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Abstract
In this study, the potential applications of Al-Mn-Mg 3004 alloy at elevated temperature have been evaluated through the systematic study of the precipitation behavior of α-Al(MnFe)Si dispersoids and their effect on material properties during precipitation treatment and long-term thermal holding. The results demonstrate a significant dispersion strengthening effect caused by the precipitation of fine uniformly distributed dispersoids during precipitation treatment. The peak compression yield strength (YS) at 300°C of the experimental 3004 alloy can reach as high as 78 MPa due to a large volume fraction (~2.95 vol. %) of α-Al(MnFe)Si dispersoids. The dispersoids are found to be thermally stable at 300°C for up to 1000 h of holding, leading to consistently high mechanical performance and creep resistance. The superior and stable YS and creep resistance at 300°C enables the 3004 alloy to be applied to weight-sensitive applications at elevated temperatures. 
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1. Introduction
Currently, the demand for aluminum alloys that offer excellent performance at elevated temperatures (250~350 °C) is increasing, driven by the automotive and aerospace industries requiring higher strength, lower cost and lighter structural components. However, the strength of traditional precipitation strengthening alloys, such as 2xxx, 6xxx and 7xxx alloys, can be seriously deteriorated due to the rapid coarsening of precipitates at elevated temperature (i.e., the overaging effect) [1, 2]. Conversely, dispersoid strengthening is reported to be an important hardening mechanism at elevated temperature in aluminum alloys [3-8]. Therefore, developing low cost and thermally stable aluminum alloys with dispersoid precipitation that function well at elevated temperature is particularly attractive for these industries. 
AA3xxx alloys are one of the most widely used commercial wrought aluminum alloys in architecture and the packaging industry due to its excellent formability and corrosion resistance [9]. Different from heat treatable aluminum alloys, such as 2xxx, 6xxx and 7xxx alloys, in which fine nano-scale precipitates form during heat treatment to increase strength, AA3xxx alloys are generally strengthened by work hardening and therefore classified as non-heat treatable alloys. Recently, several studies found that a reasonable amount of dispersoids can precipitate during heat treatment in 3xxx alloys [3, 5, 10, 11]. Therefore, increasing interests on 3xxx alloys for applications at elevated temperature have been developed. 
In AA3xxx alloys, Mn is a primary alloying element, and most will be dissolved in the aluminum matrix to form a supersaturated solid solution during solidification [3, 4, 11]. During homogenization, the dispersoids form via the decomposition of the supersaturated solid solution. Many investigations have been performed on the precipitation of dispersoids in 3xxx alloys [3-5, 9-14]. The type of dispersoids varies with the alloy composition and homogenization treatment. It was reported that α-Al(MnFe)Si prefers to precipitate with a high Si level, while Al6(MnFe) is stable dispersoids with lower Si content [3, 5, 10]. In these two types of dispersoids, Fe and Mn can substitute for each other, but the structure of α-Al(MnFe)Si tends to transform from simple cubic to body centered cubic with increasing Fe/Mn ratio [3, 11]. However, α-Al(MnFe)Si dispersoids dissolve slowly, and Al6(MnFe) dispersoids precipitate with increasing homogenization temperature and holding time [3, 5]. The precipitation behavior of dispersoids have been studied during the heat treatment at high temperatures (450~600°C) [4]. However, limited open literature focusing on the formation of dispersoids at lower temperatures (300~400°C) can be reached.
Recently, dispersoids have been reported to have a noticeable effect on tensile strength at room temperature (RT) in 3003 alloys [5, 11, 13]. Due to the high precipitation temperature of Al6(MnFe) at ~ 600°C [5, 10], α-Al(MnFe)Si is often referred to as the dominant dispersoids in 3xxx alloys in the literature. In 3003 alloys,                                α-Al(MnFe)Si is reported to be partially coherent with a matrix and therefore improves mechanical properties [5, 10]. However, the improvement in mechanical properties at RT is limited due to a low volume fraction of dispersoids. In the study by Li et al. [3], the volume fraction of dispersoids was reported to be only 0.77 vol.%, resulting in a limited contribution to mechanical properties. On the other hand, the strengthening mechanisms involved at elevated temperature are more complex than at RT. However, limited information about the effect of dispersoids on mechanical properties at elevated temperature has been reported.
[bookmark: _GoBack]Additionally, thermal stability and creep resistance are two important considerations during the selection of high temperature alloys [15-18]. In the study by Lai et al. [19], it was reported that Al3Sc dispersoids were thermally stable at up to 250°C, while Al3(ScZr) could be stable at 300°C during prolonged exposure at service temperatures in Al-B4C composites. It was also found that creep resistance increased due to the introduction of dispersoids in Al-matrix composites [20, 21]. However, limited information is available in the literature for the thermal stability and creep resistance of 3xxx alloys at elevated temperature. 
The goal of this study is to assess the potential of 3xxx alloys for applications at elevated temperature. We have systematically studied the precipitation behavior of dispersoids and their effect on material properties, such as electrical conductivity (EC), Vickers microhardness and yield strength (YS) at both ambient and elevated temperature (300°C). Moreover, the long-term thermal stability of dispersoids at 300°C for up to 1000 hours has been evaluated. The effect of dispersoids on creep resistance at elevated temperature has also been reported. 
2. Experimental
2.1 Alloy preparation
Experimental 3004 alloy was prepared with commercially pure Al (99.7%) and pure Mg (99.9%), Al-25%Fe, Al-50%Si and Al-25%Mn master alloys. The chemical composition of the experimental 3004 alloy analyzed using optical emission spectrometer (OES) is shown in Table 1. 

