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Abstract

This study investigates microstructure development of AA5182 Al-Mg alloy under various homogenization conditions and
how these conditions affect recrystallization processes and texture development during the laboratory hot-rolling.
Homogenization treatments were conducted for 16 h at 490 °C and for 4 h, 16 h and 96 h at 550 °C. Scanning electron
microscopy (SEM) characterization including energy-dispersive X-ray spectroscopy (EDX) revealed the presence of
Al(Fe,Mn) and Al _(Fe,Mn) phases as Fe/Mn-bearing microconstituents in the as-cast state. These transformed into
Al (Fe,Mn) and a-Al(Fe,Mn)Si during homogenization treatments. The treatments also led to precipitation of Al (Mn,Fe)
and a-Al(Fe,Mn)Si dispersoid particles. The results of electron backscattered diffraction (EBSD) indicated that a weak
deformation texture was present after hot-rolling. The morphology of grains and the degree of restoration were significantly
influenced by homogenization conditions. The distribution and density of dispersoids had a strong effect on the mechanisms
of recovery and recrystallization.
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1. Introduction

AAS5182 is a medium strength, magnesium-rich
alloy from the 5xxx series, widely used as a structural
material. This alloy is typically supplied in sheet
form, either as hot-rolled coils or thin, cold-rolled
sheets [1]. Being a non-heat-treatable alloy, AA5182
mainly gains strength through solid solution
hardening by magnesium solute and work-hardening.
However, the presence of secondary intermetallic
phases such as microconstituents and dispersoids,
their phase composition, morphology and
distribution, significantly influence the alloy’s
plasticity, formability [2—4] and corrosion resistance
[5, 6].

Apart from magnesium, the 5xxx alloys contain
alloying elements like manganese and chromium,
along with unavoidable impurities such as iron and
silicon. Transition metals, particularly iron, have low
solubility in solid aluminum, which leads to the
formation of various intermetallic compounds during
the solidification process. The phase selection is
affected by solidification rates and the chemical
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composition, particularly Fe/Si and Fe/Mn ratios [1,
7-10].The impact of solidification parameters is
highlighted by the range of Fe/Mn-bearing
compounds seen in the as-cast state of AA5182 alloy.
Simensen et al. [11] reported Al(Fe,Mn) and
Al(Fe,Cu,Mn) as main Fe-bearing constituents,
however other studies did not detect Al (Fe,Mn)
phase. C.J. Lee et al. [12] identified Al (Fe,Mn) and
Al (Fe,Mn) as the iron-bearing intermetallic phases in
the as-cast state, while Engler et al. [8] observed only
Al,(Fe,Mn). N.Tian et al. [13] reported Al (Fe,Mn) as
the Fe/Mn-bearing constituent phase.

Among the steps of thermo-mechanical
processing, homogenization annealing has, by far, the
strongest influence on the alloy microstructure and
microchemistry. The treatment reduces
microsegregation, it may affect microconstituents,
and leads to dispersoid precipitation. A number of
recent studies on 5xxx alloys were directed toward
altering chemical composition and/or development of
homogenization procedures, usually involving low-
temperature homogenization to enhance dispersoid
hardening [14, 15]. While two types of dispersoids,
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acicular Al(Mn,Fe) and rounded o-Al(Mn,Fe)Si,
were observed to precipitate in an AA5182 alloy [8],
the alloy is relatively lean in dispersoid forming
elements, making significant dispersoid hardening
unlikely. However, the precipitation of finely
dispersed Mn-based particles is a key factor
influencing recovery and recrystallization during hot-
deformation and subsequent thermo-mechanical
processing [14—16].

The aim of this study was to document changes in
microconstituents and dispersoids induced by various
homogenization treatments, and to assess their impact
on restoration processes and texture development
during a hot-rolling of industrially cast AA5182 alloy.
The evolution of the constituent particles and
formation of dispersoids under different
homogenization treatments was followed by electrical
conductivity/resistivity measurements and
characterized by scanning electron microscopy
(SEM) including electron dispersive spectroscopy
(EDS). The study of grain microstructure and texture
was conducted by optical microscopy and electron
backscattered diffraction (EBSD) technique.

2. Experimental

The material used in this study was a slice of an
industrially direct-chill (DC) cast ingot of commercial
AA5182 alloy, supplied by Impol Seval Aluminum
Mills. The chemical composition of the alloy was
analyzed by an optical emission spectrometer (Belec
Compact Port HLC) and the results are shown in
Table 1.

For experimental processing, blocks measuring
110x60%x25 mm were cut from the as-cast slice.
Positions of the cut blocks, which were near the half-
width at quarter thickness of the slice, are
schematically shown in Figure 1. This position is

considered to be representative of the final sheet
properties, according to [9]. The laboratory thermo-
mechanical processing included homogenization
treatment followed by a hot-rolling (HR).

