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Abstract

The evolution of the Mn-bearing dispersoids in two Al-Mg-Mn 5xxx alloys with 3% and 5% Mg and their impact on the
mechanical properties and recrystallization resistance have been investigated. A large number of Mn-dispersoids were
precipitated in the aluminum matrix by applying a low-temperature homogenization, but the type, size, and number density
of these dispersoids after heat treatment were strongly related to the Mg levels: fine AlgMn and a-Al(Mn,Fe)Si dispersoids
were observed in Al-3 Mg-Mn alloy, while the dispersoids changed to relatively large Al;Mn and AlgMn dispersoids in
Al-5 Mg-Mn alloy. The mechanical properties after cold rolling as a function of the annealing temperature were studied.
The yield strength after cold rolling and 300 °C annealing reached 233 MPa for low Mg and 253 MPa for high Mg alloys
homogenized at low temperature, respectively, showing an improvement of 30% and 20% over the high-temperature
homogenization. In addition, the deformed grain structures after cold rolling and annealing were characterized. Results
demonstrated that fine and densely distributed Mn-dispersoids generated during low-temperature homogenization could
effectively hinder the dislocation and sub-grain boundary migration and improve the recrystallization resistance of cold-
rolled sheets.
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1 Introduction

Al-Mg-Mn 5xxx alloys are popular for their lightweight, excellent toughness, and corrosion resistance, making them suitable
for a broad range of applications in transportation, structural, and chemical industries [1, 2]. However, their strength is limited
as non-heat-treatable alloys due to lack of precipitation strengthening [3]. Increasing the magnesium content can improve
strength but may cause the reduction of the ductility and corrosion resistance. Commercial 5xxx alloys contain 3-6% Mg
[1, 4]. Recent studies have shown that Mn-bearing dispersoids, formed through appropriate heat treatments, can enhance the
room and elevated temperature properties of non-heat-treatable aluminum alloys, providing supplemental strength and
preserving deformed structures during post-deformation annealing [5-7].

Many commercial AI-Mg-Mn 5xxx alloys, such as AA5083, AA5454, AA5754, and AA5182, contain high Mn level and
small amounts of Fe and Si impurities. These impurities result in the formation of either coarse intermetallic phases during
solidification or fine dispersoids during homogenization. It is reported that changing the Mg levels affects the formation of Fe/
Mn-containing intermetallic compounds [8, 9]. Mn-bearing dispersoids, such as Alg(Mn,Fe), Al,,(Mn,Fe), a-Al(Mn,Fe)Si,
and e-Al;g(Mn,Cr),Mg; are the common precipitates in AA5xxx alloys during homogenization [4, 5, 10-12]. However, the
alloy composition and homogenization parameter can greatly influence the formation of these dispersoids [4, 5, 10]. Engler
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et al. [4, 10] reported that both a-Al(Mn,Fe)Si and Alg(Mn,Fe) dispersoids precipitated during homogenization in several Al-
Mg-Mn alloys, depending on the Si and Mg content. In addition, a low-temperature heat treatment can produce finer and more
uniformly distributed dispersoids than a high-temperature treatment, which provides an extra strengthening effect [5, 13].

Al-Mg-Mn 5xxx alloys are usually delivered in sheet form for various transportation and structural applications. After
homogenization, the cast ingots undergo hot and cold rolling to produce the final sheet products. Dynamic recovery and
recrystallization during hot rolling control the formability and work hardening, and the retardation of recrystallization can
improve the mechanical properties [14]. For thin sheets, cold rolling is often applied. However, cold rolling introduces defects
and increases the stored deformation energy, but subsequent annealing stabilizes the microstructure through the static
recovery and recrystallization process, improving the ductility and reducing work hardening. The degree of recrystallization
is affected by the annealing temperature and time, as well as the volume fraction and size of dispersoids formed during
homogenization. Controlling the size and distribution of Mn-bearing dispersoids can, therefore, significantly improve the
materials performance [10, 13].