Table 1 Composition of experimental and AA standard 3004 alloy 
	Elements (wt. %)
	Mn
	Mg
	Fe
	     Si
	Cu
	Al

	 AA 3004 [22]
	1.0-1.5
	0.8-1.3
	0.7 (Max.)
	0.3(Max.)
	0.25 (Max.)
	Bal. 

	Experimental
	1.2
	1.1
	0.6
	0.25
	0.01
	Bal. 



In each test, approximately 3 kg of material was prepared in a clay-graphite crucible using an electric resistance furnace. The temperature of the melt was maintained at ~750°C for 30 min. The melt was degassed for 15 min and then poured into a permanent mold preheated at 250°C. The dimension of cast ingots was 30mm×40mm×80mm.

2.2 Heat treatment
To evaluate the precipitation behavior of dispersoids during the precipitation treatment, which is referred as "precipitation treatment" in the present study to distinguish this process from the "aging treatment" of heat-treatable alloys, cast ingots were treated at 300 ~ 425°C for up to 72 hours. After precipitation treatment, the ingots were directly quenched into water at RT. The parameters of the heat treatment are listed in Table 2.
A prolonged thermal holding at 300 °C up to 1000 hours was performed to examine the thermal stability of the material’s mechanical properties at elevated temperature. Prior to the thermal holding process, samples were heat-treated with the peak precipitation treatment. The parameters of the thermal holding process and the peak precipitation treatment are shown in Table 2. The parameters of the peak precipitation treatments are based on the results in Fig. 6.

Table 2 Parameters of heat treatments used in this study
	Precipitation treatment
	Thermal holding treatment

	        T (°C)
	Time (h)
	Peak precipitation treatment
	Thermal Holding

	
	
	   T (°C)
	Time (h)
	T (°C)
	Time (h)

	300
	up to 72
	    375°C
	48h
	300
	up to 1000

	350
	
	
	
	
	

	375
	
	
	
	
	

	425
	
	
	
	
	



2.3 Evolution of alloy properties
The precipitation behavior of dispersoids during precipitation treatment and thermal holding were evaluated by EC, Vickers microhardness and YS. EC was measured using a Sigmascope SMP10 electrical conductivity unit at RT, and the average value of 5 measurements was recorded for each sample. Microhardness tests were performed on a NG-1000 CCD microhardness test machine with a load of 200 g and a dwell time of 20 s on polished samples. The locations of indentation were on the Al matrix to determine the influence of dispersoids precipitation on hardness. The average value of 20 measurements was recorded for each sample. The mechanical property (YS) was obtained from compression tests performed on a Gleeble 3800 machine. Cylindrical specimens with a length/diameter ratio of 1.5 (i.e., 15 mm in length and 10 mm in diameter) were machined and tested at both RT and an elevated temperature (300°C). The total deformation of the specimens was set to 0.2, and the strain rate was fixed at 10-3 s-1. For the compression test at 300°C, the specimen was heated to 300°C with a heating rate of 2°C/s and held for 3 minutes to stabilize. An average value of YS was obtained from 3 tests.
In addition, creep tests were performed at 300°C for 100 hours on some selected conditions. Creep specimens were the same size as the Gleeble samples. Creep tests were conducted under compression with a constant load of 45 MPa. For each condition, 3 tests were repeated to confirm the reliability of the results.

