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Abstract 

Sc and Zr were added to Al-Mn-Mg 3004 alloy to form two populations of strengthening 

particles (50–70 nm-sized α-Al(Mn,Fe)Si dispersoids and 6–8 nm-sized Al3(Sc,Zr) 

precipitates), and their strengthening effects on the mechanical properties and creep 

resistance at ambient and elevated temperatures were studied. The results showed that the 

microhardness and yield strength at ambient temperature greatly increased upon the addition 

of Sc and Zr. The creep resistance at 300 °C significantly improved due to the precipitation of 

fine Al3(Sc,Zr) particles and reduction of the particle-free zone. However, the yield strength 

at 300 °C remained constant even though the Sc and Zr content increased. The combined 

effects of α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates on the yield strengths at 

25 °C and 300 °C were quantitatively analyzed based on the Orowan bypass and dislocation 

climb mechanisms. The analytically predicted yield strengths are in good agreement with the 

experimental data. 
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1. Introduction 

Al-Mn-Mg 3004 alloys are widely used in architecture, packaging and automobile 

industries, because of their excellent corrosion resistance and great workability. To achieve 

adequate mechanical properties, the 3004 alloys are generally strengthened by work 

hardening. Recently, dispersion strengthening has been found to be an effective method to 

strength AA3xxx alloys, particularly at elevated temperature [1-5]; in this case, 

α-Al(Mn,Fe)Si dispersoids act as the key strengthening phase. By appropriate heat-treatment, 

a large number of α-Al(Mn,Fe)Si dispersoids can be precipitated in the aluminum matrix of  

3004 alloys and their volume fractions can be as high as 3% when the particles are in the size 

range of 40-80 nm [3]. In addition, α-Al(Mn,Fe)Si dispersoids are partially coherent with the 

aluminum matrix [6] and thermally stable up to 300 °C [3]. Although the size of 

α-Al(Mn,Fe)Si dispersoids is larger than those of traditional strengthening precipitates, such 

as Mg2Si and Al2Cu, the α-Al(Mn,Fe)Si dispersoids can efficiently be used for strengthening 

3004 alloys at elevated temperature due to their large volume fractions and high thermal 

stability [3, 5], which are very attractive features for elevated temperature applications. 

In several studies [7-9], Sc was introduced into aluminum alloys to enhance their 

mechanical properties by forming high density nano-scale Al3Sc precipitates. Al3Sc 

precipitates were coherent with the aluminum matrix and thermally stable up to 300 °C with a 

low coarsening rate [8]. Zr has often been added along with Sc, and it was found that Zr 

could substitute Sc in Al3Sc to form Al3(Sc,Zr) precipitates [10]. Al3(Sc,Zr) precipitates 

exhibited better thermal coarsening resistance than Al3Sc precipitates [10-12]. Due to the low 

solubility of Sc and Zr in aluminum, the obtainable volume fractions of the Al3(Sc,Zr) 

precipitates are usually low. However, the particle size of Al3(Sc,Zr) precipitates was quite 

small (a few nanometers) and their distribution was very uniform. As a result, the Al3(Sc,Zr) 

precipitates could improve the mechanical properties of aluminum alloys at both ambient and 

elevated temperatures. Therefore, Al-Sc-Zr matrices are considered promising candidates to 

develop materials to be used at elevated temperature.  

In several other studies, Sc and Zr were introduced into conventional age-hardening 

aluminum alloys, such as AA2xxx, AA6xxx and AA7xxx alloys, to improve their mechanical 

properties [13-15]. The addition of Sc and Zr into AA2219 alloys was found to significantly 
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improve their hardness levels [13]. It was also observed that the tensile strength and high 

cycle fatigue limit of AA6106 alloys increased by alloying with Sc and Zr [14]; similarly, 

alloying with Sc and Zr increased the yield strength ofAA7xxx alloys [15]. The strength 

increase in AA2xxx, AA6xxx and AA7xxx alloys can be attributed to the combined action of 

aging precipitation strengthening phases (Al2Cu, Mg2Si and MgZn2) and Al3(Sc,Zr) 

precipitates. Due to the rapid coarsening of Al2Cu, Mg2Si and MgZn2 precipitates at elevated 

temperature (overage effect), most of the above cited studies focused on room-temperature 

mechanical properties. Hence, the advantages of alloying with Sc and Zr and precipitation of 

thermally stable Al3(Sc,Zr) were not fully utilized. Very little literature can be found on 

improving high-temperature mechanical properties by the synergetic effect of the two 

different types of strengthening phases.  

The goal of the present work was to improve both ambient and elevated-temperature 

mechanical properties of 3004 alloy by introducing two distinct populations of strengthening 

particles: a high volume fraction of submicron α-Al(Mn,Fe)Si dispersoids and a low volume 

fraction of nano-size Al3(Sc,Zr) precipitates. The influence of Sc and Zr addition on the 

microstructure, mechanical properties and creep resistance at ambient and elevated 

temperatures was investigated. The combined effects of α-Al(Mn,Fe)Si dispersoids and 

Al3(Sc,Zr) precipitates on the yield strengths at 25 °C and 300 °C were quantitatively 

analyzed based on the existing strengthening mechanisms and equations. The analytically 

predicted yield strengths were then compared with the experimental data. 

 

2. Experimental procedure 

Three experimental 3004 alloys with different Sc and Zr contents were prepared with 

commercially pure Al (99.7%), pure Mg (99.9%), Al-25%Mn, Al-25%Fe, Al-50%Si, 

Al-2%Sc, and Al-15%Zr master alloys. In addition to the base alloy, the SZ15 and SZ30 

alloys contained 0.18%Sc and 0.18%Zr and 0.29%Sc and 0.17%Zr, respectively.  The 

chemical compositions of the experimental alloys analyzed by an optical emission 

spectrometer are listed in Table 1 (all the alloy compositions are indicated in wt.% unless 

otherwise mentined). For each batch, approximately 3 kg of the materials were melted in an 

electrical resistance furnace; the melt was held at 750 °C for 30 min and degassed for 15min. 
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It was then poured into a permanent steel mold preheated at 250 °C. The dimensions of the 

cast ingots was 30 mm x 40 mm x 80 mm.  

