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Microstructure and mechanical properties of 
rapidly quenched L2 o and L2o + !.12 alloys in 
Ni-AI-Fe and Ni-AI-Co systems 
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Ductile L20-type/3' wires and ~' + L12-type 7' duplex wires with high strengths and large 
elongation in the N i - A I - F e  and N i - A I - C o  ternary systems have been manufactured 
directly from the liquid state by an in-rotating-water spinning method. The wire diameter 
was in the range 80 to 180/~m and the average grain size was ~ 2 to 4/~m for the ~' wires 
and ~ 0.2 to 1.0/~m for the 7' +/3' wires, oy, af and ep of the/3' wires were found to be 
about 360 to 760 MPa, 560 to 960 MPa, and 0.2 to 5.5%, respectively, for the N i - A I - F e  
system, those of the 7' + P' wires were about 395 to 660 MPa, 670 to 1285 MPa, and 
3.5 to 17%, respectively, for the N i - A I - F e  system, and about 260 to 365 MPa, 600 
to 870 MPa, and 4.0 to 7.0%, respectively, for the N i - A I - C o  system. Cold-drawing 
caused a significant increase in ay and af and the values attained were about 1850 and 
2500 MPa, respectively, for N i -20AI -30Fe and Ni -25AI -30Co wires drawn to about 
90% reduction in area. The high strengths, large elongation and good cold-workability of 
the melt-quenched ~' and 7' +/3' compound wires have been inferred to be due to the 
structural change into a Iow<legree ordered state containing a high density of phase 
boundaries, suppression of grain-boundary segregation and refinement of grain size. 

1. Introduction 
In recent years, metallic materials controlled 
structurally by melt-quenching techniques have 
attracted increasing interest because the melt- 
quenched alloys have a non-equilibrium structure, 
which is not obtained by the conventional fabri- 
caring process, and they exhibit various useful 
physical and chemical as well as good mechanical 
properties. In recent years, we have carried out 
a systematic investigation into quenching effect 
on the microstructure, mechanical strength and 
physical and chemical properties of iron- [1-8]  
and manganese-based [9] alloys which have an 
allotropic transformation, and for iron-based [10] 
and nickel-based [ 11 ] alloys which have an ordered 
structure up to the melting temperature, and have 
found that suppression of the allotropic transfer- 

mation from austenite (7) to ferrite (a) or marten- 
site (a') etc, and of the development of an ordered 
structure, result in a drastic change from the 
extremely brittle nature in the usual solidified state 
to a ductile nature in the melt-quenched state. For 
instance, in ordered alloys, Inoue etal. have 
demonstrated that the melt-quenched Llz-Ni3AI 
(7') compound in the Ni -AI -X (X = Cr, Mn, Fe, 
Co or Si) systems exhibits high strength combined 
with good ductility because of the structural 
change to a low degree of ordered state containing 
a high density of anti-phase boundaries (APB) and 
the suppression of grain-boundary segregation. A 
similar quenching effect is expected to occur for 
the L2o NiAI~') compound and there is a high 
possibility that the melt-quenched /3' compound 
will exhibit good ductility as well as high strength, 
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even though the usually prepared/3' compound is 
extremely brittle. The extreme brittleness is prob- 
ably caused because the development of an ionic 
bonding nature associated with a strong ordered 
structure occurs between constituent atoms [12]. 
To our knowledge, no-one has succeeded to date 
in obtaining a ductile /3' compound by any tech- 
nique even such as thermomechanical treatment 
and impurity addition. The purpose of this paper 
is to examine the microstructure and mechanical 
properties of melt-quenched /3' single phase and 
/3' + 3" duplex phases in Ni-A1-Fe and Ni-A1-Co 
systems and to investigate the quenching effect on 
the strength and ductility of the /3' and/3' + 7' 
compounds. 

