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[57] ABSTRACT. 

A method for achieving both improved high strength .. 
and improved ductility ·in intermediate phases is pro­
vided. The method, briefly stated, comprises the steps 
of providing a melt whose composition substantially 
corresponds to that of a preselected intermetallic phase 
having a crystal structure of the Ll2 type, such as nickel. 
aluminide, modified with from about 0.01 to 2.5 atomic 
percent boron, and rapidly· solidifying the melt at a • 
cooling rate of at least about 103° C./second to form a 
solid body, the principal phase of which is of the Ll2 
type crystal structure in either its ordered or disordered . · · · 
state. 

' 

24 Claims, 3 Drawing Figures 
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METHOD FOR IMPARTING STRENGTH AND 
DUCTILITY TO INTERMETALLIC PHASES 

· conipositio11 substantially corresponds to that of a pre­
selected 'intermetallic· phase having a crystal . structure · .. 
of the Ll2 type and cooling the melt at a cooling rate of 

. at least. about· 103° C./sec to form a solid body, the. 
BACKGROUND OF THE INVENTION 5 principal .Phase of which is of the Liz type crystal struc... • . 

In many systems composed of two or more metallic · ture in either its ordered or disordered state. The melt . · 
elements there may appear, under some conditions of composition is selected such that it· consists· essentially 
composition and temperature, phases other than the · of a first component, a second component, ·and inciden­
primary solid solutions which are commonly known as . tal impurities_ modified with· boron in an amount · of . 
intermediate phases. Many intern1ediate phases are re- 10 from about 0.01 to 2.5 at.%, wherei11 •the· first compo-
ferred to by means of a Greek symbol or formula, e.g., nent·is at least one elem~nt·.selected· from the group .. · 

·. Cu3Al, CuZn and Mg2Pb, or both, although it is gener- consisting of Ni, Fe, Co, Cr, Mn, Mo, Wand Re and the 
ally. observed that many such so-called stoichiometric second ·component is at least one element selected from 
intermediate phases exist over a range of temperatures the group. consisting · of Al, Ti, Nb, Ta, V, Si, · Mo, W ,, . 
and compositions. Occasionally, as in the case ofMg2Pb 15 and· Re. The melt composition is further selected such.·• 
fqund in the Mg-Pb system, a true practically com- that the first and second components are present in the.· 
pletely ordered stoichiometric compound is formed melt in an atomic ratio of approximately 3:1, respec-
which is properly called an intermediate compound. If, tively. · 
in addition, the elements of the compound are regarded . 
as metallic, the intermediate compound is commonly 20. . BRIEF DESCRIPTION OF THE DRAWINGS 
called an interntetallic compound. FIG. t is a graph of the 0.2% offset yield strength and · .. 

Intermediate phases often exhibit properties entirely . strain to failure after yield of the intermetallic phase 
different from· those of the component metals ·compris~ nickel aluminide (NiJAl) modified with o~ 0.25. O.S, t .O .. ·• ·. · 
ing the system and frequently have complex crystallo- and 2.0 atomic percent boron and cooled at a rate of at 
graphic structures. The lower order of crystal symme ... 25 least about 103,° C./sec.·versus atomic percent boron; 
try and fewer planes of dense atomic population of FIG. 2 is a photograph of ribbons of the i'1termetallic 
those complex crystallographic structures may be asso- p~ase nickel aluminide modified with o, O.S, 1 ~o, and 2.0 

. ciated with the differences in propertieS, e~g., greater · atomic percent boron and, cooled at a rate of at least 
hardness, lower ductility, and lower electrical conduc- about. 1·030 C./sec following testing by means of.the 1 so0 .. ·. 

tivity of the intermediate phases compared to the prop- 30 bend test; and 
erties of the primary (terminal) solid solutions .. 