Although Mg is not an essential dispersoid-forming element, the present study was undertaken to understand the role of Mg
in forming the Mn-dispersoids and their influence on the alloy properties of the final product in two cold-rolled Al-Mg alloys.
The results were compared with a traditional homogenization treatment. The microstructure evolution during heat treatment,
hot and cold rolling, was characterized using optical microscopy (OM), scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD), and transmission electron microscopy (TEM).

2 Experimental Procedure

Two Al-Mg-Mn alloys with two Mg levels, denoted as L-Mg and H-Mg alloys, were prepared by conventional melting and
casting procedures. The designed chemical compositions of L-Mg and H-Mg are close to the chemical specification of
AA5454 (A13MgMn) and AA5083 (Al4.5MgMn) alloys. Table 1 lists the actual chemical composition of two alloys studied.
After preparing the molten metal by melting the master alloys with a desirable composition, the melt was cast into a permanent
steel mold preheated at 250 °C to produce the cast ingots with a dimension of 30 x 40 x 80 mm.

The cast ingots were heat-treated with a low-temperature three-step homogenization (275 °C/12 h + 375 °C/48 h + 425 °C/
12 h) to promote the precipitation of Mn-bearing dispersoids and adapt the hot rolling process [7]. In addition, few ingots were
subjected to an industrial high-temperature homogenization (430 °C/2 h + 480 °C/2 h + 525 °C/2 h) as the control base
[7]. The homogenized ingots were hot-rolled at 500 °C to produce a flat plate with an 88% reduction. The hot-rolled plates
with a thickness of 3.2 mm were further cold-rolled to a final thickness of 1 mm with a 69% reduction. The cold-rolled samples
were annealed at 200—400 °C, followed by air cooling.

Uniaxial tensile testing was performed at room temperature using an Instron 8801 servo-hydraulic unit with a strain rate of
0.001 S™'. The tensile samples were machined according to ASTM E8/E8M-16a in the rolling direction. Average results were
obtained from three repeated tests.

The microstructures were observed under optical microscopy (Nikon, Eclipse ME600), scanning electron microscope
(SEM, JEOL-JSM-6480LV), and transmission electron microscope (TEM, JEM-2100). In addition, the annealed samples
were sectioned in the rolling direction and observed with electron backscattered diffraction (EBSD) technique with scan step
sizes of 1 pm. TEM thin foils were prepared in a twin-jet electro-polisher using a solution of 30% nitric acid in methanol at —
20 °C to study the characteristics of Mn-bearing dispersoids. The size and number density of Mn-bearing dispersoids were
measured using ImageJ analysis software on TEM images. The number density and the volume fraction of Mn-bearing
dispersoids were measured according to the method described in [7].

Table 1 Chemical composition of the experimental alloys (wt.%)

‘Mg | Mn Si | Fe Cu Cr Ti Al
L-Mg 13.01 10.81 1027 1031 10.10 10.14 0.09 | Bal.
H-Mg 1478 10.79 10.26 1031 10.10 10.15 10.10 | Bal.
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Fig. 1 Optical micrographs and inserted SEM images showing the distribution of intermetallic phases of the experimental alloys in as-cast
condition (a) L-Mg alloy, (b) H-Mg alloy, and (c) the volume fractions of IMCs phases in both alloys

