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Abstract 7 

The effect of Mg additions on the Fe-containing intermetallic compounds and the heterogeneous 8 

nucleation of α-Al were investigated in Al-1.4Fe-0.7Mn-xMg alloys using scanning electron 9 

microscopy (SEM) and transmission electron microscopy (TEM). The experimental results show 10 

that the morphology of Al6(Fe,Mn) in eutectic structure was significantly modified from needle-11 

like to plate-like and then dendritic with increasing Mg concentration. The effects of Mg addition 12 

on the composition and crystal structure of Al6(Fe,Mn) were also investigated. No Mg was 13 

detected in the Al6(Fe,Mn) compounds. However, clear interfacial segregation of Mg on the 14 

surface of the Al6(Fe,Mn) particles was observed. The grains of α-Al were refined with increased 15 

Mg addition. It is also found that the Mg addition in the Al alloys resulted in change to the major 16 

naturally formed oxides from Al2O3 to MgAl2O4, and eventually changed the heterogeneous 17 

nucleation of α-Al. The direct evidence of heterogeneous nucleation of α-Al on the naturally 18 

formed MgAl2O4 particles was observed.  19 
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1. Introduction  21 

Aluminium alloys due to their low density were extensively used in applications where light 22 

weighting is important such as the automotive industry. Alloying elements are normally added to 23 

Al alloys to achieve the desirable properties  through precipitation hardening, solid solution 24 

hardening, dispersion strengthening, grain refining or modification of metallic and intermetallic 25 

phases, suppression of grain growth at elevated temperatures, etc [1-3]. Mg addition to Al alloys 26 

is to improve low cycle fatigue resistance, corrosion resistance strengthen and harden Al alloys 27 

through solid solution and dispersion strengthening without considerable decrease  in ductility. 28 

Aluminium–magnesium (Al–Mg) alloys (5000 series) are used extensively in the automotive 29 

industry due to their excellent high-strength to weight ratio, corrosion resistance, and weldability 30 

[4-5]. However, the effects of Mg on the intermetallic compounds especially the effect on the Fe-31 

containing intermetallic compounds, and its effect on the heterogeneous nucleation of α-Al were 32 

less investigated.  33 

 34 
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 35 

Mn is usually added into Al-Mg alloys to strengthen the Al alloys. It is reported that [6-8] Mn 36 

improves ductility of aluminium alloys containing iron and silicon through modification of β-37 

Al5FeSi intermetallic particles from platelet to cubic form Al15(Fe,Mn)3Si2. Fe as one of the un-38 

avoidable impurities in Al alloys is easily picked up during manufacturing process of the alloy. Fe 39 

addition to Al alloys was reported to have some advantages such as improving the processing 40 

capabilities of the alloy and/or the strength of the final wrought product [3-4]. However, due to the 41 

very low solid solubility of Fe in Al, especially at the low temperatures, the main problem 42 

associated with the Fe-containing Al alloys is the Fe-rich intermetallic compounds (FIMCs) which 43 

always form as large particles and deteriorates the mechanical properties of Al alloys. However, 44 

Fe can be considered as a beneficial element to strengthen the die-cast Al-Mg and Al-Mg-Mn 45 

alloys [9]. 46 
 47 

In Al-Mn-Fe alloys, the major FIMCs is Al6(Fe,Mn) which was reported to have an orthorhombic 48 

structure [10]. As reported[9, 11], primary Al6(Fe,Mn) has a hollow needle-like morphology, and 49 

those in eutectic structures have a Chinese script morphology. Grain refinement for these FIMCs 50 

in Al alloys is very important to enhance the mechanical properties. Therefore, different methods 51 

such as deformation[12], ultrasonic processing [13], structure modification [14-16], grain refiner 52 

addition [17-19] have been used to refine the FIMCs. Some achievement has been reported. The 53 

mechanism of grain refinement by inoculation was understood as supply of potent particles for 54 

heterogeneous nucleation and alloying elements for growth restriction [20-21]. Chemical method 55 

is an effective and economic way to grain refine Al alloys during the solidification process. 56 

However, due to the limited understanding of heterogeneous nucleation of FIMCs, especially 57 

