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Synopsis

This paper deals with the recent data on the formation ranges,
microstructure and mechanical properties of nonequilibrium
supersaturated solid solution including fcc and amorphous phases in
Al-Ln-TM (Ln=lanthanide metal, TM=transition metal) ternary system
produced by rapid solidification. The tensile fracture strength (of)
increases with increasing solute elements and the highest Of is about
860 MPa for the fcc supersaturated solution and 1280 MPa for the
amorphous phase. The compositional dependence of og for both phases
is dominated by the bonding nature among the constituent elements and

independent of their atomic size ratios and atomic arrangements.

I. Introduction

The solid solution-strengthening method resulting from the
formation of a supersaturated solid solution containing solute
elements above their equilibrium solubility limit is known as one of
the strengthening methods of metallic materials. By utilizing the
extension of the solid solubility limit caused by water quenching from
a solid solution region at high temperatures, a number of high-
strength metallic materials have been developed up to date. The rapid
solidification method from a liquidus state is expected to bring about
a further extension of solubility 1limit for solute elements as
compared with the

* The 1869th report of Institute for Materials Research.
+ Department of Metallurgy, Mining College, Akita University,
Akita 010.
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compared with the water quenching technique in a solidus state.
Klement et al.1) applied the rapid quenching technique to a Au-Si
system with the aim of obtaining a solid solution with an extended
solubility limit and succeeded in producing an amorphous Au-Si phase
in 1960. The amorphous phase can be regarded to be a kind of solid
solution which has a favorable atomic arrangement so as to reduce a
strain resulting from the supersaturated dissolution of solute
elements and hence is an ideal supersaturated solution with a
homogeneous distribution of constituent elements and an isotropic
atomic arrangement.

Since the formation of the amorphous Au-Si phase, a great number
of studies on the formation of Al-based supersaturated solutions by
ligquid quenching have been carried out?:3) from scientific and
engineering points of view. If we can producé an amorphous phase
containing a large amount of solute elements in Al-based alloy
systems, there is a high possibility that a new Al-based material with
extremely high mechanical strengths is developed. This paper is
intended to review our recent data on the formation and mechanical
strengths of Al-based supersaturated solutions with an fcc or an
amorphous structure produced by rapid solidification.

One can list up various rapid solidification techniques of gun,
piston-anvil, single-roller melt spinning, twin roller, atomization by
use of coolents of gas, water and o0il, and in-rotating-water liquid

4}  The cooling velocity from the melt is strongly

quenching etc.
dependent on their quenching technigques, resulting in a significant
difference in the phase fields where their supersaturated solutions
are formed. This paper focusses on the data on Al-based alloys
produced by the single-roller melt spinning technique which yields a
relatively uniform cooling rate over the whole sample and enables us

to have mass production.

II. Dominant Parameters for the Extension of Solubility Limit

Little has been obtained about systematic information on the
maximum solid solubility of solute elements into an fcc Al phése for
melt-spun Al-based alloys. Accordingly, the maximum solubility limit
of solute elements into an Al phase in Al-based binary alloys obtained
by the piston-anvil and gun methods is summarized in Table 1, along
with the equilibrium solubility limit and eutectic or peritectic

3,5)

compositions The solubility limit of the rapidly solidified

alloys can be divided into the following three types;
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Table 1 Maximum solubility of solute elements in Al—BaE?d binary alloys
3

in equilibrium and rapidly solidified states (atZ)
Solute Equilibrium Maximum extended
solubility
Maximum solubility C, or Cp
Eutectic
Ag 23.8 37.0 25-40
Mg 16.3 36.4 36.8-40
Cu 2.5 17.5 17-18
si 1.6 12.0 10-16
Mn 0.9 0.95 6-10
Fe 20.02 0.9 4-6
Co <0.01 0.45 0.5-5
Ni =0.02 2.8 1.2=7.7
Ce 0.01 2.6 1.9
Peritectic
Ti 0.6 0.06 0.2-2
Cr 0.4 0.19 5-7
\Y 0.25 0.05 1.4-2
Zr 0.09 0.03 1.2-1.5
Mo 0.07 0.03 1.0-1.5
W 0.02 0.01 0.9-1.9

Ce=eutectic composition, Cp=peritectic composition.