   

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

Code Sc Zr Mn Fe Mg Si Al 

SZ0 (base)  0 0 1.23 0.60 0.97 0.24 Bal 

SZ15 0.18 0.18 1.18 0.59 1.04 0.25 Bal 

SZ30 0.29 0.17 1.19 0.57 1.01 0.25 Bal 

 

The three alloys were heat-treated with a heating rate 5 °C/min to 300 and 375 ℃ 

respectively, and then held at those temperatures for a time period varying between 2 h and 

48 h, followed by water quenching. Heat treatment at 300 °C was used to evaluate the effect 

of Al3(Sc,Zr) precipitates; at 300 °C only Al3(Sc,Zr) can precipitate [16] because 

α-Al(Mn,Fe)Si dispersoids are not yet formed [3]. However, at 375 °C α-Al(Mn,Fe)Si 

dispersoids can fully precipitate in addition to the precipitation of Al3(Sc,Zr).  

After polishing the samples, their Vicker hardness values were measured with a 200g 

load at a 20s dwelling time. Ten measurements were conducted to calculate the average 

hardness value of each sample. Compression yield strength tests were conducted at room 

temperature and elevated temperature (300 °C) using a Gleeble 3800 thermomechanical 

testing unit at a strain rate of 0.001 s-1. The Gleeble samples were machined in a cylinder 

form of 15 mm high and 10 mm diameter. Average results were obtained from three repeated 

tests. Creep tests were performed at 300 °C for 96 h in a compression condition with different 

loads of 44 MPa, 52 MPa, 58 MPa and 66.5 MPa, respectively. Each creep test was repeated 

twice. The creep specimens were the same size as the Gleeble samples.  

An optical microscope and a scanning electron microscope were used to observe the 

as-cast and heat-treated microstructures. To clearly observe α-Al(Mn,Fe)Si dispersoids and 

dispersoid free zone (DFZ), the polished samples were etched by 0.5% HF for 25 s. A 

transmission electron microscope (TEM) operating at 200 kV was used to observe the 

precipitation of Al3(Sc,Zr) and α-Al(Mn,Fe)Si. TEM foils were prepared by a twin-jet 
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machine using a solution of 30% nitric acid in methanol at -25 °C. For Al3(Sc,Zr) observation, 

centered dark field images of the precipitates were formed using the {100} superlattice 

reflections of precipitates along the <110> or <100> zone axis. For α-Al(Mn,Fe)Si 

observation, the <100> zone axis was used to observe dispersoid precipitation in the {200} 

plane. An electron energy loss spectroscopy (EELS) attached to the TEM was used to 

measure the thickness of the TEM specimens. The size, number density and volume fraction 

of the Al3(Sc,Zr) precipitates and α-Al(Mn,Fe)Si dispersoids were quantified by image 

analysis (Clemex PE 4.0) of the TEM images. The volume fraction of the α-Al(Mn,Fe)Si 

dispersoids was calculated using the following equation [1]: 

𝑉𝑉v = 𝐴𝐴A
KD�

KD�+ t
(1 − 𝐴𝐴DFZ)                                        (1) 

Where AA is the area fraction of dispersoids in TEM images and 𝐷𝐷� is the average equivalent 

diameter of dispersoids in TEM images; ADFZ is the volume fraction of DFZ measured in 

optical images; t is the TEM foil thickness; and K is the average shape factor of dispersoids, 

which was set to 0.45 according to reference [1]. 

 

3. Results and discussion  

3.1 Microstructures in as-cast and heat-treated conditions 

   Fig. 1 shows the typical as-cast microstructure of the three experimental alloys; it can be 

seen that the microstructures consist of aluminum dendrite cells and two intermetallic phases. 

The first type of intermetallics are grey color appeared under optical microscope; they are 

distributed in the aluminum dendrite boundaries. Most of them were identified as Al6(Mn,Fe) 

and very few of them identified as Al(Mn,Fe)Si [3, 4, 17]. Due to their similarities and no 

influence on alloy properties, this kind of intermetallics are referred to as Mn-containing 

intermetallics in this study. The second type of intermetallics are black color under optical 

microscope; they correspond to a minor phase identified as primary Mg2Si, which is often 

attached to Mn-containing intermetallics. The volume fractions of both the intermetallic 

phases were quantified by image analysis, as shown in Fig. 2. The volume fractions of 

Mn-containing intermetallics and primary Mg2Si particles in the base alloy were the lowest. 

With increasing Sc and Zr content, the fractions of both Mn-containing intermetallics and 
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primary Mg2Si particles increased. It was reported that the addition of Sc and Zr could reduce 

the solubility of Mg and Mn in liquid aluminum [7, 18]. This is most likely the reason behind 

the remarkable increase in the amounts of Mn-containing intermetallics and primary Mg2Si 

particles in the as-cast microstructure after Sc and Zr addition. Both SZ15 and SZ30 contain 

the same level of Zr but SZ30 exhibits a higher Sc level. This indicates that the increased 

amount of Sc could further reduce the solubility of Mg and Mn and thus increase the amount 

of intermetallic particles in the as-cast microstructure.  

   

 

 
Fig. 1 As-cast microstructure of (a) SZ0, (b) SZ15 and (c) SZ30 alloys 

 

 

Al6(Mn, Fe) 

Mg2Si 

(a) (b) 

Mg2Si 

Al6(Mn, Fe) 

Mg2Si 

Al6(Mn, Fe) 
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Fig. 2 Volume fraction of Mn-containing intermetallics and primary Mg2Si particles of three 

alloys 

   

 In AA3004 alloys, a large amount of α-Al(MnFe)Si dispersoids can precipitate in the 

aluminum matrix when a suitable heat-treatment is applied, such as heat-treated at 375 ℃ 

for 24 h [3-5]. Fig. 3 depicts the microstructures of the three alloys after heat treatment at 

375 °C for 24 h. The dark areas indicate the dispersoid zone in which a large number of 

α-Al(Mn,Fe)Si dispersoids appeare within dendrite cells and grains. The light areas 

correspond to the dispersoid free zone (DFZ) close to the intermetallic particles in the 

interdendritic regions. where only a few α-Al(Mn,Fe)Si dispersoids could be found. As 

shown in Fig. 3, with increasing Sc and Zr content, the dispersoid zones gradually decreased 

in size while the DFZs were enlarged. Quantitative results of both the dispersoid zone and 

DFZ, obtained by image analysis, are included in Fig. 4. It is evident that as the Sc and Zr 

content increases, the volume fraction of the dispersoid zone decreased while the volume 

fraction of the DFZ increased. For instance, the volume fraction of DFZ increased from 29 

vol.% in the base alloy (SZ0) to 34 vol.% in the SZ15 alloy, and further to 38 vol.% in the 

SZ30 alloy. 

