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Abstract  

The evolution of discontinuous and continuous Al3(Sc,Zr) precipitation in an Al-Mg-

MnAA5083 alloy during heat treatment and hot rolling was investigated. The results showed that, 

at a high Sc content (0.43 wt.%), a large number of line/fan-shaped structures were formed as 

discontinuous Al3(Sc,Zr) precipitation during solidification, while no such discontinuous 

precipitation was observed when the amount of Sc added was low (0.15 wt.%). During the three-

step heat treatment (275 °C /12 h + 375 °C/48 h + 425 °C/12 h), two types of precipitates — Mn-

bearing dispersoids and spherical Al3(Sc,Zr) precipitates — were formed as the main strengthening 

phases. In the high-Sc alloy, the discontinuous Al3(Sc,Zr) precipitates dissolved partially. However, 

the quantity of the spherical Al3(Sc,Zr) precipitates in the high-Sc alloy was much lower than that 

in the low-Sc alloy, which degraded its aging hardening response. During hot rolling, although the 

discontinuous precipitates were completely dissolved, the number density of the spherical 

Al3(Sc,Zr) precipitates in the high-Sc alloy was still lower than that in the low-Sc alloy. The tensile 

properties of the Sc-containing alloys improved significantly compared with those of the base alloy. 

However, the yield and ultimate tensile strengths of the high-Sc alloy were lower than those of the 

low-Sc alloy. This indicates that the discontinuous precipitation had a deleterious effect on the 

mechanical properties of the alloy. 

 

Keywords: Al-Mg-Mn 5083 alloy, Discontinuous Al3(Sc,Zr) precipitation, Sc and Zr addition, 
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1. Introduction 

Microalloying of rare-earth elements, especially Sc, is an efficient approach to improving the 

mechanical properties of aluminum and its alloys [1-3]. Microalloying with Sc can significantly 

improve the mechanical properties, preserve the work hardening and enhance the recrystallization 

resistance of Al-Mg-Mn 5xxx alloys [4-6]. In Sc-containing alloys, a high number of fine and 
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coherent L12-Al3Sc particles can be precipitated in the aluminum matrix as the strengthening phase 

through the decomposition of the supersaturated solid solution during aging treatment at relatively 

high temperatures [4, 7-10]. Owing to its cost-effectiveness, Zr is often added together with Sc. Zr 

can substitute Sc in Al3Sc and form core-shell Al3(Sc1-x,Zrx) precipitates with the same L12-crystal 

structure while improved coarsening resistance [11, 12].  

In Al-Sc/Al-Sc-Zr systems, Al3Sc/Al3(Sc, Zr) precipitates are formed continuously and 

discontinuously [13-16]. Continuous precipitation usually occurs during aging treatment (300–

425 °C). Nano-sized Al3Sc/Al3(Sc,Zr) precipitates effectively retard the dislocation and grain 

boundary movements and significantly improve the alloy properties [4, 8, 9, 11]. However, 

discontinuous precipitation can also occur during solidification or aging treatment [16-19]. The 

tendency of Al-Sc alloys to form Al3Sc discontinuous precipitates is strongly related to their Sc 

level (often in high-Sc hypereutectic alloys) [14, 16, 20, 21], solidification rate [14, 17, 18, 22], 

and annealing temperature [14, 19]. Norman et al. [20] reported that the discontinuous 

precipitation reaction of rod-like precipitates occurs during solidification cooling to room 

temperature in a hypereutectic 0.79 wt.% Sc alloy. According to Black and Hopkins [21], 

discontinuous Al3Sc precipitates with various morphologies, including rod- and branch-like 

morphologies, can be formed during the solidification of Al-1.0 wt.% Sc. Furthermore, the effect 

of the cooling rate during solidification on the Al3Sc discontinuous precipitation of Al-Sc alloys 

has been investigated [17, 22]. The results reported the formation of rod- and lamellae-shaped 

Al3(Sc,Zr) precipitates at slow cooling rates and a decrease in the number density of these 

precipitates with the increasing cooling rate. Lathabai et al. [18] reported that discontinuous 

precipitation in the as-cast microstructure of Al-4.5%Mg-0.7Mn alloy occurs within a low range 

of 0.17–0.26 wt.% Sc. Similar discontinuous precipitation phenomena have been observed in other 

alloy systems containing transition metals, such as Al-Zr [23] and Al-Li [24].   