Although several intermetallic compounds with oth- · FIG· 3 is a graph of the O.l % offset yield strength of 
erwise desirable properties, e.g., hardness, strength, the intermetallic phase nickel aluminide processed by 
stability, and resistance to oxidation . and corrosion at the method of this invention with 1.0 at.% boron versus· 
elevated temperatures, have been identified, their char- 35 temperature. Also shown are the total plastic · strains 
acteristic Jack of ductility has posed formidable barriers after yield for that nickel aluminide plus literature val-
to their use as structural materials. u~s ·of yield strength ~ersus temperature f~r 1' and y (r' . 

Recently, .as described by Aoki and Izumi in the Jour- N!-Cr-AI allo_ys haying ~' 20 and 80%')' whe~e ')' JS 
nal of the Japan Institute of Metals (vol. 43, ·p~ 358, N13A;I and 11s a n1ckel-nch face centered cubic solid 
1979), . microalloying of the intermetallic· phase Ni3Al 40 solution.· 
with trace ·amount~ o_f boro!1. (0.05 and .. ~.1 wt. %) DETAILED DESCRIPTION OF THE 
proved successful 1n 1ncreas1ng the duct1l1ty of that · INVENTION . 
otherwise brittle and non .. ductile intermetallic. Al- · · · " · 
though the room temperature tensile strain at fracture · In the practice of this invention, an intermetallic 
of: the Ni3Al with boron was improved. to about 35%, 45 phase · having an Ll2 type crystal structure · is first se-
compared to about 3% for Ni3AI without .boron, the lected. The selection criteria· will depend upon the end 

· room temperature yield strength remained at about 30 us~ environment which, in turn, determines the attri-
ksi. . · · butes, such as strength, ductility, hardness, corrosion 

It would be highly desirable if there were available a resistance and fatigue strength, required of the material 
simple, direct method by which both the strength and so selected~ . 
the ductility of intermetallic phases could be· increased ·· · An intermetallic phase typical of those of engineering 
while maintaining or improving upon the desirable attri- interest and one having particularly desira~le attributes .... · 
butes of the. inten11etallic phases such as stability and is nickel aluminide (Ni3AI) which·is found in ~he nickel-
resistance to oxidation and corrosion at elevated tem- aluminum binary system and as· -y' in 'Y /y' nickel-base 
peratures. ss . superalloys.· Nickel aluminide · has high hardness and is. 

SUMMARY OF THE INVENTION 
stable and . resistant to oxidation and . corrosion at · ele­
vated temperatures which makes it attractive as a poten­

The method. of this invention provides a simple, di- · tial structural material. Although single crystals of• 
rect method for obtaining both strength and ductility at Ni3Al exhibit good ductility in certain crystallographic 

· heretofore unprecedented levels in intermetallic phases 60 orientations, :the polycrystalline form, i.e., the form of 
while maintaining or improving upon ,.the other desir- primary significance· from an engineering standpoint, · 
able attributes of the intermetallic phase · select~d for has low ductility and fails in a brittle manner intergranu-
processing by the method of this invention. lri the larly.-. . i. . , .... , ,: .:, ·:. · 

method. of. this invention, the above-described unique Nickel aluminide, which. has a face centered cubic 
combina.tion· ·. of properties. is· obtained· in· the.· se]ected 65 · (FCC) cryst~l structure of the· Cu3AI type (Ll2 •in the, 
intermediate phase directly in the as-cast condition.· · Strukturbericht designation · which,.:: is the desi'gnation 

Brjefly and generally clescribed, the method· of. the used .. herein• and . in. the appended. claims). with a. lattice 
invention comprises the steps of providing a melt whose parameter ao=3.589 at 75 at.% Ni. and melts in the · 

. . ' . ' " 
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range of from about 1385° to 1395° C., is formed from for example, in U~S. Pat. Nos. 2,825,108, 4,221,257, and 
aluminum and nickel which have melting points of 660-0 4,282,921. which are herein incorporated by refei:enc_e .. _ 
and _145~° C., respectively, and FCC crystal structurf;,S The following·examples are provided by way of illus:- . 
of the Al type with cubic lattice parameters a0 of 4.05A tration and not by limitation to further teach the novel 
and 3.52A, respectively. Although freq\lently referred 5 method of the.invention and illustrate its many advanta-
to as Ni3AI, nickel aluminide is an intermetallic phase geous attributes:. . , . 
and not a compound as it exists over a range of composi- . . , .. : EXAMPLE I 
tions as a function of temperature, _e.g., about 72.5 to 77 - - · . . . -

