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Abstract: 11 

In the present work, the precipitation and preferential selection of Fe-rich 12 
intermetallics in Al-Si-Cu 319 cast alloys with two Fe contents (0.3 and 0.7 wt.%) and 13 
various Mo contents (0-0.4 wt.%) were investigated. The results showed that two types of 14 
platelet β-Fe (defined as eutectic β-Fe and pre-eutectic β-Fe) and α-Fe can precipitate 15 
depending on the alloy compositions, such as the Fe and Mo contents. Generally, the 16 
addition of Mo promotes the formation of α-Fe instead of β-Fe. However, its effect on the 17 
phase competition between β-Fe and α-Fe is greatly related to the Fe content. In alloys 18 
with low Fe content (0.3%), an addition of 0.37% Mo can promote the complete 19 
precipitation of α-Fe and suppress the formation of eutectic β-Fe. However, in alloys with 20 
high Fe content (0.7%), only the pre-eutectic β-Fe amount decreases with increasing Mo 21 
addition, leaving the eutectic β-Fe almost unchanged. While both pre-eutectic β-Fe and 22 
eutectic β-Fe can be fully suppressed with a combined addition of Mn (0.24%) and Mo 23 
(0.4%). Compared with Mn, Mo exhibits a stronger effect on the promotion of α-Fe. The 24 
combined addition of Mn and Mo can achieve better modifications of both pre-eutectic 25 
and eutectic β-Fe in 319 alloys with high Fe content. 26 
 27 
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 29 
1. Introduction: 30 

Al-Si cast alloys have attracted much attention in the automotive industry owing to 31 
their excellent castability and combination of strength and ductility. Further, their high 32 
strength-to-weight ratio, high thermal conductivity, and good machinability make them 33 
perfect candidates for various manufacturing areas and technology fields [1-3]. In 34 
aluminum cast alloys, Fe is often regarded as the most common but inevitable impurity 35 



 

2 
 

because it can be easily introduced but difficult and expensive to be removed in the 36 
commercial practice [4-5]. Various Fe-rich intermetallics can precipitate during 37 
solidification owing to the extremely low solubility of Fe in Al at room temperature 38 
compared with its highly solubility in liquid Al. Numbers of Fe-rich intermetallics have 39 
been reported for different Al alloys, e.g., Al3Fe, Al6Fe and AlmFe [6-11]. Regarding Al-40 
Si cast alloys, the two most commonly encountered Fe-rich intermetallics are generally 41 
Chinese script Al8Fe2Si (α-Fe) and platelet Al5FeSi (β-Fe) [12]. 42 

Owing to the platelet morphology of β-Fe, they can block metal feeding and thus 43 
generate many porosities during solidification [13], therefore make alloys more easily 44 
fractured under tensile loads [2, 4, 14] and then lead to the decreased ductility and 45 
strength [15]. Chinese script Fe-rich intermetallics are less detrimental to mechanical 46 
properties [2, 16]. Therefore, the modification of Fe-rich intermetallics from platelet into 47 
Chinese script has attracted much attention in Al-Si cast alloys. Rapid solidification [17-48 
18] and melt superheating [19] can promote the formation of Chinese-script Fe-rich 49 
intermetallics instead of platelet ones during solidification. However, these methods are 50 
limited in the practical application as they can promote hydrogen absorption and increase 51 
manufacturing costs. Up to date, chemical modifications of Fe-rich intermetallics are 52 
more promising and popular. Some alloying elements such as Cr [20], Co [21]  have been 53 
reported to be effective either in hindering the platelet β-Fe growth or transferring the 54 
morphology of Fe-rich intermetallics from platelet into Chinese script. In the foundry 55 
practice, Mn is one of the most economical and effective elements to neutralize the 56 
detrimental effects of Fe [2]. However, there are still controversies on the influence of 57 
Mn on Fe-rich intermetallics. For instance, some researchers [22-23] have stated that an 58 
Mn/Fe ratio of 0.5 is sufficient to fully modify the β-Al5FeSi phase, whereas Seifeddine 59 
and Johansson et al. [24] reported that even for an Mn:Fe ratio of 2:1, the β-Al5FeSi 60 
phase cannot be completely replaced by the α-Al15(FeMn)3Si2 Chinese script phase. One 61 
of the likely reasons can be the different variants of Fe-rich intermetallics, in particular, 62 
the platelet β-Al5FeSi with its various chemical compositions and morphology formed at 63 
different temperatures depending on Fe contents. However, the research works on the 64 
evolution of Fe-rich intermetallics with Fe contents in Al-Si-Cu cast alloys in terms of 65 
formation temperature, phase type and morphology during solidification are quite limited, 66 
and sometimes even contradicting opinions in the literature exists [25, 26]. 67 

