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NANOSTRUCTURED MN-AL PERMANENT 
MAGNETS AND METHODS OF PRODUCING 

SAME 

RELATED APPLICATIONS 

[0001] This application is a continuation in part of US. 
patent application Ser. No. 12/089,876 or PCT Application 
No. PCT/US06/417 90, ?led on Oct. 27, 2006, Which claims 
priority to US. Patent Application No. 60/730,697, ?led Oct. 
27, 2005, Which is incorporated by reference herein. This 
application is also a continuation in part of US. patent appli 
cation Ser. No. 13/164,495, ?led Jun. 20, 2011, Which is 
incorporated by reference herein. 

GOVERNMENT INTERESTS 

[0002] This invention Was made With government support 
under contract number 60NANB2D0120 aWarded by the 
National Institute of Standards and Technology (NIST). The 
government has certain rights in the invention. 

BACKGROUND 

[0003] Magnets may be broadly categorized as temporary 
or permanent. Temporary (soft) magnets become magnetized 
or demagnetized as a direct result of the presence or absence 
of an externally applied magnetic ?eld. Temporary magnets 
are used, for example, to generate electricity and convert 
electrical energy into mechanical energy in motors and actua 
tors. Permanent (hard) magnets remain magnetized When 
they are removed from an external ?eld. Permanent magnets 
are used in a Wide variety of devices including motors, mag 
netically levitated trains, MRI instruments, and data storage 
media for computerized devices. 
[0004] High-performance permanent magnets, such as 
Sm4Co (coercivity HC:10-20 kOe) and NdiFeiB 
(HC:9-17.5 kOe), are generally intermetallic alloys made 
from rare earth elements and transition metals, such as cobalt. 
HoWever, the high cost of rare earth elements and cobalt 
makes the Widespread use of high-performance magnets 
commercially impractical. Less expensive magnets are more 
commonly used, but these magnets generally have loWer 
coercivity HC, i.e., their internal magnetization is more sus 
ceptible to alteration by nearby ?elds. For example, ferrites, 
Which are predominantly iron oxides, are the cheapest and 
most popular magnets, but they have both loW coercivities or 
coercive forces ranging from 1.6 to 3 .4 kOe and loW values of 
magnetization. Similarly, aluminum-nickel-cobalt 
(“Alnico”) alloys Which contain large amounts of nickel, 
cobalt, and iron, and small amounts of aluminum, copper, and 
titanium, have coercivity in the range of 0.6 to 1 .4 kOe, Which 
makes exposure to signi?cant demagnetizing ?elds undesir 
able. 
[0005] More recently, MniAl4C alloys have been pro 
duced by mechanical alloying processes. D. C. CreW, P. G. 
McCormick and R. Street, Scripla Melall. Mater, 32(3), p. 
315, (1995) and T. Saito, J Appl. Phys., 93(10), p. 8686, 
(2003) have shoWn that adding small amounts of carbon (e. g., 
about 2 atomic % or less) to certain MniAl alloys stabilizes 
the metastable '5 phase and improves magnetic properties and 
ductility. CreW et al. (1995) produced Mn7OAl3O Weight % and 
Mn7O_7Al28_2C1_l Weight % alloys by consolidating ball 
milled poWders, annealing at 10500 C. and then quenching, 
after Which the materials Were no longer nanocrystalline. The 
resulting alloys had grain sizes of about 300-500 nm and 
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exhibited coercivities, HC, of 1.4 kOe and 3.4 kOe, respec 
tively. Saito (2003), produced mechanically alloyed 
Mn7OAl3O Weight % and Mn7OAl29_5CO_5 Weight % alloys that 
had grain sizes of about 40-60 nm and coercivities of 250 Oe 
and 3.3 kOe, respectively. In this study, the loW coercivities 
re?ected the limited formation of the magnetic '5 phase, Which 
Was determined to be 10% in Mn7OAl3O and 40% in M7OAl29_ 
5CO_5. K. Kim, K. Sumiyama and K. Suzuki, J. Alloys Comp, 
217, p. 48, (1995), produced MnAl alloys that Were ball 
milled, but never annealed. The alloys displayed no hard 
magnetic properties, With a loW HC of 130 Oe. These MniAl 
alloys are made from relatively inexpensive materials, but the 
loW coercivities remain a problem. 