M N' (85 1 87 8 t 0,. ) t 60()° C . _-- A ·_ hea_t of· composition corresponding to, about 3 wt. -yo 1 • to _ _ . a . ~/o a . .•-
.. The selected interni~tallic phase is provided as.a melt 10 atomic parts niqk~I to. 1. aton1_ic part .aluminum was 

whose composition corresponds to that of the prese- prepar~d, comminuted, and about 60 grams of .the 
Iected intermetallic phase. The melt composition will pieces were 9eliyered into an alumin~ crucible of a 
consist essentially ·or the atoms of the two components chill-block melt spinning apparatus. The ·cru~ible termi-
of the intermetallic phase in an atomic ratio of approxi- _ nated in a_' flat-bottomed exit section hav.ing a slot _0.25 
mately 3:1 and is modified with boron in anamount of 15 (6.35 mm).inches ~y.25 mils (0.635 mm).theret_hro'ugh. 
from about 0.01 to 2.5 at.%. Generally, the components A chill block, in .the form of a wheel having faces 10 
will be two different elements, but,_ while ,still maintain.. inches (25-4 cm) in diameter with a thickness (rim) of 1.5 
ing the approximate atomic ratio of 3:1, one or more inches .(3.8 cm), made of H~12 tool steel, was oriented 
elements may,_ in some c~ses, be partially substituted for verticall:Y · so that the rim surf~ce could be used_ as -the 

- · - h •· - 20 casting . (ch.ill)_ surfa.ce w];ten the_ w~eel -was rotated 
one or both of the two elements which -form t e inter- about a horizontal axis passing through ,the centers of 
metallic phase. Thus, the first component will be at least an_d_perpendicular to the wheel.faces. The crucible.was 
one element. selected from the group consisting of Ni, placed in a vertically up \orientation and brought to 
Fe, Co, Cr, Mn, ·Mo, W a1.1d Re aud the second compo- within about 1-.2 to 1.6 mils (30-40µ) of the casting 
nent will be at least one element; selected from the group 25 surfaqe with the 0_25 inch_ length, di.mension of the slot 
consisting of Al, Ti, Nb, Ta, V, Si, Mo, w. and Re. orieri_ted perpendic1:1lar _ to the direction of rotation of 
Although · the . melt should ideally consi~t only of the the wheel. . 
atoms of the intermetallic phase and atoms: of boron, it : .Th~ whe~l was .. rotated at 1200 rpm, the· m~lt was 
is recognized that occasionally and inevitably other heat~ci-.to between about 1350°.and 1450~ c. and.ejected 
atoms of·one or. m9re incidental impurity atoms may be 30 as a rectangular :stream onto the rotating chill surface 
present in the melt. · · under the pressure of argon at about l_.5 psi- to produce 

The melt, is next rapidly,cooled at a· rate of at least a_. long· ribbon .which measured .from about 40-70µ, in 
about 1 Q3.~, C./sec to _ form a solid body, the principal thickness by about 0.25 inches in width. --
phase of which is of the Ll2 type· crystal structure :in ·. _ .. , . . . · _ 
either its_ ordered or disordered state. Thus, althqugh 35 . _ _ : · . _ , EXA,~P~E II_ · . 
the-- rapidly solidified solid ·body will principally have _ The procedure of Example I was repeated-using the 
the same ~rystal structure.as the preselect~d 1ntermetal- same equipment 5 more times using master heats of the 
lie phase, 1.e., the ·LJ2;type, the presence of other phases, · nominal Ni3At. composition modified with 0:25,, 0.50, 
e.g., borides, is possible. Since the cooling rates are _1.0 and 2.0 at . % boron (heats XOB 1982; 1, XOS 1782-2, 
high, it is also possible that the Ll2 crystal structure· of 40 -X082482-1 .and X082582-1) and a second heat at 1.0 
the rapidly solidified, solid will be disord~red, i.e., the at.% boron (heat XlOl 182-1). : 
atoms will be located at random sites on the crystal .. The.-completed -ribbons were teste·d ·in tension with-. 
lattice instead of at ··specific periodic positions on the out any preparation; :-The resulting 0.2% offset yield 
crystal lattice as is the,case with order':d solid soluti?~s. strength (0.2% flow- stress) and ·strain to failure after 

