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\ EXECUTIVE SUMMARY

"-'As part of a continuing investigation on the characteriza-

tion of rapidly solidified alloys, the present report describes

the results of the study of the various phases observed in

rapidly solidified aluminum rich, aluminum-iron alloys. Two

experimental techniques, transmission electron microscopy (TEM)

and nuclear gamma-ray resonance (NGR) were used to obtain

valuable data and information on the microstructure and composi-

tion of selected alloys, While papers in the literature deal

with A-Fe alloys, these have largely been concerned with alloys

having relatively low iron concentrations-.- The aluminum alloys

described in this report cover a broad range of iron concentra-

tions and consist of samples in the Fe 1 weight percent to 34

weight percent range. The interesting features of the micro-

structure are discussed also in these terms. Aluminum-iron

alloys with 18 weight percent Fe were subjected to a series of

heat treatments in order to evaluate the thermal stability of

the phases. Special care has been exercised in reproducing

the microphotographs in order to preserve for the reader the _-

unique microstructural details captured in the original

observations.
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vii
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I. Introduction

Because of the current and potential technological

importance of metastable phases in aluminum alloys, rapid

solidification of aluminum rich alloys is being extensively

studied. We report here a study of the Al-rich Al-Fe alloys,

investigated using transmission electron microscopy (TEM) and

nuclear gamma-ray resonance (NGR). This work was done in

cooperation with L.J. Swartzendruber of the NBS Metallurgy

Division who performed the NGR experiments. In the region up

to about 25 atomic percent Fe, current phase diagrams [1]

indicate the existence of two stable phases, namely primary

a-Al (with a minute amount of iron in solid solution) and

Al Fe. Rapid solidification of Al-Fe alloys within the
3

composition range of these two phases produces a number of

metastable phases which always accompany the Fcc Al phase.

Which particular phases form depends on the composition and

on the solidification rate. The following phases have been

reported: (a) Al Fe [2-3], (b) Al Fe [4], (c) Al Fe [5]
6 9 2 m

and (d) Al xFe [6]. Several review papers summarize the

information available on rapidly solidified Al-Fe alloys

[7-9]. According to Young and Cline [6] the various phases

which occur in Al-Fe alloys with less than about 0.9 a/o Fe

can be put in the following order of increasing cooling rate:

Al Fe, AlxFe, Al Fe, Al Fe2 , AlmFe. Compositions for this3 x 6 9 2

% study were selected to extend the previous results to higher

iron concentrations, and up to Al-20 a/o.
."



2

II. Experimental

The alloys were rapidly solidified by chill block casting

on a spinning copper wheel in an inert atmosphere. The ribbons

obtained were approximately 2mm wide and 0.035 to 0.050 mm

thick. Thin foils for transmission electron microscopy were

prepared using a jet electropolishing unit and standard

electrolyte at -40°C. All the ribbons were studied in a

transmission electron microscope (TEM). The information

obtained included general images of the phase structure,

selected area microdiffractions, and x-ray microanalysis of the

composition of the main phases. Samples for nuclear gamma-ray

resonance (NGR) were prepared by cutting the ribbons into

6 mm lengths and placing them side by side to form a square

approximately 6 mm on a side. The resulting samples had an

areal density of 57Fe between 0.05 and 0.1 mg/cm 2 . The nominal -

composition of the alloys under study are given in Table 1.

weight %Fe 1 2 3 9 10 11 12 14 16 18 25.7 34

atomic % Fe 0.485 0.976 1.47 4.56 5.09 5.64 6.18 7.29 8.61 9.59 14.1 19.93

TABLE 1: The Composition of the Alloys Under Study

The alloy Al-18 wt% Fe was subjected to a series of heat

treatments in order to study the transformations and coarsening

of the various phases. Specimens of these alloys were also

studied by TEM and NGR.

