Iron Intermetallic Phases in the Al Corner of the
Al-Si-Fe System
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The iron intermetallics observed in six dilute Al-Si-Fe alloys were studied using thermal analysis, op-
tical microscopy, and image, scanning electron microscopy/energy dispersive X-ray, and electron
probe microanalysis/wavelength dispersive spectroscopy (EPMA/WDS) analyses. The alloys were
solidified in two different molds, a preheated graphite mold (600 °C) and a cylindrical metallic mold
(at room temperature), to obtain slow (~0.2 °C/s) and rapitb(°C/s) cooling rates. The results
show that the volume fraction of iron intermetallics obtained increases with the increase in the amount
of Fe and Si added, as well as with the decrease in cooling rate. The low cooling rate produces larger-
sized intermetallics, whereas the high cooling rate results in a higher density of intermetallics. Iron
addition alone is more effective than either Si or F&i-dadditions in producing intermetallics. The

alloy composition and cooling rate control the stability of the intermetallic phases: binary Al-Fe phases
predominate at low cooling rates and a high Fe:Si ratioBtAésFeSi phase is dominant at a high

Si content and low cooling rate; theiron intermetallics €.9., a-AkF&,Si) exist between these two;

while Si-rich ternary phases such as the é-irofFA8) intermetallic are stabilized at high cooling

rates and Si contents of 0.9 wt pct and higher. Calculations of the solidification paths representing
segregations of Fe and Si to the liquid using the Scheil equation did not conform to the actual so-
lidification paths, due to the fact that solid diffusion is not taken into account in the equation. The
theoretical models of Brody and Flemifffsand Clyne and Kuf?! also fail to explain the observed
departure from the Scheil behavior, because these models give less weight to the effect of solid
back-diffusion. An adjusted 500 °C metastable isothermal section of the Al-Si-Fe phase diagram has
been proposed (in place of the equilibrium one), which correctly predicts the intermetallic phases
that occur in this part of the system at low cooling rate3.Z °C/s).

I. INTRODUCTION metastable phases such agral®1112 Al Fel'314 and
AlLFe>19 instead of the AlsFe (or #Al Fe)*e17 equi-
librium phase. Structures of various phases,, ALFet®18
Al Fet ¥ anda-AlFeSi???t2have been investigated. The

COMMERCIAL unalloyed aluminums and aluminum-
base alloys contain a considerable amount of iron and sili-
con as impurities or alloying additions. Commercial alu- 4]
minum alloys, which have up to 1 pct of iron and silicon, complex structure of AFe has also been suggestéd!

can be considered ternary alloys. Because the solid solubil- h\g\gteréogéni?il&ﬁte’ g;\eir?lmc?rrt.énﬁl_';?t 3??@6?@%5%5& _rilin
ity of iron in aluminum is less than 0.05 pct at equilibrium, b P P

nearly all iron in aluminum alloys forms second-phase par- aluminum alloys. Particles formed during casting may in-
early . i y o P Par {1 1ence the material properties during subsequent fabrication
ticles. Both iron and silicon have partition coefficients less

than unity, and accordingly segregate to the liquid betweenf}t‘,ﬂesp Saoéler;risrire\:/hctgl Tgﬁfgﬁgplghﬂsmlzgﬁé platr(illkgr{::z?sgrh e
the Al dendrite arms during the course of solidification. y prop :

Therefore, when considering the nonequilibrium lever-rule B-phase platelets act as potential sites for crack initiation,

; ! : ; which, consequently, results in decohesion faffiitether
assump'tlor{rl,] primary part|cle§'of binary Al-Fe anq ternary phases such qas ;ﬁeyand aAlFeSi are cathodic to the alu-
Al-Fe-Si phases, and even silicon, can form during casting

of an aluminum-rich alloy. The chemical composition and minum matrix, and when present on the surface, promote pit-

local cooling rate are the controlling factors that determine ::’rc])? oa]}t:sglgeof ;1212 essugac;ecgngﬁjg?;&gvé gﬁﬁsﬁgﬁ’nﬁo&aﬂ ce
which phases will forfd3 and their particle sizé® P 9 P :

An extensive review of the Al-Fe-Si system has been pub- | In view of”the |r:1hport?ndc e of iron mte(zjrmettezlllc ﬁ has?s n
lished by Rilvin and Raynd®. Several studies by other work-  o.ar i, 70YS, Tis SHUAY Was carfied o 10 characterize
ers789 have focused upon the Al-rich part of the svstem their precipitation as affected by (1) the chemical composi-
whére the 6Al-Fe a AllgeSi and ,GAIFepSi phases r)(ave ' tion, through the use of six dilute alloys covering the Al cor-

3 y (A7 ’ Qi .
been reported as equilibrium pha¥é€l In addition, some 1" of the Al-Si-Fe system, and (2) the cooling rate, where

Y . g two ranges of cooling rates were employed: a slow cooling
nonequilibrium phases have been identified, for example,ra,[e range (0.16 °C/s to 0.21 °C/s) resembling the sand cast-
ing condition, and a high cooling rate range (10 °C/s to

W. KHALIFA, Ph. D. Student, and F.H. SAMUEL, Professor, are with 15 °C/S), similar to the cooling rates observed in pressure
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Table I. Compositions of the Al-Si-Fe Alloys Used in the Present Work

Element, Wt Pct
Alloy Si Fe Cu Mn Mg Bi La \% Ga

1 0.35 0.23 0.0033 <0.0005 0.0015 <0.0025 0.0094 0.0041 0.0087
2 0.49 0.23 0.0057 <0.0005 0.0017 <0.0025 0.0094 0.0042 0.0086
3 0.62 0.55 0.0040 <0.0005 0.0009 <0.0025 0.0091 0.0038 0.0088
4 0.90 0.56 0.0035 0.0006 0.0014 <0.0025 0.0091 0.0040 0.0089
5 0.62 1.03 0.0043 0.0032 0.0013 <0.0025 0.0088 0.0042 0.0091
6 6.32 0.52 0.0030 0.0007 0.0011 <0.0025 0.0090 0.0045 0.0082

. EXPERIMENTAL I

The chemical compositions of the six alloys investigated
are shown in Table | (each composition representing the ap-———- 60 mm
erage of three spectroanalyses). This group of experimental
alloys is representative of the Al-rich corner of the Al-Si-
Fe system. The alloys were prepared from high-purity co Liqui

. S . quid Metal

ponents to avoid any contamination that could arise from 70 mm
the use of commercial purity materials.

Alloys 1 and 2, with the same iron level (0.23 wt pct)
but different silicon levels, were proposed in order to study
the effect of Si content when the Fe level is low. Alloys 1'
3 and 4 are the analogs of alloys 1 and 2, with nearly dou 30 m
ble concentrations of iron and silicon. These compositions J Thermocouple A |

160 mm

50 mm

enable us to study the effect of a higher Fe content as we
as that of an increase in Si content. Only alloy 5 has higher
iron than silicon (1.03 and 0.62 pct, respectively), and was
proposed in order to evaluate the effect of a very high Fe Thermocouples
level such as those often encountered in commercial al-

loys. Alloy 6, with its high Si level (6.32 pct) and and Fe . -5%%%
level of 0.52 pct, was selected as being representative of /Samp'e“"ssse““ @ Cross-Section
commercial Al-Si alloys. These compositions were se-
lected very carefully, with a view to investigating the oc- (@) (b)
currence of the different iron intermetallic phases that can _ . . .
form in_dilute_ aluminum alloys. T_he total Fe Si alloy- ngrt;?ghaelg?t&gt'ﬁ%r: m of tha) (graphite and (b) metallic molds used
ing (or impurity element) content increases gradually from

alloy 1 through alloy 6. This group of experimental al- o the purpose of studying the microstructure and various
loys is representative of the Al-rich corner of the Al-Si- yhages that were obtained corresponding to the different cool-
Fe system and was selected precisely for this reason. ing conditions, samples were sectioned near the thermocou-
Thermal analysis tests were performed for the six alloys pje tip (Figure 1), mounted and polished for metallographic

over a wide range of cooling rates (i.e., solidification imes) ayamination.

as follows. Alloy melts were poured into (1) a graphite mold  goth gptical and scanning electron microscopy were used
preheated to 800 °C, which provided the lowest cooling rates 15 examine the microstructure. Quantitative analysis of the
(0.16 °C/s to 0.21 °C/s, depending on the alloy), and (2) ayolyme fractions of the various phases and their particle

cylindrical metallic mold with decreasing wall thickness, kept characteristics were carried out using a LECO* 2001 image
at room temperature that provided high cooling rates (10 °C/s

to 15 °C/s). When the ingots’ temperature reached 500 °C, the
ingots were brought to the ambient temperature by forced cool-
ing in running water. Hereafter, the terms “metallic mold” and
“graphite mold” will be taken to represent the high cooling analyzer. Mapping of some specific areas of the polished
and low cooling conditions, respectively. Figure 1 shows the sample surfaces was also done to determine the distribu-
schematic diagram for the two molds. _ tion of alloying elements between phases. Electron probe
The thermal analysis was carried out using chromel- mjcroanalysis (EPMA) and wavelength dispersive spec-
alumel type-K thermocouples and Strawberry Tree softwaretroscopy (WDS) analysis of the intermetallic phases was car-

(Strawberry Tree Inc., Sunnyvale, CA) to obtain the cool- ried out using a JEOL** WD/ED combined microanalyzer
ing curves corresponding to each alloy and mold system.