 It should be mentioned that the optical images of the microstructure obtained after 

etching can only be used to evaluate the distribution of α-Al(Mn,Fe)Si dispersoids, and it 

cannot reveal any information on the Al3(Sc,Zr) precipitates due to their small sizes 

(nanometric order). 
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Fig. 3 Optical images after heat treatment at 375°C/24h (etched by 0.5% HF): (a) SZ0, (b) 

SZ15 and (c) SZ30 alloys 

 

 

 

Fig. 4 Volume fraction of the dispersoid zone and DFZ of three alloys after heat treatment at 

375°C/24h 
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3.2 Precipitation of α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates  

 Due to the small size of the Al3(Sc,Zr) precipitates and α-Al(Mn,Fe)Si dispersoids, TEM 

was used to investigate the precipitation of both Al3(Sc,Zr) and α-Al(Mn,Fe)Si in aluminum 

matrices. After heat treatment at 375°C for 24 h, a number of α-Al(Mn,Fe)Si dispersoids 

precipitated within the aluminum cells and grains; typical TEM images are shown in Fig. 5. 

The size and number density of dispersoids were quantified by image analysis on TEM 

images, as shown in Fig. 6a. In the base alloy (SZ0 without Sc and Zr), the sizes of 

α-Al(Mn,Fe)Si dispersoids are quite small (in the range of 50 nm) and the number density is 

high (>1000 µm-3). With increasing Sc and Zr content, the size of the α-Al(Mn,Fe)Si 

dispersoids increased while their number density decreased. For instance, the equivalent 

diameter of the dispersoids increased from 50 nm (SZ0 Alloy) to 66 nm (SZ15 alloy), and 

further to 70 nm in the SZ30 alloy. The volume fractions of their dispersoids in the three 

alloys were calculated according to Eq. 1 and the results are presented in Fig. 6b. The volume 

fraction of α-Al(Mn,Fe)Si dispersoids in the SZ0 Alloy is 2.69% and it reduced to 1.24% in 

the SZ15 Alloy and to 1.15% in the SZ30 alloy. It is evident that Sc and Zr addition greatly 

influences the precipitation of α-Al(Mn,Fe)Si dispersoids, although Sc and Zr do not seem to 

be the essential elements for the formation of α-Al(Mn,Fe)Si dispersoids. This could be 

attributed to the fact that the addition of Sc and Zr reduces the solubility of Mn and Si [7, 18] 

and results in a large amount of intermetallics and a low level of the supersaturated solid 

solution of Mn and Si after solidification, which are less available for the formation of 

α-Al(Mn,Fe)Si dispersoids during heat treatment, when compared to the base alloy (SZ0).  

 To observe Al3(Sc,Zr) precipitates, centered dark field TEM images were recorded using 

{100} superlattice reflections of the precipitates along the <110> or <100> zone axis. Typical 

TEM images of the Al3(Sc,Zr) precipitates in SZ15 and SZ30 alloys after heat-treatment at 

300 °C and 375 °C are shown in Fig. 7. The precipitates can be observed as small bright 

particles in the TEM images; they are uniformly distributed in the aluminum matrix with high 

density. The sizes of the Al3(Sc,Zr) precipitates depends on the heat treatment temperature. 

When the heat treatment temperature was 300 °C, the diameter of the Al3(Sc,Zr) precipitates 

of SZ15 and SZ30 alloys was ~6 nm. As the heat treatment temperature increased to 375 °C, 
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the diameter of the Al3(Sc, Zr) precipitates in SZ15 and SZ30 alloys slightly increased to ~8 

nm (Fig. 8). According to image analysis, after heat treatment at 375 °C for 24 h, the SZ15 

and SZ30 alloys contain approximately 0.24% and 0.30% Al3(Sc,Zr) precipitates, 

respectively.  

 If the dark field TEM images were captured slightly off center of the {100} superlattice 

reflections of the precipitates, the populations of the two types of strengthening particles, 

namely α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates, can be visualized at the same 

time. Fig. 9 shows the distribution of α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates 

in the TEM images in the example of the SZ15 alloy. It can be seen that the inter-particle 

distance in the α-Al(Mn,Fe)Si dispersoids is quite large (in the range of 200 nm) in addition 

to their relatively large size (Fig. 9a). On the other hand, the Al3(Sc,Zr) precipitates are much 

finer and denser in the aluminum matrix than the α-Al(Mn,Fe)Si dispersoids. They filled up 

the spaces in between large dispersoids (Fig. 9b). Therefore, the inter-particle distances 

between strengthening particles are dramatically decreased due to the presence of fine 

Al3(Sc,Zr) precipitates, resulting in more obstacles for dislocation movement in aluminum 

cells and grains.  

 The DFZ along the grain boundaries was also observed by TEM, as shown in Fig. 10. In 

the bright field image (Fig. 10a), a large DFZ of α-Al(Mn,Fe)Si dispersoids could be 

observed along the grain boundary. The half-width of the DFZ was calculated to be ~0.67 µm. 