2.4 Microstructure observation
The microstructural features including the intermetallics, dispersoids and grain structures for different conditions were observed by optical and electron microscopes. To reveal the dispersoids clearly, the polished samples were etched in 0.5% HF for 30 seconds. A differential scanning calorimeter (DSC, Perkin Elmer DSC 8000) was used to confirm the formation of intermetallics during solidification as well as the precipitation of dispersoids during heat treatment. The heating rate was set to 10°C/min. A scanning electron microscope (SEM, JSM-6480LV) equipped with an energy dispersive x-ray spectrometer (EDS) and electron backscatter diffraction (EBSD) was used to examine the intermetallics and grain structure of the alloy under different conditions. A transmission electron microscope (TEM, JEM-2100) operated at 200kV was used to observe the distribution of dispersoids. The thickness of the TEM sample was measured with electron energy loss spectroscopy (EELS). The size and number density of dispersoids were measured using Clemex PE 4.0 image analysis software with the TEM images. In this study, the volume fraction of particle free zone (PFZ) was converted from the area fraction of PFZ measured in image analysis from optical images according to the Delesse’s principle [23, 24] while the volume fraction of dispersoids was calculated according to the model introduced in the literature [3] and shown in Eq.  (1): 
                                                                                      (1)
where is the average equivalent diameter of dispersoids, which is calculated according to the literature [3]; t is the TEM foil thickness; AA is the area percentage of dispersoids from TEM observation; APFZ is the area percentage of the particle free zone (PFZ) from OM measurements; and is the average shape factor of dispersoids. In this study,  is modified to equal 1 at 300°C and 350°C, and 0.45 at 375°C and 425°C according to the shape of dispersoids in TEM observations [3].
3. Results and Discussion
3.1 Microstructures in as-cast and heat-treated conditions
   Fig. 1 shows the as-cast microstructure in the experimental 3004 alloy. The SEM-EDS results in Fig. 1c displays that the as-cast microstructure is composed of a dominant intermetallic phase, a large gray Al6(MnFe) intermetallic, a minor phase of black Mg2Si (Fig. 1a), and a small amount of α-Al(MnFe)Si intermetallic (Fig. 1b), which are consistent with the literature [25, 26]. Due to the presence of Si, the α-Al(MnFe)Si intermetallic can be clearly distinguished from the large Al6(MnFe) particles because this phase is brighter than Al6(MnFe) in the SEM backscattered image (Fig. 1b). 
DSC was also used to confirm the as-cast microstructure. Fig. 2 shows the DSC heating curve of the as-cast 3004 alloy; three peaks are present during heating in addition to the Al main peak. According to the temperature range in the DSC heating curve for each phase  [27, 28], the three peaks correspond to the melting temperatures of 505, 590 and 635°C for Mg2Si, α-Al(MnFe)Si and Al6(FeMn) intermetallic phases, respectively.
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Fig. 1 As-cast microstructures (a-b) and SEM-EDS results (c-e)                                                      of the experimental 3004 alloy
[image: G:\3004\paper\thermal stability\preparision\Figure\Fig.2-03.31.tif]














Fig. 2 DSC heating curves of the experimental 3004 alloy

During precipitation treatment, the large Al6(MnFe) intermetallics begin to fragment, particularly when the alloy was treated at a high temperature (425°C). As shown in Fig. 3, it can be found that the Al6(MnFe) were still Chinese script with large branches after being treated at 300°C for 48h (Fig. 3a), while the branches fragmented into disconnected parts after being treated at 425°C for 48h (Fig. 3b). Conversely, only minor changes were observed on the α-Al(MnFe)Si and Mg2Si intermetallics due to their small size and low volume fractions. 
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Fig. 3 Evolution of Al6(MnFe) during precipitation treatment:
(a) 300°C for 48h and (b) 425°C for 48h