Most studies related to the effect of discontinuous precipitation on the mechanical properties 

of Al-Sc/Al-Sc-Zr systems considered Al3Sc discontinuous precipitates as an undesirable 

microstructure, which negatively affects the mechanical properties of the alloy. Zhang et al. [19] 

reported the deterioration effect of discontinuous precipitates on the microhardness of heat-treated 

Al-0.7 wt.% Sc. Lohar et al. [22] observed that the as-cast Al3(Sc,Zr) discontinuous precipitates 

in an Al-0.3Sc-0.15Zr alloy lowered its microhardness during aging. However, Lathabai et al. [18] 

found that the microhardness and tensile properties of an Al-4.5%Mg-0.7Mn alloy with 0.17% Sc 

addition increased compared to those of the Sc-free counterpart despite the occurrence of 

discontinuous precipitation.   

To date, studies on the effect of discontinuous/continuous precipitation of Al3(Sc,Zr) 

precipitation on the mechanical properties of Al-Mg-Mn alloys have been scarce, and most of them 

focused on the microstructural evolution of Al3(Sc,Zr) discontinuous precipitates. This study 

investigated the precipitation behaviors of discontinuous and continuous precipitates in a typical 

Al-Mg-Mn 5083 alloy with various Sc levels during the thermomechanical process (heat treatment 
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and hot rolling). The effect of discontinuous precipitation on the aging response and tensile 

properties of the hot-rolled sheets was also studied.  

2. Experimental Procedure  

Three Al-Mg-Mn alloys were prepared according to the typical AA5083 chemical composition. 

The chemical compositions of experimental alloys analyzed with optical omission spectrometer 

are listed in Table 1. In addition to the base alloy , the alloy L-Sc contained 0.16% Sc and 0.17% 

Zr, and the alloy H-Sc had 0.43% Sc and 0.15% Zr (all the alloy compositions used in this study 

were in wt.%). The alloys were batched in a graphite crucible using an electric resistance furnace 

at 780 oC. After melting and degassing, the melt was poured into a permanent steel mold preheated 

at 250 oC, which had a cooling rate of ~2 ℃/s during solidification. The dimensions of the cast 

ingots were 30 × 40 × 80 mm.  

 

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

 

A three-step heat treatment (275oC/12h + 375oC/48h + 425oC/12h) was applied to all cast 

ingots to promote the effective precipitation of Mn-bearing dispersoids and Al3(Sc,Zr) precipitates 

in the aluminum matrix [25]. The heat treatment was conducted in a programmable electric air 

circulating furnace with a 60 oC/h heat rate. The thickness of the heat-treated ingots was machined 

to 26.5 mm, and then preheated at 500 °C for 1.5 h prior hot rolling. The ingots were hot-rolled in 

multiple passes at a temperature of 500±10 °C. The thickness reduction of each pass is 

approximately 3.2 mm. The rolled plate was back to the furnace and heated at 500 °C for 20 min 

after each 3 passes to keep rolling at similar temperature. The final thickness of sheet is ~3.2 mm, 

which is ~ 88% reduction. Prior mechanical testing, all rolled sheets were annealed at 300 °C for 

5 h to relieve the rolling-induced thermal stress. 

      

The precipitation behavior of precipitates during heat treatment was evaluated by electrical 

conductivity (EC) and microhardness (HV) measurements. EC was deterimined using a 

sigmascope SMP 10 electrical conductivity device with a %IACS unit at room temperature. 