(1) Ag and Mg with the solubility range above 20 ats,
{2) Cu, Si, Mn, Cr, Ni, Fe and Co with the solubility range of 3 to
20 at%, and
(3) Ce, Ti, V, Z2r, Mo and W with the solubility range less than 3
ats.
The difference among their solubility ranges is closely related to the
maximum solubility limit in an equilibrium state and the eutectic and
peritectic compositions. As shown in Table 1, the solute elements
with a eutectic-type equilibrium phase diagram have a wider solubility
range as compared with those with a peritectic-type equilibrium phase
diagram. Figure 1 shows the relation between the maximum solubility
limit obtained by liquid quenching shown in Table 1 and the atomic
size ratio of M elements to Al. It is noticed that the maximum
solubility limit of Mo and W is very small, in spite of their small
atomic size ratios. One cannot see a general tendency that the
solubility limit increases with a decrease of the atomic size ratio,
suggesting that the extension of the solubility limit of M elements
into Al phase is dominated by other factors except the atomic size

ratio.
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Fig. 1 The relation between maximumly extended solubility Timit of
solute elements (M) into fcc Al phase for liquid-quenched AT1-M
binary alloys and the atomic radius ratio of M to Al.

Even by use of the single-roller melt spinning method with a
cooling rate lower than that for the piston-anvil and gun methods, an
fcc supersaturated solution has been found6) to form in the M range
less than 5 at% for all Algg _ M, Sig (M=Ti, 2r, HEf, VvV, Nb, Cr, Mo, Mn,
Fe, Co, Ni or Cu) alloys containing 5 at% Si. It has been interpreted
that the supercooling capacity of the Al-based alloys is enhanced by
the addition of 5 at% Si, leading to an extension of the solid
solubility limit. The high-strength alloys caused by the formation of
supersaturated solid solution consist usually of multicomponents
containing more than three elements. Consequently, in addition to the
information on the solubility limit of M elements into Al phase in the
Al-M binary alloys produced by the piston-anvil and gun methods shown
in Table 1, accummulation of systematic research data on the change of
supercooling capacity of Al-based alloys by multiplication of alloy
components is required to develop high-strength Al-based alloys by
utilizing the solid-solution strengthening.

Most recently, we have found that an amorphous single phase forms
in the Ln range of 7 to 13 at% in Al-Ln binary system7'9) and the
glass formation range is extended up to the Ln+M content of about 30

at%g in Al-Ln-M ternary system10'11). As shown in the X-ray
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Fig. 2 X-ray diffraction patterns showing the structural change from fcc-
A1 to amorphous phase for melt-spun A1-Ce-Fe ternary alloys.

the X-ray diffraction patterns of Al-Ce-Fe ternary alloys in Fig. 2,
an fcc supersaturated solution forms at the concentration side lower
than the glass-formation range. Accordingly, the finding of the
glass-formation range in Al-based alloys implies a remarkable
extension of the formation range of the supersaturated solution. As a
typical example for the ternary system, the phase field in rapidly
solidified Al-Ce-Fe alloys is shown in Fig.312). The fcc solution
and the amorphous phase form in each range below about 3 at% Ce and 6
at% Fe and above about 2 at% Ce and 5 at% Fe and the coexistent fcc
and amorphous phases form in the intermediate range, indicating
clearly that the solubility limit is remarkably extended by
multiplication to the ternary system.