Besides, a high volume of dispersoids formed in the dendrite cells and grains during precipitation treatment. Fig. 4 shows the precipitation of dispersoids in the alloy treated at 375°C for 24h in the SEM and TEM observations as well as the selected area diffraction pattern (SADP) taken along the zone axes of the [001] Al matrix. As shown in Fig. 4a, the dispersoids are uniformly distributed in the grains. The dispersoids are generally present in two morphologies, cubic and plate-like, as indicated by the arrow in Fig. 4b. Fig. 4c displays the SADP of one single dispersoid along the [21] Al matrix. It can be found that the dispersoids have been well indexed as α-Al(MnFe)Si and shows the orientation as  [21]Al // [01]dipsersoids with the coincidence between planes (11)Al and (044)dispersoids. Besides, TEM-EDS results shown in Fig. 4d confirm that the dispersoids are composed with Al, Mn, Fe and Si elements. Finally, the dispersoids with two morphologies (Fig. 4b) are both defined as α-Al(MnFe)Si with a composition of                      Al12-20(FeMn)3Si2 according to the SADPs and TEM-EDS results, which is in consistence with the literature [10]. 
However, few dispersoids are observed surrounding the intermetallic particles (area "A" in Fig. 5a), which is defined as a particle free zone (PFZ). This can be attributed to the depletion of Mn content near the intermetallics due to the formation of Al6(MnFe) intermetallic particles in the interdendritic regions. However, some PFZs are also observed in the center of dendrite arms. As shown in area "B" in Fig. 5a and Fig. 5b, the volume fraction of dispersoids is much lower than the peripheral areas of the dendrite arm, which is a result of the low Mn concentration and enriched Mn toward the dendrite boundary due to the segregation of Mn during solidification. 
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Fig. 4 Type of morphology of dispersoids: (a) SEM and (b)TEM image                                      and SADP along [21]Al (c) as well as the TEM-EDS results of dispersoids (d)                               in the sample treated at 375°C for 48h
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Fig. 5 Formation of PFZ in alloy treated at 425°C for 48h:                                                       (a) OM and (b) SEM, an enlargement of (a)

3.2 Evolution of properties during precipitation treatment
To study the precipitation behavior of dispersoids, precipitation treatments at different temperature and times (Table 2) were performed on the experimental alloy; the evolution of EC and microhardness are shown in Fig. 6.

[image: G:\3004\paper\thermal stability\preparision\Figure\Fig. 6-04.21.tif]



















Fig. 6 Evolution of EC(a), and microhardness (b) during precipitation treatment                        and the precipitation temperature of dispersoids during DSC heating (c)

As shown in Fig. 6a, EC increases quickly in the beginning of holding and gradually increases to a peak; however, the maximum value and the time taken to reach it vary with the holding temperature. It can be observed that the highest EC reached in 72 hours increased from 29.2 %IACS at 300°C to 32.2 at 350°C, 38.6 at 375°C and 40.2 at 425°C. It seemed that more than 72 hours were required to reach the peak when the material was treated at 350°C and 375°C but less than 12 hours were required at 425°C. 
EC measurements were used to determine the amount of solute in solid solution; their relationship can be expressed as [3, 11, 29]:

1/EC=0.0267+0.032Fess%+0.033Mnss%+0.0068Siss%+0.003Mgss%+0.0021particle% (2)