A preliminary evaluation of the effect of
homogenization conditions on processes taking place
during homogenization was conducted by electrical
resistivity measurements. The electrical resistivity is
highly sensitive to the presence of point defects in the
solid solution, including solute atoms, and, as such,
has been used for determination of the extent of
precipitation/dissolution reactions during heat
treatment [17]. The electrical conductivity/resistivity
measurements were performed using the Foerster
Sigmatest 2.069 instrument, operating at a frequency
of /=120 kHz. Samples for electrical resistivity
measurements were homogenized for 16 h at 430 °C,
460 °C, 490 °C, 520 °C and 550 °C as well as for O h
(heated up to 550 °C and quenched), 4 h, 16 h, 36 h,
72 h and 96 h at 550°C.

As-cast and homogenized samples were
mechanically polished according to standard
metallographic procedures. The grain microstructure
of as-cast sample was characterized using polarized
light in a Reichert-Jung optical microscope (OM)
following anodization in Barker’s reagent. Grain size
was determined by linear intercept method according
to the standard ASTM E112.

Mechanically polished as-cast sample, samples
that underwent selected homogenization treatments:
16 h/490 °C, 4 h/550 °C, 16 h/550 °C, 96 h/550 °C, as
well as the sample heated up to 550 °C (0h/550 °C)
were examined using a FEG SEM/EDS FEI Scios 2
Dual Beam electron microscope equipped with EDS
detector at 15 kV. Microconstituent characterization
was performed in chemically sensitive back-scattered
electron (BSE) mode, coupled with energy-dispersive
spectroscopy (EDS).

Table 1. Chemical composition of the studied AA5182 alloy / wt.%

Mg Mn Cu Fe Si Zn Cr Na Ti Zr
4217 0.46 0.018 0.323 0.137 0.048 0.072 / 0.014 <0.001
+0.056 +0.005 +0.03 +0.014 +0.004 +0.003 +0.005 +0.003
1040 mm
s i A
I
[T [0 Chemical composition
£ Homogenization treatments
E 490°C/16h + HR
3 [N X 550°C/4h + HR
! 550°C/16h + HR
Y 550°C/96h + HR
C i y,

Figure 1. Schematic presentation the positions of processed blocks within as-cast slice of the studied alloy
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The intensity of the BSE signal, represented as the
gray level in micrographs, is proportional to the mean
atomic number of the scattering object. Therefore,
iron- and manganese-rich particles exhibit lighter
contrast than the a-Al matrix, while Mg,Si particles
appear darker. As there are several Fe(Mn)-rich
phases differing in the transition-metal content, a
variation in gray level among phases is expected.
Phases with higher transition-metal content, such as
Al(Fe,Mn), display higher gray levels or lighter
contrast than Al (Fe,Mn). Four distinct gray level
ranges were identified: 165-180, 197-205, 215-225,
and 235-250 for the contrast/brightness conditions
used during SEM characterization. These ranges were
associated with specific chemical compositions, as
determined by semi-quantitative EDS analysis, and
unique constituent morphologies, indicating different
intermetallic phases. The ratios of Al —vs.— total
transition metals content (at%Al/Xat% M, where
M=transition metal) indicated the stoichiometry of
intermetallic phases and were in correlation with the
expected gray level for each phase justifying the use
of gray levels as a criterion for phase identification
during image processing. The image processing and
stereological measurements were conducted to
determine the volume fraction of each type of
microconstituent. Adobe Photoshop was used for
image processing, including a Median filter (1 pixel
radius) to smooth images, followed by multiclass
thresholding. In the second step, a high and a low
threshold were applied to each type of constituent
particles. In the last step, the Median filter (1 pixel
radius) was applied again to remove sporadic pixel
artifacts. Image J software was employed for image
analysis, measuring, among other stereological
parameters, the surface area of individual constituent
particles and the total area for each phase. Volume
fraction, which is equivalent to the area fraction [18],
was determined as the ratio of the total area of each
constituent class and the total area of the image. The
images had the area 500300 pm? and were formed by
stitching 4x4 micrographs, providing a broad field of
view. 3-5 such images were characterized per state.

The size of the dispersoids is too small compared
to the interaction volume of 2 um at 15 kV [12], so
EDS was used only for qualitative analysis to identify
the elements present in particles with different
morphologies. The number fraction was determined
manually by counting the particles. Five fields of
view with a size 30x30 pm? were characterized for
each homogenization regime.

The influence of the four selected homogenization
regimes and developed microstructure on restoration
processes during subsequent hot-rolling was assessed.
Hot-rolling was performed on a lab-scale single-stand
mill with a 206 mm roll diameter. It was carried out by
ten passes and resulted in a total thickness reduction

of 85%. The starting hot-rolling temperature was 490-
500 °C. Samples that were homogenized at 550 °C
were cooled in the furnace to the rolling temperature.
The applied 85% deformation approximates a
commercial roughing mill process. It is widely
recognized that simulating each stage of industrial
hot-rolling in lab conditions has numerous challenges,
particularly in maintaining uniform temperature
throughout the material during processing. In the
roughing mill stage, the ingot typically maintains a
nearly constant temperature due to its mass. To offset
heat loss, caused by the smaller size of the blocks,
samples were held in the furnace for 5 min at 500 °C
between consecutive passes.