There are several ·methods by _which the requ1s1te 45 · yield (i.e., total plastic strain), Epareshown in FIG. 1 as 
large cooling rates may be obtained, e.g., splat cooling. a function of atomic percent boron.- The total plastic 
A preferred laboratory method -for obtaining the requi- · · strains reported in FIG. 1 should be regarded as mini-
site cooling rates is the chill-block melt spinning pro- mum material properties since the thin ribbons are 
cess. . : largely . susceptible to premature -failure , induced by 

Briefly and typically, in the chill-block melt spinning so·: surface defects. Thus, the total plastic· strain (ductility) 
process molten metal is delivere~ :from- a crucible would be expected to be much higher for bulk.material 
through a nozzle, usually under the pressure of an inert · - -in which surface-defects .will play a much less. influential 
gas, to form a free-standing stream of liquid metal ·or a role. Jri'fact; although not done for the.ribbons of·Exam­
column of liquid metal in contact with th~- nozzle which __ _ · pies I and II, the apparent ductility of ribbon-like,speci ... 
is then impinged onto or otherwise -placed in contact 55 mens can generally be increased by mechanically pol­
with a rapidly moving surface of a chill-block, i.e., a - ishing either the flat width surfac;es or the edges, or 
cooling substrate, -made of a material such as copper. - ·' -both, to remove surface· ·and near-surface defects and 
The-material to be melted can be delivered to the cruci- _ ,- ·, asperities. ·FIG. 2 qualitatively illustrates the improved . _ 
hie as separate solids of t·he elements required and · -- ductility of nickel aluminide modified with boron when 
melted -therein by - means -such as an in~uction coil 60 · processed by the method of the instant _invention· via the 
placed around the cr1:1cible or- a ••master alloy'" can first 180° reverse ._bend test wherein the ribbons ,are, in· this 
be made, comminuted,- ·and the .comminuted particles ·case; sharply .bent 1'80° without the use of mapdrels or 
placed in the crucible. When the liquid melt contacts guides. ·-_ -- -- -· ·. _: _ · ,. . • - _ _ · 
the c.old chill-bloc.k:, it. cools rapidly~ from about 1030 -·: FIG. 3 shows·the strength and ductility,properties of 
C . .-/sec to .·-1,07~ .C./sec;, and solidifies in the form a con tin- 65 -the Example 1,1 ribbons· having about 1 .. 0 at._'% borpµ as . _ 
uous length of.a t·hin ·_ribbon-,whose width .is considera- a ·function'.·of temperature. Also sho.wn on .. FIG~ ,3,·are 
bly larger, than its· thickness. A -more detailed teaching __ the strength·properties·for y' (Ni3AI) ~nd ~i:Cr..:A) ,' I"(' . _ 
of the chill-bloc·k, melt spinning process may ·be foun·d, alloys having o,. 20 and 80% '}' 1 (where-')' is. a. nickel-~ich _ 
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6 
face centered cubic· solid solution), processed by ''con~ (b) cooling the liquid metal of said melt at a cooling .. 
ventional'' methods not of the method of the instant rate of at least about 103° C./sec to.: form a solid 
invention, from Chapter 3 of the book The Superal/oys body, the principal phase of which is of the .LJ2 
edited by Sims and Hagel (John Wiley & Sons, 1972). type crystal structure in eith~r its ordered or disor-

From the preceding description of the present inven- · 5 dered state. . · · . 
tion in conjunction with the preferred embodiments 7. The method of claim 1 wherein said boron is pres- . 
thereof, it should be apparent to those skilled in the ent in an amount of from . about. 0.25 to . 1. 75 atomic 
metallurgical arts that modifications and variations may · perc~nt. .. . . . . 
be resorted to without departing from the spirit and 8. The method of claim 1 wherein· said boron is pres­
scope of the invention which is limited only by the IO ent in an amo~nt of from about 0.5 to 1.5 atomic per".' 
appended claims. 'cent. · · · . 