.-. . . . . .. '.- . , .. . . . .. . . - . . . . . . . , . .. . . . .. . . . . 44
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1. TEM Results

a. General (As Spun Alloys)

At 25 w/o Fe (Al6Fe) and below, the following phases

were found in the melt-spun alloys: a-Al solid solution with

less than 1 w/o Fe, and an "S" phase with a composition near

that of AI 6Fe. The diffraction pattern of the observed "S"

phase does not appear to match the diffraction patterns for

any of the previously reported aluminum-rich phases (Al3Fe,

AlxFe, AI6Fe, A19Fe2, or AlmFe) [2,3]. An additional flower-

shaped phase was detected in the alloy Al-18 wt% Fe in small

quantities.

Below 9 w/o, a cellular solidification structure is

observed. The cells consist of a-Al solid solution and the

cell boundaries of the "S" phase. At a composition between

9 and 10 w/o Fe a change in morphology of the melt-spun

structure occurs. Above 10 w/o, a coarse primary globular

"S" phase appears, imbedded in the cellular structure. The

globular phase appears to have a crystal structure and a

composition identical to the "S" phase at the cell boundaries.

At compositions above 25 w/o Fe, Al3Fe is formed along with

the globular "S" phase.

b. Phase Analysis
, "4.

The rapidly solidified Al-Fe ribbons which contain up to

34 wt% Fe (19.93 at%) were found to contain the following

phases.
S.. -..
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S.I

(1) Supersaturated Fcc aluminum

The degree of supersaturation as determined by
"V.

microstructural observations is probably a little less than

1 wt%. This is a lower degree of supersaturation than

previously reported by other investigators and may result in

a slower cooling rate of the melt spinning technique used in

this study. We believe, however, that this is not the case

and that the methods used by others to determine supersaturation

are sometimes misleading. All the alloys examined by us,

including the alloy Al-I wt% Fe are composed of a cellular

aluminum matrix, in which the cell boundaries are significantly

richer in the solute Fe. In alloys of high Fe concentration

such as Al-25.7 wt% Fe and Al-34 wt% Fe, the cellular matrix

does not form since other phases occupy almost the entire

volume of the ribbon.

(2) The intercellular phase (the hS" phase)

The composition of the cell boundaries is difficult to

determine because of the fineness of the particles in it. The

analysis that was made by x-ray energy dispersion in the TEM

indicated that the iron concentration in the cell boundary

particles is close to 25 wt%.

The particle sizes of the intercellular "S" phase vary

between the thickness of the boundary (O.lum) to subnanometer.

This is demonstrated in the characteristic ring diffraction

pattern (Fig. 1). A dark field image of the intercellular

I ~ (. ~ f* ~ .. * * *.*~ % . . ..
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phase is shown in Fig. 2. The fineness of the intercellular

"S" particle may be appreciated by observing the higher

magnification dark field (Fig. 3). The nomenclature 'S

phase" was selected to differentiate this previously

unidentified phase from other phases reported before in this

system.

(3) The globular "S phase"

This phase appears in rapidly solidified alloys within

the composition range Al-10 wt% Fe to Al-25 wt% Fe. The

lower limit of its occurrence is a little less than 10 wt%

since the phase was not detected in the alloy Al-9 wt% Fe.

The upper limit may very well be higher than the one given here,

but we know that it does not occur in the alloy Al-34 wt% Fe.

An example of this phase is given in Fig. 4 and a

higher magnification in Fig. 5. This globular phase yields

the same ring diffraction pattern as the grain boundary "S"

phase (Fig. 6) and was therefore also given the nomenclature

"S phase." The similarity between the cell boundary "S""

phase and the globular "S" phase can be further illustrated

in Figs. 7 and 8, which are bright and dark field images of

the structure of the alloy Al-18 wt% Fe, respectively. The %"-.1

dark field image was taken from the strongest ring in the

diffraction pattern and clearly both the intercellular "S"

phase and the-globular "S" phase are illuminated. Note also

the fineness of the particles in the globular "S" phase.

* 4... . ,. * *.. . ** .-.'*. ' U



The crystallographic characteristics of this phase were

found to be different for various particles. In addition to

the structure just described, some S phase globules are single

crystals and a convergent beam diffraction pattern from such

a particle is shown in Fig. 9. Other than the diffraction

patterns the appearance and composition of the particles are

identical. We therefore conclude that the larger crystals

of the globular "S" phase represent a more stable structure,

yet still metastable as described in the section on heat

treatment.