At the same location, it can been seen in Fig. 10b that Al3(Sc,Zr) not only appeared in the 

dispersoid zone but also precipitated in most of the DFZ. There is only a narrow particle free 

zone near the grain boundary. The half-width of the particle free zone reduced from 0.67 µm 

to 0.17 µm, which is 4 times lesser than that observed in the presence of α-Al(Mn,Fe)Si 

dispersoids only. 
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Fig. 5 TEM images of α-Al(Mn,Fe)Si dispersoids (a) SZ0, (b) SZ15 and SZ30 alloys 

 

   

Fig. 6 (a) the equivalent diameter and number density of α-Al(Mn,Fe)Si dispersoids, (b) the 

volume fraction of α-Al(Mn,Fe)Si dispersoids of three alloys  
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Fig. 7 Centered dark field TEM images of Al3(Sc,Zr) precipitates (a) SZ15 alloy after 

300°C/12h, (b) SZ15 alloy after 375°C/24h, (c) SZ30 alloy after 300°C°/12h, (d) SZ30 alloy 

after 375°C/24h 
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Fig. 8 The equivalent diameter of Al3(Sc,Zr) precipitates of two alloys at two heat treatment 

conditions 

 

  

Fig. 9 TEM images showing both α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) in the aluminum 

matrix of SZ15 Alloy, (a) bright field TEM image and (b) dark field TEM image captured 

slightly off the center of {100} superlattice reflections of the Al3(Sc,Zr) precipitates. 
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Dispersoids 

Al3(Sc,Zr) 
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Fig. 10 TEM images of the particle free zone along the grain boundary in SZ15 alloy, (a) 

bright field TEM image and (b) dark field TEM image captured slightly off the center of {100} 

superlattice reflections of Al3(Sc,Zr) precipitates. 

 

3.3 Mechanical properties at ambient and elevated temperatures 

3.3.1 Microhardness  

 To evaluate the influence of Sc and Zr content on the mechanical properties at the 

ambient temperature, the evolution of microhardness was analyzed in the three alloys after 

heat treatment at 300 °C and 375 °C (Fig. 11). In the case of the alloys treated at 300 °C (Fig. 

11a), the microhardness of the base alloy showed no remarkable change with holding time 

and remained at a relatively low level because no phase (α-Al(Mn,Fe)Si) precipitation 

occurred at this temperature. With the addition of Sc and Zr, the hardness of the SZ15 and 

SZ30 alloys increased with holding time and reached the peak value after 12 h, which 

indicates the precipitation of Al3(Sc,Zr), as conformed by the TEM images in Fig. 7. The 

peak hardness values of SZ0, SZ15 and SZ30 alloys after 300 °C for 12 h are 62, 75 and 81 

HV, respectively. The peak hardness of Sc and Zr containing alloys increased by 21% (SZ15) 

and 31% (SZ30) as compared to the SZ0 base alloy. Because there is no α-Al(M,Fe)Si 

precipitation in the three alloys, the increase in the hardness of SZ15 and SZ30 alloys is 

clearly attributed to the strengthening effect of the Al3(Sc,Zr) precipitates.  

In the case of the alloys heat treated at 375 °C (Fig. 11b), the microhardness of the base 

Intermetallic particles 

DFZ 

Grain boundary 

Dispersoids 
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Al3(Sc,Zr) 
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alloy increased with holding time and reached the peak value after 24 h, indicating the 

precipitation of α-Al(Mn,Fe)Si dispersoids. For the Sc and Zr containing alloys, 375 °C is a 

compatible temperature at which both α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) preciptates 

can simultaneously precipitate. The hardness of the SZ15 and SZ30 alloys increased with 

holding time and reached the peak value after 24 h, indicating the combined precipitation of 

the two populations of strengthening phases, as conformed by TEM observations in Fig. 9. 

The peak hardness values of the SZ0, SZ15 and SZ30 alloys after 375 °C for 24 h are 63, 77 

and 88 HV, respectively. Due to the addition of Sc and Zr, Al3(Sc,Zr) precipitates boost the 

peak hardness by 22% (SZ15) and 40% (SZ30) compared to the base alloy, thus contributing 

to a considerable fraction of the total hardness, despite a lower volume fraction of the 

α-Al(Mn,Fe)Si dispersoids in Sc and Zr containing alloys relative to the base alloy (Fig. 6b). 

This demonstrates that the fine size and high density of Al3(Sc,Zr) precipitates play a major 

role in strengthening the aluminum matrix at ambient temperature.  

 

  
Fig. 11 Microhardness evolution of the three alloys as a function of holding time during heat 

treatment at (a) 300 °C and (b) 375 °C 

 

3.3.2 Yield strength at ambient and elevated temperatures 

 The results of yield strength analysis at ambient and elevated temperatures after heat 

treating the three alloys at 300 °C and 375 °C are shown in Fig. 12. Regardless of the heat 

treatment temperature, the yield strength at ambient temperature increased greatly with 

increasing Sc and Zr content (Fig. 12a), which is consistent with the results of peak hardness. 

(a) (b) 



16 
 

When the alloys treated at 300 °C without α-Al(Mn,Fe)Si precipitation, the yield strength 

increased from 88 MPa (base alloy) to 130 MPa (SZ15) and further to 135 MPa (SZ30). At a 

treatment temperature of 375 °C where combined precipitation of α-Al(MnFe)Si dispersoids 

and Al3(Sc,Zr) precipitates occurs, the yield strength values of the three alloys are generally 

higher than that those treated at 300 °C; the yield strength increased from 98 MPa (base alloy) 

to 135 MPa (SZ15) and further to 154 MPa (SZ30). At both heat treatment conditions, at least 

more than 37 MPa increase in the yield strength could be achieved with the addition of Sc 

and Zr, illustrating the potent strengthening effect of Al3(Sc,Zr) precipitates at the ambient 

temperature. 