For microstructural and electron backscattered
diffraction (EBSD) characterization, hot-rolled
samples were viewed parallel to the longitudinal
cross-section defined by the rolling (RD) and normal
(ND) directions of the HR plate. In the micrographs
and maps presented in the paper, the RD is oriented
horizontally, while the ND is oriented vertically.

The grain microstructure of the hot-rolled samples
was anodized in Barker’s reagent and characterized
using polarized light in a Reichert-Jung optical
microscope (OM). Samples for electron backscattered
diffraction (EBSD) characterization and micro-texture
measurements were mechanically polished and
subsequently electro-polished in 6% perchloric acid
solution (60 ml HCIO,, 140 ml H,0, 800 ml C,H,OH)
at 20°C and 30 V. The EBSD characterization was
conducted in an SEM JEOL JSM-6610LV scanning
electron microscope equipped with a Symmetry S3
EBSD detector. The EBSD data were processed using
AZtecCrystal 2.2 at the University of Belgrade,
Faculty of Mining and Geology. The accelerating
voltage was 20 kV, and the scanning step size for the
maps was 1.5 um. Data were collected from regions
close to the plate surface and the center. To ensure
sufficient data statistics and reliability, EBSD maps
were collected by three map scans over different areas
of the specimen for each region, with 1500-3000
grains analyzed per map. The rasterized area for each
map was 569x426 pixels which is equivalent to
853.5%639 um?.

3. Results

3.1. Microstructure of  As-cast and
Homogenized States

3.1.1. Optical  Microscopy of  As-cast
Microstructure

OM micrographs of the microstructure in the as-
cast state are shown in Figure 2. The grain
microstructure, as can be seen in Figure 2a, is cellular
with a grain size of 140 pum. Coarse, irregularly
shaped microconstituents lined inter-cellar boundaries
(Figure 2b).
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bright field micrographs

3.1.2. SEM
Microconstituents

Characterization

of

SEM/EDS characterization revealed several
constituent phases in the microstructure of the as-cast
material. Dark constituents, such as the one shown in
Figure 3a, were identified by EDS as Mg,Si (Figure
3d).

Constituents containing heavier elements, like Fe
and Mn, exhibited light contrast with different gray
levels in BSE micrographs (Figures 3a-c). The EDS
analysis indicated that the gray level is related to a
systematic variation in the at%Al/Zat%M, ratio (M,
represents Fe, Mn, Cr, Ni, Cu, Zn), which is
determined by a phase chemical composition (Figures
3d-g and Table 2).

Aln(Fe,Mn)

o-Al(Fe,Mn)Si

Al3(Fe,Mn)
o Als(Fe,Mn)
(l.-/( e,Mn)Si i U
10 um
‘ 10 um f —
d ‘count a emunl
w1 g Mg.Si| . [ Al;(Fe,Mn)
wl A -
] Si
200 F
400 ‘ | Mﬁ
z‘t: ‘ T T T T T T . o ,SI T T MAr: Fve T T T
f o ik _
d L, AWFe,Mn)| 97 a-Al(Fe,Mn,Cr)Si
Al
e S wn Fe
100 Mn 100+ Cr Mn
ML, AL MML Y V.

T T ? T T
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Figure 3. (a-c) BSE SEM micrographs of microconstituents in as-cast state and (d-g) representative EDS spectra of the

selected microconstituents
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Table 2. Chemistry of Fe/Mn-bearing constituents

State
Phase

As-cast |16 h/490°C| 0 h/550°C | 4 h/550°C |16 h/550°C|96 h/550°C
at%Al/Zat%Mi* 3.5140.26 | 3.56+0.27 | 3.54+0.13 | 3.57+0.27 | 3.60+0.3 | 3.54+0.14
Al (Fe,Mn,X) at%Fe/at%(Mn+Cr) | 3.51+0.43 | 3.42+0.46 | 2.9+0.42 | 3.70+£0.94 | 3.25+0.21 | 2.77+0.48
Si, at% 0.34+0.18 | 0.26+0.10 | 1.39+0.27 | 1.48+0.80 | 0.71£0.29 | 0.76+0.20

at%Al/Zat%Mi* 4.28+0.16 | 4.86+0.64 | 5.03+0.11 | 4.98+0.65 | 4.59+0.22 /

Al _(Fe,Mn,X) m~4 at%Fe/at%(Mn+Cr) | 2.744+0.25 | 3.21£0.62 | 3.78+0.13 | 4.77+2.98 | 4.37+£3.03 /