In the case of the graphite mold, a two-thermocouple sys-
tem similar to that used by Backereidal ?"! was employed

for accuracy (Figure 1(a)). The starting and termination
points of a reaction were also determined according to the(model JXA-8900R), operating at 20 kV and 30 nA (elec-
definitions given by Backeruet al. tron beam size of ~Lm).

20 mn

*LECO is a trademark of LECO Corporation, St. Joseph, MI.

**JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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Fig. 2—Microstructures of alloy 1 obtained from) (@raphite mold (cooling rate 0.16 °C/s) abil ihetallic mold (cooling rate 10.7 °C/s) castings.
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Fig. 3—Microstructures of alloy 2 obtained from) @raphite mold (cooling rate 0.16 °C/s) abdl ifhetallic mold (cooling rate 13.8 °C/s) castings.

I1l. RESULTS AND DISCUSSION shown in Figure 2 reveal that, in general, the intermetallic

. . . _ phases form in the interdendritic regions. At a slow cooling
As mentioned in Section Il, metallographic samples were 40 (0 16 °C/s), the microstructure contains needlelike phases
sectioned from the graphite mold and metallic mold castings 5 fine eutectic regions (Figure 2(a)). At a high cooling rate
close to the thermocouple tip and polished for microstructural (10.7 °C/s), the microstructure is extremely fine (Figure 2(b)).
examination. Therefore, the corresponding microstructure may" \1icrostructures of alloys 2 and 3 (not shown) contained
be considered as representative of the solidification_conditionsmmost only iron intermetallic phases with dendritic (or so-
recorded by the thermocouples. It should be mentioned herg,5 e chinese script) morphologies, in addition to the alu-
that, although results for. all alloys haye been described in desinum matrix, when cooled slowly in the graphite mold
Fa|l, for the sake of breV|ty,_ not all microstructures and cool- (Figure 3(a)), which changed to finer lamellar and platelike
ing curves have been depicted. phases when the alloys were cooled in the metallic mold
(Figure 3(b)). Two types of intermetallic phases were ob-
IV. OPTICAL MICROSCOPY AND IMAGE served in the micr.o.structur.e of the graphite mold—casfc alloy
ANALYSIS 4 sample: a Qendr|t|c or Ch|ne§e script-like phasAlFeSi)
and a platelike phasg-AlFeSi). In the fast-cooled sam-
The optical micrographs of Figures 2 through 5 show how ple, however, only the platelik&AlFeSi phase was ob-
the microstructure varies with alloy composition. The inter- served, as is clear from Figure 4.
metallic phases that form in this part of the Al-Si-Fe sys-  Alloy 5 exhibits a diversity of phases at slow cooling rate,
tem are mainly iron-bearing phases (grouped together herewhich could not be differentiated by the image analyzer, be-
after as iron intermetallics). The microstructures of alloy 1 cause of their similar gray levels, as seen in Figure 5(a). The
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fast-cooled sample of alloy 5 (Figure 5(b)), exhibited a fine Volume fractions of all iron intermetallic phases were
fibrous phase and a dendritic phase. Coarse eutectic silicomeasured for each alloy condition, and the results are plot-
and large platelets @-AlFeSi were observed in alloy 6 after ted in the histogram shown in Figure 6. As can be seen, the
slow cooling, whereas at the high cooling rate (12.8 °C/s), volume fraction of iron intermetallics increases as the Si +
the structure exhibited fine, modified eutectic areas delineat+e content increases, from alloy 1 to alloy 6, for both con-
ing the aluminum dendrites, and a light gray phégs#lieSi) ditions of cooling. Obviously, solidification in the graphite
in the interdendritic regions. mold at slow cooling rates/longer solidification times re-
The similar gray levels of the intermetallic phases im- sulted in a larger volume fraction of intermetallics compared
peded their quantitative measurement, because various phasés that obtained with the metallic mold-cast samples. The
could not be distinguished from each other by the imagelargest volume fraction of intermetallics was recorded for
analysis system. It should be mentioned here that the LECCalloy 5, containing 1.03 pct Fe and 0.62 pct Si. Analysis of
image analyzer recognizes various phases depending on theligure 6 shows that the Fe content is more important than
gray level, which can range over a scale of 0 to 250 (O rep-either the Si or the Si +e contents in determining the
resenting the black and 250 representing the white end of thevolume fraction of iron intermetallics formed. The effect of
range). The threshold level for each phase is set by the obsilicon is less evident, as demonstrated by the negligible dif-
server and, once set, the machine measures the volume fraderence in the volume fractions of iron intermetallics obtained
tion or other characteristics of the phase based upon thesa alloys 1 and 2 and in alloys 3 and 4.
levels. In addition, as there appeared to be no remarkable Figure 7 shows the plots of (a) average particle lengths
differences in the morphology of these phases, particularlyand (b) densities obtained from quantitative analysis of the
in alloys 1 and 5, the quantitative analysis was carried outFe intermetallics observed in the six alloys. Owing to the
for all the iron intermetallics grouped together. fact that slow cooling (i.e., a longer solidification time) en-
hances the growth of phases during solidification, the lengths
e of the Fe intermetallics are longer in the graphite mold-cast
TR A : samples compared to those obtained from the metallic mold
i A ) 1 (Figure 7 (a)). The latter samples, however, display higher
A4 ; densities, which is in accordance with the fact that a greater
4 : number of smaller-sized Fe intermetallics are expected to
: precipitate at the higher cooling rate, to compensate for the
: 4 total volume fraction of intermetallics estimated to result in
Vi i X a specified alloy (depending upon its Fe and Si contents).
gt hS In general, under both cooling conditions, the density is
> : AR 43 observed to increase with the increase in the-F& con-
: ! on, tent, as one proceeds from alloy 1 to alloy 6.

3 \ V. SCANNING ELECTRON MICROSCOPY, WDS
% S 3 ANALYSIS, AND THERMAL ANALYSIS

\ . ' o o 30um‘ As mentioned previously, although results for all alloys
have been described in detail, for the sake of brevity, not

Fig. 4—Microstructure of alloy 4 obtained from metallic mold casting all microstructures and cooling curves have been shown.
(cooling rate 12.8 °C/s).
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Fig. 5—Microstructures of alloy 5 obtained frow) @raphite mold (cooling rate 0.19 °C/s) ah)l hetallic mold (cooling rate 14.3 °C/s) castings.
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VI. OBSERVED PHASES
A. Alloy 1 (0.23 Pct Fet+ 0.35 Pct Si)

reported by Porter and Westeng&rand Westengeh Its
composition was 73.4 wt pct Al, 26.5 wt pct Fe, and 1.5 wt
pct Si. It can be seen from Table Il that the chemical com-