Molybdenum (Mo) is a transition metal of the sixth group in the periodic table, 68 
which is widely used as an alloying element for high-strength steels and stainless steels. 69 
However, it has not received much attention with regard to Al alloys, and only few 70 
applications in the rapid-solidification powder metallurgy for elevated temperature uses 71 
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have occurred [27]. Recently, it has been applied in Al-Si 356 cast alloys to promote Mo-72 
containing dispersoids [28-29], in which Mo was reported to suppress the formation of β-73 
Fe intermetallics. However, systematical research on the phase selection and precipitation 74 
behavior of Fe-rich intermetallics with various Mo additions in Al-Si cast alloys is scarce.  75 

In the present study, the precipitation behavior of Fe-rich intermetallics in Al–Si 319 76 
alloys with two Fe contents (0.3% and 0.7%) was thoroughly studied. The influence of 77 
the Mo content on the phase competition of Fe-rich intermetallics was systematically 78 
investigated. Furthermore, the effect of the combined addition of Mn and Mo on the 79 
different Fe-rich intermetallics was studied and discussed. 80 

 81 
2. Materials and Methods 82 

The experimental Al-Si-Cu 319 cast alloys were produced with commercially pure 83 
Al (99.7%), pure Mg (99.9%), Al-50%Cu, Al-50%Si, Al-25%Fe, Al-25%Mn, and Al-84 
10%Mo master alloys. The chemical composition of experimental alloys analyzed by 85 
optical emission spectrometry is listed in Table 1. All alloy compositions in this study are 86 
in wt.%, unless otherwise indicated. 87 

In order to investigate the formation and evolution of iron-rich intermetallics in Al-88 
Si-Cu 319 cast alloys at various Fe contents, cast samples with two different Fe contents 89 
were produced: the typical industrial Fe content (0.7 %) as well as the general content of 90 
Fe in aluminum alloys (0.3 %). The standard Mn content in 319 cast alloys (0.25 %) was 91 
used in present work while the maximum content of Mo at 0.4 wt.% with reasonable gap 92 
(0, 0.15% and 0.3%) was added due to the solubility of Mo in aluminum (~0.4 wt.%) to 93 
investigate the influence of individual Mo addition and combined additions of Mn and 94 
Mo on the phase precipitation of Fe-rich intermetallics.  95 

For the casting, the materials were melted at 760 °C in a graphite crucible using an 96 
electrical resistance furnace. High-purity argon gas was used to minimize the hydrogen 97 
content in the melt for 15 min. Afterward, the liquid metal was poured into a permanent 98 
mold preheated at 250 °C to cast ingots. Thermal analysis (TA) was conducted with a 99 
small crucible filled with liquid metal to record the temperature changes during 100 
solidification. In some cases, the small crucible was quenched in water at a selected 101 
temperature to verify the formation of various Fe-rich intermetallics.  102 

  103 
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 104 
Table 1 Chemical composition of the experimental alloys 105 

Alloy 
Elements (wt. %) 

Si Cu Mg Ti Fe Mo Mn Al 
L0 5.35 3.19 0.08 0.10 0.28 0 0 Bal 

LM1 6.00 3.36 0.09 0.16 0.32 0.19 0 Bal 
LM2 6.02 3.42 0.09 0.14 0.31 0.32 0 Bal 
LM3 5.92 3.44 0.09 0.13 0.31 0.37 0 Bal 
H0 5.81 3.28 0.10 0.11 0.64 0 0 Bal 

HM1 6.00 3.35 0.09 0.12 0.67 0.18 0 Bal 
HM2 5.94 3.32 0.07 0.10 0.65 0.30 0 Bal 
HM3 5.89 3.41 0.11 0.10 0.70 0.41 0 Bal 
Mn1 6.18 3.4 0.09 0.12 0.66 0 0.25 Bal 
Mn2 6.04 3.39 0.10 0.11 0.68 0.15 0.25 Bal 
Mn3 6.18 3.46 0.09 0.14 0.69 0.30 0.26 Bal 
Mn4 6.02 3.52 0.09 0.17 0.66 0.41 0.24 Bal 

 106 
The specimens for the microstructural characterization were cut from the cast ingots 107 

and prepared with the traditional metallographic procedure. The evolution of the 108 
microstructures was examined and quantified using an optical microscope equipped with 109 
a Clemex image analyzer. For each sample, 50 fields were measured over the entire 110 
sample surface, and the area percentages of various Fe-rich intermetallics were obtained 111 
from the average measurement values. A scanning electron microscope (SEM; JEOL 112 
JSM-6480LV) equipped with an energy-dispersive X-ray spectroscope (EDS) and 113 
electron backscatter diffraction (EBSD) system was used to characterize the various Fe-114 
rich intermetallics in the experimental alloys. Moreover, a differential scanning 115 
calorimetry (DSC; Perkin Elmer DSC 8000) was employed to identify and confirm the 116 
precipitation as well as the evolution of the Fe-rich intermetallics during the solidification 117 
with a heating rate of 10 °C /min.  118 
 119 
3. Results and Discussion 120 