Vickers microhardness was obtained using NG-1000 CCD microhardness machine with 25 g load 

for 20 s dwelling time. Generally, 20 measurements were performed to evaluate the average 

hardness value for each sample. The tensile samples were machined according to ASTM E8/E8M-

16a in the rolling direction with a gauge size of 3 x 6 mm. Uniaxial tensile tests were conducted 

Alloys Mg Mn Si Fe Cu Cr Ti Sc Zr 

Base 4.78 0.79 0.26 0.31 0.12 0.14 0.09 --- --- 

L-Sc 4.75 0.80 0.30 0.31 0.11 0.15 0.09 0.16 0.17 

H-Sc 4.76 0.75 0.30 0.33 0.10 0.15 0.10 0.43 0.15 



4 
 

using Instron 8801 servo-hydraulic testing unit at strain rate 0.001 s-1. Average results were 

obtained from three repeated tests.  

The samples were ground and polished using a standard metallographic precedure for 

microstructure observations. The microstructure of studied alloys was charaterized using optical 

microscopy (Nikon, Eclipse ME600), scanning electron microscope (SEM, JSM-6480LV) and 

transmission electron microscope (TEM, JEM-2100). The as-cast, heat-treated and hot-rolled 

ssamples were observed after etching by 0.5% HF for 30 s. TEM was used to observe the 

distribution of Mn-bearing dispersoids and Al3(Sc,Zr) precipitates. All TEM images were taken 

along the [001]Al zone axis. Centered superlattice dark-field micrograph was recorded along [100] 

reflections close to <011> direction to reveal Al3(Sc, Zr) precipitates. The size and number density 

of precipitates were measured using ImageJ image analysis software with TEM images. The 

quantitative analysis was performed on 10 images, and each image contains more than 300 

particles. The number density of precipitates was determined using the following equation: 

 

𝑁𝐷 =
𝑁

𝐴∗(𝐷+𝑡)
                                  (1)  

Where; N is the number of particles in the TEM image, A is the total area, D is the equivalent 

diameter, and t is the thickness of the TEM foil, which was measured using the convergent electron 

beam diffraction (CBED) method [26]. 

   

3. Results and discussion 

3.1 As-cast microstructure  

Fig. 1 shows the as-cast microstructure of the experimental alloys under the optical bright and 

dark-field modes after etching with Keller's reagent. The as-cast microstructure mainly consisted 

of α-Al dendrite cells as the matrix, with several intermetallic phases distributed along the dendrite 

boundaries. The major intermetallic compounds (IMCs) in the three alloys were Fe/Mn-rich α-

Al15(Fe,Mn,Cr)3Si2 and Al6(Fe,Mn,Cr) intermetallics and primary Mg2Si intermetallics, as 

indicated by the SEM-EDS results. In the Sc-containing alloys (low-Sc (L-Sc) and high-Sc (H-

Sc)), few primary Al3(Sc,Zr) particles with cubic morphology were detected in the aluminum 

dendrite cells (see the inserts in Figs. 1b and  1c).  

 

A noticeable difference was observed in the microstructure of the as-cast alloy after the 

addition of high Sc (0.43 %). In the aluminum dendrite cells, many areas showed the formation of 

a line-or fan-shaped structure (Figs. 1c and 1d). This type of precipitation was not easily observed 

using optical microscopy when the sample was just polished. After etching the H-Sc alloy in the 

dark-field mode, both line- and fan-shaped Sc-containing particles could be observed (Fig. 1d), 

which initiated at the dendrite boundaries and extended into the cell interiors. This discontinuous 

precipitation of Sc-containing particles was related to the decomposition of the saturated solid 
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solution in the aluminum matrix to form Al3(Sc,Zr) at a moving grain boundary with a common 

lamellar structure [21, 27]. In the L-Sc alloy, such discontinuous precipitation rarely occurred.   

