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Abstract: The precipitation microstructure and mechanical properties of as-cast 3104 alloys with different Zr additions were 

investigated. The results show that the grain size of alloy decreases with the increase of Zr content, and the smallest grain (20 µm) is 

obtained when the Zr content �0.25wt%. Meanwhile, the grain shape changes from feathery to equiaxed. Furthermore, Zr can 

improve the distribution of Si and Mn elements in the alloy by forming Si phase and other intermetallic compounds. Vickers 

hardness analysis shows that the addition of Zr reduces the hardness of Al-Mn-Fe 3104 alloy. Moreover, according to the results of 

tensile test, the tensile strength and elongation of the cast alloy increase with increasing the Zr content until Zr content reaches 

0.25wt%. The proper content of Zr plays a role of pinning dislocation and preventing slip, which improves strength and toughness of 

the alloys. 
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Al-Mn-Fe 3104 alloys are widely used in packaging in-

dustries

[1-3]

, and become excellent tank material due to the 

low density (only 2.6 g/cm

3

, about 1/3 as dense as copper or 

steel), superior corrosion resistance, high plasticity, good 

welding performance, and easy formability

[4-6]

. In industrial 

production, the cost of production materials can be saved by 

about 3% for every reduced 0.01 mm in thickness, so 

thickness decrease of material has become an upsurge in 

aluminum industry for energy saving. However, the yield 

dramatically reduces with decreasing the thickness

[7]

. So 

improving the mechanical properties of Al-Mn-Fe 3104 al-

loy is an urgent problem to be solved in alloy production. 

Alloying is one of the effective methods to improve the 

performance of cast Al-Mn-Fe 3104 alloy. Mn, Fe, Si, Mg 

and Cu are the most important alloying elements in Al alloys. 

It is well-known that Mn is one of the reinforcing elements in 

commercial Al 3104 alloys

[8]

 of a high content in the range 

from 0.05wt% to 1.6wt%. Mn in the alloy usually forms dif-

ferent phases (MnAl

6

, (MnFe)Al

6

), which decrease the 

welding performance. To allow for best performance, careful 

control of the Fe concentration in the alloy is essential be-

cause it is very beneficial to demould and reduce the segre-

gation in grains

[9,10]

. At the same time, Fe forms different in-

termetallic phases (β-Al

5

FeSi, α-Al

15

(MnFe)

3

Si

2

), which de-

creases elongation to some extent. So primary alloys with 

lower Fe content and higher Mn content have been developed 

to overcome this problem. Besides, the enhancement effect 

of Mg is more effective than that of Mn

[11]

, which reduces the 

crack tendency with a more favorable content from 0.2wt% 

to 2wt%. 0.1wt%~0.5wt% Si can improve the tensile capac-

ity in production process of DI (drawn and ironed) cans

[12,13]

 

within a certain extent. Traditional strengthening precipitates 

with Mg and other alloying elements, such as Mg

2

Si and 

α-Al

12

(FeMn)

3

Si, are generated

[14-16]

. Otherwise, 

0.15wt%~0.20wt% Cu can improve the strength of 3104 al-

loy

[17]

. Al-Mn-Fe 3104 alloys in industry are selected com-

ponents with optimal compatibility to meet the needs of ap-

plication. Besides, the nanoscale Al

3

Sc precipitates with high 

density (formed by Sc) and Al

3

(Sc, Zr) precipitates (substi-

tuted Sc in Al

3

Sc by Zr) strengthen the mechanical properties 
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and creep resistance of Al alloys

[18-20]

, which has been paid 

much attention by researchers. However, few reports have 

been found on the microstructure and mechanical properties 

of cast Al-Mn-Fe 3104 alloys with the addition of Zr. Ac-

cording to Vončina

[10]

, Zr can greatly improve the recrystal-

lization temperature of aluminum alloy, as well as the 

strength, fracture toughness, quenching sensitivity and stress 

corrosion resistance of the alloy, which increases the nuclea-

tion rate of aluminum alloy and refines the grain of the alloy. 