Si, at% 0.00£0.00 | 0.45+0.62 | 0.42+0.33 | 0.72+£9.68 | 0.23+£0.23 /
at%Al/Zat%Mi* / 5.96+0.29 | 5.76+0.06 5.97 5.7540.28 | 5.88+0.29
Al (Fe,Mn,X) at%Fe/at%(Mn+Cr) / 3.35+1.34 | 2.64+0.20 2.26 2.02+0.55 | 1.60+0.41
Si, at% / 0.00+0.00 | 0.00+0.00 | 0.00+0.00 | 0.00+0.00 | 0.00+0.00
at%Al/Zat%Mi* 4.63 5.59+0.93 4.99 4.85+1.25 | 4.60+0.70 | 4.64+0.4
a-Al(Fe,Mn,X)Si Si, at% 4.78 2.59+0.40 2.35 4.25+1.97 4.46+0.0.57| 5.19+0.44
at% Al/ at% Si 16.28 |34.48+3.62 34.1 20.21+3.80(17.48+3.22115.03+1.23

* Mi represents Fe, Mn, Cr, Ni, Cu, Zn, at%

The characterization indicated three types of
Fe/Mn-bearing constituents in the as-cast material.
The constituent, with the lightest contrast (gray
level=235-250), characterized by a feathery
morphology and sharp, spiky tips (Figures 3b and c¢),
was identified as the Al,(Fe,Mn) phase. Its
at%Al/Zat%M, ratio ranged from 3.42 to 3.77, which
is slightly higher than stoichiometric Al ;Fe,. Another
light phase (gray level=215-225) with irregular
morphology (Figures 3a and c¢) exhibited
at%Al/Xat%M,; ratio in the range of 4-4.4 and was
identified as Al_(Fe,Mn) with m~=4.28 (Table 2). The
at%Al/Zat%M, ratios for both phases were consistent
with the compositions reported in [12]. Apart from the
difference at%Al/Zat%M, ratio, more Mn substituted
Fe in Al,(Fe,Mn) than in Al_(Fe,Mn), and Al _(Fe,Mn)
constituents were virtually free of Si (Table 2).
Additionally, small fraction of polygonal faceted
phase, rich in Si, was observed (Figure 3b). The
approximate composition of these particles,
Al o(Fe,Mn), .,Si is indicative of an a-Al(Fe,Mn)Si
phase known for varied stoichiometry ranging from
Al ,(Fe,Mn),Si to Al,(Fe,Mn),Si, [8]. Occasionally, a
phase with a grayish contrast similar to the matrix was
observed, corresponding to B-Al.Mg,. This phase,
which forms low-melting point with the a-Al matrix,
dissolves during heating to homogenization
temperatures. No Al (Fe,Mn) constituents were
detected in the as-cast state.

Homogenization treatments resulted in both
compositional and morphological changes of the
microconstituents. The principal difference between
homogenization at 490 °C and 550 °C is that the lower
temperature treatment leads to the additional
precipitation of Mg,Si particles at the interfaces of
Fe/Mn-bearing microconstituents (Figure 4a). In
contrast, high homogenization temperature causes the
coagulation of Mg,Si microconstituents, which,

subsequently, begins to dissolve as homogenization
time increased.

Al (Fe,Mn) phase, which is absent in the as-cast
state, was observed in the material after
homogenization at both temperatures (Figure 4). A
decrease in the volume fraction of Al,(Fe,Mn) (Figure
5) and associated morphological changes (Figures 4a-
¢) indicate an Al,(Fe,Mn) — Al (Fe,Mn)
transformation during the homogenization treatment.
Figure 4a shows a constituent consisting of
interconnected Al (Fe,Mn) and Al,(Fe,Mn) phases.
After the homogenization at 550 °C, remains of
Al(Fe,Mn) phase are seen at the Al(Fe,Mn)/Al
interface grooves (Figure 4b) or as islands surrounded
by Al(Fe,Mn) (Figure 4c). As the homogenization
temperature and time increase, the morphology of the
constituents changes from sharp edged to more
rounded shapes; longer exposure led to fragmentation.
Throughout the transformation, the composition of
Al,(Fe,Mn) changed a little, while Al (Fe,Mn)
became enriched with Mn as the homogenization
temperature and time increased (Table 2).

A fraction of the Al (Fe,Mn) constituents also
transformed into Al(Fe,Mn) phase. However, the
remaining Al_(Fe,Mn) phases underwent more
complex changes during homogenization. After
homogenization at 490 °C or upon reaching 550 °C,
numerous particles exhibiting a lamellar morphology
and composition corresponding to Al_(Fe,Mn) were
observed (Figures 6a and d). Unlike the Si-free
Al (Fe,Mn) found in the as-cast material, these
lamellar constituents contained small amounts of Si.
Homogenization at 550 °C resulted in new
morphology as can be seen in Figures 6b and c.