What is claimed is: 9. The method of claim i wherein said boron is pres-
1. The method for achieving both improved high ent in an amount of about 1.0 atomic percent. 

strength and improved ductility in intermetallic phases 10. The method of claim 6 wherein said cooling step 
comprising the steps of: . · 15 is conducted by ejecting said liquid metal of said melt. 

(a) providing a melt whose composition substantially through a nozzle under· the pressure of. an inert gas .. · 
corresponds to that of a preselected intermetallic causing said liquid metal to contact· a rapidly moving 
phase having a crystal structure of the Ll2 type, surface of a cooling substrate whereupon said cooling at .. 
said melt consisting essentially of a first compo- a rate of at least about 103° C./sec occurs. · 
nent, a second component and incidental impuri- 20 · 11. A solid body made by the meth~ of claim 6. 
ties, said melt being ·modified with boron in an 12. The method for. achieving both improved· high . · 
a~ount of from about 0.~5 to 2.0 atomic percent, strength·. and · improved ductility . in the · · intermetallic · 
said first component being ~t ~east on~ element phase nickel aluminide comprising the steps of: 
selected from the group con_s1st1ng of Nt, Fe, Co, 25 (i) providing a melt whose composition consists es- .· . · 
Cr! Mn, Mo, W and 1:te, said second component . sentially of nickel and aluminum in an atomic ratio 
betn~ ~t least one ~lement selecte? from the group of approximately 3: 1,. respectively, boron in an . 
c~ns1st1ng of Al, T1, Nb, Ta, V, St, ~o, W and R~, . amount of from about 0.25 to 2.0 atomic percent,· 
sa~d first ~nd second. coml:"°nents betn~ present 1n and incidental impurities, and 
said m~lt 1n an atomic ratio of approximately 3:1, 30 (ii) cooling the liquid metal of said melt at a cooling 
respectively, and rate ·of at least about 103° C./sec to form a solid 

(b) cooling the liquid metal ~f said melt at a cooli~g body, the principal phase of which is the Lli type 
rate of at least about 103 C./sec to form a solid . crystal structure in either its ordered or disordered 
body, the principal phase of which is of the Ll2 state · ·. · 
type crystal structure in either its ordered or disor~ 35 13. Th~ method of claim 12 wherein said boron is . 

2 dThered stahte.d · f 1 . ,1. · : h . . ..d· b. • ·present.in an amount of from about 0.25 to 1.7s•atomic• · 
. . . e met o o c atm . w eretn sa1 oron 1s pre~- percent. . . ·, .. ·· . ·· , 

ent 1n an amount of from about 0.25 to 1.75. atomic 14. The method of claim 12 wherein said boron is 
percent. · · · f ti · bo OS 1 S • 

3 Th h d f I • 1 h . "db . present 1n an amount o rom a ut . to . atomic 
. . e met o o c aim w ere1n sat oron 1~ pres- 40 percent. : 

ent 1n an amount of from about 0.5 to 1.5 atomic per- 15. Tlie method of claim 12 wherein said boron is 
cent. · · · f b t o · t . . . . present tn an amount o a out . atomic percen . 

4. The method of claim 1 wherein satd boron 1s pres- 16 Th th d f I · 12 h · ·d 1· t · f · b 1 o· · • . . e me o o c aim w eretn sat coo 1ng s ep . 
ent 1n an amount o a out . . atomic percent. . d d b. • • •d 1- "d I ·r 'd I . 