Where, Fess%, Mnss%, Siss% and Mgss% and particle% are weight percentage. As shown in Eq. (2), Siss, Mgss and particle percentages had much less effect on EC than Mnss and Fess, and most of Fe was in the form of intermetallics during solidification, such as Al6(MnFe) and α-Al(MnFe)Si. Therefore, the changes of EC during precipitation treatment primarily depended on the concentration of Mn in solid solution.
During precipitation treatment, the instant decomposition of the supersaturated solid solution leads to an increase in EC. However, the diffusion rate of Mn rapidly increases with temperature [17, 30]. Hence, EC increases with increasing temperature when treated for the same duration, and the time to reach the peak of EC decreases with increasing temperature (Fig. 6a). Finally, full decomposition of the supersaturated solid solution results in a stable EC as time proceeds.
Fig. 6b shows the evolution of microhardness during holding, which is reflected in the effect of dispersoids precipitation on mechanical properties. When treated at 300°C with a prolonged soak time, a minor decrease in microhardness was observed, while an increasing trend was observed at 350 and 375°C. At high temperature (425°C), microhardness rapidly increased to its maximum after 12 hours and then decreased with increasing soak time.
The evolution of microhardness can be attributed to the precipitation and coarsening of α-Al(MnFe)Si dispersoids during precipitation treatment. Fig. 6c shows a DSC curve revealing that the onset precipitation temperature of α-Al(MnFe)Si dispersoids is near 342°C. Therefore, it is difficult for dispersoids to precipitate at 300°C. As shown in                   Fig. 7a, few fine dispersoids are found when the alloy was treated at 300°C for 48h. Table 3 summarizes the average equivalent diameter and volume fraction of dispersoids when treated for 48 hours at different temperatures. It can be found that the size of dispersoids after treatment at 300°C for 48h is only 12 nm, but the volume fraction is very low (0.006 vol.%) due to the low precipitation temperature. Hence, the contribution of dispersoids to the microhardness is nearly negligible. On the other hand, the decreased concentration of Mn in solid solution indicated by the increasing EC in Fig. 6a weakens the solution strengthening effect of Mn. Therefore, the microhardness gradually decreased with prolonged soak time at 300°C.
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Fig. 7 Distribution of dispersoids at different conditions

Table 3 Characteristic of dispersoids and PFZ during precipitation treatment
	Condition
	Dispersoids
	PFZ

	
	Average equivalent diameter, nm
	Volume fraction，vol. %
	Volume fraction, vol. %

	300°C/48h
	11 ± 3
	0.006 ± 0.002
	- -

	350°C/48h
	46 ± 9
	0.78 ± 0.12
	39 ± 6

	375°C/48h
	  61 ± 11
	2.95± 0.68
	28± 3

	425°C/48h
	           78 ± 18
	           1.94 ± 0.43
	   35 ± 7

	600°C/4h
	          135 ± 16
	            0.65 ± 0.11
	   41 ± 8 



When the alloy was treated at 350 and 375°C, which is near the precipitation temperature of the dispersoids, continuous precipitation of fine dispersoids was dominant, and no significant coarsening was observed. As shown in Fig. 7, fine dispersoids were observed to be uniformly distributed in the matrix when treated at 350°C for 48h (Fig. 7b) and at 375°C for 48h (Fig. 7c). As shown in Table 3, the average size of the dispersoids after 350°C for 48h is smaller (46 nm) than that after 375°C for 48h (61 nm), but the volume fraction after 375°C for 48h was much higher (2.95 vol. %) than that after 350°C for 48h (0.78 vol.%), explaining the higher microhardness observed at 375°C. Li et al. [5] reported that the volume fraction in AA 3003 alloy when treated at 375°C for 24h was 0.77 vol.%, which is much lower than that in the experimental 3004 alloy. One likely reason for this discrepancy is the high content of Mg (1.1 wt. %) in the experimental 3004 alloy, which would promote the formation of Mg2Si, which is reported to be the potential nuclei of α-Al(MnFe)Si dispersoids [31]. With increasing precipitation temperature (425°C) in this study, which is much higher than the precipitation temperature of α-Al(MnFe)Si dispersoids, the precipitation of dispersoids is found to be much faster and then begin to coarsen with increasing soak time. Therefore, this effect results in a rapid increase of microhardness until the peak value is reached (approximately 12 hours). After the peak, dispersoids grow and coarsen, and the microhardness begins to decrease with the increase of soak time. As shown in Fig. 7d and Table 3, the average size of the dispersoids reached 78 nm with a decreased volume fraction of 1.94 vol. % after 48 h at 425°C. In addition, the formation of dispersoids after traditional homogenization treatment (600°C for 4 hours) is also shown in Fig. 7e and Table 3. 	
In addition to the size and volume fraction of dispersoids, another factor influencing mechanical properties during the precipitation treatment is the evolution of PFZ. It was reported that the volume fraction of PFZ first deceased then increased with increasing heat treatment temperature [10]. In present work, the volume fraction of PFZ also has been measured and summarized in Table 3. As shown in Table 3, the volume fraction of PFZ first decreased from 39 vol. % at 350°C after 48h to 28 vol. % at 375°C after 48h. The decrease of PFZ also contributed to the increase of microhardness from 350°C after 48h to 375°C after 48h (Fig. 6). When treated at 425°C for 48h, the volume fraction of PFZ increased again from 28 vol. % at 375°C after 48h to 35 vol. %, which can be attributed to the coarsening of dispersoids and dissolution of dispersoids into the intermetallic particles in the interdendrite regions where the large intermetallic particles are located. Therefore, the increasing PFZ area also reduced the microhardness.
To evaluate the YS during the precipitation treatment, five conditions (300°C for 48h, 350°C for 48h, 375°C for 24h, 375°C for 48h and 425°C for 48h) were selected. In addition, traditional homogenization treated 3004 alloy at 600°C for 4h was applied to compare with different precipitation treatment conditions in this study. For example, the typical true stress-strain curves from compression test at 300°C, treated at 375°C for 48h, at 425°C for 48h and at 600°C for 4h are shown in Fig. 8a. Compared with the as-homogenized alloy, the flow stress is much higher in both precipitation treated conditions. As shown in Fig. 8a, the flow stress increased from 68 MPa at the as-homogenized condition to 77 MPa at 425°C for 48h and further to 88 MPa at 375°C for 48h. Fig. 8b presents the evolution of YS during the precipitation treatments. Similar to the flow stress shown in Fig. 8a, YS after precipitation treatments are all higher than the                                   as-homogenized material at both RT and 300°C, indicating the remarkable strengthening effect. However, YS varied with precipitation treatment applied. As shown in Fig. 8b, YS gradually increased from 300°C for 48h to a peak value at 375°C after 48h then began to decrease at 425°C after 48h. For instance, the YS at RT and 300 °C increased from 93 and 63 MPa at 300°C for 48h to 104 and 78 MPa at 375°C for 48h and then reduced to 92 and 65 MPa at 425°C after 48h, respectively. The YS at 300°C with proper precipitation treatment, such as 375°C for 48h, can reach 78 MPa, which is a 40% improvement compared with the as-homogenized material (56 MPa), indicating significant potential of the alloy for high temperature applications. 
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Fig. 8 Typical true stress-strain curves (a) and YS at both RT and 300°C at different treatment conditions (b)