The structure of alloy 1 contains only binary iron inter- position of ALFe is 70.72 wt pct Al, 26.1 wt pct Fe, and
metallic phases when solidified slowly, but also some ternary1.7 wt pct Si, which corresponds xo= 5.6. The structure
phases after rapid cooling. The results of the WDS analysisof this phase is not known. It has been reported to have a
carried out on these phases are summarized in Table Il, andefective crystal structure and a chemical composition cor-
correspond to the backscattered images shown in Figure 8esponding tox = 5.81!"1 The formation of these three

for the alloy 1 sample cooled at0:46 °C/s. Three binary
iron intermetallics were identified, namely.&e, AkFe, and
Al,Fe. The composition of AFe was 64.84 wt pct Al,
33.8 wt pct Fe, and 1.6 wt pct Si, correspondingnte 4.
Values of m= 4.2?8) andm = 4.4 have been ascribed to
the phase previously by other workers. Thg-Alphase, which

metastable phases at a very low cooling rate (0.16 °C/s) is
in direct contrast to the findings of Mikt al’? Young®

and Kosuge and Mizukarf#?! According to these studies,
the AkFe phase is stable when obtained at cooling rates below
1 °C/s, the AlFe phase between 0.5 °C/s and 6 BC/snd

the AlFe phase at cooling rates in the ranges 12°@©/s

has the highest aluminum content among all the iron inter-10 °C/€, 3 °C/S to 18 °C/S, or 2 °C/s to 20 °C/€% The
metallic phases, was nearly stoichiometeric, as previouslyAl Fe phase is reported to be stable when obtained at cool-

condition of solidification
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Fig. 6—Volume fraction of iron intermetallics observed in the alloys stud-

ied, as a function of solidification condition.
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ing rates above 10 °C8,18 °C/s®! or 20 °C/d?°! Appar-
ently, the difference in results between these studies and
ours can be attributed to the commercial grade DC casting
alloys used in the former, containing much higher Fe/Si ra-
tios, whereas in our study, the Si content is considerably
high, in fact, higher than that of iron in most cases. For
example, Kosuge and Mizukam used an alloy containing
0.58 wt pct Fe and 0.01 wt pct Si, while Mg al. used
Fe/Si ratios close to 10.

From a comparison of these results, it can be deduced that
Si stabilizes metastable Al-Fe phases such gse\lAkFe,
and AlFe at slow cooling rates (0.16 °C/s). In other words,
Si shifts the cooling rates that are required for the stability
of the binary AlFe, AkFe, and AlFe phases to very low
values. In addition, these phases have been reported to con-
tain small amounts of silicon in their compositiéha fact
that is confirmed in the present work (to be discussed later).
From the absence of e in the microstructure of alloy 1,
and according to the results of Mi al® and Kosuge and
Mizukam[?® it can be suggested that silicon stabilizes the
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Fig. 7—Quantitative analysis of the iron intermetallics observed in different alloy samples obtained from the graphite and metallic mold astrage (a

particle length and (b) density.
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Table Il. WDS Analysis of Iron Intermetallic Phases Observed in the Present Study (as Shown in Figure 18)
; Condition
. Stoichometry,
Composition, Wt Pct Fe/Si Atomic Cooling
Phase Al Si Fe Cu Mn+Cr Ratio Alloy Rate, °C/s
Al Fe 63.23 1.53 33.31 0.040 0.026 3AFeS) 001 1 0.16
66.45 1.63 34.20 0.0057 0.016 AFeSh oos
65.94 1.72 32.15 0.000 0.045 AEeSh 1, 5 0.19
AlgFe 73.44 1.49 25.94 0.044 0.02 oAFeSh 114 1 0.16
73.30 1.59 27.04 0.005 0.024 AFeSh 117
73.16 1.76 25.92 0.017 0.033 AbFeSh.14 5 0.19
Al,Fe 70.72 1.69 26.12 0.032 0.019 sAFeSh.128 1 0.16
AlsFe 61.85 1.45 37.15 0.038 0.044 3AdFeSh s 5 0.19
a-AlFeSi 63.59 7.61 30.45 0.050 0.025 eAFe, oSi 2 0.16
69.12 7.68 26.62 0.057 0.037 AhdeSi; 15
69.85 7.65 25.22 0.028 0.041 AbFeSi ,
68.78 8.07 25.71 — — Al 11 0d6Si; 25 3 0.21
74.48 7.38 26.42 — — Aly1 6F76Si; 11
Fe:Si = 3 14.7
2:1.36
Fe:Si=
2:111
59.46 8.06 30.37 0.81 0.085 ALFe,Si; s 4 0.18
62.05 7.87 30.07 0.45 0.125 AF6,Si; 4
62.36 8.61 30.21 0.43 — AlgsF&Si; 14
62.73 9.34 30.28 0.46 — Alg sF&Si; o3
62.91 8.08 30.17 0.32 — Alg sF&Si; o6
66.89 8.38 23.91 0.42 — Al 1 6F6Si; 4
60.80 9.11 29.71 0.076 0.035 APFeSi; » 5 0.19
62.76 9.24 29.48 0.050 0.049 AFESi; o5
67.59 6.71 30.75 0.042 0.053 AFeSig g7
67.46 7.29 26.79 0.039 0.029 DhF&Sii o8
73.01 6.87 23.88 0.065 0.030 Ad&Sii 14
Fe:Si=2:1.16 5 14.3
B-AlFeSi 58.97 13.06 26.42 0.042 0.036 4AFeSh.os 4 0.18
59.04 14.69 26.59 0.059 0.056 AlFeSi 1o
61.39 14.37 26.41 0.01 — Al g4 €Sk o9
63.52 14.43 26.25 0.02 — Al of€Sh o9
55.31 14.79 26.99 0.022 0.061 AlFeSi oo 6 0.18
55.32 15.25 26.86 0.00 0.097 ADFeSi 13
55.57 14.90 26.90 0.00 0.071 DFeSi g
57.46 14.68 26.47 0.119 0.221 AlFeSi 1o
56.47 14.61 26.70 0.031 0.213 AbFeSi oo
57.27 14.75 26.64 0.099 0.206 AFeSi 14
55.31 14.79 26.99 0.022 0.061 AlFeSi oo
55.32 15.25 26.86 0.00 0.097 AHFeSi 13
Fe:Si = 1 10.7
1:0091
Fe:Si = 2 13.8
1:1.13
5-AlFeSi Fe:Si= 1 10.7
or é-8 1:152
composite Fe:Si= 2 13.8
particles 1:131
Fe:Si =
1:1.38
Fe:Si = 3 14.7
1:1.37
Fe:Si = 4 12.8
1:2.08
Fe:Si=
1:153
Fe:Si=
1:1.50
Fe: Si = 6 12.8
1:250
Fe:Si=1:3
Fe:Si=
1:2.23
0,-AlFeSi 86.26 4.77 12.02 — — Al 1, F€Sp 79 2 13.8
83.69 4.34 13.03 — — Al 15 FeSp e 5 14.3
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Fig. 8—(@) and (b) Backscattered images showing the iron intermetallics in the graphite mold-cast alloy 1 sample (cooling rate 0.16 °C/s).

mhetastableI Al-Fe ?inary phases and destabilizes tiieeAl B Alloy 2 (0.23 Pct Fet 0.49 Pct Si)

ase at slow cooling rates. _ .

P When alloy 1 was gast in the metallic mold (cooling rate, _ TNe data obtained from WDS analysis of the alloy 2 sam-
10.7 °Cls), the $and BAIFeSi ternary phases were ob- Pl€ are also listed in Table Il. The a-AlFeSi phase with its
served to form. The size of these phases was not large enoug;FharaCte”St.'C dendritic or Chinese script-like morphology is
compared to the size of the electron beam of the micro-'ormed during slow cooling. The average composition of
analyzer used to identify them. Consequently, due to cont-th® phase was 27.4 wt pct Fe and 7.6 wt pct Si. In addition,
amination from the surrounding matrix, chemical analysis SOMe traces of Cu and Mn were found in this phase. As the
showed a higher aluminum content than expected. For thiscOmposition of alloy 2 differs from that of alloy 1 only in
reason, the ratio Fe/Si has been used for identification ofitS Nigher Si content, this leads to the conclusion that a Si

phases in almost all the rapidly cooled samples in this study cONtent greater than 0.35 wt pct stabilizes dhphase. In
It is also worth noting in Figure 8 that the binary Al-Fe contrast, the high cooling rate of the metallic mold promoted

phases are formed in the interdendritic regions. The forma-the formation of other phases, such ag3ih and q AlFeSi
tion of these high-Fe phases (26 to 33 wt pct Fe) in a di_p_h_ases, which were generally distinguished by the_:lr higher
lute alloy (which contained 0.23 wt pct Fe) indicates that silicon contents. As Figure 10 shows, the collective mor-