 

Figure 1: Optical microscopy images of the as-cast microstructure in the bright-field mode after 

etching with Keller's agent (a) base, (b) L-Sc, and (c) H-Sc alloys. (d) high-magnification dark-

field image of the H-Sc alloy showing line/fan-shaped discontinuous precipitation at the dendrite 

cells. Inserted image in Fig. 1b and c shows the primary Al3(Sc,Zr). 

The discontinuous precipitation in the H-Sc alloy was investigated in detail using TEM, and 

the results are shown in Fig. 2. The observations were conducted along the [001]Al and [011]Al 

zone axes. The dark-field TEM images (Figs. 2a and 2b) showed lamellar aggregations near the 

cell/grain boundaries, which contained a high density of branched and rod-like precipitates. The 

corresponding selected area diffraction patterns (SADP) along the [001]Al zone axis showed light 

spots corresponding to the precipitates between the bright α-Al spots (Figs. 2c and 2i). This 

observation along with the TEM-EDS results (Fig. 2f) confirmed that these precipitates were L12-

Al3Sc/Al3(Sc,Zr) [16, 17]. In addition, the orientation relationship between α-Al and the 

precipitates was observed to be [100]α-Al//[100] precipitates.  
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Figs. 2d and 2e indicate that the discontinuous precipitation resulted from the multiplication of 

rod-like precipitates originating at the dendrite cell/grain boundaries, which extended into the 

dendritic cells. Many rod-like precipitates were aligned in sequence and gave a line-shaped 

appearance, as indicated by the optical microscopy images (Fig. 1d). This is consistent with the 

results reported in the literature [16, 23, 28]. In addition, a coarse, spherical L12-precipitate with a 

size of 20–30 nm was observed on one end of each rod-like precipitate (yellow circles in Fig. 2e), 

suggesting that the discontinuous precipitates could nucleate heterogeneously on the pre-existing 

particles. Mochugovskiy et al. [29] found that a line of coarse L12-dispersoids was formed 

heterogeneously on the grain boundaries before the onset of discontinuous precipitation. The rod-

like precipitates were of different sizes with a length ranging from 500 to 860 nm (Figs. 2d and 

2e). Furthermore, the TEM observations (Figs. 2g and 2h) along the [011]Al zone axes confirmed 

that the rod-like precipitates were aligned in a line sequence.  

The formation of discontinuous Al3Sc/Al3(Sc,Zr) precipitates during solidification with line- 

and fan-shaped aggregates has been reported in previous studies [27, 29-32]. Since the casting and 

solidification conditions of the two Sc-containing alloys were the same, the primary reason for the 

formation of discontinuous precipitates in the H-Sc alloy was its high Sc level. Hornbogen [30] 

reported that discontinuous precipitates tend to nucleate heterogeneously along the grain 

boundaries rather than within the grain interior. During solidification, Sc tends to segregate toward 

the dendrite boundaries, which are considered fast channels for the redistribution and 

transportation of solute atoms, enhancing the growth of discontinuous precipitates. Marquis et al. 

[31] reported that the dislocation lines and networks formed owing to internal stress relaxation can 

also act as heterogeneous nucleation sites for discontinuous Al3Sc precipitation. 
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Figure 2: Dark-field TEM images showing the discontinuous precipitation of the H-Sc alloy under 

the as-cast condition along the (a and b) [001]Al, (d and e) [001]Al, and (g and h) [011]Al zone axes; 

(c and i) the corresponding SADPs confirming the L12-Al3Sc/Al3(Sc,Zr) crystal structure of the 

precipitates; (f) TEM-EDS analysis results showing the chemistry of the matrix and rod-like 

precipitates.  