For the evolution of mechanical properties during precipitation treatment, multiple mechanisms can be involved, such as changes in grain size, solid solution and the precipitation of α-Al(MnFe)Si dispersoids. In this study, the EBSD technique was used to determine the grain structure and measure grain size. For example, the grain structures of the material after treatment at 300°C for 48h and 375°C for 48h are shown in Fig. 9. The different colors represent aluminum grains with different orientations. It can be found that the grain was coarse, and no major changes were observed in the average grain size during the precipitation treatment. Then, the increment of YS from the change of grain size could be negligible based on the Hall-Petch equation [19, 32]. Therefore, the evolution of YS could be significantly attributed to the synthetic effect of solid solution and dispersion strengthening. 
According to the Orowan mechanism [3, 10, 11], the weak contribution of dispersion to mechanical properties at 600°C after 4h and 300°C after 48h can be attributed to either too fine (300°C after 48h) or too coarse (600°C after 4h) dispersoids and a low volume fraction of dispersoids. However, higher EC at 600°C after 4h (35.5 %IACS) indicated a lower Mn concentration in solid solution than at 300°C for 48h; hence, the lower YS at 600°C after 4h was likely caused by a decrease in Mn concentration from the decomposition of the supersaturated solid solution [33]. Conversely, the level of solute concentration of Mn is similar for 375°C after 48h and 600°C after 4h due to similar ECs, then the much higher YS at 375°C after 48h could be primarily contributing to the precipitation of fine dispersoids with a considerable volume fraction (Fig. 7), indicating the significant strengthening effect of dispersoids at both RT and 300°C. The increased YS from the dispersoids is always found to be higher than the decreased YS from the reducing concentration of Mn, indicated by increasing YS from 300°C after 48h to 375°C after 48h. This provides the possibility that YS could be further improved by controlling the size, volume fraction and distribution of dispersoids during heat treatment.
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Fig. 9 EBSD micrographs that show grain size under various conditions