The yield strengths at 300 °C exhibit a somewhat different trend from those obtained at 

the ambient temperature. After heat treatment at 300 °C for 12 h, the yield strength at 

300 °C is 62 MPa, 77 MPa and 78 MPa, respectively, for the SZ0, SZ15 and SZ30 alloys 

(Fig. 12b). They increased approximately by 15 MPa upon the addition of Sc and Zr, whereas 

the high Sc level in SZ30 showed almost no effect. The strengthening contribution of 

Al3(Sc,Zr) precipitates on the yield strength at 300 °C could be clearly seen but it is far less 

than that at the ambient temperature. In the case of heat treatment at 375 °C for 24 h, the 

yield strengths of all the three alloys at 300 °C were found to be similar (around 80 MPa) and 

no remarkable change could be found despite the precipitation of the Al3(Sc,Zr) in SZ15 and 

SZ30 alloys. It is noticed that a high density of Al3(Sc,Zr) precipitated in Sc and Zr 

containing alloys (SZ15 and SZ30) but the amount of α-Al(Mn,Fe)Si dispersoids in both the 

alloys are dramatically lower than in the base alloy (see Fig. 6b). The complex effect of these 

two distinct populations of strengthening particles at ambient and elevated temperatures will 

be discussed later.  
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Fig. 12 Yield strengths (a) at 25°C and (b) at 300 °C for two heat treatment conditions 

 

3.3.3 Creep resistance at 300 °C 

 Fig. 13 shows the typical compressive creep curves of the three alloys tested at 300 °C at 

a constant load of 58 MPa. It can be found that the total creep strain after 96 h decreased with 

an increase in the Sc and Zr content. At first, the total creep strain significantly decreased 

from 0.25 in the SZ0 alloy to 0.10 in the SZ15 alloy and then slightly reduced to 0.09 in the 

SZ30 alloy, indicating an improvement in the creep resistance by the addition of Sc and Zr. 

Moreover, the minimum creep rate, 𝜀𝜀�̇�𝑚, also decreased upon the addition of Sc and Zr. The 

minimum creep rate is calculated to be 7.58 x 10-7 s-1 for the base alloy (SZ0); it dropped to 

1.69 x 10-7 s-1 in the SZ15 alloy and then slightly decreased to 1.67 x 10-7 s-1 in the SZ30 

alloy. It is evident that with the addition 0.18%Sc and 0.18%Zr in SZ15, the creep resistance 

of the material can be significantly enhanced. However, at higher Sc level (0.29% in the 

SZ30 alloy), the creep resistance improved only slightly.   

 The creep behavior of dispersion-strengthened materials can generally be described by a 

modified power law equation [19, 20], in which a thermal threshold stress is assumed and the 

true stress exponent can be determined:  

𝜀𝜀�̇�𝑚 = 𝐴𝐴0(𝜎𝜎−𝜎𝜎𝑡𝑡ℎ
𝐺𝐺

)𝑛𝑛𝑡𝑡exp (− 𝑄𝑄
𝑅𝑅𝑅𝑅

)                                      (2) 

Where 𝜀𝜀�̇�𝑚 is the minimum creep rate, 𝐴𝐴0 is constant, 𝜎𝜎 is the applied stress, 𝜎𝜎𝑡𝑡ℎ is the 

threshold stress, G was the shear modulus, 𝑛𝑛𝑡𝑡 is the true stress exponent, Q is the activation 

energy, R is the universal gas constant and T is the absolute temperature.  

 To better understand the creep behavior of Sc and Zr containing alloys, the creep tests at 

(a) (b) 
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different loads were performed to determine two important creep parameters, namely the 

threshold stress (𝜎𝜎𝑡𝑡ℎ) and true stress exponent (𝑛𝑛𝑡𝑡). The threshold stress 𝜎𝜎𝑡𝑡ℎ is calculated as 

a stress value as the linear fitted curves corresponding to the minimum creep rates at different 

loads extrapolated to 1x10-10 s-1 (below which the creep is experimentally not measurable). 

The true stress exponent 𝑛𝑛𝑡𝑡 is equivalent to the slope of ln𝜀𝜀�̇�𝑚 vs. ln(𝜎𝜎-𝜎𝜎𝑡𝑡ℎ) curve. The 

calculated results are shown in Fig. 14. As shown in Fig. 14a, the minimum creep rates 

decreased with the addition of Sc and Zr in the SZ30 alloy at all applied loads; meanwhile the 

threshold stress σth increased from 29.1 MPa in the SZ0 alloy to 32.7 MPa in the SZ30 alloy, 

which is a significant improvement in the creep resistance at elevated temperature. It is 

reported that an increase of 3 MPa in the threshold stress translates into a decrease in the 

minimum creep rate by an order of magnitude [21]. Fig. 14b depicts the double logarithmic 

plots of the minimum creep rate as a function of the effective stress (𝜎𝜎 − 𝜎𝜎𝑡𝑡ℎ) along with the 

slopes of the plots, which yield the values of the true stress exponent. The true stress 

exponent values of the SZ0 and SZ30 alloys are 5.26 and 5.23, respectively, which suggests 

that creep is controlled by the high temperature dislocation climb mechanism [20, 22, 23].  

Upon appropriate heat treatment (375 °C for 24 h), the precipitation of a number of 

α-Al(Mn,Fe)Si dispersoids in the 3004 alloy could greatly enhance its creep resistance 

compared to the conventional 3004 alloy without α-Al(Mn,Fe)Si dispersoids [3]. However, 

the precipitation of α-Al(Mn,Fe)Si dispersoids is centered in the dendrite cells and grains, 

leaving a relatively high volume fraction of DFZ in the interdendrite grain boundaries (Fig. 3). 

The DFZs are weak areas through which the dislocations can easily pass during creep 

deformation. In addition, a large DFZ in the vicinity of the grain boundary can promote grain 

boundary rotation and sliding due to the lack of a secondary strengthening phase, leading to a 

weak resistance to creep deformation. By the addition of Sc and Zr, finer Al3(Sc,Zr) 

precipitates of high density not only precipitated in the dendrite grains but also greatly 

extended to the dispersoid free zones, resulting in a much smaller particle free zone in the 

vicinity of the grain boundary (Fig. 10). Because the addition of Sc and Zr also causes a 

remarkable reduction in the volume fraction of α-Al(Mn,Fe)Si dispersoids (Fig. 6b), an 

increase in the creep resistance in the cores of the dendrite grains would be limited due to the 

presence of Al3(Sc,Zr) precipitates. However, the precipitation of Al3(Sc,Zr) precipitates in 
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the dispersoid free zone can greatly inhibit dislocation movement as well as grain boundary 

rotation and sliding, which is considered to be the main factor behind the improved creep 

resistance of Sc and Zr containing alloys. 