as solidification proceeded, the liquid phase was enriched®h0l0gy of these phases is featherlike and dendritic-like.
with Fe, resulting finally in very rich interdendritic liquid _ Thee-AlFeSi phase displayed a noticeable thermal arrest

regions from which the iron-rich phases could precipitate. " the cooling curve of alloy 2 cast in the graphite mold (Fig-
Thermal analysis of alloy 1 was carried out for both con- Ure 11). The temperature of formation range was 633 °C to
ditions of solidification (metallic and graphite molds). In 611 °C, with a peak at 624 °C. Unlike ifiphase, the heats
the case the of graphite mold (Figure 9(a)), the cooling of formation of the pand g, AlFeSi phases observed in the
curve, first derivative, and corresponding temperature dif- Metallic mold-cast sample of alloy 2 were too weak to be

ferences between the wall and the center thermocouple&letected, due to (a) the very short period of time over which
(T, — T.) are plotted. Two reactions can be distinguished: these phases formed, (b) their very small volume fractions,

formation of the eAl dendrites and precipitation of e and (c) the 'hlgh rate of heat extraction qf the metallic mold.
through a eutectic reactiéh.On the other hand, as a re- The exception was theghase. It formed in the temperature
sult of the high cooling ratd.¢., very short solidification ~ 'ange 600 °C to 611 °C, with a reaction peak at 604 °C and
time, 3.9 seconds, and, hence, low volume fraction of inter-& ey short time of formation, 0.3 seconds.

metallics formed (Figure 6)), no thermal arrests apart from .

the development of the aluminum dendritic network were C. Alloy 3 (0.55 Pct Fer 0.62 Pct Si)

distinguished in the case of the metallic mold (Figure 9(b)). The graphite mold-cast structure of alloy 3 contained
The solidification range being still wide (42 °C), the for- AlFeSi and Si-rich spheroids, as shown in Figure 12. The
mation reactions of these phases had small heat effectschemical composition of the-AlFeSi phase lies in the same
Thus, no noticeable peaks in the first derivative curve couldrange as that observed in alloy 2 (Table Il). The Si-rich spher-
be observed, because of the high rate of heat extraction dureid is probably a liquid inclusion. At the high cooling rate,
ing solidification in the metallic mold. Unlike the mi- both «- and §AIFeSi phases were observed to form (not
crostructure of alloy 1, which contained only binary Al-Fe shown). The corresponding cooling curve (Figure 13) shows
intermetallic phases, alloy 2 contained no binary phases.that the thermal arrest of theAlFeSi phase is similar to

as discussed in Section B. that observed for alloy 2 when cooled slowly (Figure 11).
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Fig. 9—Plots of thermal analysis data obtained for alloy 1 solidified)igraphite and (b) metallic molds. Tc: temperature corresponding to thermocouple
at center of the mold, arilv: temperature corresponding to thermocouple near the wall of the mold.

From Figure 13, the temperature of formation range of thell), the two major iron intermetallic phases that form in
a-AlFeSi phase was 631 °C to 615 °C, with the reaction tak- commercial aluminum alloys. The average composition
ing 40 seconds. Apparently, taeAlFeSi phase has a high of theB phase was 60.7 wt pct Al, 26.4 wt pct Fe, and 14.1 wt
latent heat of formation. On the other hand, well-defined pct Si (in addition to some trace elements of Cu, Mn, and
peaks of two reactions corresponding to the formatiam of Cr), corresponding to a formula of Ab-eSi, which lies be-
ands phases were identified from the thermal analysis curvetween those reported previously by PhilffpgAlFe,Si)

of alloy 3 cooled in the metallic mold (Figure 13). The first and Mondolf&% (AlsFeSi). The eAlFeSi phase was ob-
reaction took place between 635 °C and 625 °C, with a tem-served more frequently than the B-AlFeSi phase in alloy 4.
perature peak at 630 °C, corresponding to the formation ofThe chemical composition of the phase corresponded to
the a phase. The other reaction occurred between 617 °C62.7 wt pct Al, 30.2 wt pct Fe, 8.4 wt pct Si, and 0.5 wt
and 609 °C, and reached a maximum at 612 °C, correspondingct Cu with traces of Mn and Cr. Thephase shows some

to the formation of AlFeSi. variations in chemical composition, as is clear from a com-
parison of its compositions in alloys 2 and 3. Backerud

[27] i i i
D. Alloy 4 (0.56 Pct Fer 0.90 Pct Si) et al“"I have suggested that if Cu partially substitutes for Al,

and Mn for Fe, the formula (A Cu)(Fe + Mn),Si may
The microstructure of alloy 4 obtained from the graphite be proposed, where andy represent the appropriate val-
mold casting contained both And «AlFeSi phases (Table ues. The Bphase, on the other hand, undergoes negligible
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variation in composition and morphology; it dissolves less §-phase takes place at 621 °C to 611 °C. No other phase was
trace elements and retains its platelike morphology. observed in the microstructure except thphase, and it

At the high cooling rate, only th& phase forms (Table  showed some variation in the Fe/Si atomic ratio. This varia-
I). The 8-Al,FeSi phase is the highest silicon-bearing phasetion is the result of the partial transformation of theh&ise

in the Al-Si-Fe system. As can be seen from Figure 4, itsto the Bphase through the peritectic decomposititin.
morphology is needlelike. This phase was reported to have

nearly equal weight percentages of iron and sill&éhIts lig. + & — Al,FeSiz » B — AlsFeSi + Si

melting temperature is 870 °C (a peritectic decomposi- according to this reaction, thiephase particles start to trans-

tion);*#% therefore, it is stable below this temperature. _ tom into the phase. Under conditions of high cooling
The thermal analysis data for alloy 4 are presented in Fig-rate5 and short solidification times, only very finphase

ure 14. The cphase, formed through a eutectic reaction si- yaricles can succeed in undergoing complete peritectic de-

multaneously with aluminum, has a dendritic-like morphol- composition, because the reaction is totally controlled by
ogy. The reaction took place in the temperature range 634 °Gne diffusion of silicon out of thé phase (which is gener-

to 625 OCO for a period of 38 seconds, W'tf‘ a maximum peakaly slow). In the case of largephase particles, the reac-
at 631.5 °C. At lower temperatures, 614 °C to 600 °Cpthe o dies before completion, resulting in the formation of
phase formed through peritectic decomposition-@iFesi. semi-decomposed/semiprecipitate@, composite particles.
This reaction has its maximum at 610 °C. The formation of Thegse particles should contain a higher silicon content than
the B phase, corresponding to théiphase roots. In addi-
tion, the microanalysis of these composite particles should
rarely reveal a silicon level as low as that observed in the
B phase (the condition of complete peritectic decomposi-
tion). Such particles composed of theldase in the core
and B phase on the outside constituted the majority of par-
ticles that were selected for WDS microanalysis due to their
relatively large sizes. This is evident from the chemical
analysis of the §hase (or 6-Fcomposite particles) in al-
loys 1 through 4 listed in Table II.

