observed that for the T6 sample, the A and
B peaks have disappeared, whereas the peak C is still
present. This shows that the formation of the S(S′) pre-
cipitates has not completed during artificial aging. The
thermogram of the CTTO samples shows that there are
no peaks attributed to the formation of the co-clusters
and S(S′) phase. Moreover, the area of peak C is almost
nil. So, it can be said that the precipitation of S(S′) phase
has been accelerated due to an increase in heteroge-
neous nucleation sites and the absence of GPB zones
during cryogenic thermal treatment.

Figure 4. DSC curves of 2024 aluminium alloy in different con-
ditions.

The difference between that strength of the samples
can be attributed to their microstructure. TEM micro-
graph and corresponding SAD patterns taken along
the [100]Al zone axis of T6 and CTTO samples are
given in Figure 5. Histograms showing the length of
precipitates are also included. The formation of big
needle-like precipitates with an average size of 270 nm
in the T6 sample can be seen. They are determined
to be the S(S′) phase which has a significant role in
strengthening 2024 aluminium alloy during artificial
aging [19,20]. The main precipitates which have been
considered in Al–Cu–Mg-base alloys are the S′ or S
(Al2CuMg) [21] phase after artificial aging [22]. It has
been reported that the crystal structure and chemical
composition of the S′ phase are considered identical
to the equilibrium S phase [23] (Cmcm, a = 0.400 nm,
b = 0.923 nm and c = 0.714 nm) [24] but with varying
lattice dimension [25]. As shown by Bagaryatsky [26]
and Silcock [27], the orientation relationship between
the precipitates and the aluminiummatrix is [100]Al //
[100]S(S′); [021]Al // [010]S(S′); [012]Al // [001]S(S′).
These precipitates are considered to be non-shearable
[28,29]. The microstructure and SAD pattern of the
CTTO sample show that cryogenic thermal treatment
has not changed the type of precipitates [30] but their
average size has decreased to 110 nm (Figure 5(b)). So,
new cryogenic thermal treatment results in fine and
well-distributed precipitates. Moreover, this is why the
mechanical properties of CTTO are superior to the
other samples.

Cryogenic treatment followed by reheating in hot
oil at 180°C results in surface expansion. On the other
hand, the core of sample at a lower temperature acts as a
barrier. This matter along with the existence of residual
stress results in plastic deformation in the CTTO sam-
ple [31,32]. Subsequently, dislocation density increases
which are the preferred nucleation site for precipita-
tion during artificial aging [33]. It has been proved
that dislocation accelerates the kinetics of precipitation
hardening in aluminium alloys [23,34]. Therefore, the
precipitates become finer and the strength increases.
The difference in temperature between the surface and
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Figure 5. TEM image, SAED, simulated diffraction pattern and frequency distribution of the precipitates, (a) T6 and (b) new
cryogenically treated sample of 2024 aluminium alloy, B = [100]Al.

core of the samples as a result of reheating in boiling
water is not much as hot oil. Thus, the enhancement of
the strength of theCTTB sample is lower in comparison
with the CTTO one.

Conclusion

In summary, in the present work, a 2024 aluminium
alloy underwent new cryogenic thermal treatment. The
UTS and hardness of the cryogenic-treated sample
increased by about 75MPa and 8.5 HRB, respectively,
as compared with T6 heat-treated temper. The increase
in strength did not achieve at the expense of drop in
elongation and it reduced just by 1.8%. The DSC ther-
mograms of the CTTO sample indicated that the pre-
cipitation of the S(S′) phase has already been completed.
Microstructural evolution showed that the S(S′) pre-
cipitates in the cryogenically treated sample were fine
and well distributed, and this was responsible for the
enhancement of mechanical properties.
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