SUMMARY 

[0006] The subject matter of the present disclosure 
advances the art and overcomes the problems outlined above 
by providing nano structured MniAl alloys and a method for 
their manufacture. Constituents of these alloys may be 
mechanically milled and heat-treated to form permanent 
room temperature magnets With high coercivities and rela 
tively high saturation magnetization values. 
[0007] In an embodiment, provided herein is an intermetal 
lic composition including a ternary transition metal modi?ed 
manganese aluminum alloy comprising at least about 80% of 
a magnetic '5 phase and having permanent magnetic proper 
ties. Examples of the transition metals include, but are not 
limited to, iron, cobalt and nickel. In a particular embodiment, 
the manganese aluminum alloy has a macroscopic composi 
tion of MnXAlYTZ, Where T is a ternary transition metal 
selected from a group consisting of iron, cobalt and nickel, X 
ranges from 50 atomic % to 60 atomic %, X+Y+ZI100 
atomic %, and Z is equal or less than 10%. The manganese 
aluminum alloy can have a macroscopic composition of 
Mn54AlYTZ, WhereinY ranges from 36-46 atomic %, and Z 
ranges from 0-10 atomic %. In an embodiment, the alloy 
includes approximately 54 atomic % manganese, approxi 
mately 41 atomic % aluminum, and approximately 5 atomic 
% ternary transition metal. In another embodiment, the per 
manent magnetic properties includes a saturation magnetiza 
tion value of at least 96 emu/g. In still another embodiment, 
the alloy comprises approximately 54 atomic % manganese, 
approximately 36 atomic % aluminum, and approximately 10 
atomic % ternary transition metal. The permanent magnetic 
properties can comprise a saturation magnetization value of at 
least 105 emu/g. 
[0008] In another embodiment, a nanostructured manga 
nese aluminum alloy includes at least about 80% of a mag 
netic '5 phase and having a macroscopic composition of MnX 
AlYTZ, Where T is a ternary transition metal selected from a 
group consisting of iron, cobalt and nickel, X ranges from 50 
atomic % to 60 atomic %, X+Y+ZI100 atomic %, and Z is 
equal or less than 10%. In a particular embodiment, the man 
ganese aluminum alloy has a macroscopic composition of 
Mn54AlYTZ, WhereY ranges from 36 atomic % to 46 atomic 
%, and Z ranges from 0 atomic % to 10 atomic %. The alloy 
can include approximately 54 atomic % manganese, approxi 
mately 41 atomic % aluminum, and approximately 5 atomic 
% ternary transition metal. The permanent magnetic proper 
ties can include a saturation magnetization value of at least 
about 96 emu/ g. The alloy can include approximately 54 
atomic % manganese, approximately 36 atomic % aluminum, 
and approximately 10 atomic % ternary transition metal. The 
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permanent magnetic properties can include a saturation mag 
netiZation value of at least about 105 emu/ g. 

[0009] In an embodiment, a method of producing a ternary 
transition metal modi?ed manganese aluminum alloy com 
position is provided. The method includes heating a mixture 
of Mn, Al and a ternary transition metal selected from the 
group consisting of iron, cobalt, and nickel to provide a sub 
stantially homogeneous solution. The method also includes 
quenching the substantially homogeneous solution to obtain a 
substantially homogeneous solid and reheating the solid to a 
diffusion temperature beloW the melting temperature of man 
ganese. The method can further include quenching the 
reheated solid, crushing the quenched solid, and milling the 
crushed solid. The method can also include annealing the 
milled solid such that the composition is produced. In a par 
ticular embodiment, the manganese aluminum alloy has a 
macroscopic composition of Mn54AlYTZ, Y ranges from 
36-46 atomic %, and Z ranges from 0-10 atomic %. The 
mixture of metals includes approximately 54 atomic % man 
ganese, 41 atomic % aluminum, and 5 atomic % ternary 
transition metal. The mixture of metals includes approxi 
mately 54 atomic % manganese, 36 atomic % aluminum, and 
10 atomic % ternary transition metal. The step of reheating 
includes reheating the solid to a temperature of 1150° C. for 
about 20 hours. The step of annealing includes annealing the 
milled solid at a temperature ranging from 350° C. to 6000 C. 
for approximately 10-30 minutes. The ternary transition 
metal modi?ed manganese aluminum alloy comprises MnX 
AlYTZ, T is the ternary transition metal, X ranges from 50 
atomic % to 60 atomic %, X+Y+ZI100 atomic %, and Z is 
equal or less than 10%. 