E. Alloy 5 (1.03 Pct Fet 0.62 Pct Si)

Various iron intermetallic phases, both binary Al-Fe and
ternary Al-Fe-Si, were observed to have formed in alloy 5
under the two conditions of solidification. It should be noted
that alloy 5 contains the highest iron content among the six
alloys studied. At the slow cooling rate (0.19 °C/s), the bi-
nary Al,Fe, AkFe, and AlFe phases are observed to pre-
cipitate. Their chemical compositions are listed in Table II.
Fig. 10—Secondary electron image depicting the morphology of the iron The chemical composition of the e phase (32.2 wt pct
intermetallics observed in the alloy 2 sample obtained from the metallic mold. Fe and 1.7 wt pct Si) corresponded to anatue of 4.25,
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Fig. 11—Plot of thermal analysis data obtained for alloy 2 (Al-0.49 pct Si-0.23 pct Fe) solidified in the graphite mold.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 34A, MARCH 2003—815



Fig. 12—Backscattered images obtained from the alloy 3 sample cast in the graphite mold. The image to the left shows a magnified view of the Si-rich
spheroid patrticle.
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Fig. 13—Plot of thermal analysis data obtained for alloy 3 (Al-0.62 pct Si-0.55 pct Fe) solidified in the metallic mold.

which is higher than the walue obtained in alloy 1. The silicon content is higher, 1.8 wt pct (&6.5 wt pct Fe in
equilibrium phase, AFe, forms a eutectic with aluminum alloy 1). From these observations, we may conclude that
at about 652 °C. Its composition is 37.2 wt pct Fe and 1.5 wtthe binary Al-Fe phases form only at slow cooling rates
pct Si, which gives a stoichiometry of Ab-eSp s This (0.16 °C/s to 0.19 °C/s) in low-Si alloys (e.g., alloy 1 con-
formula lies in a composition range of;Al; &eSk o5 Which taining 0.35 wt pct Si) or high-Fe alloys (e.g., alloy 5 with
was reported earlier by Dofs! On the other hand, the 1.03 wt pct Fe).

metastable AFe phase also forms a eutectic with alu- The « phase also precipitated under the same condi-
minumf! the eutectic temperature being a few degrees lowertions and was observed more frequently in the mi-
than that of the Al-AfFe eutecti¢?”* The relation between  crostructure. This leads to the conclusion that the compo-
the stable Al-AlFe and the metastable Al-#le systems  sition of alloy 5 lies in the field of the At « + Al-Fe
resembles the well-known one between the stable Fe-Chinary phases, and close to the boundary line ok thiease.
and metastable Fe-f& systems involved in the solidifica- Thea« phase has a composition of 29.2 wt pct Fe and 8.1 wt
tion of cast iron$? The iron content measured ingfk is pct Si, with a stoichiometric formula of &Fe,Si; ;. The
similar to that found in alloy 1, viz., 26 wt pct, but its Fe/Si atomic ratio measured in these particles was roughly
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Fig. 14—Plot of thermal analysis data obtained for alloy 4 (Al-0.9 pct Si-0.56 pct Fe) solidified in the graphite mold.

the same as that found in thephase particles after rapid longer than those found in other cases (Figure 6). This may
cooling (Table II). be accounted for in part by the slow cooling rate and in part
Theq,-AlFeSi phase was composed of small, more or lessby the high Si content of the alloy. It is believed that the
rounded, particles that were arranged in featherlike orexceptional high stability of thé phase (equilibrium phase)
dendritic-like patterns (Figure 10). These particles containedwithin this region in the system also played a role.
13 wt pct Fe and 4.3 wt pct Si, a composition similar to that The § phase was the only iron intermetallic phase that
of the g-phase particles observed in alloy 2, both conforming was found in this alloy at high cooling rates (Table II). The
to the composition range reported recently by Liu and phase was less distinguishable from the silicon particles
Dunlop™*34 For commercial purity alloy with a Fe/Si weight (than, for example, the phase) when viewed in the opti-
ratio of 2, these authors noted that thélFeSi and g- cal microscope/image analyzer system, due to their similar
AlFeSi phases dominated at high cooling rates, which cor-gray levels.
responds exactly to our observations in the case of alloy 5 Because of its high silicon content (6.3 wt pct), the so-
(Fe:Si= 1.03:0.62) cooled in the metallic mold. lidification range of alloy 6 is wide (82 °C). The solidifica-
The AFe phase forms in the temperature range of 643 °Ction of the alloy at slow cooling rate, 0.18 °C/s, started with
to 638 °C (for 18 seconds), as indicated by Reaction [2] inthe development of the aluminum dendritic network (in the
the thermal analysis curve of the alloy shown in Figure 15.range 617 °C to 610 °C for 76 seconds). After that, the sil-
The a-AlFeSi phase precipitates subsequently, betweenicon eutectic reaction took place around 575 °C to 571 °C,
630 °C and 618 °C for 34 seconds, followed by thgFal lasting for a longer time (138 seconds) than the preceding
phase, which occurs between 618 °C and 604 °C, for a duor the succeeding reactions. Solidification ended with the
ration of 43 seconds. Rapid cooling widened the range offinal reaction corresponding to the formation of ghehase,
a-phase formation to 629 °C to 611 °€. 630 °C to 618 °C which precipitated between 565 °C and 536 °C for about
in the slowly cooled sample), but still maintaining the re- 102 seconds (Figure 17). The reaction of formation is a
action peak at 625 °C. In addition, the phase formed  ternary eutectic reaction:
between 590 °C and 570 °C, the reaction showing a ek : ; i -
weak heat effect and taking place over a long period of time lig. (richin Feand S) ~ (Al + Si) + S-AlFeS
(~3 seconds) when compared with the total solidification The temperature range of this ternary eutectic reaction is
time, 6.8 seconds. relatively wide (565 °C to 536 °C, refer to the plot of ther-
mal analysis data in Figure 17). This may be attributed to
. the smoothing schedule that was followed in order to make
F. Alloy 6 (0.52 Pct Fef 6.32 Pct Si) the chart more readable, which flattens the peaks of the first
The only iron intermetallic phase that was found in the derivative. This effect may be very great, especially when
microstructure of the graphite mold-cast alloy 6 sample wasthe projection target curve (the cooling curve in this case)
B-AlFeSi, with a composition of 56 wt pct Al, 26.8 wt pct has a large slope. In addition, some trace elements such as
Fe, and 14.8 wt pct Si, and containing some trace element€u, Mn, and Cr were analyzed in tBeneedles. These el-
such as Cu, Mn, and Cr (Table II). This corresponded to aements might lower the eutectic temperature through the
formula of Al ;g~eSi 4, which is in good agreement with  concurrent formation of their complex compounds very late
previous finding$2% The lengths of the B-phase platelets at the end of solidification.
observed in this case (an overall average of.tr with The interesting aspect ofghase reaction is that, unlike
certain platelets reaching up to 15@n(Figure 16)) are the silicon eutectic temperature, which is only slightly affected
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Fig. 15—Plot of thermal analysis data obtained for alloy 5 (Al-0.62 pct Si-1.03 pct Fe) solidified in the graphite mold.

ure 17), because it is an exception that may or may not
occur, depending on the purity of the alloy. In addition, no
evidence was encountered for this reaction in the thermal
analysis data.

The solidification range was observed to decrease from
82 °C at 0.18 °C/s to 61 °C at 12.8 °C/s cooling rate, owing
to the fact that the phase precipitated as a proeutectic phase
(610 °C to 603 °C), whereas it increased at the slow cool-
ing rate, due to the precipitation of tBeAlFeSi as a pos-
teutectic phase after the completion of Si precipitation. The
difference in solidification range between the two cases was
about 20 °C, which corresponds to the range-phase for-
mation. Consequently, this would explain the formation of
a high-Si phase such asAlFeSi in the alloy at high cool-
ing rates, because it precipitated from a Si-rich liquid. It
would also explain the precipitation of tBeAlFeSi phase
(with a relatively lower silicon content compared to the
6 phase) during slow cooling, from the silicon-depleted lig-

Fig. 16—Microstructure of alloy 6 obtained from graphite mold (cooling uid that remained after precipitation of silicon.
rate 0.18 °C/s). Arrows show thigAlFeSi phase in the ternary eutectic
Al-Si-B (short fine particles) and the primayAlFeSi phase (long platelets).