In this research, the microstructure and mechanical prop-

erties of cast Al-Mn-Fe 3104 alloys with different Zr addi-

tions were investigated, and the influence of Zr content on 

grain size, phases and mechanical properties was studied.  

1  Experiment 

The composition of Al-Mn-Fe 3104 alloys is listed in 

Table 1. The 3104 alloy is the base alloy prepared by in-

dustrial products. Zr powders (Zr purity�99.5wt%) were 

used as alloying agents. 

The Al-Mn-Fe 3104 alloys ingots were melted at 750 °C 

in a 5 kg ceramic crucible using an electrical resistance fur-

nace, and 0.1wt%, 0.15wt%, 0.2wt%, 0.25wt% and 0.3wt% 

Zr powders were added into the melt respectively. After 

they were completely melted, stirred and cleaned off, the 

melt was poured into a steel mold which was preheated to 

200 °C. The casting (Φ40 mm, ~2 kg) was subsequently cut 

into pieces of 10 mm×10 mm×10 mm and dog-bone-shaped 

blocks by wire cutting machine. Each square specimen was 

 

Table 1  Composition of Al-Mn-Fe 3104 alloy (wt%) 

Fe Si Cu Mn Mg Al 

0.3~0.5

 

0.17~0.23 0.16~0.23 0.8~1.0 1.2~1.28 Bal. 

polished and then etched by Keller’s reagent at room tem-

perature for about 40 s. 

The microstructures of the specimens were examined by 

optical microscope (OM). The distribution of the elements 

in samples was investigated by energy dispersive spec-

trometer (EDS). The phase composition of Al-Mn-Fe 3104 

alloys was measured by X-ray diffraction (XRD) analyzer. 

The Vickers micro-hardness of the sample was tested by the 

Vickers Indenter (HR-150B) at room temperature with a 

load of 200 g and a dwell time of 10 s. After the bone sam-

ple was polished, tensile experiments were carried out at 

room temperature using an Instron machine with a constant 

displacement rate of 0.5 mm/min. It was worth noting that 

the number of tested samples was 3~5 in this work. 

2  Results and Discussion 

2.1 Effect of Zr content on microstructure of 

Al-Mn-Fe 3104 alloy  

Fig.1 shows the OM microstructures of as-cast Al-Mn-Fe 

3104 alloy with different Zr contents, and all the insets are 

the images obtained by enlarging the main images by 2.5 

times. Fig.2 and 3 are SEM microstructures and EDS analy-

ses of 3104 alloy without and with 0.2wt% Zr, respectively. 

For comparison, the typical microstructure without Zr 

addition is also shown in Fig.1a. It can be seen from Fig.1 

that the surfaces of the samples are of high density without 

obvious holes, and the grain boundaries are clear. The mi-

crostructures consist of intermetallic phases and aluminum 

cells. As shown in Fig.1, the intermetallic phases are in dark 

colors and distributed at the aluminum dendrite boundaries. 

Most of them are identified as Mg

2

Si, Al(FeMn)Si and 

Al

6

(FeMn)

 [16,21]

, the latter two of which exhibit coarse lamellar  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  OM micrographs of Al-Mn-Fe 3104 alloys with different Zr additions: (a) 0wt%, (b) 0.10wt%, (c) 0.15wt%, (d) 0.20wt%,        

(e) 0.25wt%, and (f) 0.30wt%
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and skeleton morphologies. For alloy without Zr addition 

(Fig.1a), the grain is petal-like, its size is uniform (about 30 

µm), and the intermetallic phases account for a large volume 

fraction. From Fig.1b, with an addition of 0.1wt% Zr, the 

grain sizes tend to decrease. The lamellar and skeleton mor-

phology decreases, so the branching occurs. In Fig.1c and 1d, 

the size of grains is smaller while the larger grains decrease 

significantly. When the Zr content is 0.25wt% and 0.30wt%, 

the shape of grains is regular of about 20 µm in size, as 

shown in Fig.1e and 1f, respectively. Meanwhile, the volume 

fraction of the intermetallic phases decreases. Obviously, 

adding Zr can reduce the size of grains

[22]