[0010] Additional embodiments and features are set forth 
in the description that folloWs, and Will become apparent to 
those skilled in the art upon examination of the speci?cation 
or may be learned by the practice of the invention. A further 
understanding of the nature and advantages of the present 
invention may be realiZed by reference to the remaining por 
tions of the speci?cation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a ?owchart illustrating a method of pro 
ducing magnetic alloys according to one embodiment. 
[0012] FIG. 2 shoWs an X-ray diffraction pattern of 
Mn54Al46 prior to annealing. 
[0013] FIG. 3 shoWs an X-ray diffraction pattern of 
Mn54Al46 annealed at 400° C. for thirty minutes. 
[0014] FIG. 4 shoWs an X-ray diffraction pattern of 
Mn54Al46 annealed at 500° C. for thirty minutes. 
[0015] FIG. 5 shoWs an X-ray diffraction pattern of 
Mn54Al46 annealed at 600° C. for thirty minutes. 
[0016] FIG. 6 shoWs room temperature dependence of satu 
ration magnetiZation and coercive ?eld on annealing tem 
peratures for bulk un-milled samples. 
[0017] FIG. 7 shoWs room temperature dependence of satu 
ration magnetiZation and coercive ?eld on annealing tem 
peratures for mechanically milled samples. 
[0018] FIG. 8 shoWs room temperature hysteresis loops in 
a 15 kOe ?eld for mechanically milled (MM) and bulk 
Mn54Al46 poWders annealed at 400° C. for ten minutes. 
[0019] FIG. 9 shoWs room temperature hysteresis loops in 
a 50 kOe ?eld for mechanically milled (MM) and bulk 
Mn54Al46 poWders annealed at 400° C. for ten minutes. 
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[0020] FIG. 10 shoWs room temperature isothermal rema 
nence magnetiZation (IRM) and dc demagnetiZation (DCD) 
curves for mechanically milled Mn54Al46 annealed at 400° C. 
for ten minutes. 
[0021] FIG. 11 shoWs room temperature isothermal rema 
nence magnetiZation (IRM) difference curves for bulk and 
mechanically milled Mn54Al46 annealed at 400° C. for ten 
minutes. 
[0022] FIG. 12 shoWs the room temperature dependence of 
the coercive ?eld on the magnetic ?eld strength for mechani 
cally milled and bulk Mn54Al46 poWders annealed at 400° C. 
for ten minutes. 
[0023] FIG. 13 shoWs dependence of saturation magnetiza 
tion on annealing temperatures for mechanically milled and 
bulk samples of various composition. 
[0024] FIG. 14 shoWs dependence of coercivity on anneal 
ing temperatures for mechanically milled and bulk samples of 
various composition. 
[0025] FIG. 15 is a ?owchart illustrating a method of pro 
ducing magnetic alloys With increased MS according to one 
embodiment. 
[0026] FIG. 16 illustrates a crystal structure of '5 phase of 
MnAl. 
[0027] FIG. 17 illustrates a section phase diagram of MnAl. 