Figure 6b shows a constituent particle consisting
of two distinct regions: a lamellar morphology in the
center surrounded by a monolithic region. The EDS of
the monolithic regions indicated a higher silicon
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Figure 4. BSE SEM micrographs of the microconstituents after homogenization: (a) 16 h at 490 °C; (b) 4 h at 550 °C; (c)
96 h at 550 °C. (d-e) EDS spectra of the marked microconstituents shown in (b)
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Figure 5. Plot showing change in volume fraction of
constituent particles with homogenization
treatment

content than that observed in the lamellar
microconstituent. Prolonging the homogenization
treatment led to further shrinking of the lamellar
regions and coarsening remaining lamellae (Figure
6¢), while the progression of the monolithic regions
was accompanied by further Si enrichment (Figures
6e-g). After homogenization of 96 h, the
microstructure did not show the presence of particles
with lamellar morphology. The newly formed Si-rich
phase was classified as a-Al(Fe,Mn)Si although
silicon content had not yet reached typical
stoichiometry of Al ,(Fe,Mn),Si to Al /(Fe,Mn),Si,

[8]. The plot in Figure 5 summarizes the results of
quantitative image analysis. In the as-cast state, the
majority of particles had constitution of Al (Fe,Mn)
phase with a volume fraction 0.75, while the fraction
of Al,(Fe,Mn) was 0.39 vol% (Figure 5). Fraction of
a-Al(Fe,Mn)Si phase was very small, 0.05 vol%, as
only a few particles were observed. The total fraction
of Fe/Mn-bearing microconstituents in the as-cast
state was 1.19 vol% and did not significantly change
with homogenization. However, variation in the
constituent volume fraction in the range 0.5-1.4 vol%
in the different regions of the same state indicated the
presence of microstructural inhomogeneity in the
alloy. As can be seen in Figure 5 fractions of primary
constituent phases, Al,(Fe,Mn) and Al (Fe,Mn),
continually decreased as homogenization time and
temperature increased. Al (Fe,Mn) phase particles,
while absent in the as-cast alloy, become dominant
phase after the homogenization treatments. The
fraction of a-Al(Fe,Mn)Si constituents also increased.

3.1.3. Characterization of Dispersoids Evolution
during Homogenization

The formation of various Fe,Mn-bearing, and
Mg,Si microconstituent phases depleted the
aluminum matrix of solutes during solidification.
However, a sufficient level of supersaturation
remained, which triggered precipitation reactions
during homogenization anneal. The decomposition of
the o-Al solid solution and precipitation reactions
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Figure 6. BSE SEM micrographs illustrating the evolution of the lamellar microconstituents during homogenization: (a)
sample was heated up to 550°C; (b) 4 h at 550°C; (c) 16 h at 550°C and (d-g) corresponding EDS spectra
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Figure 7. Plots showing a change in electrical resistance as a function of homogenization conditions: (a) isothermal
homogenization at 550 °C, 1=0-96 h; (b) isochronal homogenization (=16 h), T=430-550 °C

were indicated by the electrical resistivity
measurements. The electrical resistivity, sensitive to
the solute content, is the highest in the as-cast state
and showed a continual decrease as homogenization
time increased during treatment at 550 °C (Figure 7a).
On the other hand, the results of the electrical

resistivity measurements on samples annealed for 16
h at different temperatures (Figure 7b) highlighted the
complexity of the reactions occurring during the
homogenization, which include both precipitation and
dissolution processes. There is a continual decrease in
the electrical resistivity of the homogenization
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temperature rises from 430 °C to 490 °C. However,
beyond 490 °C, further increases in temperature did
not affect electrical resistivity. Impeding stagnation in
electrical resistivity at higher temperatures range can
be attributed to the behavior of the Mg,Si phase. As
noted in the previous section, treatment at 490 °C
resulted in additional precipitation of the phase, while
homogenization at 550 °C temperature led to its
dissolution increasing the solute level in the
aluminum matrix.

Microstructural characterization revealed that the
decomposition of the Al solid solution involved the
precipitation of fine dispersoids with light contrast
(Figure 8a) and coarser particles located at the grain
boundaries (Figure 8b). The precipitated dispersoids
exhibited two distinct shape types: acicular and more
rounded particles (Figure 8a). Although the particles
were too small for meaningful quantitative EDS
analysis, the EDS spectra indicated a difference in
chemistry associated with the particle shape. The
typical EDS spectrum of the acicular particles (Figure
8c), in addition to strong Al and Mg peaks originating
from the surrounding Al-matrix, exhibited Mn and Fe
maxima. Spectra of rounded particles (Figure 8d),
showed two additional peaks: a strong Si peak and a

weaker Cr peak. Both types of dispersoid particles
have been reported in Al-Mg alloys and are classified
as Al ,(Mn,Fe) and a-Al(Fe,Mn,Cr)Si [8, 19]. Spectra
of grain boundary particles indicated Al (Mn,Fe)
phase (Figure 8e).

Figures 9(a-b) and 9(c-d) show the distribution of
dispersoid particles in the samples that were
homogenized for 16 h at 490 °C and 550 °C,
respectively. After both treatments, dispersoid-rich
zones characterized by a dense population of fine
bright dispersoid particles were formed within the
interiors of the as-cast cells. In the sample
homogenized at 490 °C, the dispersoid population
consisted of a mixture of a few micrometers long, thin
acicular particles and finer rounded particles. These
particles were uniformly distributed within
dispersoid-rich zones, showing little variation in size
and density between the center and the periphery of
the zones (Figures 10a-b). In contrast, after

homogenization at 550 °C, the centers of the
dispersoid-rich zones contained a denser mixture of
fine acicular and rounded particles than their
periphery. In addition to being less dense, the particles
at the periphery of the zones became coarser and less
dense (Figures 10c-d).