 

3.2 Microstructure after heat treatment 

Owing to the high Mn content in all the three experimental alloys, Mn-bearing dispersoids 

precipitated in the aluminum matrix after the three-step heat treatment [25]. The optical 

microscopy images of the three alloys (Fig. 3a–3c) revealed the presence of a precipitation zone 

(gray zone marked by the red line) and a precipitate-free zone (PFZ) (bright zone marked by the 

blue line) in the interdendritic region. The SEM images showed that a large number of Mn-bearing 
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dispersoids existed in the base and L-Sc alloys (Fig. 3d), whereas the line/fan-shaped structure 

remained in the H-Sc alloy along with several Mn-bearing dispersoids (Fig. 3e). However, as 

compared to the as-cast microstructure of the H-Sc alloy (Fig. 1c), the number of line/fan-shaped 

structures reduced remarkably after the heat treatment process, which indicates that the 

discontinuous precipitates dissolved partially during the heat treatment process [13, 16]. 

 

 

Figure 3: Microstructures of the alloys after the heat treatment showing the distribution of the 

precipitation zone and precipitate free zone, (a) base alloy, (b) L-Sc and (c) H-Sc alloys. SEM 

images showing the precipitation of Mn-bearing dispersoids in (d) L-Sc and (e) H-Sc co-existing 

with the line/fan-shaped structure.   

The TEM images provided more details on the precipitation of both the Mn-bearing dispersoids 

and nano-sized Al3(Sc,Zr) precipitates during the heat treatment. In the L-Sc alloy, in addition to 

the Mn-bearing dispersoids (Fig. 4a), a large number of spherical and nano-sized Al3(Sc,Zr) 

precipitates were formed in the aluminum matrix (as continuous precipitation (CP)). These 

precipitates overlapped with the Mn-bearing dispersoids (Fig. 4b). In the H-Sc alloy, a large 

number of discontinuous rod-like Al3(Sc,Zr) precipitates (DCP) were widely existed after the 

precipitation of the Mn-bearing dispersoids and spherical Al3(Sc,Zr) precipitates. It should be 

mentioned that the Mn-bearing dispersoids formed in the matrix were Al4Mn and Al6Mn 

disperoids, identified by the selected area diffraction pattern and TEM-EDS analysis (not showing 

here) [25]. Figs. 4c–4f show two examples of discontinuous rod-like precipitates formed at 

different locations. The rod-like precipitates were non-uniformly distributed in the aluminum 

matrix and were much larger than the spherical ones (Fig. 4g). After heat treatment, the size of the 

rod-like precipitates decreased, and the length ranged from 200 to 350 nm. This indicates that these 

precipitates dissolved partially in the Al matrix during the heat treatment [16, 33, 34].  
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Moreover, in the vicinity of the rod-like precipitates, there were almost no spherical and fine 

Al3(Sc,Zr) precipitates (indicated by the blue line area), as shown in Fig. 4f. In addition, although 

the Sc content of the H-Sc alloy was high, it consisted of fewer spherical Al3(Sc,Zr) precipitates 

(Fig. 4f) than the L-Sc alloy (Fig. 4b). For instance, the number density of the spherical Al3(Sc,Zr) 

precipitates in the H-Sc alloy was 5188 µm-3, while that in the L-Sc alloy was 19700 µm-3. It is 

evident that the discontinuous precipitates consumed large amounts of Sc and Zr solutes and 

caused a large decrease in the Sc content in the solid solution, reducing the number density of the 

spherical Al3(Sc,Zr) precipitates formed during the subsequent heat treatment process. In addition, 

it created a depletion area around the rod-like precipitates, making the further precipitation of the 

spherical Al3(Sc,Zr) precipitates impossible.  

 

 
Figure 4: Bright-field (a, c, e) and corresponding dark-field (b, d, f, g) TEM images along the 

[001]Al zone axis showing the precipitation of Mn-bearing dispersoids, continuous and 

discontinuous Al3(Sc,Zr) precipitates in Sc-containing alloys under the heat-treated condition, (a, 

b) L-Sc and (c–g) H-Sc alloys. 
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Fig. 5 shows the electrical conductivity and microhardness of the alloys after the heat treatment. 

