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Abstract

To obtain the specified mechanical properties of aluminum-magnesium alloys, controlled annealing of
cold-rolled sheets is required. Despite numerous studies on the recrystallization of Al–Mg alloys, the
very early stages of the process remain unclear, especially in the commercial AA5056 alloy (ANSI
H35.2) with high magnesium content. The aim of this work is to establish the effect of annealing
temperature on the mechanical properties, texture, and primary recrystallization kinetics of a cold-
rolled AA5056 alloy sheet. The research methods included static tensile testing according to ISO 6892-
1:2019, texture analysis by the inverse pole figure method with Morris normalization for ten reflections
of the face-centered cubic (FCC) lattice, and the X-ray photographic method of recording Debye
patterns in a back-reflection camera using CuKα radiation. Based on these methods, a qualitative
and quantitative assessment of the changes in mechanical properties, texture evolution, and the onset
of recrystallization (manifested by the appearance of spotty reflections on the (511) and (422) Debye
rings) was carried out. It was found that with increasing annealing temperature, the ultimate tensile
strength and yield strength regularly decrease, while the elongation increases. Regression equations
describing these dependences were obtained. In the cold-rolled state and after annealing up to 390
℃, the maximum pole density in the inverse pole figures corresponds to the <001> direction, which
may be associated with the cube texture {100}<001>, while upon heating above 470 ℃ it is replaced
by the {311}<211> and A/rot.W {511}<110> components. The appearance of spotty reflections
at 370 ℃ indicates the onset of primary recrystallization. At 330 ℃, a local decrease in ductility is
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observed, associated with the precipitation of a secondary phase. The obtained data make it possible
to select annealing regimes for rolled sheets of Al-Mg alloys to achieve the required combination
of strength and ductility, as well as to predict texture changes. The temperature of the onset of
intensive recrystallization of AA5056 alloy is 370 ℃. The regression equations enable the calculation
of mechanical properties in the studied temperature range. The cube texture persists up to 390 ℃,
while above 470 ℃ the components of the deformation rolling texture dominate.

Keywords: Al–Mg alloy, Mechanical properties, Regression equations, Texture, Recrystallization kinetics

1 Introduction

Recrystallization annealing is a key heat treat-
ment operation for deformed aluminum alloys,
making it possible to control the set of mechan-
ical properties and performance characteristics.
Among the corrosion-resistant alloys of the Al–Mg
system, AA5056 alloy occupies a special place
because it is widely used in shipbuilding, auto-
motive and chemical engineering due to its high
corrosion resistance and satisfactory weldability.
However, cold rolling of sheets made of this alloy
leads to work hardening and the formation of
a non-equilibrium microstructure, which requires
subsequent annealing to restore ductility [1–4].
Controlling the recrystallization process is neces-
sary to achieve a desired combination of strength
and ductility, as well as to prevent undesirable
grain growth.

The influence of magnesium on the recrys-
tallization kinetics of aluminum is well known:
magnesium increases the stacking fault energy,
which accelerates polygonization, but at the same
time retards recrystallization through a solute
drag effect [5]. Moreover, Al–Mg alloys often
contain manganese and other transition metals
that form Al-Mn and α-Al(FeMn)Si intermetallics,
which effectively suppress recrystallization [6–10].
In AA5056 alloy containing 5.8% Mg and 0.5%
Mn, the combined effect of magnesium and
manganese determines the complex evolution of
the microstructure and texture during annealing
[11–13]. Some features of recrystallization related
to alloying with chromium, zirconium, scandium
and lithium have also been studied [14–19].

Various methods are used to study recrystal-
lization: light and electron microscopy, including
polarized light [20], differential scanning calorime-
try [5], hardness and electrical resistivity mea-
surements [6], as well as X-ray methods [21–23].
Microscopic methods allow direct observation of

the nucleation and growth of new grains; however,
they are labor-intensive for quantitative assess-
ment of the very early stages, when the recrystal-
lized volume fraction does not exceed a few tenths
of a percent. X-ray methods, in particular the
X-ray photographic method of recording Debye
patterns in a back-reflection camera [24], provide
integral information over the entire sample area
and make it possible to detect the appearance
of spotty reflections from undistorted crystallites,
which corresponds to the onset of primary recrys-
tallization [25]. This method has been successfully
applied to a number of alloys [3, 25], but sys-
tematic studies of recrystallization kinetics for
AA5056 alloy using this method are lacking.

Despite the considerable number of works on
recrystallization of aluminum-magnesium alloys,
the following issues remain unresolved. First,
the exact temperature of the onset of extensive
recrystallization of cold-rolled AA5056 sheet at a
moderate reduction of about 38% has not been
established. Second, quantitative data on texture
evolution in the narrow annealing temperature
range of 330-390 ℃, where a change in the pre-
dominant orientations occurs, are absent. Third,
the correlation between the change in the crystal
lattice parameter due to solid solution decompo-
sition and the local decrease in ductility observed
in some works at temperatures around 330 ℃ has
not been studied.