DETAILED DESCRIPTION 

[0028] Methods for producing mechanically milled, nano 
structured MniAl and MniAl% alloys Will noW be 
shoWn and described. High room temperature coercivities 
and saturation magnetiZation values have been achieved for 
MniAl alloys that are produced by the presently described 
methods, and it has been shoWn that the addition of small 
amounts of carbon (e. g., about 3 atomic % or less) to MniAl 
alloys stabiliZes the metastable '5 phase and improves mag 
netic properties. It is also shoWn that a small amount of 
ternary transition metal, such as iron (Fe), cobalt (Co) and 
nickel (Ni), can be added to the metastable "c-MnAl phase to 
replace a portion of Al to form an alloy With the macroscopic 
composition of MnXAlYTZ. Such a method increases satura 
tion magnetiZation of the metastable "c-MnAl phase. 
[0029] The bene?ts of the nanostructured MniAl and 
MniAl4C permanent magnets include high coercivities 
(about 4.8 kOe and 5 .2 kOe, respectively) and high saturation 
magnetiZation values. The bene?ts of the magnets also 
include relatively loW cost and readily available raW material 
supplies compared to rare earth magnets. 
[0030] Mechanically milled MniAl alloys possessing a 
nanostructured ferromagnetic '5 phase, With HC:4.8 kOe and 
M 5:87 emu/ g at room temperature, Were obtained by anneal 
ing Mn54Al46 poWders at 400° C. for 10 minutes. The coer 
civity value of this alloy is the highest ever reported for 
MniAl materials. The amount of magnetic '5 phase present 
in the annealed product is estimated from the saturation mag 
netiZation (MS of pure '5 phase is about 1 10 emu/ g) to be about 
80%. In another embodiment, a MniAliC alloy, 
Mn51Al46C3, prepared by the same method displayed a coer 
civity that is the highest ever reported for MniAliC mate 
rials, HC:5.2 kOe. 
[0031] The macroscopic formulas presented herein, e. g., 
Mn54Al46, pertain to the overall composition, but the materi 
als have nanostructure or microstructure of localiZed phase 
variation (e.g., y, [3, and/ort phases). As used herein, a “nano 
structured” material is a bulk solid characteriZed by localiZed 
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variation in composition and/or structure such that the local 
iZed variation contributes to the overall properties of the bulk 
material. 
[0032] The large coercive forces observed are believed to 
result from small grains of the magnetic '5 phase (about 30 
nm) being magnetically isolated from one another. This lack 
of magnetic exchange coupling may result from non-mag 
netic phases (e.g., [3, y) inhibiting changes in the alloy’s inter 
nal magnetiZation When an external magnetic ?eld is applied 
(i.e., the non-magnetic phase(s) act as magnetic domain Wall 
pinning sites). 
[0033] The alloys disclosed herein are resistant to corrosion 
and may, for example, be used in applications currently uti 
liZing knoWn permanent magnets. In one embodiment, small 
particles or poWders of the alloys may be produced in a resin 
or plastic bonded form according to knoWn methods. The 
small grain siZe of the alloys may provide improved ductility 
relative to materials With larger grains. 
[0034] To increase saturation magnetiZation of the meta 
stable "c-MnAl phase, a small amount of ternary transition 
metal, such as iron (Fe), cobalt (Co) and nickel (Ni), is added 
to the metastable "c-MnAl phase to replace A1 with the ternary 
transition metal to form the alloy With a macroscopic com 
position of MnXAlYTZ, Where T is a ternary transition metal 
selected from a group consisting of iron, cobalt and nickel, X 
ranges from 50 atomic % to 60 atomic %, X+Y+ZI100 
atomic %, Z is equal or less than 10%. 
[0035] In one embodiment, the manganese aluminum alloy 
has a macroscopic composition of Mn54Al YTZ, Y ranges from 
36-46 atomic %, and Z ranges from 0-10 atomic %. For 
example, based upon available phase diagrams, up to 5 
atomic % of Fe, Co or Ni can be dissolved in the 6 phase of 
MnAl. In a particular embodiment, 5 atomic % Al in meta 
stable "c-MnAl phase may be replaced by Fe, Co, or Ni to 
occupy the Al sublattice, Which Will increase the saturation 
magnetiZation MS by at least 10% for Mn54Al4lFe5, 
Mn54Al4lCo5, or Mn54Al41Ni5 for Mn54Al46. For example, 
the saturation magnetiZation may be increased to at least 
about 96 emu/ g from 87 emu/ g for Mn54Al46 The reason for 
this increase in MS is that the ternary transition metals Fe, Co, 
and Ni are magnetic While Al is non-magnetic. 
[003 6] In another embodiment, more Al may be replaced by 
a ternary transition metal such as Fe, Co, or Ni While still 
retaining the metastable '5 phase, Which Would result further 
increase in MS. About 10 atomic % Al may be replaced by Fe, 
Co, or Ni, Which results in at least 20% increase in MS. For 
example, the saturation magnetiZation may be increased to at 
least about 105 emu/ g from 87 emu/ g for Mn54Al46. 
[0037] The limit of solubility of Fe, Co or Ni in the meta 
stable "c-MnAl may depend upon difference of the atomic 
siZes of Fe, Co and Ni from Al, as Al has a smaller atomic 
number than Fe, Co or Ni so that it has a smaller atomic siZe 
than Fe, Co and Ni. Because Fe, Co and Ni have very close 
atomic numbers Which are 26, 27 and 28, their solubility is 
expected to be similar. 
[0038] FIG. 1 is a ?owchart illustrating a method 100 of 
producing magnetic alloys according to one embodiment. In 
a ?rst step 102, a mixture of metals MnXAlYDoZ, Which may 
be in the form of ingots, poWders, ribbons, pellets or the like, 
is melted to provide a liquid solution. In a second step 104, the 
liquid solution is quenched to form a solid solution. Steps 102 
and 104 may be repeated to ensure that adequate mixing 
results in the formation of a substantially homogeneous solid 
solution. A “substantially homogeneous” solution has a uni 
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form structure or composition throughout, such that in a 
randomiZed sampling of the solution at least 95% of the 
samples Would have consistent compositions. In step 106, the 
substantially homogeneous solid solution is reheated to a 
diffusion temperature that is just beloW the melting tempera 
ture of the solid. The solid is held at the diffusion temperature 
for a period of time that is su?icient for the solid diffusion 
process to reach completion. For example, the solid may be 
held at the diffusion temperature for tWenty hours. In step 
108, the solid is quenched, e.g., With Water, to halt the diffu 
sion process, and isolate the solid Without structural rear 
rangement that Would otherWise occur in a sloW cooling pro 
cess. In steps 110 and 112, the quenched solid is crushed and 
milled to repeatedly fracture and cold Weld the particles in 
order to form a nanostructured material. The milling is su?i 
cient to cause a rupture of the crystals of the alloy as Well as 
to alloW su?icient interdiffusion betWeen the elementary 
components. In step 114, the milled solid is annealed to 
ensure complete formation of the nanostructured magnetic 
alloy. 
[0039] In the case of the metal alloy MnXAlYTZ, the alloy 
may be provided in the form of ingots, poWders, ribbons, 
pellets or the like, and may be heated to melt manganese and 
aluminum, but the transition metal T (e. g. Fe, Co, or Ni) may 
still be in solid form. Then, the liquid solution including 
melted manganese and aluminum and transition metal in 
solid form is quenched to form a solid solution. 