Owing to the solid solution effect of Sc and Zr solutes, the electrical conductivity values of the Sc-

containing alloys (L-Sc and H-Sc) were slightly lower than those of the base alloy. However, the 

microhardness values of the Sc-containing alloys were considerably higher than that of the base 

alloy, which indicates that the nano-sized Al3(Sc,Zr) precipitates provided a substantial 

strengthening effect to the alloy. For instance, the microhardness increased from 112 HV for the 

base alloy to 136.4 HV for the L-Sc alloy. This is because a large number of fine Al3(Sc,Zr) 

precipitates coexisted with Mn-bearing dispersoids in the L-Sc alloy. However, the microhardness 

of the H-Sc alloy was lower (122 HV) than that of the L-Sc alloy (136.4 HV). This indicates that 

the discontinuous precipitates had a deleterious effect on the precipitation of fine Al3(Sc,Zr) 

precipitates, and hence on the hardening response of the alloy. 

 
Figure 5: Electrical conductivity and microhardness of the experimental alloys after the heat 

treatment. 

 

3.3 Microstructure evolution during hot rolling 

Prior to rolling, the heat-treated ingots were preheated at 500 °C for 1.5 h to improve their 

rollability. Fig. 6 shows the microstructure of the preheated sample of the H-Sc alloy. As shown 

in the figure, some areas with a line-shaped structure (Fig. 6a, marked with yellow circles and Fig. 

6b, marked with yellow dashed lines), similar to that observed in the heat-treated sample (Fig. 3), 

were present in the microstructure. However, these areas were much smaller than those in the heat-
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treated sample. In addition, the fan-shaped structure almost disappeared (Fig. 6b). The dark-field 

TEM image (Fig. 6c) showed the co-existence of rod-like discontinuous precipitates with spherical 

Al3(Sc,Zr) precipitates and Mn-bearing dispersoids. As compared to the case of the heat-treated 

sample (Fig. 4c), in the preheated sample, the size of the rod-like precipitates decreased, and the 

length ranged from 100 to 250 nm, indicating the further dissolution of the rod-like precipitates 

during the preheating process at 500 °C. This phenomenon can be explained by the increase in the 

diffusivity of Sc with increasing temperature [35] and grain boundary stability [36]. Marquis et al. 

[31] reported that rod-like precipitates re-dissolve into the Al matrix during annealing. Sun et al. 

[16] reported the reduction in and disappearance of rod-like precipitates with increasing aging time 

up to 24 h at 340 °C. In contrast, the spherical Al3(Sc,Zr) precipitates (Fig. 6d) grew moderately, 

and their size increased during the preheating process at 500 °C [37, 38]. 

 

 

Figure 6: Microstructure of the preheated H-Sc sample (500°C/1.5h), (a) optical microscopy image 

and (b) SEM image showing the distribution of the line-shaped structure, and (c, d) dark-field 

TEM images showing the rod-like discontinuous precipitates and spherical Al3(Sc,Zr) precipitates.  

Fig. 7 shows the typical microstructures of the hot-rolled Sc-containing alloys (L-Sc and H-

Sc). Both the samples showed elongated grains parallel to the rolling direction (Figs. 7a and 7d), 

marked by red lines). Moreover, as shown in Fig. 7d, the previous line-shaped structure after 
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preheating could not be observed after hot rolling. This can be attributed to the accelerated 

dissolution of the rod-like precipitates with the interaction of the dislocations generated during 

high-temperature deformation (500 °C) [38-40]. The dark-field TEM images (Figs. 7b and 7c, 7e 

and 7f) revealed that the spherical Al3(Sc,Zr) precipitates underwent coarsening in both the alloys 

during hot rolling, and the number density of these precipitates decreased and the size increased 

as compared to those of the precipitates observed after the heat treatment (Fig. 4). For instance, in 

the case of the L-Sc alloy, the number density of the spherical Al3(Sc,Zr) precipitates decreased 

from 19700 µm-3 (after the heat treatment) to 5695 µm-3 after hot rolling while in the case of the 