The chemical composition of this phase as determined by

x-ray energy dispersive analysis in the TEM is about 25 wt% Fe.

This observation is also supported by the fact that the

structure of the ribbon Al-25.7 wt% Fe is almost entirely

composed of globular "S" particles as will be shown later.

The nature of the formation of the globular "S" phase

may be the key to the understanding of the solidification

process in aluminum alloys rich in iron. Our understanding

of the sequence of the formation of the phases can be

summarized as follows: An iron rich phase (n-25 wt%) is

probably the first to solidify, forming globules of "S"

phase. The iron poor liquid solidifies later and has the --

characteristic cellular structure that forms a matrix for

the globules. In this way, the already solid "S" globules .1

can serve as nucleation sites for the growth of cellular
U

aluminum. Examples of such events will be shown later.

°' V
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Floating in the turbulent still liquid matrix, the _

distribution of the "S" globules may end up being irregular,

i.e., coalescence of globules in one region and absence in

other regions. This phenomenon will also be shown later in

this report.

(4) The flower-like phase

An example of this phase is given in Fig. 10 and a

diffraction pattern is shown in Fig. 11. The phase was

detected only in the alloy Al-18 wt% Fe, and is relatively

rare in that alloy. It has, however, a very interesting

crystallography, and the same crystallography is very

abundant in Al-Mn alloys of concentration higher than Al-18

wt% Mn. In these alloys the volume fraction of the phase of

crystallographically identical phase is very high. The

characteristics of the crystallography of this alloy will be

discussed when the Al-Mn alloys of high Mn concentration are

reported.

2. Microstructure of the Alloys

The Al-i wt% Fe alloy is characterized by a cellular

microstructure (Fig. 12). The cell size is between 0.5 and

1 um and the cell boundary is decorated with dislocations.

The cells are relatively free of particles and dislocations

and the amount of the cell boundary phase is too small to

be observed in the electron diffraction pattern (Fig. 13).

::.-:



In other regions of the ribbons cell formation is not

-* observed possibly due to a higher solidification rate. In

these regions round particles 500 k in diameter are observed

(Fig. 14). The formation of these particles can be linked

to the stability of the solidifying front as observed in the

alloy Al-2 wt% Fe (Fig. 15). In this example the solidifying :

front reaches instability and the front from which cell

formation is observed is seen in the center of the figure.

This Al-2 wt% Fe alloy contains clearly another phase at the

cell boundaries, and these are not decorated by dislocations -

as it is in the Al-1 wt% Fe alloy.

The alloy Al-3 wt% Fe is similar to the Al-2 wt% Fe

alloy except for the thickness of the cell boundaries (Fig.

16). In this alloy the electron diffraction pattern contains

rings (Fig. 17) that are diffracted from the second phase in

the cell boundary and from the particles within the grains.

The alloy Al-9 wt% Fe is cellular with cell size of

about 60 nm. The cell boundaries contain the "S" phase as

can be seen in Figs. 1,8 and 19. The ring diffraction

pattern is formed by very small particles at the cell

boundaries (see also Fig. 2). The fineness of these particles

is demonstrated in the dark field, Fig. 3, in which the size

of the diffracting volumes within the cell boundary is as

small as 1 nm.

In the Al-10 wt% Fe, the microstructure is cellular

with globular "S" phase (Fig. 20). The cell size is about

- - -
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20 nm while the "S" particles are about 100 nm in diameter.

The globular "S" phase does not occur in alloys with less

than 10 wt% Fe.

For Al-li wt% Fe, the globular "S" phase particles

are of the size of up to 200 nm and the cell size is also

larger than that of the alloy containing 10 wt% fe (Fig. 4).

The diffraction pattern from this microstructure contains

the same rings as that of lower iron composition indicating

the similarity between the structure of the cell boundary

phase and that of the globular "S" phase. This result is

supported by the NGR measurements. Another observation in
.

alloys containing globular "S" particles is the fact that they

can serve as nucleation sites. In this case they sometimes

cluster together and cells are observed to emanate from

them (Fig. 21). This is additional evidence that the .-.

globular "S" phase is the first to nucleate from the liquid.