Production of Mn54Al46 

[0040] Mn54Al46 alloy ingots Were prepared by arc-melting 
stoichiometrically balanced quantities of Mn and Al in a 
Water-cooled copper mold (Tmz1250-1350o C.). The melted 
metallic solution Was then heated until molten. Quenching 
Was performed by alloWing the alloy to rapidly cool in the 
copper mold to a temperature of about 30° C. in approxi 
mately 10 minutes. The ingots Were ?ipped and melted a 
minimum of three times under argon to ensure mixing. The 
ingots Were subsequently heated to and held at 11500 C. for 
20 hours folloWed by Water quenching to retain the 6 phase. 
The ingots Were then crushed and milled for eight hours in a 
hardened steel vial using a SPEX 8000 mill containing hard 
ened steels balls With a ball-to-charge Weight ratio of 10:1. 
The vials Were sealed under argon to limit oxidation. Both the 
as-milled poWders and the quenched bulk samples Were 
annealed at temperatures from 350-6000 C. for 10-30 minutes 
to produce the ferromagnetic '5 phase. 
[0041] The magnetic properties Were measured at a room 
temperature of about 200 C. using a LakeShore 7300 vibrat 
ing sample magnetometer (V SM) under an external magnetic 
induction ?eld of 15 kOe. Some samples Were also measured 
With an Oxford superconducting quantum interference device 
(SQUID) magnetometer under a ?eld of 50 kOe. Accuracy of 
the magnetic measurements is Within 12%. Therefore, mag 
netic data may be reported as “about” a particular value to 
account for ubiquitous sources of error (e.g., magnetic ?elds 
Within or near the magnetometer and errors associated With 
Weighing samples). Microstructural characteriZation Was 
performed using a Siemens D5000 diffractometer With a Cu 
X-ray tube and a KeVex solid state detector set to record only 
Cu KO. X-rays. 
[0042] FIGS. 2-5 shoW X-ray diffraction patterns of 
Mn54Al46 annealed at various temperatures. X-ray diffraction 
patterns for as-milled alloys shoWed peaks corresponding to 
the 6 phase of the MnAl alloy, Where the 6 phase has a crystal 
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structure of hexagonal close packed (h.c.p). As shown in FIG. 
2 the diffraction peaks Were broad and of loW intensity, 
indicative of a nanocrystalline grain structure. The grain size 
of the 6 phase calculated from the (11 1) X-ray peak using the 
Scherrer formula Was 8 nm. Annealing the as-milled sample 
of Mn54Al46 at 400° C. for 30 minutes caused the 6 phase to 
transform to the '5 phase Which has a crystal structure of face 
centered tetragonal (f.c.t.). FIG. 3 shoWs peaks indicative of 
the '5 phase marked by asterisks. The calculated '5 phase grain 
size Was about 27 nm, Which is much smaller than that pro 
duced by conventional casting, grinding or extruding. With 
out being bound by theory, the smaller grain size appears to 
result from the '5 phase forming from the nanocrystalline 6 
phase. Increasing the annealing temperature to 500° C. for 30 
minutes caused decomposition of the '5 phase, as shoWn in 
FIG. 4 by a decrease in intensity of the '5 phase peaks. Anneal 
ing at 600° C. for 30 minutes resulted in a minimal presence 
of the '5 phase in the ?nal product, as shoWn in FIG. 5. 

[0043] These results shoW that the improved magnetic per 
formance may be related to small grain sizes, Where the 
nanostructured 6 phase material is transformed to the ferro 
magnetic "5 phase at anneal conditions characterized by the 
400° C. anneal Which produced the results of FIG. 3. The 
effective temperature range for this anneal is betWeen 300° C. 
and 600° C., and more preferably from 350° C. to 500° C., and 
most preferably from 350° C. to 450° C. The smaller grain 
sizes are facilitated by the milling that occurs just prior to the 
anneal. 

[0044] FIGS. 6 and 7 shoW the sensitivity or dependence of 
saturation magnetization, MS, and coercivity, HC, upon 
annealing temperatures for both bulk (FIG. 6) and mechani 
cally milled (FIG. 7) Mn54Al46. For bulk samples, the MS 
tends to increase With increasing annealing temperature from 
300° C. to 500° C. The MS for mechanically milled Mn54Al46 
increases from 350° C. to 400° C., then decreases With 
increasing annealing temperature from 400° C. to 600° C. 
This is consistent With the X-ray diffraction data (FIGS. 3-5) 
that shoWed the volume fraction of the magnetic '5 phase 
decreasing With annealing temperatures above 400° C. The 
HC changes relatively little from 350° C. to 500° C. for 
mechanically milled samples. The optimal magnetic proper 
ties for mechanically milled samples, HC:4.8 kOe, and 
MSI87 emu/ g, Were obtained for Mn54Al46 poWders 
annealed at 400° C. for 10 minutes. The coercivity value of 
the mechanically milled alloy is the highest reported to date 
for MniAl magnetically isotropic poWders. In general, the 
MS obtained for annealed, mechanically milled samples Was 
loWer than that obtained in bulk samples, While the HC Was 
higher, due to the small '5 phase grain size. 
[0045] FIGS. 8 and 9 shoW room temperature magnetic 
hysteresis loops for mechanically milled (solid squares) and 
bulk (open squares) Mn54Al46 poWders annealed at 400° C. 
for 10 minutes. FIG. 8 shoWs hysteresis loops in a 15 kOe 
?eld. Coercivity is measured as the distance along the x-axis 
from the origin to the intersection of the curve With the x-axis. 
It can be seen that the mechanically milled sample has a much 
larger coercivity (about 5 kOe) than the bulk sample (about 1 
kOe). Remanent magnetization, M,, is the intrinsic ?eld of 
the sample When the applied ?eld is zero. M, of the mechani 
cally milled sample is approximately 35 emu/ g, While that of 
the bulk sample is approximately 25 emu/g. FIG. 9 shoWs 
hysteresis loops in a 50 kOe applied ?eld. Magnetic satura 
tion, M S, has not been reached, as evident from the increasing 
magnetization at high ?elds. For the mechanically milled 
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sample, the remanence ratio, M/MS, is about 0.5 When the 
applied ?eld is 50 kOe, Which is characteristic of materials 
that are not exchange-coupled. 
[0046] FIGS. 10 and 11 shoW isothermal remanence mag 
netization (IRM), dc demagnetization (DCD) and difference 
curves for mechanically milled Mn54Al46 annealed at 400° C. 
for 10 minutes. FIG. 10 shoWs the IRM and DCD curve for the 
mechanically milled sample, and FIG. 11 shoWs the 6M 
curves for both mechanically milled and bulk samples 
annealed at 400° C. for 10 minutes. Remanence curves and 
6M plots Were used to determine the interaction betWeen the 
'5 phase grains. The DCD curve shoWs the progress of the 
irreversible changes in magnetization. The IRM curve con 
tains contributions from both reversible and irreversible mag 
netization processes. The change of magnetization 6M is 
de?ned as: 