2. Experimental methods 
The specimens used in the present work were 
Ni-A1-Fe and Ni-A1-Co ternary alloys. All the 
compositions of these alloys are located in the 
formation regions of a /3' single compound and 
the duplex compounds consisting of /~' and 3". 
The equilibrium phase diagrams [ 13-15 ] indicate 
that one chemical formula of the resultant com- 
pounds is (Ni-Fe)(A1-Fe) and (Ni-Fe)3(A1-Fe) 
for the Ni -AI-Fe  system and (Ni-Co)(A1-Co) 
and (Ni-Co)3A1 for the Ni-A1-Co system. Mix- 
tures of the pure elements (Ni, A1 and Fe or Co) 
were melted under an argon atmosphere in an 
induction furnace to prepare the test alloys. The 
melts were put into quartz tubes about 6 mm i.d. 
and solidifed in the tubes. Since the difference 
between weighed and chemically analysed com- 
positions was less than 0.25 wt % for aluminium, 
the compositions are from the weighed values 
denoted by atomic percentage. From these master 
alloys, long ribbons with a cross-section of about 
3 mm x 100/~m were prepared as the test samples 
for the structural observation by a melt-spinning 
apparatus. The amount of alloy melted in each 
run was about 3 g, and the rotation speed of the 
copper roller (200 mm diameter) was controlled 
to ~ 800 to 1000 r.p.m. In addition, continuous 
wires of ~ 80 to 180 gm diameter were prepared 
as samples for measuring mechanical properties 
using the in-rotating-water melt-spinning technique 
[16, 17] which is capable of producing wires with 
a circular cross-section directly from the molten 
metal. The main operating parameters for the 
production of continuous wires were adjusted as 
follows: 

1. the distance between the surface of the water 
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and the  end of a quartz tube was less than about 
3 mm and the angle of the nozzle against the water 
surface was about 70 ~ ; 

2. the orifice size of the quartz nozzles varied . . . . .  
from ~ 0.08 to 0.2 mm diameter; 

3. the circumferential speed of the drum was 
approximately 10 to 13 m sec -~ and the melt jet 
velocity was lower by about 20 to 30% than that 
of the drum velocity; 

4. the temperature of  the cooling water was 
approximately 278 K; and 

5. the melt was ejected by an argon over-pressure 
of about 0.2 MPa at a temperature of about 75 to 
100 K above the liquidus. 

The as-quenched and annealed structures of the 
specimen were examined by optical microscopy, 
transmission electron microscopy (TEM), and X-ray 
diffraction using filtered CuKa radiation. The 
optical microscope samples were chemically 
polished in a solution of 96 parts ethyl alcohol 
and 4 parts nitric acid at room temperature, and 
the average grain size was determined from the 
optical micrographs of longitudinal and cross- 
sectional area. The TEM specimens were prepared 
by electrolytically thinning ribbons in a 1:9 volu- 
metric ratio of perchloric acid methanol solution 
immersed in ice water. The yield strength (uy), 
tensile fracture strength (ere), and elongation (%) 
were measured for the wire samples in as-quenched 
and 1 h annealed states at room temperature by an 
Instron-type tensile testing machine at a strain rate 
of 4.2 x 10 -4 sec -1 . Tensile specimens were cut 
from an as-quenched long wire into short pieces 
having a gauge dimension of 20mm length. A 
specially designed set of grips for the fine wires 
was used to ensure proper specimen alignment 
within the machine. The fracture surface mor- 
phology was examined using scanning electron 
microscopy. 

3. Results 
3.1. Microstructure of melt-quenched ~' 

and/3' + 3,' compounds 
Fig. 1 shows the as-quenched structure and the 
corresponding selected-area diffraction patterns 
of melt-quenched Ni-20 at % A1-30 at % Fe (Ni-  
20A1-3OFe) alloy. The asNuenched structure is 
composed of duplex phases having a grain size as 
small as ~ 0.2 ~tm. Figs. 1 b and c are the diffraction 
patterns in which the crystallographic normal is 
[1 1 0]fee and [1 00]bcc ,  respectively. In these 
patterns, small superlattice spots of 1 0 0 and 1 1 0 



Figure 1 Transmission electron micrograph and selected-area diffraction patterns showing the melt-quenched structure 
of the Ni-20A1-30Fe alloy. 

etc, are clearly seen besides the spots from the 
fundamental lattice. Analysis of these spots shows 
that the duplex phases consist of Ni3A1 (3") with 
an ordered fcc  structure and NiA1 ~ ' )  with an 
ordered b c c structure. Judging from the composi- 
tion of this alloy and the equilibrium phase 
diagram of Ni-At-Fe  ternary alloy [13, 14], the 
chemical formulae of these phases seem to 
be (Ni, Fe)3(A1, Fe) and (Ni, Fe)(A1, Fe). Fig. 2 
shows the /3' single phase and its selected-area 
diffraction pattern of melt-quenched Ni-30A1- 
20Fe alloy. No second phase is seen even on the 
grain boundaries. Thus, further increase in alumin- 
ium content results in the structural change from 
the duplex 7 ' +  13' phases to the/3' single phase 

accompanied by a significant coarsening of grain 
size from about 0.2/am to 4/am. 

A similar duplex structure consisting of 3" and 
/3' phases is also formed in the Ni-25A1-40Co 
alloy, as shown in Fig. 3. The average grain size 
of the 3'' and/~' phases is different, being about 
0.15/am for the 3" phase and 0.5/am for the/3' 
phase. 