Figure 8. BSE SEM micrographs of precipitated (a) dispersoids in cell interiors, and (b) particles at grain boundaries; (c)-
(e) corresponding EDS spectra. Sample was homogenized for 16 h at 550 °C
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7 —

Figure 9. BSE SEM micrographs showing distribution of dispersoid particles in the samples homogenized for 16 h at (a-
b) 490 °C, and (c-d) 550 °C

16h/a90°Cc | b 4h/550°C | C 16h/550°C 96h/550°C

Center

Periphery

Figure 10. BSE SEM micrographs of the dispersoids in the center and periphery of dispersoid-rich zones after
homogenization: (a) 16 h at 490 °C, and (b) 4 h; (c) 16 h; (d) 96 h at 550 °C

In the centers of dispersoid-rich zones, the total However, the variation in particle density from one
particle number density remained similar after zone to another within the same sample was greater
annealing at 490 °C compared to various treatments at  than the variation between samples that underwent
550 °C, falling in the range of 1-3x10° mm (Table 3).  different treatments, highlighting the impact of local
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Table 3. Particle density in dispersoid-rich zones and width of dispersoid free zones (DFZ) for different homogenization

treatments
State 16 h/490°C 4 h/550°C 16 h/550°C 96 h/550°C
particle density - acicular, mm 1.4x10* 3.2x10* 6.6x10* 12x10*
particle density -rounded, mm 18x10* 9.2x10* 15x10* 20x10*
particle density, mm 19.4x10* 12.4x10* 21.6x10* 32x10*
DFZ width, um 7.8 4.6 6.2 8.7

chemistry and microsegregation. The difference in DZ
centers between homogenization at 490 °C and
treatments at the higher temperature was the increased
fraction of fine acicular Al (Mn,Fe) particles observed
at 550 °C. The longer homogenization time
contributed to particle coarsening (Figure 10) and
reduction in size of the dense regions within
dispersoid-rich zones as well as decrease in particle
density at their periphery. For example, approximately
65% of the sample was covered by dispersoid-rich
zones after 16 h at 490 °C, whereas this coverage
dropped to 40-50% in the sample homogenized 16 h
at 550 °C.

3.2. Microstructure and Texture Developed
during Hot-rolling

The grain microstructure developed during hot-
rolling in samples subjected to different
homogenization treatments is shown in Figure 11.
Regardless of the homogenization conditions, there is
a clear difference in the grain morphology of the
region close to the surface and center of the hot-rolled
plate, indicating non-uniform deformation. The
subsurface region, which experiences a higher strain
than the center, appears to undergo a higher degree of
recovery and recrystallization. The samples

16h/490C |y

‘."m. g - [=.
‘.1-..—~ — —

homogenized 16 h at 490 °C and 4 h at 550 °C
(Figures 11a and b), are characterized by thin, long
grains that have undergone some fragmentation along
with occasional small, rounded grains near constituent
particles. In contrast, long, deformed grain
microstructure in the center of the hot-rolled plate
appears almost intact. The restoration processes
appear far more advanced in the samples that were
annealed for 16 h and 96 h at 550 °C (Figures 11c and
d). In these samples, the long grains almost
completely disappear, resulting in the microstructure
composed of coarser, somewhat elongated grains as
well as fine rounded grains in the subsurface region.
While some long, deformed grain microstructure
remains after homogenization for 16 h at 550 °C in the
center of the plate, the microstructure after
homogenization for 96 h resembles that of the
subsurface region, albeit with coarser grains.

The EBSD characterization of the samples
homogenized for 16 h at 490 °C and 550 °C revealed
the presence of a deformation texture characterized by
strong brass and S components (Figure 12).

The texture was stronger in the sample
homogenized at lower temperature. However, the
orientation distribution function (ODF) of the
subsurface region of the sample treated at 550 °C
exhibited additional peaks, specifically a high

4h/550€4 C

Figure 11. OM micrographs of the grain microstructure near the surface and in the center of hot-rolled plates homogenized
(a) 16 h at 490 °C, and (b) 4 h; (c) 16 h; (d) 96 h at 550 °C
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@2=45° p2=65°

p2=45° p2=65°

intensity at cube and cube RD positions indicating the
presence of recrystallized grains.

To assess the extent of the recovery and
recrystallization, we evaluated Grain Orientation
Spread (GOS) maps. GOS represents the average
deviation of the orientations of all measured points
within a grain relative to the grain’s average
orientation. In aluminum alloys, GOS values ranging
from 1° to 2° are associated with strain-free grains,
while grains with GOS values between 2° and 10°
have undergone some type of recovery. Those with
GOS values greater than 10° indicate deformed
microstructure [16, 20—22].