3.1 Precipitation of Fe-rich Intermetallics in experimental alloys 121 

The typical microstructure of the experimental alloys consists of α-Al dendrites, 122 
eutectic Si, θ-Al2Cu intermetallic, as well as various Fe-rich intermetallics with different 123 
morphologies. The typical Fe-rich intermetallics in this study are shown in Fig. 1 124 
(indicated by white arrows), and they can be first differentiated by two morphologies: a 125 
platelet morphology and a Chinese script shape. The Fe-rich intermetallics in Alloys H0 126 
and L0 (Fig. 1a and 1b) have the platelet morphology, whereas they display the Chinese 127 
script shape in Alloy Mn1, LM2 and Mn3(Fig. 1c–1e). The SEM-EDS analysis was 128 
applied to further distinguish these intermetallics (EDS results shows the average from 129 
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values of at least ten similar intermetallics in the same alloy). It can be found the platelet 130 
Fe-rich intermetallics (“A” in Alloy H0 and “B” in Alloy L0) have the similar Si:Fe ratio, 131 
which is close to 1. Therefore, they are identified as β-Al5FeSi (β-Fe) according to their 132 
platelet morphology and EDS results, which is in good agreement with the literature [30]. 133 
On the other hand, the Chinese script intermetallics (“C”, “D” and “E”) contain less Si 134 
and Fe but more Mn or/and Mo depending on the alloys. However, their (Fe+X(Mn, 135 
Mo)):Si ratio is similar to 1.5:1 (Table 2), indicating the similarity to the Al15(FeX)3Si2 136 
intermetallic, which is reported as α-Fe in literature [5].   137 

 138 
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Fig. 1 Typical Fe-rich intermetallics (indicated by arrows) in: 166 
(a) Alloy H0, (b) Alloy L0, (c) Alloy Mn1, (d) Alloy LM2, and (e) Alloy Mn3. 167 

 168 
Table 2 SEM-EDS results of the Fe-rich intermetallics shown in Fig. 1 169 

Morphology Phase 
Elements (at. pct.) 

Al Si Fe Mn Mo 

Platelet A 68.8±3.9 17.7±2.4 13.5±2.1 N/A N/A 
B 67.0±2.6 17.7±1.4 15.0±0.9 N/A N/A 

Chinese Script 
C 68.4±1.0 12.4±1.0 10.8±0.9 8.4±1.3 N/A 
D 69.1±3.1 12.9±1.7 10.2±1.4 N/A 7.8±1.3 
E 68.2±4.8 12.4±5.1 10.5±1.5 4.2±1.0 5.1±1.0 

 170 

As shown in Fig. 1a and 1b, even with a similar platelet morphology, the disparities 171 
in size of platelet β-Fe are great; in particular, the length, which can reach 100 μm in Fig. 172 
1a for Alloy H0 with high Fe content (0.7%), whereas it generally exhibits less than 30 173 
μm in Fig. 1b for Alloy L0 with low Fe content (0.3%). The large difference in the size 174 
regarding β-Al5FeSi in Alloys L0 and H0 suggests that they might be precipitated at 175 
different stages of the solidification process. Therefore, a TA was conducted for Alloys 176 
L0 and H0 and the results are shown in Fig. 2 together with the corresponding 177 
microstructure from the interrupted water quench test at 570 °C and 540°C. As shown in 178 
Fig. 2a and 2b, Peaks 1, 2, and 3 stand for the precipitations of α-Al dendrite, eutectic Si, 179 
and θ-Al2Cu intermetallic, respectively, while Peaks 4 and 5 represent the precipitation of 180 
Fe-rich intermetallics [30]. In order to determine the corresponding phases of Peaks 4 and 181 
5, interrupted water quench tests were performed at two distinctive temperatures: 570 °C 182 
(after Peak 4; dotted line I) and 540 °C (after Peak 5; dotted line II). The corresponding 183 
microstructures are shown in Fig. 2c–2f. Evidently, no Fe-rich phase can be observed in 184 
Alloy L0 at 570 °C (Fig. 2c), whereas several long platelet β-Al5FeSi phases appear in 185 
Alloy H0 (indicated by black arrow in Fig. 2d), which implies that Peak 4 corresponds to 186 
the precipitation of the long platelet β-Al5FeSi phase. Since the formation temperature of 187 
this kind β-Al5FeSi is at approximately 580 °C, which is higher than that for eutectic Si 188 
(Peak 2 in Fig. 2b), these long platelet β-Al5FeSi were then designated as P-β-Fe (pre-189 
eutectic β-Al5FeSi) in this study. For 540 °C (dotted line II), short and thin β-Al5FeSi 190 
phases appear in the quenched microstructure in both L0 and H0 alloys (as indicated by 191 
white arrows in Fig. 2e and 2f) and they were designated as E-β-Fe (eutectic β-Al5FeSi) 192 
due to their lower formation temperature. Obviously, the size of the P-β-Fe phase is much 193 
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bigger than that of E-β-Fe. The smaller size of the E-β-Fe phase in Alloy L0 can be 194 
attributed to its phase precipitation at the lower temperature (approximately 560 °C). It 195 
should also be noted that, only a minor peak can be observed for E-β-Fe in Alloy H0, 196 
which can be attributed to the lower volume fraction of E-β-Fe compared to that of E-β-197 
Fe in Alloy L0. 198 