3 Results and Discussion
3.1 Microstructure Evolution in the As-Cast and Homogenized Samples

Figure 1 shows optical micrographs with inserted SEM images revealing the distribution of various intermetallic phases
(IMCs) in as-cast L-Mg and H-Mg alloys. In addition, the volume fraction of various IMCs is summarized in Fig. 1c. As
shown in Fig. 1a, b, the as-cast structure was composed of a-Al dendrite cells as the matrix and complex-shaped intermetallic
particles with various morphologies and contrast located in the interdendritic regions. Alloy L-Mg (Fig. 1a) revealed the
presence of three intermetallic phases: a-Al;s(Fe,Mn);Si, (irregular and bright phases with high Si content), Mg,Si (dark
phase), and a minor fraction of the low melting-point eutectic phase of T-Al¢CuMg,. Alloy H-Mg (Fig. 1b) displayed a large
number of IMC phases, including Alg(Mn,Fe)/Al,,(Mn,Fe) without Si, a minor fraction of a-Al;5(Fe,Mn);Si, and e-Al;g(Cr,
Mn),Mg3, Mg,Si, and the low eutectic melting phase T-AlgCuMg, [8]. In addition, the volume fraction of IMCs increased
with increasing Mg content (2.04% in L-Mg vs. 2.93% in H-Mg). It can be seen that increasing the Mg content not only alters
the type of IMCs phases but also increases their volume fraction. However, changing the type of IMCs by increasing the Mg
content may be attributed to two reasons: (1) lowering the peritectic temperature during solidification [9] and (2) lowering the
Si/Mg ratio [8], where higher Si/Mg ratio stabilizes the formation of a-Al;5(Fe,Mn);Si, (in L-Mg) over Alg(Mn,Fe)/Al,,(Mn,
Fe) (in H-Mg) [15, 16].

The microstructures of both alloys after the low-temperature homogenization are presented in Fig. 2. It can be seen that a
large number of submicron dispersoids were precipitated in the dendrite cell interiors. Figure 2a, b shows the distribution of
the dispersoid zones (DZs) and the dispersoids free zones (DFZs) in both alloys. The precipitation of dispersoids in the DZs
was further studied in detail using TEM (Fig. 2c, d). The chemical compositions of dispersoids, measured by STEM-EDS
point analysis, are listed in Table 2. As shown in Fig. 2c, L-Mg alloy contained two kinds of dispersoids with different
morphologies; one was the small round-shaped particles and another was rod-shaped particles. STEM-EDS analysis of the
round-shaped particles revealed high Mn, Fe, and Si contents, and thus, the round-shaped particles were presumably classified
as a-Al(Fe,Mn)Si. The rod-like particles held high Mn and Fe but without Si, and was identified as Alg(Mn,Fe). On the other
hand, H-Mg alloy also exhibited two different Mn-dispersoids with different aspect ratios (Fig. 2d). The STEM-EDS analysis
confirmed that both types of dispersoids contained Mn and Fe but without Si. The rod-like particles were identified as Alg(Mn,
Fe), while the dispersoids with cube-like morphology were classified as Aly(Mn,Fe) according to Mn/Fe ratio. Those three
types of dispersoids were frequently observed in homogenized 5xxx series alloys [5, 11].

The characteristics of Mn-dispersoids were quantified from the TEM images, and the results are presented in Table 3.
Regarding different dispersoids, all types of dispersoids are designated as Mn-bearing dispersoid in the following text since
they have a similar influence on the mechanical properties and recrystallization. The size of dispersoids in H-Mg alloy was
larger than that in L-Mg alloy (24.8 nm vs. 19 nm). On the other hand, the number density of dispersoids remarkably
decreased by increasing Mg content. For example, the density of dispersoids decreased from 799 x 10" m™ (L-Mg) to
560 x 10" m—* (H-Mg). It can also be found that the volume fraction of DFZs increased by increasing the Mg content (21.3%
in L-Mg vs. 27.4% in H-Mg). It is well known that DFZs located in the interdendritic regions and originated from the
periphery of Mn-rich intermetallic phases due to Mn depletion nearby these phases [6]. Therefore, compared to L-Mg alloy,
H-Mg alloy exhibited a larger volume fraction of the Mn-Fe IMC phases (Fig. 1c), resulting in a higher volume fraction of
DFZs.
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Fig.2 The optical micrographs with inserted SEM images for (a) L-Mg
and (b) H-Mg alloys, showing the distribution of DZs and DFZs after
the low-temperature homogenization. Bright-field TEM images of (c)