The microstructure of Al-12 wt% Fe and Al-14 wt% Fe is

similar to that of the alloy containing 11 wt% Fe. In the

diffraction pattern (Fig. 22), however, the rings diffracted

from the "S" phase are partially composed of discrete spots,

indicating that the "S" phase crystals are larger than those

found in alloys of lower Fe concentrations (Fig. 23).

As the Fe concentration increases, the cell boundary

phase is composed of larger crystals. In some cases the

aluminum and the cell boundary phase grow as two continuous

interlocking crystals. This is demonstrated in Al-16 wt% Fe

p..
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(Fig. 24) which shows a dark field image of the cell

boundary phase. In this alloy too, the globular "S" serves

as a nucleation site. This occurs either on each particle

individually or on particle clusters (Fig. 25).

The globular "S" phase in the alloy Al-18 wt% Fe averages

50 rnm in diameter and contains the usual cellular structure

between the globular particles (Fig. 7). There are regions,

however, in this alloy in which the density of the particles

is high and no cell formation is observed (Fig. 26). In

such cases, the particle size is normally below average. A
%I

dark field image, taken from the brightest ring in the

diffraction pattern (Fig. 6) indicates that the "S" phase,

either in the cell boundaries or in the globular form contains

large quantities of microcrystallites (Fig. 8). The ribbon

of this composition also contains particles which are not

observed in alloys of lower Fe concentration. This phase has

a characteristic flower shape (Fig. 10) and diffraction patterns

obtained from it (Fig. 11) are identical to ones which were

obtained from metastable phases in Al-Mn and Al-Cr alloys,

indicating a similar crystallography. The analysis of this

phase, which is abundant in these alloys but rather rare in

the Al-Fe alloys will be performed and reported elsewhere.

The globular "S" phase Al-25.7 wt% Fe (Fe6Al) has the

size of 250 nm on the average, and its volume fraction

approaches 100% in certain regions (Fig. 27). Cells are only

rarely observed and the particles are flower-like in shape

'.



(Fig. 28). All other characteristics of the particle seem

to be identical to the alloys of lower Fe concentration.

The analysis of the microstructure of the ribbon

containing Al-34 wt% Fe composition yielded only one phase

(Fig. 29) analyzed as A1 3Fe by its diffraction pattern (Fig.

30).

3. Thermal Stability of the Phases

In order to study the stability of the phases in the

alloys a series of heat treatments was performed on the alloy

Al-18 wt% Fe. Ribbons for the heat treatment were sealed

by Vycor tubes in vacuum better than 10-6 Torr. The tubes

were treated at 3000C for 10 hours, at 4000C for 1 and 8 hours

and at 500°C for 1 and 6 hours. Following 10 hours at 300 0C

no morphological changes could be detected. However, the

globular "S" yields better contrast in the microscope and each

globule seems to have recrystallized into one crystal (Fig. 31),

as opposed to the microcrystalline nature of the non-heat

0treated S particles. At 400 C following 1 hour the first

indication of phase transformation can be found. The

transformation products are fine elongated particles, probably

AI3Fe as can be seen in Fig. 32. In the case of another

speciman treated for 8 hours at this temperature the

transformation is completed and the characteristic striated

morphology of the Al3Fe particles are found everywhere within

the alloy (Fig. 33). The heat treatment that was performed
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at 500 0C resulted only in the coarsening of the AI3Fe

particles, some of which reach the size of a few microns

(Fig. 34).

4. Nuclear Gamma-Ray Resonance (NGR)

a. General

Nuclear gamma-ray resonance (NGR) spectra were obtained

for the rapidly solidified alloys containing 1,2,3,9,12,18,

25.7, and 34 w/o Fe, and 19 w/o alloys isothermally annealed
'4

at temperatures up to 6000C. Spectra from these samples are

shown in Fig. 35. All spectra were taken at room temperature.

Because the NGR spectrum from the various phases in iron-rich

iron-aluminum alloys are known to overlap to a considerable

extent 0 , the analysis of the spectra obtained for the rapidly

solidified alloys of this study is not straightforward.

However, a consistent interpretation can be obtained by

" analyzing the spectra as shown in Fig. 36. The spectra are

least squares fitted to three lines (as shown in Fig. 35).