Al6(Fe,Mn), effective grain refiners for FIMCs are still not available. The recent research [21] 58 

show that the nucleation undercooling of the FIMCs is much higher than that of the pure metals 59 

such as Al and Mg.  60 

The investigations on the effects of Mg as solute in Al-Mg alloys were mainly focus on the growth 61 

restriction effect. It is shown that [22] the effect of Mg solute on the grain refinement of α-Al 62 

appeared to be very complex to be accounted for by a single parameter. The effects of Mg including 63 

direct effects and indirectly effects on the oxide particles and FIMCs morphology has rarely been 64 

reported. In this study, a hypoeutectic Al-Fe-Mn alloy was designed and different Mg 65 

concentrations were added into the designed alloys to investigate such effects. The effect of Mg 66 

on the FIMCs formation and the grain refinement of α-Al in Al-1.4Fe-0.7Mn alloy were 67 

investigated using optical microscopy (OM), SEM, and TEM analysis. The study was focused on 68 

the effects of Mg on the morphology, composition and crystal structure of Al6(Fe,Mn). The native 69 

oxides were collected by pressurised melt filtration technique [23] and the effects of Mg addition 70 
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on the native oxides was examined. Heterogeneous nucleation and grain refinement of α-Al due 71 

to the Mg addition were also investigated.  72 

 73 

 74 

 75 

 76 

2. Experimental  77 

Al-1.4Fe-0.7Mn alloys with and without Mg addition were studied in this work. The nominal 78 

compositions of the alloys were listed in Table 1 (all compositions are in wt.% unless specified 79 

otherwise). Commercial purity Al (>99.86%), commercial purity Mg (>99.95 %), Al-20% Mn and 80 

Al-38% Fe master alloys were used to prepare the alloy with the nominal composition. The Al-81 

1.4Fe-0.7Mn alloy was prepared before Mg addition. The pure Al, Al-Fe and Al-Mn alloys were 82 

heated in the electric resistance furnace to  750℃ and held there until molten. The molten  pure Al 83 

was stirred to accelerate the melting of Al-Fe and Al-Mn master alloys. After fully molten, the 84 

alloy was held for further 30 minutes. The melt was then divided into 4 crucibles equal in weight, 85 

and then Mg was added to make the alloys with 0%, 0.5% Mg, 1% Mg and 3% Mg concentration. 86 

The pure Mg (covered in Al foil) was pre-heated at 180℃ before inserting into the Al melts. After 87 

Mg was completely molten, the melts were held for 30 minutes, and after removing of slag, cast 88 

into TP-1 mould which was preheated to 380℃ [24]. The pouring temperature was kept constant 89 

at 720℃. To investigate the effect of Mg on the in-situ oxides, a pressurised melt filtration 90 

technique was used to collect the oxide particles from Al-Fe-Mn alloys with (1 wt.% Mg) and 91 

without Mg addition. The filtration crucible was preheated to 350℃ to reduce the heat loss. Due 92 

to the heat lost during the prefilling process, the melt was held at a higher temperature of 780℃. 93 

The TP-1 sample was sectioned  in cross section at 38mm height from the bottom of the casting 94 

which has  a cooling rate of 3.5K/s. The filtration materials immediately above the filter were 95 

sectioned, where the oxide particles were concentrated. Metallographic specimens were made 96 

using the standard metallographic procedures. The as-solidified microstructure of the samples was 97 

characterised using a Zeiss optical microscope fitted with the Axio Vision 4.3 image analysis 98 

system with which the volume fractions of different phases were quantified. To investigate the 3D 99 

morphology, the as-cast samples were deep-etched using an aqueous solution containing 15vol% 100 

HCl for 1-3 minutes. The grain size of the investigated alloys was observed after etching with 101 

Baker’s solution. A Zeiss field emission gun (FEG) Supera 35 scanning electron microscope 102 

(SEM) was used for microstructural observation and compositional analysis with operating at an 103 

voltage of 5-20kV. 104 

Thin foils for transmission electron microscopy (TEM) were prepared from the slices of the as-105 

solidified samples obtained from the melt filtration which were mechanically ground and cut into 106 