 

 

Fig. 13 Typical creep cures of SZ0, SZ15 and SZ30 alloys, conducted at 300 °C for 96 h with 

a load 58 MPa 

 

   
Fig. 14 Logarithmic plots of the minimum creep rate as a function of applied stress to 

determine the threshold stress 𝜎𝜎𝑡𝑡ℎ (a) and logarithmic plots of the minimum creep rate as a 

function of effective stress to determine the true stress exponent 𝑛𝑛𝑡𝑡 (b) 

 

3.4 Quantitative analysis of yield strength at ambient and elevated temperatures 

 To understand the strengthening effect of two distinct populations of particles, 

α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates, at ambient and elevated temperatures, 

(a) (b) 
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the yield strengths of the experimental alloys were quantitatively analyzed at 25 °C and at 

300 °C. The over yield strength could be considered from several parts, namely the aluminum 

matrix, solid solution of the alloying elements, α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) 

precipitates, and it can be expressed as: 

 σ𝑦𝑦 = σ𝑚𝑚 + 𝛥𝛥σ𝑆𝑆𝑆𝑆 + 𝛥𝛥σ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝛥𝛥σ𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑝𝑝𝑡𝑡𝑑𝑑𝑑𝑑     (3) 

where σ𝑦𝑦 is the yield strength, σ𝑚𝑚 is the matrix strength, 𝛥𝛥σ𝑆𝑆𝑆𝑆 is the strengthening by 

solid solution, 𝛥𝛥σ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  is the strengthening by α-Al(MnFe)Si dispersoids and 

𝛥𝛥σ𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑝𝑝𝑡𝑡𝑑𝑑𝑑𝑑 is the strengthening by Al3(Sc,Zr) precipitates. Due to different strengthening 

mechanisms, the yield strengths at ambient and elevated temperatures are separately 

discussed. 

 

3.4.1 Yield strength at ambient temperature 

 The matrix strength (σ𝑚𝑚) is considered to be 34 MPa at 25 °C according to the datasheet 

of a commercial pure 1100-O aluminum alloy [24]. The solid solution strengthening in the 

3004 alloy contributes mainly through Mg and Mn elements and contributions by other 

elements are almost negligible due to their presence in extremely small quantities. After heat 

treatment at 375 °C for 24 h, all small Mg2Si precipitates were assumed to dissolve in the 

aluminum matrix and the primary Mg2Si intermetallic particles remained undissolved. At a 

given volume fraction of primary Mg2Si intermetallic particles (Fig. 2), the concentrations of 

Mg in the solid solution of the experimental alloys could be calculated. In the case of Mn, 

both primary Mn-containing intermetallic particles and α-Al(Mn,Fe)Si dispersoids consumed 

Mn elements. Based on their volume fractions (Fig. 2 and Fig. 6b), the remaining 

concentration of Mn in the matrix could be calculated. The results are included in Table 2. 

The strengthening contribution of Mg and Mn at ambient temperature can be calculated 

according to Eq. 4 [25, 26]: 

 𝛥𝛥σ𝑆𝑆𝑆𝑆 = H𝐶𝐶𝛼𝛼                              (4) 

where C was concentration of solute atoms, HMg = 13.8 MPa/wt%, 𝛼𝛼𝑀𝑀𝑀𝑀 = 1, HMn = 18.35 

MPa/wt%, 𝛼𝛼𝑀𝑀𝑛𝑛 = 0.9 [25]. 
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Table 2 Parameters used in the calculation 

Alloys Mg solute 
content 
(wt%) 

Mn solute 
content 
(wt%) 

α-Al(Mn,Fe)Si 
dispersoids 

Al3(Sc,Zr) 
precipitates 

Vol.% Aver. radius 
(nm) 

Vol.% Aver. radius 
(nm) 

SZ0 0.95 0.17 2.69 25.0 0 0 
SZ15 0.84 0.27 1.24 33.2 0.24 4.4 
SZ30 0.82 0.14 1.15 35.2 0.30 3.9 

 
 For precipitation-strengthened materials, the ambient-temperature strength can be 

generally explained and predicted using classical Orowan bypass mechanism when the radius 

of the strengthening particles is greater than 2 nm [27, 28]. In the present work, the radii of 

the α-Al(Mn,Fe)Si dispersoids and Al3(Sc, Zr) precipitates are 25-35 nm and 3-4 nm, 

respectively, which are in the range of the Orowan bypass strengthening mechanism. 

Therefore, the contribution of both dispersoids and precipitates can be determined using Eq. 5 

[2, 6]:  

𝛥𝛥σ𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 or 𝛥𝛥σ𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑝𝑝𝑡𝑡𝑑𝑑𝑑𝑑 = 0.84𝑀𝑀𝐺𝐺𝑀𝑀
2𝜋𝜋(1−𝑣𝑣)1/2𝜆𝜆

𝑙𝑙𝑛𝑛 𝑑𝑑
𝑀𝑀
                (5) 

 

𝜆𝜆 = 𝑟𝑟(2𝜋𝜋
3𝑓𝑓

)1/2                                                   (6) 

 

where M = 2 is the Taylor factor [6], G = 27.4 GPa is the shear modulus of Al matrix [6], b = 

0.286 nm is the Burgers vector [6], v = 0.33 is the Poison ratio [6], 𝜆𝜆 is the inter-particle 

distance, r is the average radius of particles and f is the volume fraction of particles. 

 The solid solution strengthening of Mg and Mn can be calculated using Eq. (4). Using 

Eqs. (5) and (6), increments in the yield strength due to the presence of α-Al(Mn,Fe)Si 

dispersoids and Al3(Sc,Zr) precipitates are calculated. The calculated results are shown in 

Table 3 and Fig. 15. It can be seen that solid solution strengthening due to Mg and Mn 

contributed a relatively small fraction to the strength increment. On the other hand, both 

α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates contributed majorly to the increased 

strength. In the case of the SZ0 alloy, α-Al(Mn,Fe)Si dispersoids were the only strengthening 

particles, providing an increment of 52.1 MPa in the yield strength. In the cases of the alloys 
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with Sc and Zr, two populations of particles existed, and the Al3(Sc,Zr) precipitates 

contributed more to the increase in strength compared to the α-Al(Mn,Fe)Si dispersoids. 