3.2. Mechanical properties 
First the morphology of the wires which were 
fabricated under the conditions described in 
Section 2 and used for measuring mechanical 
properties are reported. Fig. 4, for example, shows 
an optical micrograph of the cross-section of an 
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Figure 2 Transmission electron 
micrograph and selected-area 
diffraction pattern showing the 
melt-quenched structure of the 
Ni-30AI-20Fe alloy. 

Ni-2OA1-3OFe wire having the duplex structure 
of 3"+/3'. It can be seen that the wire has an 
almost completely circular cross-section whose 
diameter is about 95 ~m. Fig. 5 shows the typical 
examples of uniaxial tensile stress-elongation 
curves of the 3" + 13' and /3' wires in Ni-A1-Fe 
system. The behaviour depends strongly on the 
melt-quenched structure: 

1. the Ni-20AI-30Fe alloy having the 3" +/3' 
duplex structure exhibits high values of Or and 
of and an elongation (%) as large as ~ 17%; 

2. the Ni-30A1-20Fe alloy having the/3' single 
phase, in which no developed modulated structure 
is observed, exhibits low values of a:r and of and a 
relatively large ep of about 5%; 

3. the Ni-30A1-30Fe alloy in which the /3' 
single phase has a developed modulated structure 
exhibits an extremely low value of %, even though 
ay is higher than those of the former two alloys. 

It should be emphasized in Fig. 5 that the 
3"+/3' and fl' wires in the Ni-A1-Fe system 

3100 

exhibit high tensile strengths combined with large 
elongation, in good contrast to the previous 
result [18] that conventionally solidified/3' and 
3" +/3' samples in the alloy system are extremely 
brittle and undergo fracture immediately after 
yielding at low stresses. 

a:r of, and ep of the 7' +/3' and/3' wires are 
plotted in Fig. 6 as a function of iron content for 
Ni-20A1-Fe alloys and in Fig. 7 as a function of 
aluminium content for Ni-A1-30Fe alloys. In 
these figures, the melt-quenched structure and 
average grain size are also shown for comparison. 
ay increases gradually from 400 MPa for the 
7 '+/3 '  wires to 725 MPa for the /3' wires with 
increasing iron or aluminium content, but no 
appreciable deflection phenomenon in the com- 
positional dependence of ay is detected around 
the phase boundary of 3'' + 13' to /3'. at increases 
from 670 to 1285 MPa with increasing kon con- 
tent (i.e. increasing volume fraction of/3' phase) 
in the range of 7' +/3' duplex phases, whereas in 
the range of/3' single phase, of decreases signifi- 
cantly from 960 to 560 MPa with increasing iron or 
aluminium content. Judging from the result that 
the compositional dependence of af is analogous 
to that of ep, the decrease in crf is concluded to be 
due to the decrease in the work-hardening amount 
caused by the decrease in ductility. The significant 
decrease in ductility with increasing iron or 
aluminum content is considered to be closely 
related to an enhancement of the phase separation 
of /3'(Ni, Fe)(A1, Fe) compound into NiAl-rich 
and Fe-rich phases. Evidence for this is shown in 
Fig. 8 where the modulated contrast along the 
{1 00}~, plane becomes clearer with increasing 



F~ure 3 Transmission electron micrograph and selected- 
area diffraction patterns showing the melt-quenched 
structure of the Ni-25A1-40Co alloy. 

iron or aluminium content, in addition to the 
increase in the contribution of the ionic bonding 
nature of Ni-A1 and Fe-A1 etc. 

A similar compositional dependence of oy, af 
and ep is seen for the 7' +/3' wires in the Ni-A1-  
Co system. As shown in Figs. 9 and 10, oy of 
Ni-25A1-Co and Ni-A1-40Co alloys tends to 
increase from 250 to 380 MPa and from 260 to 
340 MPa, respectively, with increasing cobalt and 
aluminium content (i.e. increasing volume ratio 
of /3' against 7 ' +  fl'). of increases from 600 to 
870 MPa with increasing cobalt content, while an 
increase in aluminium content results in a decrease 

Figure 4 Optical micrograph showing the cross-sectional 
area of the Ni-20AI-30Fe wire produced by the in- 
rotating-water spinning method. 

in as from 840 to 465 MPa. % (--~ 5%) hardly 
changes against cobalt content and decreases from 
7.0 to 2.5% with increasing aluminium content. 
Thus, it is strongly emphasized that the melt- 
quenching technique leads to the /~' and 7' +/3' 
compounds exhibiting an elongation as large as 
~5% and ~ 17%, respectively, instead of the 
extremely brittle nature (ep < 0.2%) of conven- 
tionally solidified 7' and/3' compounds. 