H-Sc alloy, it decreased from 5188 µm-3 to 650 µm-3. The spherical Al3(Sc, Zr) precipitates in the 

L-Sc sample had a much higher number density and significantly smaller size than those in the H-

Sc sample. For example, the average diameter of the spherical Al3(Sc, Zr) precipitates in the L-Sc 

sample was 12.7 nm while that of the precipitates in the H-Sc sample was 37.8 nm. This indicates 

that the complete dissolution of the rod-like discontinuous precipitates during hot rolling could not 

prevent their negative effect on the characteristics of the spherical Al3(Sc,Zr) precipitates. 

 

 

Figure 7: Typical optical microscopy images of the samples after hot rolling (a) L-Sc and (d) H-

Sc samples. Dark-field TEM images showing the spherical Al3(Sc, Zr) precipitates after hot rolling 

(b, c) L-Sc and (e, f ) H-Sc samples.   

Fig. 8 presents a schematic overview of the evolution of the discontinuous and continuous 

precipitates during the thermomechanical process. Starting from the as-cast condition, the 

microstructure is similar between the base and L-Sc alloys, while a high density of fan- and line-

shaped DCP formed at moving grain boundaries and extended to the grain interior in H-Sc alloy. 
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During the subsequent heat treatment, Mn-dispersoids are precipitated out in all three alloys but 

with decreasing number density in Sc-containing alloys. Meanwhile, continuous (CP) Al3(Sc,Zr) 

precipitates formed in both L-Sc and H-Sc alloy, but its volume was significantly higher in L-Sc 

alloy than H-Sc alloy. On the other hand, DCP was partially dissolved in H-Sc alloy. With further 

rolling and annealing, both Mn-dispersoids and CP Al3(Sc,Zr) precipitates underwent coarsening 

in experimental alloys, resulting in a decreased number density and increased size. Moreover, DCP 

was fully dissolved in H-Sc alloy, and the high Sc solutes from the dissolution of DCP in H-Sc 

accelerated the coarsening of the Al3(Sc,Zr) particles, leading to a larger size of CP Al3(Sc,Zr) in 

H-Sc alloy than L-Sc alloy through diffusion/growth mechanism 

 
Figure 8: A schematic illustration on the evolution of Mn-dispersoids, discontinuous and 

continuous Al3(Sc,Zr) precipitates during thermomechanical process. 

 

3.4 Tensile properties of hot rolled sheets 

As summarized in Fig. 8, the evolution of Mn-dispersoids, CP and DCP precipitates varies with 

the addition of Sc. Therefore, it is expected to have different mechanical propertied related to the 

evolution of microstructure. Fig .9 displays the tensile properties of the hot-rolled samples tested 

at room temperature, considering that all the hot-rolled samples were annealed at 300 °C for 5 h 

to release the thermal stress induced by rolling. As shown in Fig. 9a, the stress level is increasing 

from base alloy to H-Sc and further to L-Sc, confirming the position contribution of Sc on 
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improving the mechanical properties. Fig. 9b shows the detailed tensile properties of the three 

alloys. It can be found that the tensile strength of the Sc-containing alloys was significantly higher 

than that of the base alloy owing to the additional strengthening effect of the spherical Al3(Sc,Zr) 

precipitates. The L-Sc alloy with a low Sc content exhibited the highest YS and UTS while the 

tensile properties deteriorated with an increase in the Sc content. For instance, the YS and UTS of 

the L-Sc alloy reached 298.4 and 494.3 MPa, respectively, showing an improvement of 30% in 

the YS and 8.2% in the UTS relative to the base alloy. On the other hand, the H-Sc alloy showed 

the YS and UTS values of 261 and 464.9 MPa, respectively, resulting in an improvement of 14% 

in the YS and 4.2% in the UTS as compared to the base alloy.  

 

Figure 9: Typical true stress-strain curves of the hot-rolled samples (a), average tensile properties 

of all the three samples (b).   

