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Abstract 

This research was focused on refining the microstructures of Al-
5Fe alloy by increasing cooling rate during solidification and 
adding alloying elements. Under the condition of near-rapidly 
solidification, the primary Al13Fe4 phase was refined to the order 
of magnitude of 10 microns. Adding silicon to the alloy resulted 
in changes to the morphologies of the primary phase from star-
like pattern to polygonal and firework-like patterns. The addition 
of silicon and cerium gave rise to further refinement in both 
primary and eutectic iron-rich phases to a significant extent. 

Introduction 

Aluminum-iron alloy is an excellent candidate for industrial use at 
elevated temperature. However, hypereutectic Al-Fe sheet 
material normally cannot be produced by the ingot-rolling 
procedure due to the poor formability caused by the coarse 
Al13Fe4 intermetallics, which form during ingot casting. Since the 
solubility of iron in aluminum is very low (<0.052wt pct)[l], this 
causes the formation of the compound Al13Fe4 as both the primary 
and eutectic phase in hypereutectic Al-Fe alloy. The mechanical 
properties and formability of the alloy are strongly dependent 
upon the size, morphology, and distribution of this compound. 
Coarse structures of Al13Fe4 lead to the reduction of the 
mechanical properties and formability of the alloy. On the other 
hand, Al13Fe4 is stable at elevated temperature. Therefore, finely 
dispersed Al13Fe4 can greatly improve alloy properties, especially, 
at elevated temperature. 

The microstructure of the Al13Fe4 compound is a function of the 
cooling rate and chemical composition of the alloy. The 
solidification of the Al rich Al-Fe system has been studied under 
the conditions of rapid quenching [2-6], mechanical alloying[6-8] 
and severe plastic deformation (SPD)[9-12], The results indicated 
that rapid solidification was an effective method in refining the 
intermetallic compounds. Adding alloying elements was another 
effective way of refining the intermetallic compounds. Zhou et al 
[13] and Liu et al [14] considered that the morphology of primary 
Al3Fe phase in Al-5Fe alloy could be improved appreciably by 
adding alloying element. Cerium is a rare earth element which 
was often added in the rapid solidification of Al-Fe alloys [15-17] 
and showed positive effects on the alloy properties. 

Although rapid solidification is effective in refining casting 
structures, the process of rapid solidification is complicated and 
has been limited to small samples. Compared to rapid 
solidification, near-rapid cooling, which refers to a cooling rate 
between 10° - 103 °C s"'[18], is easy to achieve and can be applied 
to commercial quantities. For example, continuous strip casting is 
a near-rapid solidification process. If, through near-rapid 
solidification, the Al-5Fe alloy can be refined to the extent that the 
cast material can be subject to further cold work, then sheet 

material of this alloy can be produced using the continuous strip 
casting process. This will be of great progress in the development 
of Al-Fe alloy. However, there is minimal literature on the 
structure and morphology of iron-containing phases formed under 
near-rapid cooling. It is worth investigating the refinement of the 
intermetallic compounds of hypereutectic Al-Fe alloy using near-
rapid solidification (cooling) technology. This research focused on 
the effect of the cooling rate and alloying elements Si and Ce on 
the microstructure of Al-5Fe alloys. The aim was to refine the 
intermetallic compounds of Al-5Fe alloy to such an extent so that 
the alloy could be subject to further cold work. 

Experimental Procedures 

The Al-5wt%Fe alloy (Alloy 1) used in this study was prepared 
by melting 500g of commercial pure aluminum (99.7 wt%) and 
500g of Al-10wt%Fe master alloy in a clay graphite crucible in a 
5kW well-type resistance furnace. The melt was held for 30 
minutes at 900°C and stirred every 10 minutes. After degassing 
and dross skimming, the melt was poured into different molds to 
obtain different cooling rates. Cooling curves were created by 
recording temperature evolution every 0.1 second. The average 
cooling rates before the start of solidification were calculated by 
using the formula dT/dt and were computed from the approximate 
straight line portion of the cooling curve. The following four 
cooling conditions were created. 

• Sample 1 : cooled in furnace in alumina crucible, cooling rate: 
0.037°C s 1 

• Sample 2: cooled in air in alumina crucible, cooling rate: 
1.88°C s"1 

• Sample 3: cast in an iron mold, casting size: 60X40X9.5 mm, 
cooling rate: 35.2°C s"1 

• Sample 4: cast in a double-side water cooled iron mold, 
casting size: 60X40X9.5 mm, cooling rate: 157.8°C s"1. 