3.3. Fracture morphology 
Fig. 11 shows the fracture surface morphology of 
the /3' + 7' wires of (a) Ni-20A1-30Fe, (b) Ni -  
25A1-40Co, (c) the/3' wires of Ni-30A1-20Fe, 
and (d) Ni-30A1-30Fe systems. The elongation 
of each wire is about 16.4% for (a), 7.7% for (b), 
5.3% for (c) and 0.2% for (d). A typical dimple 
pattern accompanied by a large reduction in area 
is seen over the fracture surface of the Ni-20A1- 
30Fe wire exhibiting a large elongation of about 
16.4%. The fracture morphology of the Ni -  
30Al-20Fe and Ni-25A1-40Co wires exhibiting 
a relatively large elongation of about 5 to 8%, is 
composed of the dimple and intergranular fracture 
patterns, and the Ni-30A1-30Fe wire exhibiting 
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Figure 5 Tensile stress-elonga- 
t ion curves o f  melt-quenched 
? '  + ~' and #' compounds in the  
N i - A 1 - F e  system. 

an elongation as small as about 0.2%, shows the 
intergranular and cleavage fracture patterns. Thus, 
the fracture surface morphology of the 3" +/3' and 
/~' compounds produced by the melt-quenching 
technique is significantly different from the result 
showing that the usually cast 7' +/3' and/3' com- 
pounds occur in intergranular fracture. 
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Figure 6 Changes in Oy, af and ep of  melt-quenched N i -  
20A1-Fe alloys with iron content .  
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3.4. Effect of cold-drawing on mechanical 
properties 

As shown in Figs. ] and 3, the V' +/3' wires consist 
of grains as small as ~ 0.2/~m. Addirionally, the 
duplex phase wires exhibit large elongation accom- 
panied with rather large work-hardening. From 
these results, it is expected that the 7' +/3' wires 
would be able to be severely cold-drawn and the 
values of oy and a 3 should significantly be enhanced 
because of the very fine fibrous structure intro- 
duced by cold-drawing. As expected, the 7' + /3 '  
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Figure 8 Transmission electron micrograph and selected-area diffraction pattern showing the melt-quenched structure 
of the Ni-30A1-30Fe alloy. 

wires of the melt-quenched Ni-A1-Fe and N i -  
A1-Co systems could be cold-drawn from about 
100pm to 30pro diameter without annealing 
treatments, ay, as and ep for the cold-drawn Ni -  
20A1-30Fe and Ni-25A1-30Co wires are plotted 
as a function of  reduction in area in Figs. 12 and 
13. ay and a s are about 600 and 1200MPa, 
respectively, for the as-quenched Ni-A1-Fe alloy 
and about 250 and 600 MPa, respectively, for 
the as-quenched Ni-A1-Co alloy, increase with 
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Figure 9 Changes in ay, af and ep of melt-quenched 
Ni-25A1-Co alloys with cobalt content. 

increasing reduction in area, and reach about 
1850 and 2500 MPa, respectively, for both the 
alloy wires cold-drawn to about 90% reduction 
in area. On the other hand, ep decreases from 
about 16 to 0.7% for the Ni-A1-Fe wire and 
from about 7 to 0.2% for the Ni-A1-Co wire with 
increasing reduction in area. However, the good 
ductility, shown by the 180 ~ bending, remained 
unchanged even for the heavily cold-drawn wires 
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Figure 10 Changes in oy, of and ep of melt-quenched 
Ni-A1-40Co alloys with aluminium content. 
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Figure 11 Scanning electron micrographs showing the tensile fracture morphology of melt-quenched V' +/3' and #' 
compounds. (a) Ni-20A1-30Fe with ~' +/~' duplex structure, (b) Ni-30A1-20Fe with #' structure, (c) Ni-25A1- 
40Co with 7' +/3' duplex structure, and (d) Ni-30A1-30Fe with 9' structure. (As Q. = as-quenched.) 

having a small plastic elongation of about 0 . 2 -  
0.7%. oy and o~ values attained are about twice 
as large as the highest values (oy --~ 1270 MPa and 
a~ --~ 1445 MPa) [19] of  age-hardening type Cu-Be, 
which is the highest alloy in commercial non- 
ferrous materials, and are almost equivalent to those 
of conventional high-strength steels, such as marag- 
ing steel and piano wire. Such extremely high values 
are due mainly to a great work-hardening through 
the interaction which occurs between a large num- 
ber of dislocations introduced by severe cold draw- 
ing and APB or the phase boundaries between 
3" and/3' and through the development of the fine 
fibrous structure of 3`' and/3' compounds. 