 199 
 200 
 201 
 202 
 203 
 204 
 205 
 206 
 207 
 208 

 209 
 210 
 211 
 212 
 213 
 214 
 215 
 216 
 217 
 218 
 219 
 220 
 221 
 222 
 223 
 224 
 225 
 226 

Fig. 2 TA curves of (a) Alloy L0 and (b) Alloy H0 as well as microstructure after 227 
interrupted water quench at: (c) 570°C and (e) 540°C of Alloy L0;                                               228 

(d) 570°C and (f) 540°C of Alloy H0 229 
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(black and white arrows indicate P-β-Fe and E-β-Fe, respectively). 230 

 231 

As shown in Table 2, the Chinese script Fe-rich intermetallics in Fig. 1c-1e are 
232 

indicated as α-Fe in alloys with Mn and Mo additions based on their chemical 
233 

compositions. However, different Chinese script α-Fe with similar chemical composition 
234 

were reported in Al-Si-Cu alloys yet with different crystal structures, e.g., monoclinic 
235 

Al9Fe2Si [31] and cubic Al15(FeMn)3Si2 [5]. Therefore, for more accurate phase 
236 

identification, EBSD was applied to further investigate these Chinese script intermetallics 
237 

by comparing simulated EBSD pattern of individual Chinese script Fe-rich intermetallics 
238 

with standard EBSD patterns of corresponding phases and their mean angular deviation 
239 

(MAD) value. As an example, Fig. 3 shows the EBSD pattern and simulated results of the 
240 

Chinese script phase “E” containing Mn and Mo in Alloy Mn3 (Table 2 and Fig. 1e). It 
241 

can be found that the pattern matches well with the standard pattern of the Al15(FeX)3Si2-
242 

type crystal structure with the mean angular deviation (MAD) of 0.556, which is lower 
243 

than the acceptable MAD value of 0.7 for the accurate phase identification [32]. 
244 

Meanwhile, the average MAD value for the Chinese script phase in Figs. 1c and 1d are 
245 

both lower than 0.7 (0.340 for “C” and 0.531 for “D”). The different MAD values of 
246 

Chinese script phase in different alloys can be attributed to the lattice distortion due to the 
247 

replacement between Fe, Mn and Mo atoms. Hence, all the Chinese script Fe-rich 
248 

intermetallics in the present work were identified as cubic Al15(FeX)3Si2 from combined 
249 

results of EDS and EBSD. These Chinese script Fe-rich intermetallics were all designated 
250 

indiscriminately as α-Fe though they might have slight variation in their chemical 
251 

compositions due to the different Mn and Mo additions in experimental alloys.  
252 

 253 
 254 
 255 
 256 
 257 
 258 
 259 

  260 
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 276 

 277 

 278 

 279 

 280 

Fig. 3 Chinese Script Fe-rich intermetallic in Alloy Mn3 (a)                                                       281 
and its EBSD pattern (b) as well as the simulation results (c) 282 

 283 

Fig. 4 shows the TA curves of Alloys LM3 and HM3 together with the 284 
corresponding microstructure from the interrupted water quench test at 580 °C. 285 
Compared with H0 in Fig. 3, a new peak occurs (Peak 6) at 590 °C for Alloy LM3 (Fig. 286 
4a) and Alloy HM3 (Fig. 4b). Fig. 4c and 4d present the microstructures from the 287 
interrupted water quench test after Peak 6 for 580 °C (indicated by dotted line). Chinese 288 
script α-Fe (indicated by black arrows) are the dominant Fe-rich intermetallics in both 289 
Alloy LM3 (Fig. 4c) and Alloy HM3 (Fig. 4d), thereby confirming the precipitation of α-290 
Fe at Peak 6. It should also be noted that the peak intensity of Alloy LM3 is lower than 291 
that of Alloy HM3, which can be derived from their lower volume fraction in Alloy LM3. 292 

Based on the metallographic observations and results obtained from TA in our work 293 
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together with some previous studies [33-34], Table 3 summarizes the various Fe-rich 294 
intermetallics formed in the investigated alloys. It can be found that the type of Fe-rich 295 
intermetallic strongly dependent on the alloy compositions. For instance, E-β-Fe is 296 
present in all alloys except LM3 and Mn4 while P-β-Fe can only exist for alloys with 297 
higher Fe contents (0.7%), whereas α-Fe is almost ubiquitous except for Alloy H0. 298 

 299 
Table 3 Formation of Fe-rich intermetallics in experimental alloys 300 

Peak Phases Alloys 
4 P-β-Fe H0, HM1, HM2, Mn1, Mn2, Mn3 
5 E-β-Fe All alloys except LM3, Mn4 
6 α-Fe All alloys except H0 

 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
 314 
 315 
 316 
 317 
 318 
 319 
 320 
 321 

Fig. 4 TA curves of alloys: (a) LM3 and (b) HM3 and microstructure after interrupted 322 
water quench at 580 °C of (c) LM3 and (d) HM3 alloys (black arrows indicate α-Fe) 323 