The atomic volume ratio of Ln to Al is as large as 1.80 to 2.50,
while that of the transition metals such as Cr, Mn, Fe and Co etc.
which do not cause the formation of amorphous and fcc phases is as
small as 0.65 to 0.72. It is thus said that the atomic size ratio is
much larger for the Ln elements leading to the formation of the
supersaturated solution in much wider composition ranges. These data
allow us to interpret that the atomic size ratio is not a dominant

factor for the formation of the supersaturated solution, in agreement
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Fig. 3 Phase field of melt-spun Al-Ce-Fe ternary alloys. .

with the result described in Fig. 1. The interpretation based on the
enhancement of supercooling capacity of alloy 1ligquids and the
degradation of nucleation and growth of compounds seems to be
important for clarification of the mechanism for the formation of the

supersaturated solution over a wide composition range.

III. Effect of Solute Elements on the Mechanical Strengths
of fcc Supersaturated Solutions

Figure 4 shows the changes in the tensile fracture strength (og)
and Vickers hardness (HV) of fcc Al92M3815 solutions produced by rapid
solidification with M elementsG). The grain size of the fcc solutions
is in the range of 0.5 to 1.5 um and almost independent of the M
elements. On the other hand, the of and H, change systematically with
atomic number of the M elements and have maximum values around Mn and
Fe. These changes cannot be explained only by the atomic size ratio
of the M elements to Al and indicate the necessity of taking the
bonding nature between Al and M atoms based on the outer electron

concentration into consideration. That is, the strength of the fcc
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Fig. 4 Changes in the tensile fracture strength (cf) and Vickers hardness
(HV) as a function of outer electron concentration (e/a) for fcc
AlgpM3Sig solutions produced by melt spinning.

solution is not dominated by the so0lid solution strengthening
resulting from the atomic size ratio but by the bonding nature between
the sp electrons in Al and the 3d electrons in the M elements. A half
in the 3d electron shell for Mn and Fe elements is filled and the
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electronic state brings about a confirm bonding between Al and M
atoms, leading to the achievement of high mechanical strengths. The
refinement of grain size and the introduction of extra lattice defects
obtained by rapid solidification are important factors for the
achievement of high mechanical strengths for the rapidly solidified
alloys as compared with those for the conventionally solidified
alloys. In order to enhance further the mechanical strengths of the
rapidly solidified alloys, one can recognize the importance of the
alloy design leading to an electronic state in the outer shell so as
to cause a large attractive bonding interaction among the constituent
elements.

The mechanical strengths of the fcc solution in Al-Fe-Si and Al-
Mn-Si systems remain constant, even though the Si content increases
significantly. Considering the result that no compound is formed in
Al-Si system, the nearly constant strengths are presumably because Si
has a repulsive interaction against Al and a strong bonding state does
not occur in the Al-Si atomic pair, in agreement with the present

experimental results.

IV. High-Strength fcc Solutions

On the basis of the concept described in section 3, we can predict
an alloy system in which the fcc solution with high mechanical
strengths is obtained. As an example, one can notice an Al-Ce-Fe
system. As shown in Fig. 4, the dissolution of an Fe element is the
most effective for the increase in Hy, and Of presumably because of the
large negative bonding nature against Al and Ce elements. In
addition, the melting temperature (T,) of Al-Ce intermetallic
compounds 1is relatively high in a large number of Al-based binary
compounds and there is no appreciable solubility of Ce into Al phase
in an equilibrium state because of the large atomic size ratio between
Ce and Al atoms. Figure 5 shows the compositional dependences of H,,
and og for the fcc solution in Al-Ce-Fe systemG). It is notable that
the Hy, and O reach 440 and 860 MPa for A195Ce1Fe4. These strengths
are higher than the highest values13) for the fcc solution with good
ductility reported up to date, indicating an appropriateness of the
alloy design based on the above-described concept. The fcc phase
consists of equiaxed grains with a grain size of about 0.3 um and
contains an extremely high density of dislocations, as shown in Fig.
6. The introduction of such a high density of dislocations is not

obtained in an as-guenched state in the Al1-M binary alloys and is
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Fig. 5 Compositional dependences of tensile fracture strength (of) and
Vickers hardness (H,) of fcc and amorphous phases in melt-spun Al-
Ce-Fe alloys.