3 mm diameter discs. The discs were then manually ground to a thickness of less than 60 µm, 107 

followed by ion-beam-thinning using a Gatan precision ion polishing system (PIPS) at 2.0-5.0kV 108 
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and an incident angle of 3-6o. TEM examination was performed on a JEOL 2100F microscope 109 

equipped with EDXS facility operated at an accelerating voltage of 200kV.  110 

 111 

3. Results  112 

Fig.1 shows the optical microstructure of Al-1.4Fe-0.7Mn-xMg alloys solidified at 3.5K/s without 113 

Mg (Fig.1a), with 1% Mg (Fig.1b) and 3% Mg (Fig.1c) addition. It is demonstrated that all the 114 

alloys were solidified with primary α-Al and binary eutectic (Al6(Fe,Mn) + α-Al). The eutectic 115 

spacing, Table 2, between the eutectic-Al6(Fe,Mn) increases with increased Mg concentration. The 116 

morphology of Al6(Fe,Mn) in eutectic structure changes from needle-like (Fig.1a) to Chinese 117 

script (Fig.1c) when Mg concentration increased from 0 to 3wt.%.  118 

The details of the 3D morphology of the Al6(Fe,Mn) in Al-1.4Fe-0.7Mn-xMg alloys were 119 

examined by dissolving the Al matrix, Fig.2. Fig.2a shows that the morphology of the eutectic-120 

Al6(Fe,Mn) in Mg-free Al-Fe-Mn alloy is the need-like. Fig.2b shows that, with 1wt.% Mg 121 

addition, the eutectic-Al6(Fe,Mn) becomes plate-like in Al-1.4Fe-0.7Mn-1.0Mg alloy. These 122 

plate-like Al6(Fe,Mn) particles have branches at the edge, which is reminiscent of leaves. Fig.2c 123 

shows that the plate-like Al6(Fe,Mn) in Al-1.4Fe-0.7Mn-3.0Mg alloy are coarser and thicker when 124 

Mg concentration increased to 3wt.%. The branches of the Al6(Fe,Mn) crystals also becomes 125 

coarser and thicker, which present like trees.  126 

The optical microstructure following Bakers reagent etching, Fig.3, of as-cast alloys shows that 127 

the grain size of α-Al decreases with increased Mg addition. The columnar α-Al grains on the edge 128 

of the sample almost eliminated when the Mg addition increases to 3wt.%. The quantified average 129 

grain size of α-Al for the alloys were measured and shown in Table 2. It shows that the grain size 130 

of α-Al in Al-1.4Fe-0.7Mn decreases from 954±106μm to 594±41μm when the Mg concentration 131 

increased from 0 to 3wt.%. However, the eutectic spacing in the inter-dendritic zone of α-Al 132 

increases with the increasing Mg addition as shown in Table 2.  133 

TEM examination was conducted on the Al6(Fe,Mn) in the Al-Fe-Mn alloys with different Mg 134 

additions.  Table 3 gives the experimentally measured composition of the eutectic Al6(Fe,Mn) 135 

phase in the alloys containing different Mg contents using TEM-EDX spectra. Every such 136 

measurement was carried out on more than 10 particles in each alloy and the average value was 137 

taken. It is shown that, although the concentration of (Fe+Mn) in Al6(Fe,Mn) crystals increases 138 

with the increasing Mg addition, the variation is very small. Most importantly, no Mg was detected 139 

from all of these Al6(Fe,Mn) particles. The experimentally measured lattice parameters, Table 4, 140 

of Al6(Fe,Mn) in Al-1.4Fe-0.7Mn-xMg alloys were list and compared with that of the reported 141 

Al6Fe [27] and Al6Mn [28]. It shows that the lattice parameter a decreases slightly in the Al-1.4Fe-142 

0.7Mn-xMg alloys with the increasing Mg concentration.  143 



5 
 

It was found that the Al6(Fe,Mn) particles in all studied alloys are {1 1 0} faceted, independent of 144 

the Mg addition. One of the examples is shown in Fig.4.  The bright field TEM image in Fig.4a 145 

shows the eutectic Al6(Fe,Mn) in Al-1.4Fe-0.7Mn alloy. The corresponding high-resolution TEM 146 