Considering the SZ30 alloy for an example, α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) 

precipitates led to 26 MPa and 64.9 MPa increments in strength, respectively. The volume 

fraction of the α-Al(Mn,Fe)Si dispersoids decreased from 2.69% (SZ0 alloy) to 1.15% (SZ30 

alloy) due to the addition of Sc and Zr. Therefore, the yield strength contribution dropped 

from 52.1 MPa (SZ0 alloy) to 26 MPa (in SZ30 alloy). On the other hand, although the 

volume fraction of the Al3(Sc,Zr) precipitates was low, because of their small size and large 

number density, their strengthening effect was very strong at ambient temperature (64.9 MPa). 

This is the reason why the yield strength of Sc and Zr containing alloys are higher than that of 

the base alloy (SZ0). It is evident from Fig. 15 that a good agreement exists between the 

calculated and experimentally measured results, indicating that the above described analytical 

solution can be used to predict the yield strength of alloys containing two populations of 

strengthening phases.  

Table 3 The yield strength contributions at 25 °C of each component (MPa) 

 SZ0 SZ15 SZ30 

Aluminum matrix 34 34 34 

Mg solid solution  

Mn solid solution 

Al3(Sc,Zr) 

13.1 

3.7 

0 

11.6 

5.6 

53.9 

11.3 

3.1 

64.9 

α-Al(Mn,Fe)Si   52.1  28.2 26.0 

Total of calculated results 102.9 133.3 139.3 

Experimental results 97.5 135.0 153.9 
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Fig. 15 The comparison between calculated and experimentally measured yield strengths at 

25 °C. 

 

3.4.2 Yield strength at 300 °C 

 It is difficult to estimate the contribution of solid solution strengthening due to Mg and 

Mn at 300 °C because of the lack of the necessary data on H and α at elevated temperatures in 

Eq. 4. To solve this problem, the available data on the yield strength of AA3004-O at 315 °C 

(41 MPa) [29] was used as a close approximation for both the matrix strength and the solid 

solution strengthening contribution of Mg and Mn at 300 °C. 

 In the case of the nanometer scale Al3(Sc,Zr) precipitates, the elevated-temperature 

strength contribution is difficult to be explained by the classical Orowan bypass mechanism, 

which often overestimates the atual strength increment [28]. At elevated temperatures, there 

is sufficient thermal energy to allow dislocation to circumvent the precipitates by climbing 

over them. The dislocation climb mechanism becomes active when the alloys are deformed at 

elevated temperatures at low strain rates [30, 31]. Because of the size range of the Al3(Sc,Zr) 

precipitates, the dislocation climb mechanism is invoked to better calculate the yield strength 

contribution of the coherent Al3(Sc,Zr) precipitates at 300 °C [28]. The increase in strength 
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due to the dislocation climb (𝛥𝛥𝜎𝜎𝐶𝐶𝐶𝐶𝑑𝑑𝑚𝑚𝑀𝑀) consists of two parts, lattice mismatch strengthening 

(𝛥𝛥𝜎𝜎𝐿𝐿𝑀𝑀𝐶𝐶) and modulus mismatch strengthening (𝛥𝛥𝜎𝜎𝑀𝑀𝑀𝑀𝐶𝐶) which can calculated according to 

following equations [28, 30]: 

∆𝜎𝜎𝐶𝐶𝐶𝐶𝑑𝑑𝑚𝑚𝑀𝑀 = ∆𝜎𝜎𝐿𝐿𝑀𝑀𝐶𝐶 + ∆𝜎𝜎𝑀𝑀𝑀𝑀𝐶𝐶                                       (7) 

 

∆𝜎𝜎𝐿𝐿𝑀𝑀𝐶𝐶 = χ(ε𝐺𝐺𝑚𝑚)
3
2M�2𝑓𝑓𝑀𝑀𝑑𝑑

𝐺𝐺𝑚𝑚𝑀𝑀2
                                        (8) 

 

∆𝜎𝜎𝑀𝑀𝑀𝑀𝐶𝐶 = 𝐹𝐹
3
2𝑀𝑀

�𝐺𝐺𝑚𝑚𝑏𝑏22𝜋𝜋
3𝑓𝑓 �

1
2
𝑀𝑀𝑑𝑑

                                             (9)  

 

where, χ = 2.6 was a constant [28, 32], ε was the constrained strain [28, 33], Gm = 21.1 

GPa was the shear modulus of Al matrix [28], M = 3.06 was the mean matrix orientation 

factor [28], b = 0.288 nm was the Burgers vector [28], r was average radius of precipitates, f 

was volume fraction of precipitates, F was the force on the dislocations [28].   

 When the particle size of α-Al(Mn,Fe)Si dispersoids is large, the Orowan bypass 

strengthening mechanism is still valid at elevated temperatures [28]. Therefore, the yield 

strength contribution of α-Al(Mn,Fe) Si dispersoids at 300 °C can be calculated using Eqs. 5 

and 6. The only different parameter is the shear modulus of the Al matrix, Gm, which changes 

from 27.4 GPa (at 25 °C) to 21.1 GPa (at 300 °C) [28]. Other constants remain unchanged 

with temperature. Because of the change in Gm, the increase in yield strength due to 

α-Al(Mn,Fe)Si dispersoids at 300 °C is lower than that at 25 °C for a given volume fraction.  

 The calculated results of each strengthening contribution are shown in Table 4 and Fig. 

16. For the base alloy (SZ0), the strengthening contribution of α-Al(Mn,Fe)Si dispersoids 

decreased from 52.1 MPa (at 25 °C) to 40.1 MPa (at 300 °C). For the Sc and Zr containing 

alloys, the strength increments due to α-Al(Mn,Fe)Si dispersoids at 300 °C were 21.7 MPa 

(SZ15 alloy) and 20 MPa (SZ30 alloy) respectively, which were approximately 20 MPa less 

than that of the SZ0 alloy due to the reduced volume fraction of the dispersoids. On the other 

hand, Al3(Sc,Zr) precipitates led to an increase of 22 MPa in the SZ15 alloy and 23.4MPa in 

the SZ 30 alloys. These values are much lower than the strength contribution of Al3(Sc,Zr) 
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precipitates at the ambient temperature. At higher temperatures, atomic mobility and the 

number density of the vacancies are very high, and hence the dislocations can easily climb 

through the Al3(Sc,Zr) precipitates, resulting in a small increase in the strength. The total 

strength contributions of α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates are 

approximately 43 MPa in both SZ15 and SZ30 alloys, which is almost equivalent to the 

strength contribution of α-Al(Mn,Fe)Si dispersoids in the SZ0 alloy. As a result, the overall 

yield strengths at 300 °C of the base alloy and Sc and Zr containing alloys are almost similar, 

as shown in Fig. 16. It is evident that the calculated results agree well with the experimentally 

measured results.  