3.3 Long-term thermal stability
After peak precipitation treatment (375°C/48h) to generate maximum strength (Figs. 6 and 8), a long-term thermal holding at 300°C for up to 1000 hours was performed to assess the thermal stability of the mechanical properties. Fig. 10 displays the plots of EC, microhardness and YS at both RT and 300°C during thermal holding. 
As shown in Fig. 10a, the EC remains stable and marginally increases from 38 % to 38.5%IACS after 1000h of holding due to the complete decomposition of the supersaturated solid solution. The microhardness shows a minor decrease from 61.3 to 60.7 HV after 1000h while the YS shows a stable tendency during the entire holding process (Fig. 10b). It can be found that the YS remains at 104-105 MPa at RT and 77-78 MPa at 300°C after the 1000h holding, indicating the excellent thermal stability of the experimental alloy at elevated temperature.
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Fig. 10 Evolution of EC and hardness (a) and YS (b) during a long thermal holding

During thermal holding, grain growth was not observed. As shown in Fig. 9, the grain size only marginally changed from 356 to 387µm after 1000h, which were both quite coarse. TEM results in Fig. 11 indicate few changes in the size and distribution of dispersoids even after 1000h holding at 300°C. Image analysis shows that the size and volume fraction of dispersoids were 61 nm and 2.95 vol.% at initially and marginally changed to 64 nm and 2.87 vol.% after 1000h, respectively, confirming the thermal stability of α-Al(MnFe)Si dispersoids, which results in stable mechanical properties of the experimental alloy at elevated temperature. It is expected that high YS will be kept for longer durations, such as above 2000 hours, due to the lower coarsening rate of                    α-Al(MnFe)Si dispersoids. 
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Fig. 11 STEM images showing the evolution of dispersoids during thermal holding
Moreover, the creep resistance of the experimental alloy at 300°C was also preliminary investigated. As shown in Fig. 12a, the homo-treated sample already reached the measurement limitation of the creep machine (0.225 strain of creep deformation) after running just for 72 hours, showing very low creep resistance. Conversely, creep resistance was found to be much higher for the samples treated at 375°C for 48h and 375°C for 48h + 300°C for 1000h, in which the total strain of both samples was only 0.01 after 72 hours (Fig. 12b), which was less than 5% of the creep deformation of the homo-treated sample. Additionally, after the long thermal holding (1000h), the creep resistance of 3004 alloy was only slightly lower than the sample without holding (Fig. 12b).The calculated creep rate of the homo-treated sample was 1.4 ×10-6 s-1. It was 3.1×10-8 s-1 without holding and 3.6×10-8 s-1 after a 1000 h holding after peak precipitation treatment (375°C for 48h), respectively, in which the creep rates were in the same order but are two orders of magnitude lower than the homo-treated condition.
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Fig. 12 Compression creep curves at different conditions at various strain range:
(a): 0-0.25 and (b) 0-0.025

Due to the similar level of Mn solution concentrations for these three conditions, it is evident that dispersoids play a significant role in creep resistance. According to the creep condition applied (45 MPa at 300°C), the creep mechanism is primarily controlled by the glide and climb of dislocations during creep [34]. As shown in Figs. 7 and 11, the volume fraction of dispersoids at 375°C after 48h and 375°C after 48h + 300°C for 1000h was much higher than 600°C for 4h, and the size of dispersoids was much finer; hence, dislocations were effectively pinned by the dispersoids, leading to a much higher creep resistance compared with the homo-treated sample. There were little changes in the size and volume fraction of dispersoids after a long thermal holding (Fig. 11), leading to a similar high creep resistance. Therefore, the high creep resistance observed after the proper precipitation treatment provided another advantage for the application of 3004 alloy at elevated temperature. 

3.4 Prospect of 3004 alloy in applications at elevated temperature
In order to fully develop the properties of 3004 alloy at elevated temperature, the compression YS as a function of temperature after the peak precipitation treatment (375°C for 48h) has been measured and shown in Fig. 13. Compared with the                                 as-homogenized condition, it can be found that there is visible improvement in YS at low temperatures (25-100°C), in which the YS increased from 89 MPa as-homogenized to 103 MPa after 375°C for 48, showing a moderate strengthening effect of dispersoids on mechanical properties. However, the improvement of YS was more significant at elevated temperatures, such as 300-400°C. As shown in Fig. 13, there was a 22 MPa increase in YS at 300°C from as-homogenized (56 MPa) to after the peak precipitation treatment (78 MPa), exhibiting a remarkable strengthening effect at elevated temperatures. Additionally, YS can reach as high as 55 MPa even at 400°C, providing a reliable and wide safety margin during exposure at higher service temperature.
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Fig. 13 YS of experimental 3004 alloy at various temperatures after 375°C/48h