. But when the 

content of Zr is more than 0.25wt%, the grain size does not 

change. The smallest grain is about 20 µm, and the shape of 

phases which are distributed at the aluminum dendrite 

boundaries changes to needle-like shape. As the core of het-

erogeneous nucleation, Al

3

Zr particles formed by Zr in the 

melt promotes the nucleation of α-Al. With the increase of Zr 

content, the number of Al

3

Zr particles and heterogeneous nu-

cleation increases, and the effect of grain refinement is more 

obvious. On the other hand, under the action of Al

3

Zr, more 

fine α-Al equiaxed crystals form in the constitutional super-

cooling region at the front of the interface.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  SEM microstructure and EDS analysis of industrial Al-Mn-Fe 3104 alloy without Zr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  SEM microstructure and EDS analysis of 3104 aluminium alloy with 0.2wt% Zr 
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Fig.2 shows that under the cast condition, the 3104 alloy 

without Zr addition produced by industry has casting defects, 

and the intermetallic phases at the grain boundary have la-

mellar and skeleton morphology. The distribution of ele-

ments in Al-Mn-Fe 3104 alloy is irregular, except Cu. Mg 

and Al are mainly distributed in the crystal, while less at the 

grain boundary. Conversely, Mn, Fe and Si are more distrib-

uted at the grain boundary but less in the intergranular area. 

Therefore, the phases at the grain boundary are mainly com-

posed of Mn, Fe and Si. The coarse plate-like phases, formed 

in intermetallic by Mn, Fe, Si and Al, tend to aggregate at the 

grain boundary of solidification, and the segregation phe-

nomenon is obvious. There are larger Fe-rich phases in the 

intermetallic of 3104 ingot

[23]

. 

For 3104 alloy with 0.2wt% Zr addition, the distribution of 

Mn, Mg, Cu and Zr is relatively uniform, as seen in Fig.3. Al is 

still less distributed at the grain boundary than that in the com-

mercial Al 3104 alloy. Distribution of Fe is observed at the grain 

boundary. In addition to segregation, the distribution of Si tends 

to be uniform. Compared to Fig.2, Zr content influences the dis-

tribution of Si the most, followed by Mg and Mn. During the so-

lidification process of alloys, the eutectic Si always takes α-Al 

phase as the leading phase and grows coordinately with it. With 

the refinement of α-Al phase, the eutectic Si is correspondingly 

refined and its distribution improves. In addition, Zr has a high 

diffusion activation energy in Al, so its constituent phases are 

not easy to aggregate and grow. At a higher temperature, the 

phases still disperse in the crystal and at the grain boundary, af-

fecting the distribution of elements. 

Fig.4 shows the XRD patterns of Al-Mn-Fe 3104 alloys 

with different Zr contents. The XRD patterns of the alloy 

show that α-Al is the most obvious phases presented in the 

microstructure. With increasing the Zr content, Si phase in-

creases. When Zr content is high, the orientation of crystal 

grains changes. Because of high activity, Zr, Al, Mn, and 

Mg elements are easy to form Zr-containing compounds 

with complex composition and morphology, which cannot 

be shown due to their small amount. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  XRD patterns of the Al-Mn-Fe 3104 alloys with different 