 324 
3.2 Evolution of Fe-rich intermetallics with Mo and Mn additions 325 
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As shown in Table 3, various Fe-rich intermetallics exist in the different alloys with 326 
various combinations of Fe, Mo, and Mn contents. Even for same Fe content, the existing 327 
Fe-rich intermetallics can change depending on the Mo contents, thereby indicating a 328 
possible preferential phase selection and competition of Fe-rich intermetallics under 329 
different chemical compositions. Therefore, alloys with various Mo and Fe contents were 330 
examined and the microstructures are presented in Fig. 5.  331 

Regarding the alloys with low Fe content (0.3%), Alloy L0 without Mo (Fig. 5a), 332 
considerable numbers of E-β-Fe phases (indicated by white arrow) dominate the 333 
microstructure. After only 0.15% Mo addition (Fig. 5b), the E-β-Fe phases partially 334 
disappear, as reflected by their smaller sizes and decreasing volumes. It is noteworthy 335 
that some α-Fe phases (indicated by thick black arrow) start to form in Alloy LM1 336 
compared to negligible amounts of α-Fe phases in Alloy L0 in Fig. 5a and their volume 337 
fraction increases with increasing Mo content. After the addition of 0.37% Mo in Alloy 338 
LM3 (Fig. 5c), the amount of the E-β-Fe phase significantly decreases to an almost 339 
unnoticeable amount, whereas the amount of the α-Fe phases increases significantly until 340 
α-Fe becomes the sole Fe-rich intermetallic in Alloy LM3. 341 

 342 

  343 
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 369 

 370 
Fig. 5 Optical micrographs showing effect of Mo on microstructure 371 

for low-Fe (0.3%) alloys: (a) L0, (b) LM1, and (c) LM3; 372 
for high-Fe (0.7%) alloys: (d) H0, (e) HM1, and (f) HM3 373 

 (white, blue dotted and black arrows indicate E-β-Fe, P-β-Fe, and α-Fe, respectively) 374 

 375 

In Alloy H0 (high Fe content but free of Mo; Fig. 5d), a considerable number of P-β-376 
Fe (indicated by blue dotted arrow) and E-β-Fe phases (indicated by white arrow) coexist. 377 
After the addition of 0.15% Mo in Alloy HM1 (Fig. 5e), P-β-Fe was partially suppressed  378 
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but a relatively high volume of E-β-Fe can still be observed. Further, for the addition of 379 
up to 0.41% Mo (Alloy HM3; Fig. 5f), the volume of the P-β-Fe phase significantly 380 
decreases to an approximately unnoticeable volume, whereas E-β-Fe phases are still 381 
visible in the microstructure. Besides, α-Fe phase begins to form for an addition of 0.15% 382 
Mo (indicated by white arrow) in Fig. 5e and its amount also increases with increasing 383 
Mo content (Fig. 5e–5f). Apparently, approximately all E-β-Fe phases are suppressed and 384 
microstructure with dominant α-Fe is obtained with a sufficient Mo addition in alloys 385 
with lower Fe content (0.3%), such as LM3 in Fig. 5c. For alloys with high Fe content 386 
(0.7%), although Mo addition also promotes the formation of Chinese Script α-Fe phases. 387 
However, even with 0.41% Mo addition, the E-β-Fe is not completely suppressed, this is 388 
likely due to the high-Fe content consume more Mo to suppress the formation of P-β-Fe, 389 
leaving limited amount of Mo to further suppress the formation of E-β-Fe. The possible  390 
reasons for the phase suppression and selection will be discussed later in this section.  391 

Fig. 6 shows the quantified analysis results of area fractions of various Fe-rich 392 
intermetallics. Generally, the total area fractions of the Fe-rich intermetallics are similar 393 
in alloys with same Fe content while the total area fractions increase with increasing Fe 394 
content. As shown in Fig. 6a and 6b, the total area fractions of Fe-rich intermetallics in 395 
alloys with low Fe content (0.3%) remain at approximately 1.15% (Fig. 6a) and increase 396 
to approximately 2.05% in alloys with high Fe content (0.7%) (Fig. 6b). For the 397 
individual Fe-rich intermetallics, the area fraction of α-Fe increases with increasing Mo 398 
addition while the evolutions of P-β-Fe and E-β-Fe are different in both low Fe and high 399 
Fe alloys. As in low Fe alloy (Fig. 6a), the proportion of α-Fe in the total intermetallic 400 
fraction increases from 0 in Alloy L0 to 20.7% and 41.9% in alloys LM1 and LM2, 401 
respectively, until it reaches 100% in Alloy LM3 without E-β-Fe. Regarding the alloys 402 
with high Fe content (Fig. 6b), the proportion of α-Fe in the total intermetallic fraction 403 
increases from 0 (Alloy H0) to 15.8% (Alloy HM1), 57.9% (Alloy HM2), and 78.9% 404 
(Alloy HM3) with increasing Mo additions. However, a moderate amount of E-β-Fe still 405 
remains. By contrast, the P-β-Fe phase completely disappears for the maximum Mo 406 
addition of 0.41% (Fig. 6b).  407 
 408 