The significant strengthening effect of dispersoids at elevated temperature provide a promising advantage of the experimental alloy compared to traditional precipitation strengthening alloys, such as 2xxx, 6xxx and 7xxx alloys. The data in Table 4 shows that the mechanical properties of the experimental 3004 alloy are comparable to 2024-T6 (70 MPa) but are much higher than 6061-T6 (55 MPa) and 7075-T6 (52 MPa) after 10 h holding. The long-term thermal stability of alloys is one of the most significant factors to be considered for applications at elevated temperature. Because of the rapid coarsening of precipitates in 2xxx, 6xxx and 7xxx alloys, those alloys exhibit a terrible deterioration of mechanical properties during prolonged exposure at elevated service temperatures. As shown in Table 4, the initial YS of 2024-T6 at 315°C was relatively high (95 MPa) but rapidly decreased to 70 MPa after 10 hours and to 45 MPa after 1000 hours. Similarly for 6061-T6, the YS decreased from 75 MPa after 0.5 hours to 29 MPa after 1000 hours at 315°C, in which 61% of the YS had been lost after thermal holding. However, the YS remained stable for the experimental 3004 alloy during prolonged holding: 78 MPa after the peak precipitation treatment without holding, and 77 MPa after 1000 hours at 300°C, indicating an excellent long-term thermal stability. 

Table 4 YS of wrought aluminum alloys during the thermal holding
	Source
	Alloy (Condition)
	YS (MPa) after various thermal holding 

	
	
	0.5h
	10h
	100h
	1000h

	Literature  [1]                (Holding and tested at 315oC)
	2024 (T6)
	95
	70
	55
	45

	
	6061 (T6)
	75
	55
	31
	29

	
	7075 (T6)
	55
	52
	48
	45

	Experimental (Holding and tested at 300oC)
	 3004 (375oC/48h)
	78
	77.9
	77.6
	77.2



Recently, additions of transition and rare earth elements, such as individuals or combinations of Sc with Zr, Gd, Er and Yb to wrought aluminum alloy, particularly in 1xxx alloys, to improve the mechanical properties at elevated temperatures have been explored [35-38], in which reported that they can form coherent or semi-coherent Al3M dispersoids that are thermally stable up to 250-350°C. However, the high cost of these elements (particularly Sc) limits their wide application in aluminum alloys. On the other hand, common alloying elements such as Mn, Mg and Si in 3xxx alloys are significantly more economic compared with Sc and other transition and rare earth elements. Additionally, 3xxx alloys can maintain their ability to be manufactured and processed with conventional ingot metallurgical techniques and become more competitive in large-scale industrial production. Furthermore, the density of aluminum alloy is much lower than the other materials traditional used at high temperature, such as Ti alloys and Ni-based alloys [39, 40]. Therefore, superior mechanical properties at elevated temperature after the proper precipitation treatment combined with long-term thermal stability, high creep resistance and a considerably lower manufacture cost provide a promising prospect of 3004 alloy for weight-sensitive applications at elevated temperature.
4. Conclusions
(1) The as-cast 3004 alloy consists of a dominant Al6(MnFe) intermetallic phase with two minor phases of Mg2Si and α-Al(MnFe)Si intermetallics. During precipitation treatment, the large Al6 (MnFe) phase begins to fragment and α-Al(MnFe)Si dispersoids precipitate in dendrite grains, while PFZ mainly surrounds the secondary intermetallic particles.
(2) Significant dispersion strengthening can be achieved by the precipitation of                    α-Al(MnFe)Si dispersoids during precipitation treatment. The peak compression YS can reach 78 MPa due to a large volume fraction of fine and uniformly distributed dispersoids. The creep rates at 300°C after the peak precipitation treatment and after long-term thermal holding are two orders of magnitude lower than the as-homogenized condition, confirming the important role of dispersoids in material properties at elevated temperature.
(3) α-Al(MnFe)Si dispersoids are approved to be thermally stable at 300°C. The associated high mechanical properties and creep resistance can remain stable during long-term thermal holding. 
(4) Compared with other common wrought alloys, superior mechanical properties at elevated temperature combined with the long-term thermal stability and excellent creep resistance provide a promising potential for applications of 3004 alloy at elevated temperature. 
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