S Th th ·d f I · 1 · h · · •d 1- · t • 1s con ucte y eJect1ng sat 1qu1 meta o sat met . e me o o c aim w ere1n sat coo 1ng s ep 1s 4S . 1 . h . . f · • 
d t d b · i· t'd 1· "d t 1 f t"d melt through a nozz e under t e pressure · o an inert gas con uc e y eJec 1ng sa 1qu1 me a o sa . "d 1. "d 1 .· · "di' · 

through a nozzle under ·the. pressure of an inert gas cau5ing 831 •q~t meta to contact a rap~ Y m?vtng . 
causing said liquid metal to contact a rapidly moving surface of a cooling substra!e whereupon said cooling at 
surface of a cooling substrate whereupon said cooling at a rate of at _IeaSt about 103 C./sec occurs. . 
a rate of at least about 10J° C./sec occurs. 50 17. A soltd body made br t~e meth~ of claim 1~~ 

6. The method for . achieving both improved high 18. The me~hod for ach1e':1~g. ~th 1m~roved ht~h ... 
strength and improved ductility. in intermetallic phases .. strengt~ and tmp~~ved ducti_Jt~y . tn . the 1ntermetall1c 
comprising the steps of: . phase ntck~I. alum1n1de compr1s1ng the. s!eps of: . 

(a) providing a melt whose composition substantially (a) pr~vidtng a: melt 'Yhose c~mpo~1t1on con~tsts e~- .. 
corresponds to that ·0r a preselected intermetallic .55 sent1ally o~ nickel and alum1nu1!11n an atomic_ ratio 
phase having a crystal structure of the Lt2 type, of approximately 3:1, respectively, ~ron 1n an 
said melt consisting essentially of a first compo- . amo~nt_ of fro~ abo~t.0.25 to 2.0 atomic percent, 
nent, a second component and incidental impuri-, . an~ tn~tdental ~m~ur1t1es; . . . . 
ties, said melt being modified with boron in an (b) eJect1ng the l1qu1d metal of said melt through a 
amount of from about 0.25 to 2.0 atomic percent, 60 · nozzle under the pressure of an inert gas causing 
said first component being nickel and at least one said liquid metal to contact a. rapidly moving sur- · • 
element selected from the group consisting of· Fe, · . face of a cooling substrate; and · 
Co, Cr, Mn, Mo, W and Re, said second compo- · (c) coo]ing said liquid metal on said moving ·surface of . 
nent being aluminum and at least one element se- said cooling substrate at a cooling rate of from 
lected from the group consisting of Ti, Nb, Ta, V, 65 about 103° C./sec to· 1070. C./sec forming thereby a .· 
Si, Mo, W and Re, said first and second com po- . solid in the form of a !hin ribbon, the principal 
nents being present in said melt in an atomic ratio phase of said ·solid having a crystal structure of the 
of approximately 3:1, respectively, and LI2 type in either its ordered or disordered state . 

• 
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19. The ·method· of ·claim 18 wherein said boron is 
present in an amount of from about 0.25 to 1. 75 atomic 
percent.-

20. The method of claim 18 wherein said boron is 
present in an amount of from about 0.5 . to 1.5 atomic 

' ~ ,, 
' ' percent. · · · , 

. ' 

21. The method of claim 18 wherein· said boron· is 
present in an amount 9f about 1.0 atomic percent. 

. . 

22. A solid in the form of a thin ribbon made .by the 
method of claim 19, said solid having a 0.2% offset yield 

' . 

• 

' ' 

: 

. . 

strength of at least about 75 ksi and a strain to fracture 
after yield of at least about 2 % . 

23. A solid in the form of a thin ribbon made by the 
method of claim 20, said solid having a 0.2 % offset yield 

5 strength of at least about 85 ksi and a strain to fracture 
after yield of at least about 4%. . . 

24. A solid in the f or·m of a thin ribbon made by the 
method of claim 21, said solid having a 0.2% offset ·yield 
strength of at least about 100 ksi and a strain to fracture 

10 after yield of at least about 6%. 
* * * * * ' ' 
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