4. Discussion 
As described in Section 3, the melt-quenched /3' 
and 7'  +/3' compound wires in the Ni-A1-Fe and 
Ni-A1-Co systems exhibited good ductility as 
well as high strength, in spite of an extremely 
brittle nature in the usual cast case. The reason 
for such a remarkable improvement in ductility 
and strength by melt-quenching their compounds 
is investigated from the metallographic point 
of view. Figs. 1 to 3 clearly indicate that melt- 
quenching results in the refinement of grain size 
to ~ 0.2 to 4/~m for the 7' and/3' phases. Such a 
refinement of grain size implies a decrease in the 
size of  anti-phase domains (APD) in 3`' and /3' 
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phases, because each individual grain is occupied 
with one APD. Additionally, it can be seen in 
Figs. 1 and 3 that the intensity of the superlattice 
reflection spots is much weaker for the melt- 
quenched 3`' compound than for the usually cast 
3" compound. These results suggest that the degree 
of ordering in the 3`' and/3r compounds is weaker 
in the melt-quenched state. The remarkable in- 
crease in the total area of  grain boundaries and/or 
phase boundaries by melt-quenching also results in 
a significant decrease in the segregated concentra- 
tion of the solute element per unit area of grain 
boundaries. 

In conclusion, the main structural changes in the 
/3' and 3 '̀ +/3' phases achieved by melt-quenching 
are summarized by the following three points: 

1. the refinement of  grain size; 
2. depression of the development of ordered 

state; and 
3. the suppression of grain-boundary segregation. 

The combination of such quenching effects is 
inferred to be the origin of  the improvement in 
ductility and strength for the melt-quenched/3' and 
3"+/3' compounds. It was reported in Section 1 
that we have succeeded in producing 3 '̀ single- 
phase wires with a high strength combined with 
large elongation in Ni-A1-X (X = Cr, Mn, Fe, Co 
or Si) ternary systems [11 ] and we gave an inter- 
pretation of the origin of the remarkable enhance- 
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Figure 13 Changes in arc , a I and ep of melt-quenched 
Ni-25AI-30Co alloy with reduction in area. 

ment of strength and ductility. The mechanism by 
which ductility and strength of the ordered com- 
pounds are improved significantly by the melt- 
quenching technique is thought to be the same for 
the 3'' +/3' and/3' wires as well as for the 7' wires. 

5 .  C o n c l u s i o n  

Wires of metastable 7 '+ /3 '  duplex or /3' single- 
phase exhibiting high strength and large elongation 
were produced by the melt-quenching technique in 
Ni -AI-Fe  and Ni-A1-Co systems even though 
the usually solidified/3' and 7' +/3' compounds are 
extremely brittle. Wire production was carried out 
using an in-rotating-water spinning apparatus in 
which the melt was ejected through the orifice of a 
quartz nozzle into the rotating water layer. The/3' 
wires thus obtained had a nearly circular cross- 
section, and the maximum wire diameter was about 
180/~m. The average grain size was about 0.2/xm 
for the 7' +/3' duplex phases and about 4/Ira for 
the/3' single phase. The yield strength (oy), tensile 
fracture strength (of), and elongation (%) of the 
3"+  t3' wires are about 395 to 660 MPa, 670 to 
1285 MPa, and 3.5 to 17%, respectively, for the 
Ni-A1-Fe system, and about 260 to 365 MPa, 
600 to 870MPa, and 4.0 to 7.0%, respectively, 
for the Ni-AI-Co system, and those of the /3' 
wires are about 360 to 710 MPa, 560 to 960 MPa, 
and 0.2 to 5.5%, respectively, for the Ni-A1-Fe 
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system. The high strengths and large elongation 

of  the melt-quenched /3' and 7 ' + / 3 '  compounds 

were inferred to be caused by  the combinat ion 
effect o f  a low degree o f  ordered state containing a 

high density o f  phase boundaries,  the suppression 
o f  grain-boundary segregation and the refinement 

o f  grain size. The 7 ' + / 3 '  wires could be cold- 
drawn above 90% reduction in area without  
annealing treatments.  By cold-drawing to about  
90% area reduction,  oy and ef increase to about 
1850 MPa and 2500 MPa, respectively, for N i -  

20A1-30Fe  and N i - 2 5 A 1 - 3 0 C o  alloys owing to 
a remarkable work-hardening abil i ty caused by the 
interact ion between a high density of  phase bound- 
aries and a large number o f  dislocations introduced 
by  cold-drawing, and by  the development o f  the 
two.phase fibrous structure. 
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