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Abstract

In this article, the influence of deep cryogenic treatment (DCT) on the
microstructure, as well as on the strength and ductile mechanical character-
istics, of the AlMgd.5 (EN AW-5083) aluminium alloy is investigated. The
DCT process consists of the gradual cooling of the investigated material to a
temperature of —197 °C using liquid nitrogen, maintained for 24 and 48 hours,
followed by gradual tempering back to room temperature. The changes in me-
chanical properties resulting from DCT were analyzed through Vickers hardness
measurements and tensile testing, while the structural changes were identified
by means of microstructural analysis and X-ray diffraction analysis (XRD).
The results indicate structural-level changes after DCT, accompanied by an
improvement in mechanical properties.

Key words: aluminium alloy AlMg4.5, deep cryogenic treatment, me-
chanical properties, hardness, microstructure, X-ray diffraction analysis

Introduction. Aluminium alloys from the Al-Mg system are widely used in

modern industry due to their low density, high corrosion resistance, good ductility,
and favourable strength-to-weight ratio. These properties make them a preferred
material in applications requiring a combination of lightness and strength, such
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as shipbuilding, transportation engineering, aerospace structures, as well as the
production of tanks, pipelines, and architectural components [1,2].

Among them, the AlMg4.5 alloy (EN AW-5083) occupies a particularly im-
portant place, as it combines excellent resistance to marine corrosion, good weld-
ability, and satisfactory mechanical properties without the need for heat strength-
ening. However, under intensive operation and dynamic loading conditions, the
material may undergo structural changes that lead to metal fatigue and deterio-
ration of its service performance [3-5].

In the pursuit of improving the properties of aluminium alloys, various in-
novative technological approaches have been explored including modification of
the chemical composition, incorporation of nano-additives, optimization of ther-
momechanical processes, and the use of deep cryogenic treatment (DCT) as an
additional stage following conventional processing.

Deep cryogenic treatment is a process in which the material is cooled to
temperatures below —197°C, typically using liquid nitrogen, in order to modify
the internal structure of the metal. During this treatment, several microstructural
transformations may occur — reduction of residual stresses, increase in dislocation
density, refinement of grain structure, and possible redistribution of secondary
phases [6,7]. As a result, treated materials often exhibit increased hardness,
dimensional stability, improved wear resistance, and enhanced fatigue strength.

While the effects of DCT are well established and routinely applied in tool
steels, research on non-ferrous metals — particularly aluminium alloys — remains
limited and often yields contradictory results [8,9]. Some studies report improve-
ments in hardness and tensile strength after cryogenic treatment, whereas others
observe negligible changes or even a reduction in ductility. These inconsisten-
cies are likely due to differences in chemical composition, microstructure, degree
of deformation, and cooling parameters, highlighting the need for more detailed
experimental investigations [10].

Materials and methods. The present study aims to analyze the effect of
deep cryogenic treatment (DCT) on the structural and mechanical properties of
the aluminium alloy AlMg4.5. Through a comparative approach between treated
and untreated specimens, the research seeks to provide a deeper understanding
of the potential for optimizing material characteristics by applying cryogenic pro-
cessing technologies.

Materials. The investigated material is a cold-rolled, strain-hardened
AlMg4.5 alloy, typically supplied in plate form. Similar to other high-magnesium
alloys from the 5000 series, AlMg4.5 exhibits high corrosion resistance — includ-
ing in marine environments — good weldability, and increased strength achieved
through cold working. With increasing magnesium content, the mechanical prop-
erties improve, although corrosion resistance tends to decrease. The chemical
composition of the AIMg4.5 aluminium alloy is as follows (in wt.%): Al — 92.545-
95.55; Mg — 4.0-4.9; Mn — 0.4-1.0; Fe < 0.4; Si < 0.4 [11].
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Methods. Deep cryogenic treatment. The influence of DCT was studied
on the strain-hardened AlMg4.5 alloy. Pre-machined specimens were subjected
to slow and gradual cooling to —80°C, followed by immersion in a Dewar ves-
sel containing liquid nitrogen for deep cryogenic treatment lasting 24 and 48 h,
respectively.

The preliminary cooling to —80 °C was carried out by immersion in a thermos
vessel containing a solid COg (dry ice)—acetone medium. After reaching —80°C
and holding for 10 min, the specimens were transferred into a liquid nitrogen
environment, achieving a temperature of —197°C [12,13].

Tempering back to room temperature was also performed gradually and uni-
formly: the specimens were removed from the Dewar vessel and placed in the
thermos for approximately 10 min to ensure a controlled temperature rise.

Tensile and hardness testing. Tensile strength testing was performed accord-
ing to BDS EN ISO 6892-1:2019 — Metallic materials — Tensile testing — Part 1:
Method of test at room temperature [14]. In compliance with the standard, three
specimens of each type were prepared: untreated reference samples, and samples
subjected to cryogenic treatment for 24 and 48 h, respectively.

Hardness measurements were carried out using the Vickers method on a dig-
ital microhardness tester HVS-1000 under a load of 1 kg. For each specimen,
hardness was measured in three different regions, and the average value was cal-
culated.

Structural analysis. Samples for metallographic examination were prepared
from the tested specimens. Microstructural observations were conducted using a
trinocular inverted metallographic microscope IM-3MET.

In addition, a qualitative X-ray diffraction (XRD) phase analysis was per-
formed using a TDM-10 Tongda diffractometer. Cu K« radiation with a wave-
length of A = 1.79026 A was used at room temperature. XRD patterns were
recorded in the 260 range of 30°-90° under a coupled-scan mode. Phase identifica-
tion and peak matching were carried out using the X’Pert HighScore Plus software
package for XRD analysis [15].