The Al-5wt%Fe-3wt%Si alloy (Alloy 2) was prepared by melting 
commercial pure aluminum (99.7wt%Al), Al-10wt%Fe and Al-
30wt%Si master alloys. The Al-5wt%Fe-3wt%Si-1.0wt%Ce alloy 
(Alloy 3) was prepared by melting commercial pure aluminum 
(99.7wt%Al), Al-10wt%Fe, Al-30wt%Si and Al-10wt%Ce master 
alloys. The melts of alloy 2 and alloy 3 were cast in the iron mold, 
as the same as Sample 3 of alloy 1, as mentioned above, casting 
size: 60X40X9.5 mm, cooling rate: 35.2°C s"1. The chemical 
compositions of the prepared alloys were then analyzed. 

Metallographic samples were cut from the cast samples in the 
vicinity of the thermocouple's tip, prepared with standard 
metallographic procedures and etched with 0.5 vol.% HF + 99.5 
vol.% H 2 0 solution. The microstructures of the samples were 
examined using an Olympus GX71 optical microscope. A Zeiss 
scanning electron microscopy with Oxford energy dispersive X-
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ray (EDX) analyzer was employed to identify intennetallic 
compounds. 

Result and Discussion 

The first part of tlie research was to investigate the influence of 
cooling rates on tlie as-cast microstructures of Al-5Fe alloy. 
Under tlie condition of slow cooling in Sample 1 (0.037°C s1), the 
primary iron-rich phase and tlie eutectic iron-rich phase displayed 
bulk blocky and long strip-like morphologies, respectively, see 
Figure 1(a). The long strips were composed of many clusters with 
each cluster representing a grain. In Sample 2, solidified at a 
cooling rate of 1.88°C s"1, tlie primary iron-rich phase changed to 
willow leaf-like; tlie eutectic iron-rich phase still kept the long 
strip characteristics, see Figurel(b), but their sizes were much 
smaller (approximately one-fifth) compared to Sample 1. The 
EDX analyses indicated that both tlie primary and tlie eutectic 
iron-rich phases in both Sample 1 and Sample 2 were intennetallic 
Al13Fe4, see Table 1. 

When the cooling rate was increased to 35.2°C s"1 (Sample 3) 
which was within tlie range of near-rapid cooling, tlie primary 
phase showed irregular star-like morphology; tlie eutectic phase 
changed to short rod or particle-like structures, which formed 
chains along grain boundaries, or clusters within triangle grain 

boundaries and inter-dendrite, as shown in Figure 1(c). Both 
primary and eutectic phases were further significantly refined by 
near-rapid cooling. Figure 1(d) shows the as-cast microstractures 
of Sample 4, solidified at a cooling rate of 157°C s"1. Both primary 
and eutectic intennetallics were refined to an even greater extent 
than Sample 3. 

Under tlie condition of near-rapid solidification (Sample 3 and 
Sample 4), although some star-like stractares of tlie primary 
intennetallics had relatively large size, most primary 
intennetallics appeared as small star-like blocks. The sizes of 
these small star-like blocks were less than tlie order of magnitude 
of 10 microns. Table 1 also provided tlie results of the EDX 
analyses on tlie iron-rich phases in Samples 3 and 4. The primary 
phase still kept the Al13Fe4 constitutive formula, however tlie 
composition of the eutectic iron-rich phase was lowered to 
approximately Al0Fe. Under the condition of near-rapid cooling, 
the eutectic intennetallic changed from Al13Fe4 to Al0Fe. This 
result agreed with tlie general opinion that a faster cooling rate 
favored tlie fonnation of metastable Al0Fe phase. 

Increasing cooling rate from 0.037°C s"1 to 1.88°C s"1 did not 
change the property of the microstractare of the alloy; but tlie size 
of the eutectic Al13Fe4 reduced greatly. Increasing cooling rate to 
near-rapid cooling resulted in a significant refinement in the as-

Figure 1 The microstractures of the Al-5Fe alloy solidified at 
lui 0.037°C s 1 ; (b) 1.88°C s"1; (c) 35.2°C s1 ; (d) 157.8°C s1 . 