Fig. 6 Bright-field electron micrograph of a melt-spun AlggCeqFes alloy.
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presumably due to the increase of supercooling capacity of alloys by
the multiplication of alloy components into the ternary system. Thus,
the reason for the achievement of high mechanical strengths for the
Al-Ce-Fe fcc solution is presumably due to the introduction of a high
density of internal defects resulting from the increase of
supercooling capacity as well as the strong bonding nature among the
constituent elements. 1In addition to the fcc solution in Al-Ce-Fe
system, a similar fcc solution containing a high density of
dislocations is formed in Al-Y-Fe system by rapid solidification and
the high strengths of 355 for H, and 705 MPa for oy are obtained for
Algc¥ Fe,4).

V. Formation and High Mechanical Strengths of Amorphous Alloys

As described in section 2, the Al-based amorphous alloys in which
solute elements above the equilibrium solubility limit are dissolved
and a periodic atomic arrangement does not exist on a long-range scale
can be formed through the increase in the supercooling capacity
resulting from an appropriate combination of alloy elements and the
suppression of nucleation and growth of a crystalline phase. The
appearance of the amorphous phase enables us to dissolve a large
amount of solute elements above the maximum solubility limit for the
crystalline supersaturated solution, leading to an increase of
strength and toughness. The Al-based alloys with high strengths and
high toughness by taking advantage of amorphization of alloys were
produced for the first time in 198715). In this section, we describe
the formation and mechanical strengths of Al-based amorphous alloys
from the standpoint of a kind of supersaturated solid solution.

The alloy components of Al-based amorphous alloys containing more
than 75 at% Al can be divided into two categories of metal-metalloid
and metal-metal types16). The former type consists of Al1-M-Si, Al-M-
Ge and Al1-M-B systems where M is V, Nb, Mo, Mn, Fe, Co, Ni or Cu. As
an example, the composition range in which an amorphous phase in the
Al-M-Si system is formed by rapid solidification is shown in Fig.
717). The amorphous phase is formed in very wide composition ranges
of 12 to 43 at% Si and 5 to 23 at% M. However, the formation of
ductile amorphous alloys which can be bent though 180 degrees is
limited to the range above about 80 at% Al in A1-Ni-Si and Al1-Ni-Ge

systems15).

The highest Of value for the metal-metalloid type
amorphous alloys is 450 MPa which is higher than that for the fcc

solution in Al1-Ni-Si system, but the strength level is considerably
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Fig. 7 Compositional ranges for formation of an amorphous phase in melt-
spun A1-Si-M and Al1-Ge-M (M=V, Cr, Mn, Fe, Co or Ni) ternary
alloys. The open and solid marks represent the lower and upper
l1imits of each composition range, respectively.

lower than that of the fcc solution in Al-Ce-Fe system. Considering
that the metalloids of Si and Ge have a repulsive interaction against
Al, the strengthening of Al-based amorphous alloys seems to be rather
difficult in the metal-metalloid system.

On the other hand, one c¢an list up Al-Ln binary9) and Al-Ln-
M10'11) and Al—EM—LM18) ternary systems as the metal-metal type
amorphous alloys: The EM in the A1-EM-LM system is Ti, Zr, Hf, V, Nb,
Ta, Cr, Mo or W and the LM represents Mn, Fe, Co, Ni or Cu. Although
the amorphous phase in the Al1-EM-LM system is obtained in the solute
range of about 12 to 50 at%, the amorphous phase is not formed in all
the alloy systems and is limited to the alloy systems of Al-Zr-Fe, Al-
Zr-Co and Al-Zr-Ni etc. where the binary alloys consisting of EM and
LM can be amorphized. The amorphous phase in these alloy systems has
good bending ductility in the composition range above about 80 atg Al
and the of exhibits relatively high values of 600 to 800 MPa.