  

Table 4 The yield strength contributions at 300 °C of each component (MPa) 

 SZ0 SZ15 SZ30 

Al matrix of AA3004-O 41 41 41 

Al3(Sc,Zr) 0 22.0 23.4 

𝛼𝛼-Al(Mn,Fe)Si  40.1  21.7 20.0 

Total calculated results 81.1 84.7 84.4 

Experimental results 81.2 78.8 80.2 
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Fig. 16 The comparison between calculated and experimentally measured yield strengths at 

300 °C. 

 

3.5 Prospect for the synergetic strengthening effect of co-existing α-Al(Mn,Fe)Si 

dispersoids and Al3(Sc,Zr) precipitates 

The precipitation and subsequent strengthening mechanisms of α-Al(Mn,Fe)Si 

dispersoids and Al3(Sc,Zr) precipitates in Al-Mn-Mg 3004 alloys are quite different due to 

their differences in morphology, size, volume fraction and distribution. However, for 

developing strong aluminum alloys with thermal stability for elevated temperature 

applications, the two strengthening populations can work in  complementary manner in 

many aspects. 

(a) Both α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates in an aluminum matrix are 

thermally stable and coarsening resistant at 300-350 °C, which provides a common base 

for improving the strength and creep resistance at elevated temperatures, as they can 

effectively impede dislocation glide and climb at the intended service temperature. In 

addition, the precipitation temperature ranges of α-Al(Mn,Fe)Si dispersoids and 

Al3(Sc,Zr) precipitates in Al-Mn-Mg 3004 alloys are quite similar. This makes the peak 

precipitation of both phases during heat treatment feasible. 

(b) The amount of Al3(Sc,Zr) that can be precipitated is rather limited upon alloying with a 

small quantity of Sc (0.1-0.4%), which makes it suitable only to provide extra strength to 

the aluminum alloy. On the other hand, a relatively large amount of α-Al(Mn,Fe)Si 

dispersoids (~3 vol.%) can be precipitated in the conventional low cost Al-Mn-Mg 3004 

alloys. Even though the strengthening due to α-Al(Mn,Fe)Si dispersoids is not very 

effective due to their large size in the submicron scale, their large volume fraction is very 

good for improving the strength and creep resistance at elevated temperatures [3, 5, 17]. 

If they can strengthen together in a complementary manner with fine nano-sized 

Al3(Sc,Zr), it would greatly reduce the inter-particle spacing and impede dislocation 

motion, resulting in a great improvement in the mechanical performance of the materials 

in both ambient and elevated temperatures. 
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(c) During the precipitation of α-Al(Mn,Fe)Si dispersoids, there is always a relatively large 

amount of an accompanying dispersoid free zone, which limits improvement in the 

strength and creep resistance. The uniform distribution of Al3(Sc,Zr) precipitates in the 

aluminum matrix, including in the dispersoid free zone, solves this problem perfectly, 

leading to further improvement in the strength and creep resistance of the material. 

(d) In the present work, although the Sc content of the SZ30 alloy is 40% higher than that of 

the SZ15 alloy, the improvement margin in the yield strength and creep resistance of the 

high Sc alloy (SZ30) is much smaller than that of the low Sc alloy (SZ15) versus the 

Sc-free base alloy. Due to the high price of Sc, low Sc alloys (0.1-0.2%) are to be 

developed because of their cost effective nature; they exhibita  synergetic strengthening 

effect owing to both α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates.      

(e) In the present work, it is found that the addition of Sc and Zr considerably reduces the 

amount of α-Al(Mn,Fe)Si dispersoids precipitated in Al-Mn-Mg 3004 alloys. If this 

problem can be solved in the future, an excellent synergetic strengthening effect due to 

both phases can be expected.  

   

4. Conclusions 

 The present work investigated the microstructure, mechanical properties and creep 

resistance of dispersion-strengthened Al-Mn-Mg 3004 alloy containing two populations of 

strengthening particles: 50-70 nm-sized α-Al(Mn,Fe)Si dispersoids and 6-8 nm-sized 

Al3(Sc,Zr) precipitates. The following conclusions could be drawn.  

1. With increasing Sc and Zr contents, the amount of Mn-containing intermetallics and 

primary Mg2Si particles increased in the as-cast microstructure of the 3004 alloy. 

2. With the addition of Sc and Zr, two populations of strengthening particles (α-Al(Mn,Fe)Si 

dispersoids and Al3(Sc,Zr) precipitates) were formed in the 3004 alloy after heat 

treatment at 375 °C for 24 h. Both the populations contributed to the mechanical 

properties and creep resistance at ambient and elevated temperatures.  

3. The volume fraction of the α-Al(Mn,Fe)Si dispersoids decreased while the volume 

fraction of the dispersoid free zone increased with increasing Sc and Zr content. 

4. The microhardness and yield strength at the ambient temperature greatly increased while 
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the yield strength at 300 °C did not vary even though the Sc and Zr content increased. 

5. The addition of Sc and Zr significantly improved the creep resistance at 300 °C due to the 

precipitation of fine Al3(Sc,Zr) and reduction of the particle free zone. 

6. The combined effects of α-Al(Mn,Fe)Si dispersoids and Al3(Sc,Zr) precipitates on the 

yield strengths at 25 °C and 300 °C were quantitatively analyzed based on the Orowan 

bypass and dislocation climb mechanisms. The analytically predicted yield strengths were 

in good agreement with the experimental observations. 
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