Table 2 Statistical results of TEM-EDS analysis (at.%) of different Mn-dispersoids

L-Mg and (d) H-Mg alloys, showing the type and distribution of
dispersoids in DZs

Mg Mn Fe Si Cr Al
L-Mg o-Al(Fe,Mn)Si 2.90 + 0.5 2.88 + 0.4 0.29 + 0.6 0.99 + 0.7 042 + 0.9 Bal.
AlgMn 2.81 + 0.6 2.95+03 0.31+04 - 0.47 + 0.4 Bal.
H-Mg Al,Mn 421+03 7.90 + 04 0.72+02 - 0.94 +0.3 Bal.
AlgMn 4.32+02 231+0.1 021403 - 0.50 + 0.2 Bal.
3.2 Mechanical Properties and Recrystallization Resistance

Figure 3 presents the mechanical properties of the cold-rolled and annealed sheets of experimental alloys as a function of the
annealing temperature. In addition, an industrial high-temperature homogenization before rolling was applied as the control
base to understand the role of Mn-bearing dispersoids on the mechanical properties. Figure 3a, ¢ displays the typical
engineering stress-strain curves for L-Mg and H-Mg alloys. In general, after reaching the peak stress (ultimate tensile
strength), the stress-strain curve underwent a short plateau followed by an instantaneous drop. The yield strengths (YS) of
H-Mg alloy were always higher than those of the L-Mg alloy, mainly attributed to the higher Mg solid solution strengthening
[3]. Furthermore, the YS significantly increased from after hot rolling to after cold rolling due to the strong strain hardening
effect (198 MPa vs. 366 MPa in L-Mg and 230 MPa vs. 382 MPa in H-Mg), while the elongation decreased by 4-5.6%. It can
be also seen that the YS after the low-temperature homogenization (LTH, solid lines) were always higher than those after the
industrial high-temperature homogenization (HTH, dash lines), primarily due to the higher number density of dispersoids
generated by the LTH.
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Table 3 Characteristics of Mn-bearing dispersoids and DFZ after heat-treated
Equivalent diameter D, nm Number density Nd, x 107", m > DFZ%
L-Mg 19.1+15 798.9 +53.9 213 +2.1
H-Mg 248 + 1.7 559.8 +22.2 273 +32
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Fig. 3 (a) Typical engineering stress-strain curves; (b) yield strength
and elongation as a function of the annealing temperature of L-Mg alloy;
(c) typical engineering stress-strain curves; and (d) yield strength and

Annealing temperature, (°C)

elongation as a function of the annealing temperature of H-Mg alloy.
HR-A refers to the hot rolling plus 300 °C/5 h annealing, and CR refers

to the cold rolling

During post-annealing, the trend of the mechanical strength changes in both alloys was similar. The YS decreased as the

annealing temperature increased, while the elongation increased due to the static recovery and recrystallization. As shown in
Fig. 3b, d, the YS gradually decreased at a relatively low annealing temperature (200 °C), while there was a sharp decrease at
300°C followed by a plateau until 400 °C because of the change of deformed grain structure during annealing [17, 18]. At low
annealing temperature (i.e., 200 °C), both samples remained in the recovery stage, and the small difference in the YS between
two homogenization conditions (~25 MPa in L-Mg and ~ 12.4 MPa in H-Mg) was mainly attributed to the strengthening
contribution of Mn-bearing dispersoids. When the annealing temperature increased to 300°C, the YS reached 233 MPa for
L-Mg alloy and 253 MPa for H-Mg alloy. Meanwhile, the YS increment between two homogenization conditions increased to
54 MPa in L-Mg and 42 MPa in H-Mg, indicating the superior recrystallization resistance of both alloys relative to the HTH.
For these large differences, apart from the contribution of Mn-bearing dispersoids, and the recrystallization degree plays an
important role.
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Fig. 4 Bright-field TEM images
showing the distribution of
Mn-bearing dispersoids after hot
rolling: (a, ¢) L-Mg and (b, d)
H-Mg alloys
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Figure 4 displays bright-field TEM micrographs of the distribution of Mn-bearing dispersoids in two alloys after hot
rolling. Compared to the dispersoids before rolling (Fig. 2c, d), the dispersoids become larger and less dense, owing to the
high hot rolling temperature (500 °C) and interaction with dislocations during hot rolling [19]. It seems that such number
density of dispersoids (343 x 10'"* m? in L-Mg and 232 x 10'"” m ™~ in H-Mg) were still enough to retard the recrystallization
during annealing. In addition, the samples homogenized at the low temperature always exhibited a notably higher number
density of finer dispersoids than the samples homogenized at high temperature.