Generally, the improvement on the mechanical properties with the addition of Sc can be derived 

from the nano-sized CP Al3(ScZr) precipitates after rolling, which could pin the movement of 

dislocations and grain boundaries. As shown in Figs. 7 and 8, a high number density of CP 

Al3(ScZr) presented after rolling in Sc-containing alloys, providing the additional contribution on 

the mechanical properties relative to the base alloy.  

On the other hand, the different mechanical properties between L-Sc and H-Sc alloys are closely 

related to the evolution of microstructure with Sc additions: The smaller size and higher density 

of CP Al3(Sc,Zr) precipitates (see Fig. 7b and Fig. 8) in L-Sc alloy contributed to its better tensile 

properties than those in H-Sc alloy. While the relatively low tensile properties of H-Sc alloy can 

be attributed to the following reasons: (1) During solidification, as shown in Fig. 1 and 8, a large 

number of rod-like DCP were formed, which consumed large amount of Sc and Zr in the solid 

solution, reducing the number of fine CP Al3(Sc,Zr) during heat treatment. (2) During the heat 

treatment process, fine CP Al3(Sc,Zr) precipitates could not be formed in the vicinity of the 

discontinuous precipitates (see Figs. 4 and 8) owing to the depletion of Sc and Zr in the surrounding 

area, resulting in a locally weakened strengthening effect. (3) Although the DCP dissolved 

completely during hot rolling (Fig, 8), the dissolved Sc in the solid solution could only promote 
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the coarsening of the CP Al3(Sc,Zr) precipitates through diffusion/growth mechanism (Fig. 7), 

further weakening their strengthening effect [22].    

 
4. Conclusions  

 
In this study, we investigated the evolution of discontinuous/continuous Al3(Sc,Zr) 

precipitation in an Al-Mg-MnAA5083 alloy during heat treatment and hot rolling as well as its 

impact on the tensile properties of the alloy. The following conclusions were drawn. 

 

1) When a high amount of Sc (0.43 wt.%) was added, a large number of line- and fan-shaped 

structures were formed as discontinuous Al3(Sc,Zr) precipitation during solidification. The 

length of these precipitates ranged from 500 to 860 nm. In the low-Sc alloy (0.15 wt.%), no 

such discontinuous precipitation was observed. 

2) During the heat treatment process, two types of precipitates (Mn-bearing dispersoids and 

spherical Al3(Sc,Zr) precipitates) were formed as the main strengthening phases. In the H-Sc 

alloy, the discontinuous Al3(Sc,Zr) precipitates were partially dissolved, and their length 

decreased to 200–350 nm. The number density of the spherical Al3(Sc,Zr) precipitates in the 

H-Sc alloy was much lower than that in the L-Sc alloy because the discontinuous precipitates 

consumed large amounts of Sc and Zr in the solid solution.  

3) The microhardness of the heat-treated H-Sc alloy was lower than that of the heat-treated L-Sc 

alloy, which indicates that the discontinuous precipitates had a deleterious effect on the aging 

hardening response of the alloys. 

4) During hot rolling, the discontinuous precipitates dissolved completely, and only the spherical 

Al3(Sc,Zr) precipitates and Mn-bearing dispersoids existed in both the Sc-containing alloys. 

Both the precipitates and dispersoids underwent coarsening during hot rolling. However, the 

spherical Al3(Sc,Zr) precipitates in the H-Sc alloy were lower in number density and larger 

insize than those in the L-Sc alloy.  

5) The tensile properties were significantly improved in Sc-containing alloys, owing to the 

additional strengthening effect of spherical Al3(Sc,Zr) precipitates. However, by increasing 

Sc content, the YS and UTS decreased, confirming the negative effect of discontinuous 

precipitates. The low Sc alloy exhibited the highest YS and UTS, showing an improvement of 

30% in YS and 8.2% in UTS relative to the base alloy. 
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