The aim of the present work is to establish the
effect of recrystallization annealing temperature
in the range of 290-530 ℃ with a hold of 1 hour
on the mechanical properties, texture and primary
recrystallization kinetics of a cold-rolled AA5056
alloy sheet.

To achieve this aim, the following tasks were
addressed:

1. To determine the ultimate tensile strength,
yield strength and elongation of samples after
annealing at different temperatures and to obtain
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regression equations for calculating these proper-
ties.

2. To investigate texture evolution by the
inverse pole figure method and to identify the
temperatures at which the predominant crystallo-
graphic orientations change.

3. To record the onset of primary recrystal-
lization using the X-ray photographic method
(appearance of spotty reflections on Debye rings)
and to determine the temperature interval in
which this process becomes intensive.

4. To explain the local drop in ductility at
330 ℃ based on an analysis of the change in lat-
tice parameter and the precipitation of secondary
phases.

2 Methods

A sheet of AA5056 alloy (ANSI H35.2) with a
thickness of 3.06 mm, obtained by cold thin-sheet
rolling with a relative reduction ε = 37.88%, was
studied. The chemical composition of the alloy,
mass %: 5.81 – Mg; 0.53 – Mn; 0.35 – Zn; 0.007 –
Ti; 0.004 – Be; Al – balance.

Recrystallization annealing was carried out in
a nitrogen protective gas atmosphere according to
the procedure described in [3]. Annealing regimes:
heating to temperatures of 290, 330, 370, 390, 470
and 530 ℃, hold of 60 minutes at each temper-
ature, followed by furnace cooling at a rate not
exceeding 5 ℃/s.

Mechanical properties were determined by
static tensile testing according to ISO 6892-1:2019.
Specimens were cut from the sheets in the rolling
direction according to the scheme shown in Fig. 1.
The tests were performed at room temperature on
a Galdabini Quasar 50 universal testing machine.
The mechanical properties of the initial cold-rolled
samples were determined as follows: ultimate ten-
sile strength (UTS) Rm = 464–481 MPa, yield
strength Rp0,2 = 349–369 MPa, and elongation A
= 9.2–10.9%.

Fig. 1 Scheme of sample cutting from cold-rolled and
annealed sheets: 1 – sample for X-ray studies; 2 – sample
for mechanical testing; RD – rolling direction; NN – nor-
mal to the rolling plane; PN – normal lying in the rolling
plane; I and II – sheet sides; A – direction for recording
inverse pole figures

Texture analysis was performed using the
inverse pole figure method. The measurements
were taken from the sheet surface (side I in Fig.
1). The ten most intense reflections of aluminum
were used: 111, 200, 220, 311, 331, 420, 422, 511,
531, 620. The pole density was calculated using
formula:

Phkl =
Ihkl/Ihkl std∑

∆

AhklIhkl/Ihkl std

, (1)

where Ihkl is the integrated intensity of reflec-
tions from the sample under study; Ihkl std
is the integrated intensity of reflections from a
texture-free standard; Ahkl is the fraction of the
stereographic triangle area corresponding to the
reflections under study.

Normalization was carried out according to the
Morris method [26]. The division of the stereo-
graphic triangle into zones for ten reflections is
shown in Fig. 2.
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Fig. 2 Division of the stereographic triangle into zones for
ten reflections of a face-centered cubic structure

It should be noted that the inverse pole
figure method provides an integral characteristic
of the preferential orientation of crystallographic
directions parallel to the normal of the rolling
plane, but does not allow one to separate the
contribution of individual texture components
typical for rolling of FCC metals (for example,
Copper {112}<111>, S {123}<634>, and Brass
{110}<112>). Therefore, the obtained inverse
pole figures should be interpreted as a qualita-
tive picture of the evolution of pole density, rather
than as a precise determination of the set of
components.

Diffractograms were recorded on X-ray diffrac-
tometers using CuKα radiation with a wave-
length λ = 0.154178 nm. Recording conditions:
Bragg–Brentano focusing [27], 2θ range from 16◦

to 70◦.
To study recrystallization kinetics, the X-ray

photographic method of recording Debye patterns
in a back-reflection camera [24] was used, with the
setup shown in Fig. 3. Recording conditions: CuKα
radiation, voltage 36 kV, tube current 7 mA, expo-
sure time 12 hours. The camera was focused at
angles θ422 = 68◦51’ and θ511 = 81◦35’. The
(511) and (422) lines were recorded; the recording
was performed on photographic film. The onset
of primary recrystallization is indicated by the
appearance of spotty reflections on continuous
Debye rings, which corresponds to the presence of
grains with an undistorted crystal lattice [25].