(HRTEM) image from the interface of α-Al/Al6(Fe,Mn) when viewed along the [1 1 0] zone 147 

direction of Al6(Fe,Mn) was shown in Fig.4b. It shows that the Al6(Fe,Mn) is {1 1 0} faceted.  148 

Although the Mg does not partition into the Al6(Fe,Mn), the interfacial segregation of Mg was 149 

observed discontinuously at the surface of Al6(Fe,Mn). Such Mg segregation on the Al6(Fe,Mn) 150 

surface is a common phenomenon in all of the examined particles in the Al-Fe-Mn-Mg alloys. 151 

Detailed examination on the Mg segregation was carried out and the results are presented in Fig.5 152 

and Table 5. One such example is shown in Fig.5. The bright monolayer at the surface of the 153 

Al6(Fe,Mn) particle was observed using the bright field TEM image, Figs.5a and b. The 154 

composition variation from Al6(Fe,Mn) particle, Al/Al6(Fe,Mn) interface to the Al matrix was 155 

measured, Table 5. Fig.5b shows three phases at the interface which indicates an irregular Mg 156 

segregation morphology on the surface of  Al6(Fe,Mn) particle. It is demonstrated that the brighter 157 

layers between the α-Al and the Al6(Fe,Mn) contains much higher Mg than the Al6(Fe,Mn) particle 158 

and the Al matrix, Table 5. The HRTEM image, Fig.5c, shows clearly that when viewed along the 159 

[1 0 1] zone direction of Al6(Fe,Mn) the Mg-rich segregation which has  a thickness about 6-10nm 160 

is off the zone direction. Although the interface between Al6(Fe,Mn) and Mg-rich monolayer is 161 

not faceted, no obvious transition area can be observed between them. However, at the interface 162 

between α-Al and the Mg-rich monolayer, there exists a large transition area. When view along 163 

the [3 2 0] zone direction of Mg-rich layers, the HRTEM at the interface, Fig.5d, presents that both 164 

the connected α-Al and Al6(Fe,Mn) are off zone direction. The Mg-rich segregation phase was 165 

viewed along different zone directions. One of the Fourier fast transformation (FFT) pattern from 166 

the Mg-rich layers was shown in Fig.5e. The schematic indexed FFT pattern of Fig.5e is shown in 167 

Fig.5f which demonstrates that the Mg-rich phase is likely to beAl12Mg17 phase viewed along its 168 

[3 2 0] zone direction. No well-defined orientation relationship was observed between the α-Al 169 

and Al12Mg17, and between Al12Mg17 and Al6(Fe,Mn). 170 

The native oxides in the Al-1.4Fe-0.7Mn and Al-1.4Fe-0.7Mn-3.0Mg alloys collected using the 171 

pressurised melt filtration technique were examined using SEM and TEM analysis. The SEM 172 

images, Fig.6, present different type of native oxides in Mg-free and Mg-containing Al-1.4Fe-173 

0.7Mn alloys. The native oxides in the Mg-free Al-Fe-Mn alloys, Fig.6a,  have a long needle-like 174 

morphology. The SEM-EDX spectra from these native oxides, Fig.6c, demonstrates that they 175 

contain Al and O only. These oxides were identified as Al2O3 and have thickness less than 50nm 176 

and length ranged from 10-100 nm. The native oxides in the Al-1.4Fe-0.7Mn-3.0Mg alloy, Fig.6b,  177 

have different size ranges which varies from 100-200 nm to a few µm. The SEM-EDX spectra 178 

from these native oxides, Fig.6d, demonstrates that they contains Al, Mg and O. These oxides were 179 

identified as MgAl2O4 later by TEM analysis.  180 

To investigate  the mechanism of grain refinement of the α-Al by the Mg addition, the relationship 181 

between α-Al and the native MgAl2O4 particles was investigated using TEM analysis. The TEM 182 
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examination at the interface between α-Al and MgAl2O4 indicates that most of the MgAl2O4 183 

particles do not have well-defined orientation relationship (OR) with the adjacent α-Al. However, 184 

a well-defined OR between α-Al and MgAl2O4 particle was experimentally observed when the 185 