Zr contents 

2.2  Effect of Zr content on mechanical properties of 

Al-Mn-Fe 3104 alloy 

Fig.5 shows the micro-hardness of Al-Mn-Fe 3104 alloy 

with different Zr additions. The hardness of Al-Mn-Fe 3104 

alloy without Zr addition is about 700 MPa. However, a 

sharply decrease of hardness is found after adding 0.1wt% Zr 

(~600 MPa, decreased by 14% comparing with the alloy 

without Zr addition). However, with the increase of Zr con-

tent, the hardness of 3104 alloy increases. The alloy contain-

ing 0.25wt% Zr shows the highest hardness of 710 MPa 

which equates the hardness of alloy without Zr. When the Zr 

addition is greater than 0.25wt%, the hardness of alloys re-

duces. With the addition of Zr, the phase in the alloy is ho-

mogenized, but the effect of grain refinement is not obvious, 

which leads to the decrease of the hardness of the alloy. With 

the increase of zirconium content, the grain refinement

[23,24] 

and the increase of Si/Fe rich phase improve the hardness of 

the alloy. When the mass fraction of Zr is too high, Si and 

some intermetallic compounds increase, which promotes the 

crack formation in ingot. In addition, the displacement solid 

solution caused by Zr also affects the hardness of the alloy. It 

suggested that Zr additions may have no positive effect on 

the hardness of as-cast Al-Mn-Fe 3104 alloy, or even reduce 

the hardness. This is consistent with the statement in 

Ref.[10]. 

The tensile strength and elongation results are shown in 

Table 2 for the Al-Mn-Fe 3104 alloy with different Zr addi-

tions at room temperature. Three tests were performed on 

each material to ensure the accuracy of tensile test data. 

Obviously, with increasing the Zr addition, the tensile 

strength of the alloys gradually increases. The tensile 

strength of the industrial product without Zr is 173 MPa. 

The maximum tensile strength of the alloy is 185 MPa 

when the alloy contains 0.25wt% Zr, and the elongation is 

about 25%. The maximum elongation of the samples is 29% 

with the Zr addition of 0.25wt%, but deceases with exces-

sive Zr (0.3wt%). When the addition of Zr is 0.25wt%, the 

grain size reduces and mechanical properties improve. At  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Vickers micro-hardness of Al-Mn-Fe 3104 alloys with 

different Zr contents 
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Table 2  Mechanical properties of 3104 alloy with different Zr contents 

Zr content/wt% 0 0.10 0.15 0.20 0.25 0.30 

Tensile strength/MPa 173±3 175±5 179±3 180±2 185±2 185±3 

Elongation/% 25±0.1 26±0.1 27±0.2 28±0.1 29±0.2 27.5±0.1 

 

higher levels of Zr, however, the grain size and tensile 

strength are almost unchanged, but the elongation de-

creases.  

Al

3

Zr phase dispersing in the crystal and at the grain 

boundary has the effect of pinning dislocation, hindering 

the migration of grain boundary, inhibiting recrystallization 

of the alloy, strengthening structure and precipitation of the 

alloy, improving the strength and maintaining high tough-

ness of the alloy. But when the mass fraction of Zr is too 

high, the amount of Si phase and Fe-rich phase increases. 

They are brittle phases, which are easy to become the crack 

source during the process of material deformation, increas-

ing the tendency of crack formation in ingot, and reducing 

the toughness of material. 

Otherwise, the addition of Zr in Al alloy causes the pre-

cipitation to start at a lower temperature during aging and 

the recrystallization to start at an elevated temperature

[25,26]

, 

which needs to be further proved. 

3 Conclusions 

1) With increasing the Zr content, the grain size of the 

alloys gradually decreases, and an addition of 0.25wt% Zr 

can refine the grain size of Al 3104 alloy. The significant 

effect of Zr addition on improving element distribution has 

been verified. The Si phases in alloy increase with the in-

crease of Zr content.  

2) Zr has no positive effect on the hardness of as-cast 

Al-Mn-Fe 3104 alloy. When the content of Zr in the mate-

rial is 0.25wt%, the alloy hardness is close to that of the 

material without Zr. As Zr content is 0.1wt%, 0.15wt%, 

0.20wt%, and 0.30wt%, the hardness of the material shows 

a decline trend compared with the hardness of material 

without Zr. 

3) The tensile strength of the alloy increases gradually 

with increasing the Zr content, and the elongation increases 

within a certain Zr content range. 
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