  409 
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 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
Fig. 6 Area fractions of α-Fe, P-β-Fe, and E-β-Fe for different Mo additions in (a) Low Fe 421 

alloy, (b) High Fe alloy. 422 

As shown in Figs. 5 and 6, the Mo addition can significantly promote the formation 423 
of Chinese script α-Fe while inhibit the precipitation of E-β-Fe at low Fe content (0.3%) 424 
and P-β-Fe at high Fe content (0.7%). It is reported that the Mn addition can increase the 425 
formation temperature of α-Fe but decrease that of β-Fe in Al-Cu 206 cast alloys [35],  426 
explaining the promoting effect of Mn on Chinese script Fe-rich intermetallics. Therefore, 427 
it is also to be expected that Mo addition can have similar influence on the formation 428 
temperature of various Fe-rich intermetallics in our study, leading to evolution of Fe-rich 429 
intermetallics shown in Figs. 5 and 6. Therefore, the DSC was employed in present work 430 
in order to investigate the effect of the Mo addition on the evolution of various Fe-rich 431 
intermetallics and results are shown in Fig. 7. Regarding the alloys with low Fe content 432 
(0.3%) in Fig. 7a, Peak 5 (corresponding to E-β-Fe) significantly decreases with 433 
increasing Mo addition and it nearly disappears for 0.37% Mo addition in Alloy LM3. 434 
This is in a good agreement with the area fraction results(Fig. 6a) and study [13]. Fig. 7c 435 
presents the enlarged zone of Peak 5 in Fig. 7a. The decreasing peak area with increasing 436 
Mo content confirms the decreasing volume fraction of E-β-Fe. Moreover, the formation 437 
temperature of E-β-Fe shifts to lower temperature with increasing Mo addition, thereby 438 
indicating the suppression of E-β-Fe formation via Mo addition.  439 

  440 



 

15 
 

 441 
 442 
 443 
 444 
 445 
 446 
 447 
 448 
 449 
 450 
 451 
 452 
 453 
 454 
 455 
 456 
 457 
 458 
 459 

 460 
Fig. 7 DSC heating curves of (a) low-Fe alloys, (b) high-Fe alloys 461 

and (c) enlarged zone 5 in (a) while (d) enlarged zone 4 in (b) 462 

For alloys with high Fe content (0.7%) in Fig. 7b, Peak 4 (corresponding to P-β-Fe) 463 
decreases with increasing Mo additions, confirming the hindering effect of Mo on the 464 
formation of P-β-Fe intermetallics, whereas Peak 5 (corresponding to E-β-Fe) displays no 465 
significant changes even for 0.41% Mo addition in Alloy HM3. Fig. 7d shows the 466 
enlarged Peak 4 (P-β-Fe) in high Fe content(0.7%) alloys, it is evident that the peak 467 
intensity and precipitation temperature of the P-β-Fe phases decrease with increasing Mo 468 
contents, confirming that the P-β-Fe precipitation is also suppressed by the Mo addition. 469 
Thus, the peak intensity and formation temperature of both E-β-Fe in low Fe content and 470 
P-β-Fe in high Fe content decrease with increasing Mo addition, confirming the hindering 471 
effect of Mo on the formation of β-Fe phase. The disappearance of the platelet E-β-Fe/P-472 
β-Fe phases with increasing Mo addition can be attributed to their different formation 473 
temperatures during solidification. As shown in Figs. 3 and 4, the formation temperature 474 
increases from E-β-Fe, P-β-Fe, to α-Fe. When Mo is added, Mo first interacts with Al, Fe, 475 
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and Si to precipitate α-Fe before the precipitation of P-β-Fe and E-β-Fe, leaving less Fe 476 
available for the formation of P-β-Fe/E-β-Fe and thus decreasing their volume fractions. 477 

Owing to the limited solubility of Mo in Al alloys [35], a further increase in the Mo 478 
addition results in the formation of an primary Al–Mo intermetallic component during 479 
solidification and limited its further influence on the Fe-rich intermetallics. On the other 480 
hand, Mn was reported to be effective in neutralizing the platelet β-Fe, especially the 481 
eutectic β-Fe [13]. Hence, the combined addition of Mn and Mo was also investigated for 482 
the alloys with high Fe content(0.7%) to completely suppress the formation of platelet β-483 
Fe phases and the evolutions of the microstructures are presented in Fig. 8. 484 

 485 
 486 
 487 
 488 
 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 

Fig. 8 Optical images of alloys: (a) Mn1, (b) Mn2, (c) Mn3, and (d) Mn4 505 
(white, black, and thick black arrows indicate E-β-Fe, P-β-Fe, and α-Fe, respectively) 506 