MgAl2O4 particle was embedded in α-Al. One of the examples was shown in Fig.7. This HRTEM 186 

image shows the interface between α-Al and MgAl2O4 when the incident electron beam is parallel 187 

to both the [1 1 0] zone direction of MgAl2O4 (lower part) and α-Al (upper part).This suggests an 188 

orientation relationship (OR) between α-Al and MgAl2O4: (1 1 1) α-Al // (1 1 1) MgAl2O4 and 189 

[1 1 0]α-Al // [1 1 0] MgAl2O4. 190 

 191 

4. Discussion  192 

The experimental results (Fig.1) indicated that the Al-1.45Fe-0.7Mn alloys with and without Mg 193 

addition were solidified with primary α-Al, and binary eutectic (BE) structure (Al6(Fe,Mn)+ α-Al) 194 

at 3.5K/s. There are two main effects of Mg addition in Al-Fe-Mn alloys. The first one is the grain 195 

refinement of α-Al. The second one is the effect on the morphology of  BE-Al6(Fe,Mn). The 196 

mechanism of grain refinement of α-Al by Mg addition can be understood from two part. The first 197 

one is the effect of Mg solute growth restriction. The second one is  enhancing heterogeneous 198 

nucleation of α-Al by changing the native oxide from not potent Al2O3 to MgAl2O4.  199 

As shown, the investigated alloys are hypoeutectic Al-Mg alloys which solidified forming primary 200 

α-Al and eutectic (FIMCs+α-Al). Mg did not partition into the FIMCs changing the chemistry. 201 

Therefore, the effects of solute Mg on the grain refinement in these alloys are similar to that of any 202 

Al-Mg alloy. The grain restriction of Mg on the α-Al grains has been investigated by calculating 203 

the Q values [22]. It shows that [22]  it is fair to conclude that the solute effect depends on the 204 

system and appears to be too complex to be accounted for by a single parameter. In this study, we 205 

found some growth restriction effects of Mg solute on the α-Al grain size variation. However, the 206 

refinement caused by the change of the oxide on the heterogeneous nucleation which related to the 207 

final grain refinement has never been reported and need to be considered as an important factor.  208 

The as-cast results, Fig.3, showed a clear grain refinement of α-Al in Al-1.4Fe-0.7Mn alloy with 209 

Mg addition. Further study showed that the Mg addition not only refined the α-Al grains and the 210 

eutectic spacing, but also changed the major native oxide type from Al2O3 to MgAl2O4, which 211 

changed the potency of the nucleated substrates for the primary α-Al. Direct evidence showing the 212 

heterogeneous nucleation of α-Al on native MgAl2O4 was observed using TEM analysis. The 213 

experimental results revealed that the native MgAl2O4 is more potent than Al2O3 for the 214 

heterogeneous nucleation of α-Al. 215 

The experimental results also indicated that the Mg addition can indirectly change the morphology 216 

of FIMCs by grain refining the α-Al and changing the inter-dendritic spacing of α-Al. It is reported 217 

that [29-30] the grain refinement of primary α-Al grains in Al alloys by adding grain refiner such 218 

as Al-5Ti-1B, can change/refine the following eutectic intermetallic compounds morphology. 219 
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Therefore, the similar contribution of the grain refinement of α-Al in this study on the morphology 220 

transition of BE- Al6(Fe,Mn) need to be considered.  221 

The other effects of Mg on the morphology transition of BE-Al6(Fe,Mn) in Al-1.45Fe-0.7Mn-xMg 222 

can be discussed from the crystal structure and the Mg segregation on Al6(Fe,Mn) surface. The 3D 223 

morphology of the BE-Al6(Fe,Mn), Fig.2, indicated that the morphology of Al6(Fe,Mn) was 224 

modified from need-like to plate-like and to Chinese script by different amounts of Mg addition. 225 

However, the TEM-EDXS results from the Al6(Fe,Mn), Table 3, showed that the Mg did not 226 

partition into the Al6(Fe,Mn) but segregated on the surface of the Al6(Fe,Mn), Table 5. The Mg 227 

segregation at the α-Al/Al6(Fe,Mn) interface results in the likely formation of Al12Mg17 phase with 228 

a thickness of a few nano-meters. These evidence indicated that the mechanism for Mg effects on 229 

the morphology of Al6(Fe,Mn) is by modifying the phase rather than changing the internal crystal 230 

structure. 231 

The TEM examination results showed that the Al6(Fe,Mn) particles remains {1 1 0} faceted in Al-232 