Although the alloy system in which a high tensile strength above
980 MPa (100 kg/mmz) is obtained in Al-based amorphous alloys is
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Fig. 8 Relation between the composition ranges for formation of an
amorphous phase in melt-spun Al-Ln binary alloys and the eutectic
and compound compositions of Al-Ln alloys.

limited to the Al-Ln-M ternary system19), the data on Al1-Ln binary

amorphous alloys will be presented first because the binary system is
regarded to be a fundamental system for the high-strength ternary
amorphous alloys. As shown in Fig. 8, the amorphous phase in Al-Ln
binary system is formed in the range 7 to 13 at$s Ln9). In addition,
eutectic points and the compositions of intermetallic compounds in the
equilibrium binary alloys are also shown for reference. The formation
range of the amorphous phase is located in an intermediate range
between eutectic point and stoichiometric intermetallic compound where
the temperature interval Dbetween the onset and offset points of
slidification is as wide as 305 to 627 K. Thus, the formation of the
amorphous phase in the Al-Ln system is not explained by the lowering
of Th and the atomic size ratio between Al and Ln atoms. That is, the
glass formation is thought to originate from the rise of Tg resulting
from a steep increase of vscosity of the supercooled ligquid with
decreasing temperature. The steeply increased viscosity seems to come
from the development of a short-range ordering of Al-Ln pairs

resulting from the large negative interaction between Al and Ln atoms.
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Fig. 9 Change in the tensile fracture strength (cf) as a function of Ln
content for amorphous Al-Ln binary alloys.

Figure 9 shows the change in Of of the Al-Ln amorphous alloys with Ln
contentg). The 0¢ increases from 350 to 900 MPa with increasing Ln
content.

In order to obtain an Al-based amorphous alloy with further
improved mechanical strengths, the effect of M elements on the
formation range, strength and thermal stability of Al-based amorphous
alloys was examined for Al-Ln-M ternary alloys. As shown in Fig.
1010), the glass formation is significantly extended by the addition
of the M elements such as Fe, Co, Ni and Cu and the addition of Ni is
the most effective. The addition of these M elements is also
effective for the increase in T, from about 500 to 800 K as well as

the enhancement of o, H and Young's modulus (E). As shown in Table

219), the %30f Al-Y-Ni ;ﬁd Al-La-Ni amorphous alloys is above 1000
MPa and the highest value reaches as high as 1140 MPa. In addition,
the E and H, are in the range of 70 to 90 GPa and 260 to 350,
respectively. It is thus notable that the og and H, of their
amorphous alloys are about twice as high as the highest values of
conventional crystalline Al-based alloys. Most recently, the of has
been reportedzo) to increase to 1280 MPa for an Al-Y-Ni-Co system.

Subsequent progress in an optimization of alloy component is highly
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Fig. 11 Photographs of external appearance (a) and longitudinal cross
section (b) of an A185Y10N1'5 bulk material produced by extrusion
at 543 K of the amorphous A1-Y-Ni powder which was filled up into
pure Cu tube.
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Fig. 12 Temperature dependence of Vickers hardness (HV) for an amorphous
A185Y1ON1‘5 bulk. The data of the commercial AT-Cu—Mg duralumin
alloy (2017) are also shown for comparison.
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Table 2 Mechanical properties of aluminum-based amorphous alloys.