Figure 5 shows all Euler orientation maps, revealing the grain structure after 300 °C/1 h annealing. Both alloys (L-Mg and
H-Mg) with the LTH (Fig. 5a, c¢) displayed a mixture of deformed structure and recrystallized structures. L-Mg alloys showed
a lower recrystallization fraction of 55.4% compared to that containing in H-Mg alloy (58.9%), owing to the higher number
density of fine dispersoids in L-Mg alloys. In addition, both alloys exhibited a significantly high fraction of low angle
boundaries (i.e., 47.8% in L-Mg vs. 30.2% in H-Mg). On the other hand, the samples with the HTH reached a fully
recrystallized structure (Fig. 5b, d). On comparison, the samples with the LTH exhibited a significantly higher fraction of
low angle boundaries (i.e., 47.8% vs. 5.6% in L-Mg and 30.2% vs. 4.3% in H-Mg) than those with the HTH. The superior
recrystallization resistance of both alloys with the LTH could be explained by the higher number density of thermally stable
dispersoids (Fig. 4), providing higher Zener pinning effect on the dislocation, sub-grain boundaries migration. and hence
improving the recrystallization resistance [4, 11, 13]. These results can further explain the significant difference in the YS
between two homogenization conditions and between two alloys after annealing at 300—400 °C (Fig. 3). The present study
found that Mg is involved in regulating the type and number density of Mn-bearing dispersoids. Furthermore, applying the
low-temperature homogenization resulted in refining dispersoids, and hence improving mechanical properties and recrystalli-
zation resistance in a non-heat-treatable Al-Mg-Mn rolled alloy.

(=1
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Fig. 5 All Euler orientation maps of the samples after cold rolling and annealing at 300 °C/1 h: (a, b) L-Mg and (¢, d) H-Mg alloys

4 Conclusions

The present study investigated the formation of Mn-bearing dispersoids in two cold-rolled Al-Mg-Mn 5xxx alloys with high
and low Mg levels as well as their impact on mechanical properties and recrystallization resistance. Finally, the following
conclusions could be drawn.

1. During the low-temperature homogenization, a large number of Mn-bearing dispersoids precipitated in the dendrite cell
interiors. The type, size, and number densities of dispersoids were strongly related to the Mg content. L-Mg alloy showed
two types of fine AlgMn and a-Al(Mn,Fe)Si dispersoids, while the types of dispersoids changed to Al;Mn and AlsMn by
increasing the Mg level in H-Mg alloy.

2. The yield strength after cold rolling and 300 °C annealing reached 233 MPa for L-Mg and 253 MPa for H-Mg alloys
homogenized at low temperature (LTH), respectively, showing an improvement of 30% and 20% over the high-tempera-
ture homogenization (HTH), and indicating the important effect of thermally stable Mn-bearing dispersoids.

3. Fine and densely distributed Mn-bearing dispersoids generated during low-temperature homogenization in both alloys
could effectively hinder the dislocation and sub-grain boundary migration, and hence improve the recrystallization
resistance of cold-rolled sheets. L-Mg alloy exhibited a better recrystallization resistance relative to H-Mg alloy.
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