Fig. 3 Scheme of recording in the X-ray back-reflection
camera: 1 – the sample under study; 2 – the X-ray film;
distance a = 20 mm; distance L = 69.8 mm; input aperture
d1 = 1.0 mm; output aperture d2 = 0.1 mm

3 Results

3.1 Mechanical properties

After annealing at temperatures of 290-530 ℃ for
1 hour, the mechanical properties of the cold-
rolled AA5056 sheet were determined. Fig. 4
shows the dependences of ultimate tensile strength
Rm, yield strength Rp0.2, and elongation A on
the annealing temperature ti. It was found that
with increasing annealing temperature the values
of Rm and Rp0.2 decrease monotonically, while
A increases. Over the investigated temperature
range, the following values were obtained: Rm

= 266–442 MPa, Rp0.2 = 109–346 MPa, A =
14.8–18.7%.

Of particular interest is the non-monotonic
behavior of ductility at 330 ℃: the A value
decreases compared to that at 290 ℃ and then
sharply increases at 370 ℃. This local drop in
ductility is attributed to the precipitation of a sec-
ondary phase from the supersaturated solid solu-
tion, which leads to a decrease in the crystal lattice
parameter and, consequently, to a reduction in
deformability.
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Fig. 4 Dependences of the tensile strength Rm, yield
strength Rp0.2, and elongation A on the annealing temper-
ature ti

Based on the experimental data, regression
equations were obtained, presented in Table 1.
The coefficients of determination R² are at
least 0.989, indicating a good fit. The obtained
equations allow one to calculate the mechani-
cal properties of AA5056 alloy as a function of
annealing temperature in the range 290-530 ℃.

Table 1 Regression equations for calculating the
mechanical properties of AA5056 alloy

Parameter Regression equation R
2

A = 2 · 10−8 · t4i - 3 · 10−5

A, % · t3i + 0.0196 · t2i - 5.3941 · ti 0.989
- 558.07
Rm = 1 · 10−8 · t5i + 2 · 10−5

Rm, MPa · t4i - 0.0163 · t3i + 6.5226 · t2i 1
- 1283.3 · ti + 99966
Rp0.2 = 6 · 10−9 · t5i + 10−5

Rp0.2, MPa · t4i - 0.0101 · t3i + 4.1518 · t2i 1
- 835.44 · ti + 66329

Source: ti is the annealing temperature, ℃. The high R
2

values (up to 1.0) are due to interpolation with high-order
polynomials; within the studied temperature range, the
models provide reliable calculations.

3.2 Texture evolution

Texture analysis was performed using the inverse
pole figure method. Fig. 5 shows the change in pole
density Phkl for ten reflections as a function of
annealing temperature. The corresponding inverse
pole figures are shown in Fig. 6.

Fig. 5 Change in the pole density of the studied reflec-
tions from the surface of cold-rolled samples as a function
of annealing temperature (the numbers next to the curves
represent the pole density of the Phkl reflections)

In the initial cold-rolled state and after anneal-
ing at 290 ℃, the inverse pole figures exhibit an
increased pole density near the <001> direction
(Fig. 6, a). This may correspond either to the pres-
ence of the cube component {100}<001> or to a
superposition of several deformation components
(Copper, S, Brass) that contribute to this region
of the stereographic triangle. According to litera-
ture data [28], for FCC metals with high stacking
fault energy, the copper-type texture dominates
during cold rolling, but for AA5056 alloy with high
magnesium content (5.8%) deviations are possi-
ble. More precise identification of the components
requires analysis of direct pole figures or orienta-
tion distribution functions. After annealing in the
range of 330-390 ℃, the cube texture component
remains dominant (Fig. 6, b).
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Fig. 6 Inverse pole figures most characteristic of the sur-
face of Al–Mg alloy samples: a) – initial cold-rolled state
(without annealing) and after annealing at ti = 290 ℃; b)
– after annealing in the temperature range ti = 330-390 ℃;
c) – after annealing at ti = 470 ℃; d) – after annealing at
ti = 530 ℃)

When the annealing temperature is raised to
470 ℃, a change in the texture state occurs.
The predominant orientations become the rather
unusual A/rot. W {511}<110> component [29]
and the silver orientation {311}<211> (Fig. 6, c).
At 530 ℃, the {311}<211> component remains
dominant (Fig. 6, d). Such a texture change is
associated with the development of primary and
secondary recrystallization, as well as with the
influence of manganese dispersoids, which sup-
press the growth of some orientations and promote
the development of others.

3.3 Recrystallization kinetics (X-ray
photographic method)

To study the onset and development of primary
recrystallization, the X-ray photographic method
of recording Debye patterns was used. Fig. 7 shows
a Debye pattern of the initial cold-rolled sam-
ple: the (511) and (422) Debye rings are diffuse,
which is typical for a work-hardened state with a
high level of microdistortions and small crystallite
sizes.