Where M d (H) is the demagnetic remanent magnetization, M, 
is remanent magnetization, and H is magnetic ?eld strength 
that saturates the magnet. 
[0047] A plot of 6M versus H therefore gives a curve char 
acteristic of the interactions present. The overall negative and 
small 6M for the mechanically milled sample indicates that 
most of the '5 phase nanograins are isolated With only small 
dipolar interactions betWeen them. No exchange coupling 
exists in this nanostructured material, Which explains Why the 
remanence ratio is close to 0.5. 

[0048] FIG. 12 shoWs the dependence of the coercive ?eld 
on the magnetic ?eld strength for mechanically milled and 
bulk Mn54Al46 poWders annealed at 400° C. for 10 minutes. 
The bulk sample curve rises steadily to near saturation. In 
contrast, the mechanically milled sample curve rises gradu 
ally at loW ?elds until the ?eld strength approaches HC (5 
kOe), then it rises quickly to near saturation. This behavior 
indicates that the mechanism for the magnetization process of 
the mechanically milled material is controlled by domain 
Wall pinning, and that the applied ?eld gradually removes the 
domain Walls from their pinning sites. The non-magnetic 
phase(s) that are present could act as the pinning sites. 

sat 

Alloy Content Sensitivity 

[0049] The manufacturing process of Example 1 Was 
repeated by varying the content of the Mn and Al metals, and 
doping With carbon. FIGS. 13 and 14 shoW the dependence of 
saturation magnetization and coercivity on annealing tem 
peratures for mechanically milled and bulk samples of vari 
ous composition after the samples had been annealed for 
thirty minutes. The legends of FIGS. 13 and 14 shoW Mn 
content, and optionally C content, Where the remainder of the 
sample is Al. All samples are mechanically milled, except for 
those labeled “bulk”. It can be seen that 1-3 atomic % carbon 
decreased M S but increased HC in some cases. In particular, 
Mn5lAl46C3 had the highest HC observed to date for a 
MniAl4C alloy, 5.2 kOe. Dopants other than carbon may 
include boron and the rare earth metals. Generally, it can be 
noted that because the '5 phase is the only ferromagnetic phase 
in the MniAl or MniAl4C systems, the saturation mag 
netization is proportional to the percentage of the '5 phase in 
the alloys. When the Mn content is 50 atomic percent or less, 
little 6 phase can be developed, and therefore only a small 
amount of '5 phase can be produced. Also, When the Mn 
content is high, excess Mn is used to stabilize the metastable 
'5 phase. In this case, some Mn atoms occupy lattice sites 
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Where they are coupled antiferromagnetically to other nearby 
Mn atoms, thereby reducing the magnetization. Thus, the Mn 
content is preferably betWeen 52 and 58 atomic percent and 
the alloys may be described according to Formula (1); 
[0050] MnXAlYDoZ, Where 
[0051] Do is a dopant that may include carbon and boron, 
[0052] X ranges from 52-58 atomic %, 
[0053] Y ranges from 42-48 atomic %, and 
[0054] Z ranges from 0 to 3 atomic %. 
[0055] In a more preferred sense: 
[0056] Do is carbon, 
[0057] X ranges from 53-56 atomic %, 
[0058] Y ranges from 44-47 atomic %, and 
[0059] Z ranges up to 3 atomic %. 
[0060] In a most preferred embodiment, X is 54, Y is 46, 
and Do is not necessarily present. 