(b) The inset images are the high magnification images of tlie eutectic iron-rich phases 
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I üble ! Compositions of iron-rich phases analyzed by EDX, al% 
Sample IntermetaUie Λ1 Fe Phase 

Primary 75,08 24,92 AlijFej 
Sample 1 Sample 1 

1 Îutec tic 75,98 24,02 Al,3Fe, 
Primary 77.63 22.37 Al,3Fe, 

Sample 2 
Eutectic 

Al,3Fe, 
Sample 2 

Eutectic 80.63 19.37 A]|?Fe,i 
Primary 77,12 22,88 Al,jFe.| 

Sample 3 
Al,jFe.| 

Sample 3 
Eutectic 85.90 14.10 AlfjFe 
Primary 76.69 23.31 Al„Fej 

Sample 4 Sample 4 
Eutectic 87,45 12,55 AlfjFe 

cast micro structures of tlie alloy. This result would encourage tlie 
attempt of producing wrought Al-Fe alloy for industrial use. The 
cooling rate of 35°C s"1 is in tlie range of tlie cooling rate for 
continuous strip casting process. Therefore, it is expected that tlie 
tine primary and eutectic iron-rich phase could be achieved by 
continuous strip casting process. 

Adding alloying elements to tlie Al-5Fe alloy was tlie second 
attempt of refining tlie as-cast microstructure. Figure 2 shows the 
as-cast microstructure of Alloy 2 (with 3w% silicon addition) 
solidified at a cooling rate of 35°C s"1. The addition of 3wt% 
silicon significantly altered the microstructure of the Alloy. For 
tlie primary phase, the irregular star-like structures were similar to 
the primary Al13Fe4 in Sample 3 in both size and morphology. The 
other two polygonal and firework like patterns should also be tlie 
primary phase. The EDX analysis indicated that these two phases 
were also Al13Fe4 phase, with minimal silicon, see Figure 2(d and 

e) for the EDX spectrams. The silicon content was 2.47at% in tlie 
firework like pattern phase and 6.09at% in tlie polygonal phase. 

Figure 2(b and c) shows the fine compounds. There existed two 
kinds of tine compounds distinguished by color (light gray and 
black). The EDX analysis indicated that tlie fine compound in 
light gray contained AI, Fe and Si. The content of silicon was 5.0 
- 6.0at%, iron was 9.0 - 11.0at%. The ratio between silicon and 
iron was approximately 1:2. Therefore, it was assumed that this 
compound was Al8Fe2Si. The compound in black contained 
mainly silicon, which should be tlie silicon phase. 

The morphology change of the primary phase was attributed to tlie 
addition of silicon to tlie alloy. According to Al-Fe-Si phase 
diagram [19], as shown in Figure 3, for tlie Al-5Fe-3Si alloy, the 
primary phase was Al13Fe4. During solidification, tlie primary 
Al13Fe4 phase first precipitated, which caused the silicon atoms to 
move to tlie interface front. Under the condition of near-rapid 
cooling, tlie silicon atoms would build up a layer at tlie interface 
front since they would not have enough time to diffuse away. As a 
result, tlie diffusion of iron atoms toward the growing primary 
Al13Fe4 would be blocked by tlie barrier of the silicon layer and, 
hence, tlie growth of tlie primary Al13Fe4 was retarded and its 
morphology changed from irregular star-like to small blocky. The 
small blocky phases constituted a cluster of firework like patterns. 
On tlie other hand, tlie fast growing primary Al13Fe4 might trap 
some silicon. Should a high percentage of silicon be trapped in tlie 
Al13Fe4 phase, for example in the polygonal phase, tlie buildup of 
silicon atoms in the interface front would decrease. As a result, 
the resistance for iron atoms to diffuse to tlie growing Al13Fe4 

phase would be reduced; and the size of the primary Al13Fe4 phase 
could continue to grow. Therefore, the primary Al13Fe4 grew in 
polygonal shape to a relatively large size. 

(b) 

gPTfTSg 

(c) Γ 

.. > / * g / . 