The lines are assumed to be Lorentzian in shape with two
.N:

parameters, a full width at half maximum (FMHM) and a peak

position which is measured with respect to the center of a pure

a-Fe spectrum at room temperature. The three fitted lines are

interpreted as arising from a doublet, D, a central singlet, Sl,

and a singlet, S2, which lies under one of the doublet peaks.

. Numerical results are given in Table 2. The doublet splitting

is the separation between the outer two lines. The doublet

- . q .. . ,. . . .. .i... . . , , >. , .. . , . . .'. . . . . ." - , ,,, % . "
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isomer shift is given by the average position of those outer

two lines.

The singlet S2 arises from isolated iron atoms in solid

solution in c-Al at room temperature. In a sample containing

0.024 a/o Fe, Janot and Gilbert 11 reported the position of this

singlet to the +0.34 mm/sec (with respect to pure a-Fe at
12

room temperature). Nasu et al. reported a position of 0.42

mm/sec in a rapidly quenched sample containing 0.01 a/o Fe.

The value adopted here, 0.40 mm/sec, is very close to these

values. The area fraction of Sl is obtained by assuming that

any difference in area between the low velocity peak and high

velocity peak is due to the presence of Si. Since quadrupole I
doublets have other sources of asymmetry, a sensible value of

S is only obtained for less than about 1 a/o Fe. At higher

Fe concentration the relative contribution of Sl to the total

spectrum is small and outside the resolution of the experiment

(%0.03 area fraction).

The singlet Si represents iron in a compound Al-Fe phase

with a near neighbor environment which gives a very small

electric field gradient at the iron site. An example of

such a near neighbor env..onment would be Fe in cubic lattice

with identical atoms around the Fe. The doublet, D, represents

iron in a compound Al-Fe phase with an asymmetric near

neighbor which gives rise to an electric field gradient at

the iron site. An example would be Fe atoms in a hexagonal

lattice or iron atoms in a cubic lattice with one or two Fe
oV....% -

. ..
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near neighbors and the remainder aluminum near neighbors.

There is thus a doublet contribution from iron clusters in an

a-Al matrix, from Fe in the globular "S" phase, from Fe in

Al6Fe, and from Fe in AI3Fe. The doublet from each of these

phases appears to overlap and hence these phases cannot be

resolved from the doublet. However, the major contribution

from the singlet Si appears from A16Fe, with a much smaller

contribution from both the "S" and Al3Fe phases. Thus the

amount of S1 present can be used to indicate the relative

amount of AI 3Fe with complete conversion to AI3Fe indicated

when the S1 singlet comprises an area fraction of approximately

0.30.
o-.

b. Supersaturated Aluminum Matrix

The solid solubility of Fe in aluminum is known to be

extremely small. According to Edgar1 3 it reaches a maximum

of 0.02 a/o at 640 C. Measurements using NGR to determine the

solid solubility 14 have basically confirmed Edgar's result.
'p,..

Further measurements 15 using NGR and x-ray diffraction on

alloys rapidly-quenched by a gun technique have shown that

perhaps as much as 2 or 3 a/o Fe can be retained in the a-Al

matrix. The NGR results shown in Fig. 35 (a)-(c) and Table

2 indicate that the melt spinning technique used here gives

between 0.1 and 0.5 a/o Fe in supersaturated a-Al, in

agreement with the TEM results on these same alloys. This is

considerably more than the equilibrium amount, but less than

* *a. * .° ° ° . - ° * .- . -. . .. ,
.'.. ...: . ...\ ., .- V :. ...' . i.% ..-- ...,..-...... *. - .. -. .-.,..
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the amount achieved by the gun technique showing that the

solidification rate achieved by the melt spinning technique

used here is lower than that obtained by the gun technique
6.

used by Nasu, et al.
15

A

C. Effect of Thermal Treatment

,.4 Alloys containing 18 w/o (9.59 a/o) Fe were subjected

- to a series of heat treatments. These were isothermal

treatments, i.e., each heat treatment started with the as-spun

alloy. The results obtained from an analysis of these spectra

and the heat treatments given are shown in Table 2. Figure

37 plots the area fraction of the central peak (Sl) as a

function of annealing temperature. The area of this peak

reflects the amount of Al 3Fe environment sensed by the iron

atoms. When the area fraction of Sl reaches approximately

0.3, transformation to Al 3Fe is complete. In agreement with

TOM results, no transformation is detected at 3000C and below.