Ternary Transition Metal Modi?cation of "c-MnAl Permanent 
Magnets 

[0061] MnXAlYTZ alloy ingots are prepared by arc-melting 
Mn and Al in a Water-cooled copper mold (Tmzl250-l350° 
C.). At this temperature, the ternary transition metals Fe, Co, 
and Ni Would not be melted and still in solid form. Because 
the amount of the ternary transition metals is relatively small 
in the alloy ingots, the transition metals can still be uniformly 
mixed in the melted solution of Mn and Al. Quenching may be 
performed by alloWing the alloy to rapidly cool in the copper 
mold to a temperature of about 30° C. in approximately 10 
minutes. The ingots may be ?ipped and melted a minimum of 
three times under argon to ensure mixing. The ingots may be 
subsequently heated to and held at 1 150° C. for 20 h folloWed 
by Water quenching to retain the 6 phase. The ingots are then 
crushed and milled for eight hours in a hardened steel vial 
using a SPEX 8000 mill containing hardened steels balls With 
a ball-to-charge Weight ratio of 10:1. The vials may be sealed 
under argon to limit oxidation. Both the as-milled poWders 
and the quenched bulk samples may be annealed at tempera 
tures from 350-600° C. for 10-30 minutes to produce the 
ferromagnetic '5 phase. 
[0062] FIG. 15 is a ?owchart illustrating a method 1500 of 
producing magnetic alloys With increased saturation magne 
tiZation MS according to one embodiment. In a ?rst step 1502, 
a mixture of metals MnXAlYTZ, Which may be in the form of 
ingots, poWders, ribbons, pellets or the like, is heated to melt 
manganese and aluminum, but the transition metal T (e. g. Fe, 
Co, or Ni) is in solid form. In a second step 1504, the liquid 
solution including melted manganese and aluminum and 
transition metal in solid form is quenched to form a solid 
solution. Steps 1502 and 1504 may be repeated to ensure that 
adequate mixing results in the formation of a substantially 
homogeneous solution Which has a uniform structure or com 
position throughout, such that in a randomiZed sampling of 
the solution at least 95% of the samples Would have consistent 
compositions. In step 1506, the substantially homogeneous 
solution is reheated to a diffusion temperature that is just 
beloW the melting temperature of the manganese, for example 
at 1 150° C. for about 20 hours. The solid solution is held at the 
diffusion temperature for a period of time that is su?icient for 
the solid diffusion process to reach completion. For example, 
the solid solution may be held at the diffusion temperature for 
tWenty hours. In step 1508, the solid solution is quenched, 
e.g., With Water, to halt the diffusion process, and isolate the 
solid solution Without structural rearrangement that Would 
otherWise occur in a sloW cooling process to form a quenched 
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solid. In steps 1510 and 1512, the quenched solid is crushed 
and milled to repeatedly fracture and cold Weld the particles 
in order to form a milled solid Which is a nanostructured 
magnetic alloy. The milling is su?icient to cause a rupture of 
the crystals of the alloy as Well as to alloW su?icient interdif 
fusion betWeen the elementary components. In step 1514, the 
milled solid is annealed at temperatures from 350 to 600° C. 
for approximately 10 to 30 minutes to produce the ferromag 
netic '5 phase and ensure complete formation of the nano struc 
tured magnetic alloy. 
[0063] While neither Mn nor A1 are ferromagnetic, the 
"c-MnAl phase is strongly ferromagnetic. The ferromag 
netism arises because the Mn atoms only interact With each 
other as second nearest-neighbors and, hence, their magnetic 
moments are parallel. When Mn atoms are ?rst nearest-neigh 
bors, their magnetic moments are antiparallel and hence can 
cel each other out. "c-MnAl, Which is metastable, is formed via 
heat treatment of the high temperature hexagonal 6 phase by 
either controlled cooling or quenching and annealing as dis 
cussed above. FIG. 16 illustrates a crystal structure of '5 phase 
of MnAl. The crystal structure is tetragonal. The c/ a ratio is 
close to l. The arroWs indicate the magnetic dipoles. It is 
knoWn that Mn metal is ordinarily antiferromagnetic. By 
increasing the atomic distance betWeen Mn atoms to 2.96 A 
or more, the element becomes ferromagnetic. The ferromag 
netism of the '5 phase in MnAl occurs because the magnetic 
moments of Mn atoms in 0, 0, 0 sites are parallel to one 
another. 

[0064] FIG. 17 illustrates a section phase diagram of MnAl. 
Note that MnAl has a high temperatures 6 phase, loW tem 
perature equilibrium Y2 and [3 phases, and a metastable '5 
phase. Although various mechanisms have been proposed for 
'5 phase formation, the generally accepted one is that the high 
temperature non-magnetic 6 phase (h.c.p.) transforms into a 
non-magnetic 6' phase (orthorhombic) by an ordering reac 
tion, and then transforms into a ferromagnetic '5 phase by a 
martensitic phase transition, i.e. e%e'—>*c. However, the 
transformation from 6 to "u may also involve diffusion, and a 
nucleation and groWth process or a massive transformation, 
as suggested by recent electron microscopy observations and 
kinetic analysis. The high density of lattice defects Within the 
'5 phase that develops during the phase transformation is 
attributed to groWth faults produced during atomic attach 
ment at the migrating interface. Practically, the tetragonal '5 
phase, Which is metastable, is usually produced either by a 
rapid quenching of the high temperature '5 phase folloWed by 
isothermal annealing betWeen 400° C. and 700° C., or by 
cooling the 6 phase at a rate of about 10° C./min. Prolonged 
annealing and elevated temperatures result in decomposition 
of the '5 phase into the equilibrium cubic Y2 and [3 phases (see 
FIG. 17). 
[0065] Having described several embodiments, it Will be 
recogniZed by those skilled in the art that various modi?ca 
tions, alternative constructions and equivalents may be used 
Without departing from the spirit of the disclosure. Addition 
ally, a number of Well knoWn mathematical derivations and 
expressions, processes and elements have not been described 
in order to avoid unnecessarily obscuring the present disclo 
sure. Accordingly, the above description should not be taken 
as limiting the scope of the disclosure. 
[0066] It should thus be noted that the matter contained in 
the above description or shoWn in the accompanying draW 
ings should be interpreted as illustrative and not in a limiting 
sense. The folloWing claims are intended to cover generic and 
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speci?c features described herein, as Well as all statements of 
the scope of the present method and system. 
What is claimed is: 
1. An intermetallic composition comprising a ternary tran 

sition metal modi?ed manganese aluminum alloy comprising 
at least about 80% of a magnetic '5 phase and having perma 
nent magnetic properties. 