In Alloy Mn1 (Fig. 8a), a small amount of α-Fe (indicated by thick black arrows) co-507 
exist with P-β-Fe ( thin black arrows) and E-β-Fe (white arrows), indicating the positive 508 
effect of Mn on α-Fe intermetallics compared with Alloy H0 with only P-β-Fe and E-β-Fe 509 
(Fig. 5d). For the combined addition of Mn and Mo (Fig. 8b and c), the area fraction of 510 
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both P-β-Fe and E-β-Fe decreases while that of α-Fe increases; In particular, in Alloy 511 
Mn4 with 0.41% Mo and 0.24% Mn, both P-β-Fe and E-β-Fe disappear completely, 512 
leaving α-Fe as the sole Fe-rich intermetallic (Fig. 8d), indicating the complete 513 
suppression of β-Fe due to the combined Mn and Mo additions.  514 

The evolutions of the area fractions of α-Fe, P-β-Fe, and E-β-Fe intermetallics in the 515 
alloys containing Mn and Mo are presented in Fig. 9. With increasing Mo addition in the 516 
presence of Mn, area fraction of both P-β-Fe and E-β-Fe decreases, while that of α-Fe 517 
increases significantly. For the combined addition of 0.24% Mn and 0.41% Mo (Alloy 518 
Mn4), β-Fe is completely suppressed, and a unique α-Fe dominated microstructure is 519 
achieved in the high Fe content alloys.  520 

 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 

 529 
 530 
 531 
 532 
 533 
 534 
 535 

Fig. 9 Area fractions of α-Fe, P-β-Fe, and E-β-Fe in experimental alloys 536 

According to the evolution of Fe-rich intermetallics with equal Fe contents presented 537 
in Fig. 9 and 6b, it can be inferred that Mo exhibits a stronger effect than Mn on the 538 
promotion of α-Fe precipitation. For instance, there is an 0.2% area fraction of α-Fe in 539 
Alloy Mn1 (0.25% Mn), whereas the area fraction of α-Fe reaches 1.1% in Alloy HM2 540 
(0.3% Mo). Al-Si-Cu 319 cast alloy is generally secondary alloy with higher Fe content, 541 
the necessity to efficiently reduce Fe content is often prioritized in industrial practice. 542 
Thus the effect of Mn and Mo in suppressing P-β-Fe and promoting α–Fe is compared, 543 
and the correlation of Mo/Mn contents and area fractions of the P-β-Fe/α-Fe phases was 544 
established on the calculated area fractions from Figs. 6 and 9 in high Fe content (0.7%) 545 
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alloys,  and presented in Fig. 10.   546 
 547 
 548 
 549 
 550 
 551 
 552 
 553 
 554 
 555 
 556 
 557 
 558 

Fig.10 Correlation between Mo and Mn contents with area fractions of 559 
(a) P-β-Fe and (b) α-Fe in alloys with high Fe contents (0.7%) 560 

As shown in Fig. 10a, the relative area fraction of the P-β-Fe phase decreases with 561 
increasing Mo and Mn additions. However, the decreasing rate due to the Mo addition is 562 
much larger than that caused by Mn, thereby indicating a stronger suppressing influence 563 
of Mo on P-β-Fe. Similarly, as presented in Fig. 10b, α-Fe generally increases with 564 
increasing Mo and Mn contents but the slope due to the Mo addition is much larger than 565 
that due to Mn, confirming the stronger effect of Mo on the promotion of α-Fe formation. 566 
Therefore, Mo can be more efficient than Mn on suppressing platelet β-Fe and promoting 567 
α-Fe from this point of view. However, the solubility of Mo in Al is relatively lower 568 
compared with Mn [36]. Thus, combined addition of Mo and Mn is recommended in 569 
order to obtain the complete suppression of platelet Fe-rich intermetallics in Al-Si-Cu 319 570 
cast alloys, especially for high Fe contents in industrial applications. 571 

 572 
4. Conclusions 573 

The formation of Fe-rich intermetallics in Al-Si-Cu 319 cast alloys with various Fe, 574 
Mo, and Mn contents was studied in the present work with the following conclusions: 575 

(1) Two types of platelet Fe-rich intermetallics, defined as eutectic and pre-eutectic 576 
β-Fe, and one type of α-Fe can precipitate depending on the Fe, Mo, and Mn contents. 577 
Without the Mn/Mo additions, only eutectic β-Fe form in the low-Fe alloys (0.3%), 578 
whereas pre-eutectic and eutectic β-Fe coexist in the high-Fe alloys (0.7%).  579 

(2) The addition of Mo can strongly promote the formation of α-Fe and suppress the 580 



 

19 
 

precipitation of β-Fe in both low-Fe and high-Fe alloy. However, the effect of Mo on the 581 
suppression of β-Fe is greatly related to the Fe contents. In low-Fe alloys, the addition of 582 
0.37% Mo can completely suppress eutectic β-Fe. While, only pre-eutectic β-Fe can be 583 
reduced with increasing Mo content, leaving the eutectic β-Fe intermetallics almost 584 
unchanged in high-Fe alloys.  585 

(3) Both pre-eutectic β-Fe and eutectic β-Fe can be completely suppressed, and a 586 
unique α-Fe microstructure can be achieved with a combined addition of Mn (0.24%) and 587 
Mo (0.41%) in high-Fe alloys.  588 