Fig. 7 Debye pattern of the surface of the initial cold-
rolled AA5056 alloy sample

Fig. 8 shows sector X-ray diffraction patterns
of samples after annealing at different tempera-
tures. After annealing at 290 ℃and 330 ℃(Fig.
8, a, b), the Debye rings remain continuous and
fairly sharp; however, at 330 ℃a decrease in the
diameter of the (511) ring is observed, which indi-
cates a reduction in the lattice parameter due to
the precipitation of a secondary phase.

Fig. 8 Sector X-ray diffraction patterns of the surface of
cold-rolled annealed Al–Mg alloy samples: a) – annealing
at ti = 290 ℃; b) – annealing at ti = 330 ℃; c) – annealing
at ti = 370 ℃; d) – annealing at ti = 390 ℃; e) – annealing
at ti = 470 ℃; f) – annealing at ti = 530 ℃

Upon annealing at 370 ℃ (Fig. 8, c), small
spotty reflections begin to appear on the continu-
ous rings. This indicates the nucleation of the first
recrystallized grains with an undistorted crystal
lattice. The appearance of spotty reflections was
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recorded at 370 ℃, which allows this temperature
to be taken as the onset of primary recrystalliza-
tion for the alloy under study at a reduction of
37.9%.

4 Discussion

The obtained results allow us to establish the
relationship between the annealing temperature,
mechanical properties, texture and recrystalliza-
tion kinetics of AA5056 alloy.

The onset of recrystallization at 370 ℃,
recorded by the X-ray photographic method, is 40-
50 ℃ higher than for pure aluminum under similar
deformation. This is explained by the inhibit-
ing effect of magnesium (solute drag effect) and
manganese dispersoids, which delay the move-
ment of grain and subgrain boundaries [7, 12].
The local decrease in ductility at 330 ℃is asso-
ciated with the decomposition of the supersatu-
rated solid solution and the formation of clusters
or metastable phases, which reduces the lattice
parameter and temporarily lowers the deforma-
bility. At 370 ℃, these phases dissolve, the lat-
tice parameter is restored, and recrystallization
begins, leading to a sharp increase in ductility.

The preservation of the cube texture
{100}<001> up to 390 ℃ indicates that primary
recrystallization at these temperatures does not
lead to a complete change in orientations. Only
after the completion of recrystallization and at
higher temperatures (470-530 ℃) does secondary
recrystallization or selective grain growth with
{311}<211> and {511}<110> orientations occur,
which is consistent with literature data for Al–Mg
alloys with Mn additions [9, 14].

Thus, the combination of mechanical test-
ing, texture analysis and X-ray Debye pattern
recording makes it possible to fully characterize
the recrystallization process and to recommend
optimal annealing regimes for AA5056 alloy: for
maximum ductility – annealing at 370-390 ℃, for
maintaining increased strength – annealing not
higher than 330 ℃.

5 Conclusions

Based on the conducted study of the effect of
annealing temperature in the range of 290-530 ℃

with a holding time of 1 hour on the mechani-
cal properties, texture and primary recrystalliza-
tion kinetics of a cold-rolled AA5056 alloy sheet
(reduction 37.9%, thickness 3.06 mm, magnesium
content

1. It was found that with increasing anneal-
ing temperature, the ultimate tensile strength
Rm and yield strength Rp0.2 regularly decrease
from 464–481 MPa and 349–369 MPa in the cold-
rolled state to 266–442 MPa and 109–346 MPa
after annealing at 530 ℃, respectively, while the
elongation A increases from 9.2–10.9% to 17.5%.
Regression equations (R2 = 0.989) were obtained,
allowing a quantitative description of these depen-
dences in the studied temperature range.

2. Analysis of inverse pole figures showed that
in the cold-rolled state and after annealing up to
390 ℃, the maximum pole density corresponds to
the <001> direction. After annealing at 470 ℃and
above, the preferred orientation shifts towards the
{311}<211> and {511}<110> components.

3. Using the X-ray photographic method of
recording Debye patterns, the onset of primary
recrystallization was recorded for the first time for
AA5056 alloy by the appearance of spotty reflec-
tions on the (511) and (422) Debye rings at a
temperature of 370 ℃. At 330 ℃, a local decrease
in ductility was found, explained by the precipita-
tion of a secondary phase from the supersaturated
solid solution and a decrease in the crystal lattice
parameter.

4. The recommended annealing regimes for
AA5056 alloy after cold rolling with a reduction
of about 38% are: for achieving maximum duc-
tility, annealing at 370-390 ℃; for maintaining
increased strength, annealing not higher than 330
℃. The obtained regression equations can be used
to predict mechanical properties when assigning
heat treatment to rolled sheet from Al–Mg system
alloys.
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