?iig¥ (Mgg) (Gga) H, Et,f=0f/E Ec,y§9.8HV/3E
AlggY,Ni, 920 71.0 340 0.013 0.016
Alg YoNig 1140 71.2 300 0.016 0.014
Alg LagNig 1080 88.9 260 0.012 0.010
Alg,LacNi, 1010 83.6 280 0.012 0.011
Alg Ce,Ni 4 810 54.6 300 0.015 0.018
Alg CecNi,, 935 59.4 320 0.016 0.018

€ £ and €. y represent tensile fracture strain and compressive yield strain,
Ed 3

respectively.

expected to bring about an Al-based amorphous alloy with higher
. mechnaical strengths. Furthermore, it is important to point out that
the corrosion resistance in NaOH and HC1l solutions for the Al-based
amorphous alloys is better by about 70 to 230 times, respectively,
than that for conventional high-strength crystalline Al-Cu-Mg alloy
(2024)27),

The reason for the high mechanical strengths of the Al-Ln-M
amorphous alloys can be explained by the same concept as that for the
fcc Al-Ce-Fe solution. That is, there is a strong attractive
interaction between Al and Ln or M atoms and the amorphous structure
has a developed short-range ordering among these atoms. The
development of the short-range ordered structure is thought to be the
origin for appearance of the high mechanical strengths. This concept

22)

is also supported from the results of X-ray structure analyses and

23)

electronic properties obtained for Al-Y and Al-Y-Ni amorphous

alloys.

VI. Formability of Amorphous Alloy Powders into a Bulk Form and
Mechanical Strengths of their Bulk Materials

The reason why the Al-based amorphous alloys have attracted great
attention is due to the appearance of the glass transition and
supercooled 1ligquid region in the temperature range below
crystallization temperature (Tx)24). The appearance of the
supercooled liquid region implies a possibility of consolidation of
the amorphous ribbon or powder into a bulk form in the supercooled

ligquid region even for the high-strength amorphous alloys. By
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extruding Al-Y-Ni amorphous powders produced by high-pressure gas

25)

atomization at temperatures near T we succeeded in producing bulk

r
materials with a high density abo;L 99 % consisting mainly of an
amorphous phase, as shown in Fig. 11, Furthermore, these bulk
materials exhibit high heat-resistant hardness values above 200 in the
temperature range below 550 X as shown in Fig. 12 as well as
compressive strength of about 1500 MPa, tensile strength of 900 to
1000 MPa, Young's modulus of about 135 GPa and H, of about 42026k
These data allow us to conclude that the Al-based bulks are high
strength materials with high specific tensile strength, high specific
Young's modulus and high heat-resistant strength. Although the
extrusion ratio for these bulk materials is as low as 4 to 8, it is
noticed that the bulk materials have high mechanical strengths. This
is presumably because the good viscous flowability in the supercooled
liquid region causes the formation of highly dense bulk materials. It
is thus notable that the Al-based amorphous alloys have a good
deformability resulting from the existence of the supercooled ligquid
region and a good deformability as well as the high mechanical
strengths. These features are unique characteristics which cannot be

obtained for the Al-based fcc supersaturated solutions.

VII. Conclusion

Our recent data on the formation and mechanical strengths of
supersaturated fcc and amorphous alloys in Al-based alloy systems have
been reviewed in the viewpoint that the amorphous phase is also a kind
of solution saturated with solute elements. These supersaturated
solid solutions have been clarified to exhibit hiéh mechanical
strengths in a static stress condition. However, in order to develop
further these Al-based alloys as practical materials, it is necessary
to establish an extrusion technique to produce a large-scale
consolidated material and to accumulate the data on the dynamic
strengths and environmental embrittlement of the consolidated
materials. Anyhow, a trial to utilize the high mechanical strengths
of the Al-Ln-M supersaturated solutions produced by rapid
solidification has just started in spite of the 1long history of
development for Al-based alloys and hence a subsequent progress as a
new type of high specific strength material is expected. It has been
clarified?7) that these supersaturated solid solutions decompose to
crystalline mixed phases upon subsequent heating, leading to a

secondary hardening. Since the origin for the secondary hardening is
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due to fine dispersion particles and is different from that for the
s0ild solution hardening, the data on the mixed phases were omitted in

this review.
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