Also in agreement with the TEM results, the transformation to

Al3Fe is essentially complete for temperatures at and above

- 500 C. However, at 400 0C the NGR detects only a partial

transformation to AI 3Fe, in contrast to the TEM results at

400 C. This indicates that the AI 3Fe which forms at 400 0C

contains large numbers of defects which prevent the iron atoms

from being in a symmetric environment on a microscopic scale.

, 4'.
'.4
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5. Discussion

Of all the aluminum binary systems, rapidly solidified

Al-Fe alloys are the most reported. However, the compositions

studied are low in iron content. Examples are: up to 4.4 at%

(16), 2 at% (17), up to 6 at% (18), 8 wt% (n-4 at%) (19), up to

6.1 wt% (,.3 at%)(10) and 0.5 wt% (0.24 at%) (20). H. Jones

(7) investigated a wide variety of Al-Fe compositions, up

C" to 32.9 wt% Fe (19.15 at%), but studied in the TEM only

• - compositions up to 11 wt% (5.6 at% Fe). Jacobs and coauthors

(19) analyzed the electron diffraction rings generated from

an Al 8 wt% Fe alloy as representing a cubic phase with cell .

parameter of 0.0360 nm. Our study is able to confirm most of

the reported rings, however, a detailed examination of our

patterns, identical for the two compositions studied, shows

more rings, some of which were not reported by Jacobs (19).

Our x-ray diffraction analysis further confirmed the TEM

diffraction patterns, and the results suggest that the

structure of the globules and the cell boundaries in the

aluminum matrix is more complex.

The disappearance of the globular phase and the

formation of Al3Fe needles suggests that there is no inter-

mediate phase, and upon dissolving, the Al-18 wt% Fe does not

form AI6Fe.

Only three phases could be detected in all the alloys

investigated, namely Al, A13Fe and an unidentified phase very

% %
I,,
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fine in shape which occurs in the cell boundaries and in

the globular particles found in the alloys Al-10 wt% Fe, to

Al-25.7 wt% Fe.

A hypothetical metastable phase diagram is shown in

Fig. 38. The liquidus and solidus have been extended by

dotted lines. It is known that the formation of AI 3Fe can

be suppressed even at low cooling rates and Al 6Fe forms with

the approximate eutectic temperature and composition shown.

At the high solidification rates achieved in the melt-spun

alloys, the formation of AI 6Fe is suppressed and "S" phase
forms. The appearance of the primary globules of "S" phase

in the microstructure above 12 w/o Fe suggests a possible

metastable eutectic between liquid, a-Al, and "S" at n10.5

w/o Fe. Due to kinetic factors, such as an asymmetric coupled

zone (common for Al-Fe alloys), this composition should be

considered an upper bound. Between the metastable eutectic

and 25 w/o Fe, the cellular and globular "S" are observed.

- Above 25 w/o Fe only globular "S" and AI 3Fe are observed in the

melt-spun alloys. Further studies are underway to quantify

the phases present, to determine the effect of heat treatment,

and to extend the results with ternary additions.
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• .. FIGURE 36. Nuclear gamma-ray resonance spectrum from -v
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spectrum has been analyzed as a symmetric
doublet, D, a singlet $1, and singlet S2 ""

- ' ~(as in Figure 35). The marking shown --,
~~~indicates the position of the lines ".

(but not their relative intensities),. +
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FIGURE 37. Area diffraction of the central NGR peak as a function of

the isothermal annealing temperature for a melt-spun .,.sample of 18 w/o (9.59 a/o) Fe. Open circles - annealed

for 1 hour at the indicated temperature. Closed circles -.
annealed from 6 hours to 10 hours at the indicated tem-
perature. Also shown are (square) an as-spun sample
corresponding to the composition AFe and (triangle) an

as-spun sample corresponding to the composition A Fe.teln
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