VIl. EFFECT OF COOLING RATE

(less than 7 °C) by variations in cooling rate,@hghase start Cooling rate plays a basic role in stabilizing the different
temperature decreases with decreasing iron content, increasron intermetallic phases in aluminum alloys, so that some
ing cooling rate, and increasing melt superheat temperaturghases are stabilized only at slow cooling rates, such as the
until it eventually starts with the silicon eutectic tempera- binary Al-Fe phases, while others are stabilized at interme-
turel3>3637n the case of alloy 6, the silicon eutectic pre- diate cooling rates, and still others, such as tAé&Si and
cipitates first and then thef8FeSi phase, as is clear from q;,-AlFeSi phases, at only high cooling rates. There are also
the thermal analysis data (Figure 17). However, for kinetic some phases, e.g., a-AlFeSi, which have high stability over
reasonsi.e., difficulties to nucleate the silicon crystals (as a a wide range of cooling rates.
result of the purity and cleanliness of the alloy), some pri- Slow cooling rates result in the formation of stable phases,
mary B-AlFeSi phases form before the start of the main eu- while high cooling rates lead to the precipitation of metastable
tectic reaction. This would explain the appearance of the ev-phases. The intermetallic phases that appear in a mi-
idently large BAIFeSi platelets in the structure (Figure 16). crostructure are controlled not only in terms of whether the
A similar case occurred during the solidification of the high- cooling rate is high or low, but, more accurately, also by
purity alloy A356.2 and reported by Backereidal*”! the fact that each of these phases is associated with certain
The formation of BAIFeSi phase before the main eutec- cooling rate ranges. This fact is indispensable for a proper
tic is not highlighted in the sequence of solidification (Fig- understanding of the alloy system. In view of this, some stud-
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ies have specified the occurrence of Al-Fe binary phases to g PR I TR T T R SR R
certain cooling rate rangE&s® More recently, Yound has
constructed cooling rate regimes for the formation of differ-
ent intermetallic precipitates in hypoeutectic Al-Fe alloys.
This problem was approached in part here by a thermal analy-
sis study of the alloys investigated at different cooling rates. Al3Fe

@®

IS @AlmFe o
VIIl. RANGE OF HOMOGENEITY f 30 ngre C oD =

Some of the phases which were investigated in this study"' 1l ® ® o N
displayed a range of homogeneity. Their chemical compo- Al6Fe ) B
sitions are summarized in Figure 18. Among all of the iden- 20 — &% o, & |
tified phases, a-AlFeSi has the widest range of homogene-
ity, a fact that was mentioned by Rilvin and Raynor in their i B
review®! However, they did not distinguish between the dif- G a
ferent types of «-AlFeSi that have close chemical compo- o
sitions but different crystal structures. Figure 18 shows that o T
there are two phase chemistries that are classified generally 4 SSi’ wt %12 16 20

as the @AlFeSi phase, and both have the dendritic-like (Chi-
nese script) morphology. At the same time, their chemical Fig. 18—Chemical composition diagram of the observed phases showing
compositions lie close to each other within the range of oc-their ranges of homogeneity.

currence of the gohase. The first type is designated—

the phase referred to repeatedly in the literature g@eMAi,

after the formula was accepted by Mond&ifbThe o phase  phase with a monoclinic symmetf§! or the a”phase with

has a hexagonal symmetry and was reported earlier witha tetragonal symmetry, because all three phases have a very
slight variations in stoichiometry such as,; AFe,Si; /°% close composition range. Regardless of the crystal symme-
(or Al; g €,Si; 19 and Al g F&Si; 0s_1 331 In the present  try of the phase, the phase displays a range of homogeneity
work, the chemical composition of this phase was 29.48 toin both of its iron and silicon contents.

30.75 wt pct Fe and 6.71 to 9.34 wt pct Si, exhibiting a The B-AlFeSi phase has a range of homogeneity as well
larger range of homogeneity in silicon than in iron. The cor- (Figure 18), expressed by the formula Al ofF€Sh.os_1.14

responding formula is expressed ag-A £6Si g7_1.25 COV- Almost all of the Bphase particles investigated in our study
ering a wider range of homogeneity than mentioned previ- had iron contents ranging between 26 and 27 wt pct and sil-
ously in the literatur&3% icon between 13 and 15 wt pct. This was the case for the

The second type of the scriptlikephase has a lower iron  ternary phases. Among the binary Al-Fe phases, it appeared
content, between 23.88 and 26.79 wt pct, a silicon contentthat Al,Fe had a small range of homogeneity, as seen from
lying between 6.87 and 8.38 wt pct, and a chemical formulathe formulas Al ,s~e (in alloy 5) and AFe (in alloy 1). The
of Aljg.40-116F&Sh 0s-1.25 Which may be accepted as cor- AlgFe is most likely a “point phase,” as defined by Ferro
responding to the g@hase (cubic crystal structure), the « and SacconBY i.e., a stoichiometric phase.
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It should be mentioned here that the number of parti- phases are seen to contain the highest iron levels in the field.
cles corresponding to other phases that were observed ihn addition, it is obvious that all phase particles contain
the present work were insufficient to calculate their rangeshigher silicon levels than the matrix. This observation sup-

of homogeneity. ports the WDS analysis shown in Table Il. Although the
binary Al-Fe particles in alloy 5 are similar to those seen
IX. SILICON IN BINARY PHASES in alloy 1, the microstructure of alloy 5 also displayed

i _ _ phase particles that possessed a higher silicon content than
All the binary Al-Fe phases observed in this study con- the pinary phases and the matrix (arrows).
tained silicon levels between 1.48 and 1.76 wt pct. The sil-

icon is most probably dissolved in the solid solution of these X. MICROSEGREGATION OF IRON AND

phases. Figure 19 shows maps of the iron and silicon dis- SILICON DURING SOLIDIFICATION

tributions taken from the polished surfaces of the graphite

mold cast samples corresponding to alloys 1 and 5. Alloy Microsegregation is an inevitable result of solidification.
1 contained only AlFe, AkFe, and AlFe phases. These As long as the partition coefficient of the solute atoms in
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Table Ill. Iron and Silicon Contents in the Aluminum results were plotted on the liquidus projection of the system
Matrix of Different Alloys (Figure 20).

As can be seen from the figure, the Scheil equation gives

Alloy Cooling Rate, C/s Si, Wt Pct Fe, Wt Pct - : : . 1
a poor estimation with regard to iron segregation. It over-
3 14.7 0.24 0.051 estimates the iron segregation to the liquid phase, leading
4 12.8 0.18 0.049 to wrong estimations of the solidification sequence. Conse-
g 13'59 8'2(8) g'égg qguently, the gegregation_ paths for five out of the six a_Ions
6 128 1.43 0.034 are seen to intersect with the boundary line of the binary