Results and analysis. Results from tensile testing and hardness
measurements. The obtained results show that, for the AlMg4.5 alloy, deep
cryogenic treatment has a positive effect on the improvement of mechanical strength
properties (Table 1). A proportional increase in the strength-related mechanical
characteristics is observed, as the structure of the base material is also mechani-
cally strengthened. The greatest increase in tensile strength and hardness occurs
after 24 h of DCT (deep cryogenic treatment), where the average tensile strength
(Ry,) rises from 305 MPa to 321 MPa (Fig. 1). For the samples subjected to 48 h
of DCT, the tensile strength increases by only 9 MPa compared to the reference
samples. Slight changes are also observed in the elongation at break after 48 h
of DCT — approximately by 1.5%. Furthermore, in the AIMg4.5 samples, no sig-
nificant change in hardness is observed after 48 h of DCT — increasing only from
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Table 1

Values of the mechanical properties obtained after tensile strength testing
and hardness measurements of the AlMg4.5 alloy

F Ry Rmav. A A., Hardness Hardness

Processing "\ y\ipa MPa % % HV1 HV1 av.
15000 306 6.68 85
Reference 14950 304 305 6.42 6.01 84 85
14980 305 6.14 86
15500 322 6.92 98
24-h DCT 15200 320 321 6.84 6.91 99 99
15300 320 6.68 99
15150 313 7.12 91
48-h DCT 15000 315 314 7.19 7.42 90 91
15130 314 7.05 92
400
305 adl 314
300
200
85 99 91
100
6.01 - 6.91 7.42 -
0 — ——
reference 24-hour DCT 48-hour DCT
Rm, MPa HA % B Hardness HV1

Fig. 1. Comparative diagram of the measured hardness (HV1), tensile strength (R,,, MPa), and
elongation at break (A, %) of the AlMg4.5 alloy

85 HV to 91 HV — whereas after 24 h of DCT, the hardness increases by 14 units,
reaching 98 HV.

Results from the microstructural analysis. At higher magnification, as
seen in Fig. 2b, after 24 h of DCT (Deep Cryogenic Treatment), the texture fibres
appear more pronounced and denser compared to those of the initial structure.
This is attributed to the segregation and densification of the secondary phase
along the fibre boundaries, which leads to an increase in the mechanical strength
properties. This process is also confirmed by the conducted X-ray diffraction
phase analysis.

After 48 h of DCT (Fig. 2¢), the fibre density is less pronounced compared
to the structure treated for 24 h, but still more distinct than that of the reference
sample. This explains the observed decrease in mechanical strength after 48 h of
DCT. Prolonged DCT leads to the breakdown of the coherent bond between the
secondary phase and the matrix, resulting in a reduction of dislocation density,
and consequently, a decrease in the mechanical strength properties.
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c- 48 hour DCT
Fig. 2. Microstructure of the AIMg4.5 aluminium alloy, x800

Results from the X-ray diffraction phase analysis. The X-ray diffrac-
tion phase analysis of the investigated AlMg4.5 samples also showed no new phase
formations after deep cryogenic treatment (Fig. 3). After 24 and 48 h of DCT,
as seen in Fig. 3b and c, the diffraction peaks shift toward higher 20 angles, i.e.,
toward smaller interplanar spacings. This indicates that the «-solid solution be-
comes depleted in dissolved Mg, resulting in a reduction of the lattice parameter
of Al. This effect is explained by the contraction of the a-solid solution lattice
due to DCT.

It is also observed that the integral intensity of the diffraction line of o-Al with
the (220) crystallographic planes increases after DCT. Calculations performed
using Graph software show that the integral intensity is 37.88 for the reference
sample, 65.02 after 24 h of DCT, and 50.42 after 48 h of DCT. The highest
value is observed after 24 h of DCT, and a larger integral intensity indicates
an increase in dislocation density and microstresses, which leads to structural
strengthening. After 48 h of DCT, the integral intensity decreases compared to
the 24-h treatment, indicating a reduction in third-order microstresses, which
explains the observed increase in elongation at break.

Conclusion. The conducted investigations show that deep cryogenic treat-
ment exerts a noticeable influence on the microstructure and mechanical prop-
erties of the AlMg4.5 aluminium alloy. It was established that a technological
regime involving a 24-h DCT duration leads to improved results in terms of in-
creased tensile strength and hardness, while the ductility is preserved. This effect
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Fig. 3. Results from the X-ray diffraction phase analysis of the AlMg4.5:

(a) reference, (b) 24-h DCT, (c) 48-h DCT
is attributed to the redistribution and densification of the secondary phase along
the grain boundaries, as well as to an increase in dislocation density, which re-
sults in hardening of the material. During DCT for 48 h, a partial disruption of
the coherent interfaces between the secondary phase and the matrix is observed,
leading to a reduction in microstresses and, consequently, to a slight decrease in
the strength characteristics, while simultaneously resulting in an increase in the
value of the relative elongation A (an indicator of ductility). The shift of the peaks
toward higher values of the 26 angle, i.e., toward smaller interplanar spacings, reg-
istered by the conducted X-ray diffraction (XRD) phase analysis, indicates that
the a-solid solution becomes depleted of the Mg dissolved in it. Furthermore,
the observed increase in the integrated area of the diffraction peaks after DCT
confirms an increase in dislocation density, which in turn leads to higher values of
the mechanical properties.
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