2. The intermetallic composition of claim 1, Wherein the 
manganese aluminum alloy has a macroscopic composition 
of MnXAlYTZ, Wherein 
T is a ternary transition metal selected from a group con 

sisting of iron, cobalt and nickel, 
X ranges from 50 atomic % to 60 atomic %, 
X+Y+Z:100 atomic %, and 
Z is equal or less than 10%. 
3. The intermetallic composition of claim 2, Wherein the 

manganese aluminum alloy has a macroscopic composition 
of Mn54Al YTZ, WhereinY ranges from 36-46 atomic %, and Z 
ranges from 0-10 atomic %. 

4. The intermetallic composition of claim 2, Wherein the 
alloy comprises approximately 54 atomic % manganese, 
approximately 41 atomic % aluminum, and approximately 5 
atomic % ternary transition metal. 

5. The intermetallic composition of claim 4, Wherein the 
permanent magnetic properties comprise a saturation magne 
tiZation value of at least 96 emu/ g. 

6. The intermetallic composition of claim 2, Wherein the 
alloy comprises approximately 54 atomic % manganese, 
approximately 36 atomic % aluminum, and approximately 10 
atomic % ternary transition metal. 

7. The intermetallic composition of claim 6, Wherein the 
permanent magnetic properties comprise a saturation magne 
tiZation value of at least 105 emu/g. 

8. A nanostructured manganese aluminum alloy compris 
ing at least about 80% of a magnetic '5 phase and having a 
macroscopic composition of MnXAlYTZ, Wherein 
T is a ternary transition metal selected from a group con 

sisting of iron, cobalt and nickel, 
X ranges from 50 atomic % to 60 atomic %., 
X+Y+Z:100 atomic %, and 
Z is equal or less than 10%. 
9. The nanostructured manganese aluminum alloy of claim 

8, Wherein the manganese aluminum alloy has a macroscopic 
composition of Mn54Al YTZ, WhereinY ranges from 36 atomic 
% to 46 atomic %, and Z ranges from 0 atomic % to 10 atomic 
%. 

10. The nanostructured manganese aluminum alloy of 
claim 8, Wherein the alloy comprises approximately 54 
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atomic % manganese, approximately 41 atomic % aluminum, 
and approximately 5 atomic % ternary transition metal. 

11. The nanostructured manganese aluminum alloy of 
claim 10, Wherein the permanent magnetic properties com 
prise a saturation magnetiZation value of at least about 96 
emu/ g. 

12. The nanostructured manganese aluminum alloy of 
claim 8, Wherein the alloy comprises approximately 54 
atomic % manganese, approximately 36 atomic % aluminum, 
and approximately 10 atomic % ternary transition metal. 

13. The nanostructured manganese aluminum alloy of 
claim 12, Wherein the permanent magnetic properties com 
prise a saturation magnetiZation value of at least about 105 
emu/ g. 

14. A method of producing a ternary transition metal modi 
?ed manganese aluminum alloy composition, the method 
comprising: 

heating a mixture of Mn, Al and a ternary transition metal 
selected from the group consisting of iron, cobalt, and 
nickel to provide a substantially homogeneous solution; 

quenching the substantially homogeneous solution to 
obtain a substantially homogeneous solid; 

reheating the solid to a diffusion temperature beloW the 
melting temperature of manganese; and 

quenching the reheated solid; 
such that the composition is produced 
15. The method of claim 14, Wherein the manganese alu 

minum alloy has a macroscopic composition of Mn54AlYTZ, 
Y ranges from 36-46 atomic %, and Z ranges from 0-10 
atomic %. 

16. The method of claim 14, Wherein the mixture of metals 
comprises approximately 54 atomic % manganese, 41 atomic 
% aluminum, and 5 atomic % ternary transition metal. 

17. The method of claim 14, Wherein the mixture of metals 
comprises approximately 54 atomic % manganese, 36 atomic 
% aluminum, and 10 atomic % ternary transition metal. 

18. The method of claim 14, the step of reheating compris 
ing reheating the solid to a temperature of 1150° C. for about 
20 hours. 

19. The method of claim 17, the step of annealing compris 
ing annealing the milled solid at a temperature ranging from 
3500 C. to 600° C. for approximately 10-30 minutes. 

20. The method of claim 14, Wherein the ternary transition 
metal modi?ed manganese aluminum alloy comprises MnX 
AlYTZ, T is the ternary transition metal, X ranges from 50 
atomic % to 60 atomic %, X+Y+Z:100 atomic %, and Z is 
equal or less than 10%. 

* * * * * 