AlsFe phase, suggesting the formation of binary Al-Fe phases.
Actually, only alloys 1 and 5 were observed to contain bi-
nary phases in their microstructures, as confirmed by the
the alloy is equal to a value other than unity, microsegre-thermal analysis and element distribution mappings that were
gation would result. The equilibrium partition coefficients carried out for these alloys.
of Si and Fe in aluminum are 0.14 and 0.022, respectively. The precipitation behavior in the case of the other alloys
In addition, these were confirmed to be almost constants in(2, 3, and 4) was also quite different from that expected from
the temperature range of 570 °C to 620 °C in the alloy*356. the Scheil approximation. In the case of alloy 6, the Scheil
Thus, successive enrichment of the liquid phase in these elsegregation path intersected with the boundary line of
ements is expected to occur during crystal growth. B-AlFeSi, thus estimating the formation of tBg@hase first.
The iron and silicon contents measured in the matrix areTo the contrary, and according to the actual sequence, the
listed in Table Ill. The iron concentration in the matrices formation of the binary Al-Si eutectic took place before the
of alloys 3 and 4 obtained at a high cooling rate reached itsprecipitation of the fphase.
solubility limit in aluminum, which is 0.05 pct. In alloy 5, The assumption made by the Scheil equation that no solid
however, this value doubled to 0.103 wt pct Fe in the ma- diffusion takes place essentially implies that the calculations
trix (at high cooling rate). At the same time, the Si content are made without taking into consideration any diffusion pa-
increased sharply to 0.6 wt pct, a value much higher thanrameters. In view of the fact that the relatively easy diffu-
those determined in alloys 3 and 4. In contrast, the iron levelsion of Si in aluminum compared to Fe has not been con-
in the matrix of alloy 5 decreased to 0.043 wt pct (lower than sidered, this omission would explain in general why the
the solubility limit) at slow cooling rate. It can also be seen actual solidification paths deviate from the Scheil approxi-
from Table Il that, in alloy 6, silicon builds up to 1.43 wt mations for almost all of the alloys in this study.
pct in the matrix, a value that is close to its solubility limit  In view of these results, trials to calculate solidification
in aluminum (1.6 wt pct at 577 °EY! paths to account for the departures from the Scheil behavior
The behavior of iron and silicon in the aluminum matrix were made according to the models of Brody and Flefftthgs
and the formation of Fe- and Si-rich phases can be explainednd Clyne and Kur#® The first model assumes that the
using the theory of solidification and the available diffusion concentration gradient in the solid is constant, while the sec-
data. The diffusion coefficients of silicon and iron in alu- ond one assumes that the concentration gradient in the solid
minum were determined by extrapolation of the diffusion at the end of solidification is very high, and, therefore, the
coefficient-temperature diagram compiled by Hdt€hlt driving force for diffusion is also considerably high.
can be observed from this diagram that the diffusion coef- According to Brody and Flemind¥! the extent of back-
ficient of silicon in aluminum is much higher than that of diffusion taking place in the solid phase during solidifica-
iron in aluminum (about ¥times higher, in the tempera- tion depends on a dimensionless parametgiven by a=
ture range 500 °C to 650 °C). At 650 °C, the diffusion co- DJ/RL)!>** whereDsis the solid-diffusion coefficient at the
efficients are 10’ and 10! cn?/s for silicon and iron, re-  melting point, R(given by L/}) is the local interface veloc-
spectively. In addition, the diffusion coefficient of silicon in ity, L is half of the dendrite arm spacing, and tthe local
aluminum is also higher than that of aluminum. In spite of solidification time in the unit volume. The value pfstnot
the fact that these data were measured in the solid state, theéynown, so we assume the velocity of the interfadey Rli-
are still valuable in that they indicate, qualitatively at least, viding the radius of the sample by the solidification time, which
that the diffusion of silicon in aluminum takes place much givesR = 3 cm/300 s =102 cm/s. The average dendrite
more easily than that of iron. arm spacing is about 1Qom in our alloys L = 100/2 =
Diffusion during the process of crystal growth plays an 50 um).
important role. It affects, in part, the solute redistribution  This parameter can be regarded as describing the ratio of
between solid and liquid, causing the production of a mi- the diffusion boundary layer in the solid to the size of the
crosegregated structure. The well-known nonequilibrium unit volume, L. The larger the value of «, the more signif-
lever rule or Scheil equation is usually used to describe solutdcant the role of solid diffusion in solute redistribution ac-
redistribution in crystal growth processes. The Scheil con-cording to the equation:
cept supposes no solid diffusion and complete liquid diffu- 1
sion. Applying the Scheil equation, calculations tracing the c=c.(1- fs [1]
liquid composition as a function of solid fraction (solidifi- - 0 1+ ak
cation paths) were made. In these calculations, it was as-
sumed that (1) there is no chemical interference betweenwherek is the partition coefficientsfs the solid fraction,
iron and silicon before they start to form intermetallic par- C_ is the liquid compositionC, is the initial composition
ticles, and (2) there is no physical interaction that can affectof the alloy. Substituting the corresponding value®gf
the solubility of either species (Fe or Si) in aluminum. The andk and taking R= 1072 cm/s and L= 50 um results
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Fig. 20—(a) Solidification paths for alloys 1, 4, and 6 according to the Scheil equation compared with the actual paths. The squares marked 1, 4, and 6
denote the respective alloy compositior®. $olidification paths for alloys 2, 3, and 5 according to the Scheil equation compared with the actual paths.
The squares marked 2, 3, and 5 denote the respective alloy compositions.

in o values of 2 X107 and 2 x10 2 for iron and sili-

to a values for both iron and silicon. Thus, both of these

con, respectively. The very small values of the parametermodels essentially revert to the Scheil behavior, because

« indicate that solid-diffusion (back-diffusion) of silicon

they give much less weight to the effect of solid diffusion.

and iron are negligible according to this model, becauseln addition, the low solid-state diffusivities of iron and sil-

the value of (1 +aK) in Eq. [1] is still equal to unity for
both Fe and Si.

Clyne and Kur#® approached back-diffusion through a
spline-smoothing function’, given byt°4°!

(2)-tm(2) o

This function introduces the effect of back-diffusion when
o' replacesy in the segregation equation:

CL = Co(1 —(1 — 2aK)fglk- V=20 [3]

icon also play a role. These diffusivities are low because of
the substitutional nature of the diffusion of iron and silicon
in aluminum (atomic radii of iron and silicon are close to
that of aluminum, 1.72, 1.46, and 1.82 A, respectively.)
Although the theoretical models of Brody and Fleritigs
and Clyne and Kul?! cannot account for the deviation from
Scheil behavior observed in our study, the experimental re-
sults of Potard et &t support our proposal that these the-
oretical models give less weight to the effect of solid-state
back-diffusion than they should. Potard etladsed on their
work, reported that impurity distribution in aluminum (in-
cluding iron) is influenced by its speed of diffusion in the
solid phase. They also reported that iron diffusion is very

Substituting our values for the parameters in this relation difficult and that the diffusion coefficient is independent of

leads to the Scheil behavior, as thievalues are reduced

822—VOLUME 34A, MARCH 2003

the Fe concentration.

METALLURGICAL AND MATERIALS TRANSACTIONS A



The departure from the Scheil equation also arises from //////// ////m ] Lquid

the assumption that there is no interaction or interference " incomplete mixing in liquid
between the diffusing species considered for simplifying the L///

calculation of the solidification paths. Monddff stated
that iron does not appreciably affect the diffusion of other | comptete mixing in tiquid \
metals in aluminum. In contrast to the effect of iron, the | |i¢ffectofinteraction between Fe and Si Scheil + o interaction between Fe + i |

activation energy for the diffusion of iron dissolved in alu- \\\\ E
minum is lowered by silicon: from a value of 1.65 eV for \ T o oo _

a pure Al-Fe alloy to a value of 1.35 eV with an addition
of 0.12 pct Si. Miki and WarlimoH#! reported that silicon  Fe
increases the AfFe precipitation rate by lowering the acti- % \
vation energy for iron diffusion in solid aluminum.

These dat&*® show that the diffusion of silicon is not R \

. . . Scheil + no interaction

affected by the presence of iron, whereas the diffusion of | betweenFeandsi \ 4
iron requires less energy and, therefore, becomes easier, in |
the presence of silicon. Consequently, the easier diffusion |
of iron in the solid phase in the presence of silicon would
result in a more even distribution of the iron by lowering
the concentranon gradu_ant !n the solid close to the solid/lig- Fig. 21—Schematic diagram showing the effect of Fe-Si interaction on the
uid (S/L) interface. This, in turn, would lead to a lower iron distribution between solid and liquid alloy regions.
iron concentration on the solid side of the S/L interface. Ac-
cording to the theory of solidification, which postulates equi-
librium at the S/L interface, this would necessitate a lower velocity of the S/L interface surpasses the diffusion speed
iron concentration on the liquid side of the interface, lead- of solute in the liquid. Alloys 3 and 4 have the same iron
ing to less iron buildup in the liquid phase. If local equi- content (0.55 wt pct), and on account of their short solidi-
librium at the S/L interface does not persist, constitutional fication times (5.8 and 3.9 seconds, respectively), when so-
supercooling of the liquid in front of the interface will re- lidified in the 1-in.-diameter metallic mold, both of them
sult, as is the case in dendritic growth. achieve the same high iron level in the matri0(05 wt

In dendritic growth, the prediction of the Scheil equation pct), which corresponds to the limit of solid solubility. The
concerning microsegregation will not be exactly cor¥8tt, amount of the entrapped element depends on the alloy con-
because the assumption of complete mixing in the liquid tent, as is clear from Table Ill, which indicates that more
phase is not valid, as complete homogeneity in the liquidiron was entrapped in alloy 5 than in alloy 3 or 4. The en-
cannot be attained. The diffusion analysis carried out bytrapped silicon content in the matrix is relatively lower than
Allen and Hunt*®! however, suggests that the deviations that of iron, when considering their (Si, Fe) solid solubilities
from Scheil behavior may often be negligible except at high and the alloy compositions. In alloy 6, which contains 6.3
growth rates. Thus, the formation of a solute-rich layer in pct Si, the matrix contains 1.43 pct Si after rapid cooling.
the liquid would not be noticeable, because either ScheilThis can also be attributed to the higher diffusion coefficient
(complete mixing in the liquid) or near-Scheil conditions of silicon in aluminum than that of iron.
(negligible effect of incomplete mixing in the liquid as en-  Silicon solubility in aluminum is reduced with the increase
countered in dendritic growthy would persist throughout  in cooling raté®! As a result, the stability of phases changed.
solidification. The condition of equilibrium (planar or cel- Thus, the reduced silicon solubility, coupled with the rela-
lular interface) or near-equilibrium (dendritic growth) at the tively small Si content entrapped in the solid phase at high
S/L interface coupled with the enhanced diffusion of iron cooling rates, can explain the formation of Si-rich phases
in the solid phase would result in lower iron segregation to such as the §hase in alloys that lie far outside the bound-
the liquid, which would explain the departure of the actual ary of the dphase region in the equilibrium phase diagram.
solidification paths from the Scheil approximation shown in In addition to the {hase, the alloy microstructures observed
Figure 20. A schematic representation of these arguments isit high cooling rates were also characterized by the disap-
depicted in Figure 21. pearance of the Al-Fe binary phases and the presence of