Figures 13a and b show GOS maps of the
subsurface regions in the hot-rolled samples that were
homogenized for 16 h at 490 °C and 550 °C,
respectively. The maps, with maximum GOS values
~8°, indicate a significant degree of restorative
processes in both samples. It can be seen that even the
majority of long grains, typical of the deformed state,
showed GOS values within the range indicative of
recovery.

Optical micrographs suggested the higher fraction
of recrystallized grains in the sample homogenized at
higher temperature. However, the fraction of the
strain-free grains was similar, approximately 12-14%,
in both treatments. There was a notable difference in
the morphology of these strain-free grains.

In the sample homogenized for 16 h at 490 °C
most of the strain-free grains were segments within
lamellar grains or individual grains formed at triple or
quadruple junctions as shown in Figure 13a.
However, a few clusters of small rounded strain free-
grains were observed around constituents. The
fraction of HAGB bounding the strain-free grains was

$2=90°

9.45

0.00

$2=90° 4.47

0.00
Figure 12. ODFs of the subsurface region of the hot-rolled plates homogenized (a)16 h at 490 °C, and (b) 16 h at 550 °C

around 66%. The overall fraction of HAGB in the hot-
rolled sample homogenized at 490 °C was about 45%.
In the sample homogenized at a higher
temperature, the strain-free grains were mostly small,
rounded grains forming clusters around constituent
particles, as seen in Figure 13b. The grains within
these clusters were predominantly separated by high-
angle grain boundaries (HAGB>15°), with a fraction
of HAGB about 89%. In contrast, to the overall
fraction HAGB in the microstructure was only 31%.

4. Discussion

According to the CALPHAD simulations, a 2-D
section of the Al-Fe-Mn-Si-Mg equilibrium phase
diagram, for a similar content of transition metals and
Si as in the studied alloy [8], indicates that the stable
phase field at the temperatures of interest for high Mg
alloys is a-Al+Al(Fe,Mn)+Mg,Si. However, the
results of this study revealed that the phases
Al_(Fe,Mn) and Al,(Fe,Mn) are present in the as-cast
state in lieu with the study of Li et al. [23].
Additionally, a small fraction of a-Al(Fe,Mn)Si phase
was detected, which is expected to be stable in alloys
with lower magnesium content than the nominal
composition of the studied alloy according to the
phase diagram [8].

The deviation of the constituent phase
composition from the equilibrium state is typically
attributed to the effect of the solidification rate and
microsegregation [8]. Despite this deviation in the as-
cast state, several studies have reported either the
absence of phase transformation in the constituents
[8] or transformation where the metastable
Al (Fe,Mn) transforms into Al,(Fe,Mn)+a-Al [23] or
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Figure 13. GOS maps of the subsurface region of the hot-rolled plates homogenized: (a) 16 h at 490 °C, and (b) 16 h at

550 °C

Al ,(Fe,Mn),” converts into Al,(Fe,Mn)+Al  (Fe,Mn),
[13]. In contrast to those findings, our results show
that primary constituents do transform into
Al(Fe,Mn) and, to a lesser extent, a-Al(Fe,Mn)Si
phase. The difference in behavior is likely influenced
by the choice of homogenization treatment
parameters, including longer treatment and higher
temperatures. The lamellar microconstituent observed
at lower homogenization temperature and after shorter
homogenization times at 550 °C, is indicative of a
eutectoid phase transformation described by Li et al.
[23], where Al (Fe,Mn) transforms into
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Al (Fe,Mn)+a-Al. However, unlike their study, which
concludes transformation there, our results indicate
that with prolonged homogenization time, the
lamellar microconstituent further transforms into a
monolithic ~ Si-rich  phase. Apparently, the
decomposition of the metastable Al (Fe,Mn) phase
does not stop at eutectoid transformation but
continues along this path:
Al (Fe,Mn)—AlL(Fe,Mn)+oAl—a-Al(Fe,Mn)Si.

An increase in homogenization temperature
significantly accelerates transformation kinetics. Our
results indicate that even after a long homogenization
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time (16 h) at a low homogenization temperature (490
°C), only a fraction of the primary constituents
transformed into Al (Fe,Mn) and the composition of
the o-Al(Fe,Mn)Si particles deviated from
stoichiometric. In contrast, transformation into
Al (Fe,Mn) begins during heating to 550 °C and it
becomes the prevalent phase upon reaching the
homogenization temperature (Figure 4).