W element 
Al 
Si 
Fe 
total 

wt% 
59.84 

2.06 
38.10 

100.00 

at% 
74.59 

2.47 
22.95 

100.00 

( d ) 
20000- Ί r element Wt% at% (e) 

AI 63.77 76.09 
(e) 

+-' c Si 5.32 6.09 
υ 
ο Fe 30.91 17.82 
ο 

11 ι, 
total 100.00 100.00 

ο 3 10 15 keV 

Figure 2 The microstractures of the Al-5Fe-3Si alloy solidified at 35°C s"1 

(a) Primary phase; (b) eutectic silicon; (c) AlgFe2Si phase; (d) EDX spectrum of the small blocky primary phase; (e) EDX spectrum 
of the polygonal primary phase 
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The solidification path of tlie Al-5Fe-3Si alloy is quite complex. 
According to the Al-Fe-Si phase diagram[19], see Figure 3, it 
starts with tlie precipitation of primary Al13Fe4, then ternary 
peritectic reactions L + Al13Fe4 -> α-AI + a-Al8Fe2Si (τ5) follows, 
then ternary peritectic reactions L + a-Al8Fe2Si -> a-Al + β-
Al5FeSi (τό) follows, finally, ends with ternary eutectic reaction L 
-> α-AI + ß-Al5FeSi (τό) + Si. But from tlie backscatted image of 
tlie microstructure of Alloy 2 (Figure 2), tlie ß-Al5FeSi phase did 
not appear. In addition, from tlie inset image of Figure 2(b), tlie 
eutectic silicon was divorced to tlie grin boundaries, no third 
eutectic compound was observed around tlie eutectic silicon. It is 
assumed that eutectic silicon fonned from binary eutectic reaction, 
instead of ternary eutectic. It is assumed that under tlie condition 
of near-rapid solidification, tlie fonnation of intennetallic ß-
Al5FeSi was suppressed. 

a) - T · · r . ·•'.·"'·* 

TO ε 

6 8 10 12 14 16 

Si, mass% 
Figure 3 The phase diagram of Al-Fe-Si system at Al comer[19] 

Alloy 3 was based on Alloy 2 with an addition of 1.0wt% Ce. 
After solidification at a cooling rate of 35°C s"1, tlie as-cast 
microstractures were quite complicated. The primary phase 
changed in morphology, size and distribution, as shown in Figure 
4. The majority of the phase was in leaflike or flake shapes; small 
amount of polygonal blocks were also observed; but tlie star-like 
morphology which appeared in Alloy 2 was difficult to find. 
Comparing Figure 4(a) to Figure 2(a), it could be seen that tlie 
sizes of the leaflike or flakes phase in Alloy 3 were much smaller, 
which indicated that tlie addition of Ce led to the reduction of the 
size of tlie primary phase. 

Figure 4(b) and (c) showed the eutectic compounds in Alloy 3. 
Other than tlie tine a-Al8Fe2Si with Chinese script type 
morphology, which was similar to tlie ones observed in Alloy 2, 
there were two more tine structures: both in rod shape. The white 
rod contained Al, Si and Ce; the gray rod contained AI, Fe and Si. 
Results of tlie EDX analysis are listed in Table 2. The 
composition of the Al-Si-Ce phase agreed with none of the known 
ternary phases in tlie Al-Si-Ce system [20, 21], Further work is 
needed to detennine the stmcture of this phase. The composition 
of the gray rod was close to tlie phase ß-Al5FeSi. 

Rare earth cerium is of great influence on the solidification 
microstracture of the Al-Fe-Si alloy. In Alloy 3, the primary 
Al13Fe4 phase was further refined to a great certain extent 
compared to Alloy 2. Therefore, it is continued that cerium is an 
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Figure 4 The microstractares of tlie Al-5Fe-3Si-0.5Ce alloy 
solidified at 35°C s 1 

(a) Primary phase; (b) tlie rod-like AlSiCe phase (white) 
and ß-Al5FeSi phase (gray); (c) Al8Fe2Si phase 

Table 2 ComgQsitions of iron-rich phases analyzed by EDX, at% 

Phase Λ1 Fe Si Ce 

Primary phase 73.79 21.84 2.38 

Gray rod 78.48 9.21 12.1 

Which rod 42.59 33.12 24.29 

effective alloying element in refining micro stracture of Al-Fe 
alloys. Further work will be carried out to investigate tlie 
fonnability and mechanical properties of tlie alloy with cerium 
addition. 

Conclusions 
In summary, the as-cast microstractares of the Al-5Fe alloy were 
refined to a significant extent by using near-rapid solidification 
technology. The primary Al13Fe4 in small star-like blocks were in 
the order of magnitude of 10 microns in size. 

Adding silicon resulted in tlie change of the morphologies of 
primary phase from star-like to polygonal and firework-like 
pattern; tlie addition of silicon and cerium gave rise to tlie 
refinement in both primary and eutectic iron-rich phases to a great 
extent. 
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