So far, we have discussed the situation when low cool-ternary phases. Also, the high level of silicon content en-
ing rates (which lead to slow growth rates) are dominanttrapped in alloy 5 matrix and, thereby, the depletion of Si
and have explained the departure from Scheil behavior thain the liquid, explains why th& phase was not observed in
is observed in such cases. Now we shall consider what hapthis alloy. On the other hand, at slow cooling rate, apart
pens when high cooling rates are dominant, which are foundfrom the iron and silicon retained in the matrix (0.28 and
to lead to the formation of Si-rich phases. 0.043 wt pct, respectively), the relatively high-Fe and low-

At fast growth rates, substantial departures from equilib- Si contents of this alloy available in the interdendritic re-
rium at the S/L interface exist, so that solute concentrationsgions resulted in the formation of Fe-rich phases such as bi-
far in excess of the equilibrium solid solubility limit are at- nary Al-Fe phases or high-Fe ternary Al-Fe-Si phases such
tained. This phenomenon rules out local equilibrium and theas the aphase. In contrast to the supersaturation of iron in
idea that major and minor components act independently atluminum (alloy 5), due to the high diffusion coefficient of
the interface during rapid solidificatid¥! Furthermore, silicon in aluminum, silicon supersaturation of the matrix
Aziz*° has demonstrated that the transition from equilib- did not occur, even at high cooling rates and in the high-Si
rium solidification to complete solute trapping occurs as the containing alloys (viz., 6.3 wt pct in alloy 6).

_—— S/L interface

<— Distance from S/L interface —>
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Fig. 22—Paositions of the experimental alloys (1 through 6) on the 500 °C

isothermal section for the Al corner of the Al-Si-Fe system. Fig. 23—Metastable section at the solidus temperature for the Al corner

of the Al-Si-Fe system. The black squares denote the alloy compositions.

IX. PHASE DIAGRAM ADJUSTMENT

The isothermal section of the ternary phase diagram of
Al-Si-Fe at 500 °C according to Phillflsis shown in Fig-
ure 22. The 500 °C section is revised here, because all the
reactions that take place during the solidification of our al-
loys end at temperatures higher than 500 °C. The positions
of the six experimental alloys of our study are marked on
the diagram. Comparing these positions with the diagram

e s - i~ ) o /.. A
predictions, it is evident that the Philips diagram cannot be ’ ’ ’ ’ ’

used to predict the phases observed in alloys 1 through 5 Wtz’ A

after solidification at slow cooling rates@.2 °C/s, graphite ) oAU4+0 & * 57 .

mold). Similar observations were previously reported by s S K y A ¢

DonsBY ' 8+B8
An adjustment to the Philips isothermal section is pro- el e coo

posed in Figure 23, where the phase boundaries have been *?/ * ,1]1’+/5 +B-

shifted to the higher silicon side so as to conform to our Lo A

experimental observations. The phase relations that appear —+——+ |

in Figure 23 must be considered an approximation for the 02 04 g5 08 10 12 14| 60 62

structure of the alloys after nonequilibrium cooling condi- Si, wt%

tions. Thus, the diagram is termed “metastable section at the

solidus temperature.” Fig. 24—Schematic diagram showing the intermetallic phases observed in

the alloys studied, obtained at high cooling rate (0.16 °C/s to 0.2 °C/s,

The phase boundary for silicon formation (the dashed line metallic mold).

between Al +8 and Al + g + Si fields), however, has been
plotted according to the isothermal phase projections pub-
lished in the ASM Specialty HandboBR! These adjust- (¢ in alloys whose Si levels were relatively higher that
ments allow correct phase predictions for all the alloys with- iair Fe levels).

out exception. In comparison, while the new adjustments

respect the sequence of phase fields given in the Philips di-

agram, each field now exists in a higher silicon range. X. SUMMARY
Figure 24 summarizes the intermetallic phases that were
observed after solidification in the metallic molde(, at Optical microscopy, quantitative metallography, scanning

high cooling rate). It is clear that thgphase was the phase electron microscopy, thermal analysis, microprobe analysis,
most frequently identified in the microstructures of these al- and WDS were used to the study the iron intermetallic phases
loys, and became the dominant phase at high silicon con-observed in six experimental dilute aluminum alloys at slow
tents. The gphase was encountered in alloys containing rel- (0.16 °C/s to 0.21 °C/s, graphite mold) and high (10 °C to
atively high iron and medium silicon leveigZ., alloys with 15 °C/s, metallic mold) cooling rates. The volume fraction

a relatively higher iron content compared to silicon), whereasof iron intermetallic phases is higher in the former (slowly
the B phase precipitated at the lowest iron contents alloyscooled samples) than the latter case. In both cases, the vol-
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ume fraction increases as the alloying content of iron and 7.
silicon increases. However, the iron content is more effec-
tive in producing intermetallics than the Si or +€5i con-

tents. The density of iron intermetallics is also higher at high

cooling rates. In contrast, large-sized intermetallics are ob-10.
11.
12.

tained at slow cooling rates.
Phase stability changes with cooling rate and alloy com-

position. Thus, binary Al-Fe phases form only at a slow {3
cooling rate when Fe contents are higher relative to the Sii4.

content of the alloy. Thg-AlFeSi phase dominates at high
silicon levels and slow cooling rates. TheAlFeSi phase 1%
field exists between the binary Al-Fe phases ang thiease. 6

D. Munson: J. Inst. Met., 1967, vol. 95, pp. 217-19.

8. H.W. Philips:Annotated Equilibrium Diagrams of Some Aluminum

Alloy Systems, The Institute of Metals, London, 1976.

9. V. Stefaniay, A. Griger, and T. TurmezdyMater. Sci., 1987, vol. 22,

pp. 539-46.

C.Y. Sun and Mondolfal. Inst. Met., 1967, vol. 95, p. 384.

P.J. BlackActa Cryst., 1955, vol. 8, pp. 43-48.

H. Suzuki and M. Kanndtournal of Japan Institute of Light Metals
1978, vol. 28, pp. 558-65.

L.K. Walford: Acta Cryst., 1965, vol. 18, pp. 287-91.

D. Porter and H. Westengen: Quantitative Microanalysis with High
Spatial Resolution, TMS, Warrendale, PA, 1981, pp. 94-100.

H. Kosuge and |. Mizukamiournal of Japan Institute of Light Metals
1972, vol. 22, pp. 437-44.

16. S. Asami, T. Tanaka, and A. Hidermurnal of Japan Institute of

Rapid cooling stabilizes silicon-rich ternary phases such as

the 6 phase and diminishes the binary ones, because rapid7.
cooling decreases the solubility of silicon in liquid aluminum 18.

and causes entrapment of iron in solid. Th&lFeSi phase
is the dominating phase at 0.9 wt pct silicon and higher.

Scheil behavior, as less iron was observed to have segregat

actually to the liquid than that estimated by the Scheil equa-2s,

tion. The reason for this overestimation (of iron content in

the liquid) is that the Scheil equation postulates that there is?6-

no solid diffusion. Similarly, the theoretical models of Brody
and Flemingé¥ and Clyne and Kuf?! cannot explain the

departure from Scheil behavior as they give much less weights.
to solid-state back-diffusion. It has been shown qualitatively 29.

that the interaction between iron and silicon (which facili-
tates the diffusion of iron in solid aluminum), together with

the suggested role of more effective solid diffusion, could 31,
32.
An adjusted 500 °C metastable isothermal section of the33.

account for the departure from Scheil behavior.

Al-Si-Fe phase diagram has been proposed. The adjustment§4
were made to the published equilibrium section in order to
correctly predict the phases that are observed in this part of
the system at slow cooling rates (0.2 °C/s).
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