The transformation into Al (Fe,Mn) is not thefinal
stage. Once formed, with the extended
homogenization treatment, the constituent particles
become enriched with manganese, decreasing the
Fe/Mn ratio in the compound. As additional
manganese originates from the surrounding area,
enrichment of constituent particles leads to the
formation of dispersoid-free zones (DFZ) and lower
particle density at the periphery of the dispersoid-rich
zones. The morphology, size, and distribution of
dispersoids are known to significantly influence the
dynamic recovery and recrystallization of Al-alloys
[15, 24]. In the studied alloy, homogenization
conditions impacted its microstructure, thereby
affecting both the ease of recrystallization and the
underlying mechanism. In the samples homogenized
for a long time (16-96 h) at 550 °C, the reduction in
the size of the particle-dense regions facilitated
recovery and recrystallization during early stages of
hot-rolling. As a result, the original long deformed
grains are sparse, particularly in the subsurface
region. However, the recrystallization that occurred
during initial rolling passes decreased the stored
energy of deformation, which in turn reduced the
driving force for recrystallization during the final
pass. The final grain microstructure consisted of
grains that underwent varied degrees of recovery,
while recrystallized regions were primarily located
around the constituent particles. Apparently, the
dissolution of the dispersoids in vicinity of constituent
particles and lower particle density at the periphery of
the dispersoid-rich zones favored the particle
stimulated nucleation (PSN) mechanism [25] as the
primary recrystallization mechanism. In contrast, in
the samples homogenized at 490 °C or for a short time
(4 h) at 550 °C, PSN mechanism was not efficient due
to the uniform distribution of the dispersoid particles.
In those samples, recrystallization was inhibited
during the early passes, leading to the accumulation of
stored energy of deformation that activated other
restoration mechanisms. Observation of strain-free
grains formed within deformed original grains suggest
as subgrain growth [25] as a favored mechanism in
these samples.

5. Conclusions

In the present study, various homogenization
treatments were conducted to investigate their impact

on the recrystallization behavior during laboratory
hot-rolling of AAS5182 alloy. The following
conclusions can be drawn.

- The as-cast microstructure of AAS5182 alloy
consisted of aluminum cells surrounded by
Al(Fe,Mn) and Al (Fe,Mn) as Fe/Mn-bearing
microconstituents along with Mg, Si.

- During the homogenization treatments at both
490 °C and 550 °C, the primary constituent phases
transformed into Al (Fe,Mn) and a-Al(Fe,Mn)Si. The
extent of this transformation was dependent on the
treatment time and temperature.

- The eutectoid transformation of Al (Fe,Mn)
resulted in lamellar Al(Fe,Mn)+Al, which
subsequently transformed into a-Al(Fe,Mn)Si phase.

- At 550 °C, longer treatment times led to an
enrichment of the newly formed Al (Fe,Mn) phase
with manganese. This was followed by an increase in
the width of the DFZ and a decrease in the dispersoid
particle density at the periphery of dispersoid-rich
zones.

- The recrystallization mechanism during hot-
rolling appears to be sensitive to the dispersoid
particle density. The PSN mechanism appears to be
favored when there is decrease in size of dispersoid-
rich zones and in the presence of lower particle
density at their periphery, while subgrain growth
occurs in the presence of uniformly dense dispersoid-
rich zones.
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EVOLUCIJA MIKROSTRUKTURE POD RAZLICITIM USLOVIMA
HOMOGENIZACIJE I NJEN UTICAJ NA PROCESE REKRISTALIZACIJE
TOKOM TOPLOG VALJANJA LEGURE AAS5182

Aleksandar Citi¢ *», Tamara Radeti¢ *, Filip Rajkovi¢ ¢, Dejan Prelevi¢ ¢, Miljana Popovi¢

* Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Beograd, Srbija
b Vojnotehnic¢ki institut, Beograd, Srbija
¢ Univerzitet u Beogradu, Rudarsko-geoloski fakultet, Beograd, Srbija
Apstrakt

Ova studija ispituje razvoj mikrostrukture legure AA5182 Al-Mg pri razlicitim uslovima homogenizacije kao i uticaj tih
uslova na procese rekristalizacije i razvoj teksture tokom laboratorijskog toplog valjanja. Homogenizacija je sprovedena u
trajanju od 16 h na 490 °C, kao i u trajanju od 4 h, 16 hi 96 h na 550 °C. Karakterizacija primenom skenirajuce elektronske
mikroskopije (SEM), ukljucujuci energijski disperzivnu rendgensku spektroskopiju (EDX), otkrila je prisustvo faza
Al(Fe,Mn) i Al (Fe,Mn) kao mikro-konstituenata koji sadrze Fe/Mn u livenom stanju. Tokom homogenizacije ove faze su
transformisane u Al (Fe,Mn) i a-Al(Fe,Mn)Si. Razliciti tretmani doveli su do izdvajanja disperzoidnih Cestica Al (Mn,Fe) i
0-Al(Fe,Mn)Si. Rezultati difrakcije povratno rasejanih elektrona (EBSD) ukazali su na prisustvo slabe deformacione
teksture nakon toplog valjanja. Morfologija zrna i stepen restauracije bili su znacajno uslovijeni parametrima
homogenizacije. Raspodela i gustina disperzoida snazno su uticale na mehanizme oporavljanja i rekristalizacije.

Kljucne reci: Legura AA5182; Homogenizacija, Mikro-konstituenti sa (Fe,Mn); Disperzoidi sa Mn; Rekristalizacija
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