1.4Fe-0.7Mn-xMg alloys. It is also presented that the Mg discontinuously displayed at the surface 233 

of the BE-Al6(Fe,Mn) particles. The Mg segregation on the surface especially on the {1 1 0} planes 234 

of Al6(Fe,Mn) modified the interface, Fig.5b. It shows that some part of the Al6(Fe,Mn) even at 235 

the {1 1 0} planes is non-faceted due to the Mg segregation. It is known that the terminated planes 236 

of the crystals indicate the different growth rates along different directions. The planes with 237 

slowest growth rates will be finally terminated. The as-cast results in this study showed that the 238 

morphology of BE-Al6(Fe,Mn) changed from need-like to plate-like and then Chinese script, 239 

which indicated that the growth rates along different growth directions are possibly changed by 240 

the Mg segregation at the surface. In the Mg containing Al-Fe-Mn alloys, Mg segregated at the 241 

surface of the Al6(Fe,Mn) during the growth. The more Mg content in the melts, the more Mg will 242 

be segregated on the surface of the Al6(Fe,Mn) during the growth of the Al6(Fe,Mn). Therefore, 243 

with 0.5wt.% Mg addition, the Al6(Fe,Mn) grows into 2-directions and shows as plate-like 244 

morphology, Fig.2b. The Al6(Fe,Mn) was modified and grown into 3D Chinese script morphology 245 

in the Al alloys with 3wt.% Mg addition, Fig.2c.  246 

The effects of Mg addition on the compositions, Table 3, and lattice parameters, Table 4, of 247 

Al6(Fe,Mn) in Al-1.4Fe-0.7Mn alloys were investigated. As shown in Table 3, the total 248 

concentration of Fe and Mn increased slightly with the increase in Mg addition. The Fe/Mn ratio 249 

decreased slightly with the increase in Mg addition. The previous reports [6-8, 25-26] showed that 250 

the composition of Al6(Fe,Mn) can be different in different alloys and different Fe/Mn ratios. Their 251 

reported lattice parameters [27-28] were listed in Table 4. The difference of the compositions and 252 

lattice parameters between this work and the reported is mainly due to the differences in Al alloys 253 

compositions and the casting conditions. As reported [9], there are 3 Al sites and 1 Mn site for 254 

Al6Mn. In the Al6(Fe,Mn) phase, the Fe and Mn share the Mn sites. Due to the different atomic 255 

radii of Fe and Mn, different Fe/Mn ratio in the Al6(Fe,Mn) phase changes the lattice parameters 256 

correspondingly. Therefore, as shown in Table 4, the lattice parameters of Al6(Fe,Mn) changed 257 

slightly with the changes in composition in this study.  258 
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 259 

5. Conclusions  260 

 261 

Summarising the major findings from this study, the morphology of eutectic Al6(Fe,Mn) 262 

intermetallic phase changed from needle-like to plate-like, and Chinese script with increasing Mg 263 

concentration in Al-1.4Fe-0.7Mn alloys. No Mg was detected in the Al6(Fe,Mn) particles in this 264 

study. The segregation of Mg was observed on the surface of Al6(Fe,Mn) particles. Mg has very 265 

little effect on the composition and lattice parameters of the Al6(Fe,Mn) intermetallic compound. 266 

However, the composition and lattice parameters of Al6(Fe,Mn) can be affected by the Fe/Mn ratio 267 

in different alloys and casting conditions. The α-Al grain size of the Al-Fe-Mn alloys decreases 268 

with the increasing Mg content. The major in-situ oxides changed from Al2O3 to MgAl2O4 after 269 

Mg addition in Al-Fe-Mn alloys. The MgAl2O4 particles do nucleate α-Al with a well-defined 270 

orientation relationship  between the oxide and α-Al: (1 1 1) α-Al // (1 1 1)MgAl2O4 and [1 1 271 

0]α-Al // [1 1 0] MgAl2O4. 272 
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