(4) Compared with Mn, Mo exhibits a stronger effect in promoting α-Fe precipitation. 589 
The combined addition of Mn and Mo can achieve a better modification of both pre-590 
eutectic β-Fe and eutectic β-Fe intermetallics in industrial 319 cast alloys. 591 
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 667 
Caption of Figures: 668 
 669 
Fig. 1 Typical Fe-rich intermetallics (indicated by arrows) in:  (a) Alloy H0, (b) Alloy L0, 670 
(c) Alloy Mn1, (d) Alloy LM2, and (e) Alloy Mn3. 671 
 672 
Fig. 2 TA curves of (a) Alloy L0 and (b) Alloy H0 as well as microstructure after 673 
interrupted water quench at: (c) 570°C and (e) 540°C of Alloy L0; (d) 570°C and (f) 674 
540°C of Alloy H0 (black and white arrows indicate P-β-Fe and E-β-Fe, respectively). 675 
 676 
Fig. 3 Chinese Script Fe-rich intermetallic in Alloy Mn3 (a) and its EBSD pattern (b) as 677 
well as the simulation results (c) 678 
 679 
Fig. 4 TA curves of alloys: (a) LM3 and (b) HM3 and microstructure after interrupted 680 
water quench at 580 °C of (c) LM3 and (d) HM3 alloys (black arrows indicate α-Fe) 681 
 682 
Fig. 5 Optical micrographs showing effect of Mo on microstructure for low-Fe (0.3%) 683 
alloys: (a) L0, (b) LM1, and (c) LM3; for high-Fe (0.7%) alloys: (d) H0, (e) HM1, and (f) 684 
HM3 (white, blue dotted black, and thick black arrows indicate E-β-Fe, P-β-Fe, and α-Fe, 685 
respectively) 686 
 687 
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Fig. 6 Area fractions of α-Fe, P-β-Fe, and E-β-Fe for different Mo additions in (a) Low 688 
Fe alloy, (b) High Fe alloy. 689 
 690 
Fig. 7 DSC heating curves of (a) low-Fe alloys, (b) high-Fe alloys and (c) enlarged zone 691 
5 in (a) while (d) enlarged zone 4 in (b) 692 
 693 
Fig. 8 Optical images of alloys: (a) Mn1, (b) Mn2, (c) Mn3, and (d) Mn4  694 
(white, black, and thick black arrows indicate E-β-Fe, P-β-Fe, and α-Fe, respectively) 695 
 696 
Fig. 9 Area fractions of α-Fe, P-β-Fe, and E-β-Fe in experimental alloys 697 
 698 
Fig.10 Correlation between Mo and Mn contents with area fractions of (a) P-β-Fe and (b) 699 
α-Fe in alloys with high Fe contents (0.7%) 700 
 701 

 702 
 703 
 704 

 705 
Tables: 706 

 707 
Table 1 Chemical composition of the experimental alloys 708 

Alloy 
Elements (wt. %) 

Si Cu Mg Ti Fe Mo Mn Al 
L0 5.35 3.19 0.08 0.10 0.28 0 0 Bal 

LM1 6.00 3.36 0.09 0.16 0.32 0.19 0 Bal 
LM2 6.02 3.42 0.09 0.14 0.31 0.32 0 Bal 
LM3 5.92 3.44 0.09 0.13 0.31 0.37 0 Bal 
H0 5.81 3.28 0.10 0.11 0.64 0 0 Bal 

HM1 6.00 3.35 0.09 0.12 0.67 0.18 0 Bal 
HM2 5.94 3.32 0.07 0.10 0.65 0.30 0 Bal 
HM3 5.89 3.41 0.11 0.10 0.70 0.41 0 Bal 
Mn1 6.18 3.4 0.09 0.12 0.66 0 0.25 Bal 
Mn2 6.04 3.39 0.10 0.11 0.68 0.15 0.25 Bal 
Mn3 6.18 3.46 0.09 0.14 0.69 0.30 0.26 Bal 
Mn4 6.02 3.52 0.09 0.17 0.66 0.41 0.24 Bal 

 709 
 710 

Table 2 SEM-EDS results of the Fe-rich intermetallics shown in Fig. 1 711 

Morphology Phase 
Elements (at. pct.) 

Al Si Fe Mn Mo 
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Platelet A 68.8±3.9 17.7±2.4 13.5±2.1 N/A N/A 
B 67.0±2.6 17.7±1.4 15.0±0.9 N/A N/A 

Chinese Script 
C 68.4±1.0 12.4±1.0 10.8±0.9 8.4±1.3 N/A 
D 69.1±3.1 12.9±1.7 10.2±1.4 N/A 7.8±1.3 
E 68.2±4.8 12.4±5.1 10.5±1.5 4.2±1.0 5.1±1.0 

 712 
 713 

 Table 3 Formation of Fe-rich intermetallics in experimental alloys 714 
Peak Phases Alloys 

4 P-β-Fe H0, HM1, HM2, Mn1, Mn2, Mn3 
5 E-β-Fe All alloys except LM3, Mn4 
6 α-Fe All alloys except H0 

 715 
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