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The invention described herein may be manufactured 
and used by or for the Government of the United States 
of America for Governmental purposes without the pay 
ment of any royalties thereon or therefor. 

This invention relates to a series of novel structural al 
loys of the intermetallic compound type which are char 
acterized by unusual mechanical and physical properties. 
Most intermetallic compounds, other than TiNi, are 

very brittle, lack any form of ductility at room tem 
perature and in spite of many other outstandingly good 
properties displayed by these compounds, such as strength 
maintenance at high temperatures, their brittleness at 
room temperature has made these compounds virtually 
useless in structural applications except as minor strength 
ening constituents in a more ductile matrix metal or alloy. 

Novel intermetallic compound base materials of the 
TiNi type have now been discovered which not only pos 
sess the desirable properties characteristic of intermetallic 
compounds in general but also possess hitherto unknown 
and unusual properties. 

Accordingly, it is an object of the present invention 
to provide a new series of structural alloys of the inter 
metallic compound type characterized by high strength 
at room temperature and at elevated temperatures, good 
oxidation resistance up to a moderate fraction of the 
melting temperature, good corrosion resistance, moderate 
density, reasonable ductility and impact resistance at all 
temperatures, and good weldability and being further 
characterized by non-magnetic stability at useful tem 
peratures and unusual mechanical vibration damping 
properties which are sensitive to both composition and 
temperature changes. 

It is a further object to provide intermetallic compound 
base alloys capable of being readily melted, cast into a 
chemically homogeneous solid mass and worked hot 
(above recrystallization temperature), cold (below re 
crystallization temperature) or by hot and cold means to 
a final usable shape. 

It is yet another object to provide novel intermetallic 
compound alloys capable of heat treatment to any re 
quired hardness value from approximately about 65 R 
to approximately about 62 R. 

It is a still further object to provide a non-magnetic 
alloy capable of being heat treated or developed to high 
hardness and strength for use in non-magnetic tools and 
other functions in connection with magnetic sensitive 
devices. 
The term “intermetallic compounds' as a general term 

is considered hereinafter as an intermediate phase in an 
alloy system, having a reasonable range of homogeneity 
and relatively simple stoichiometric proportions, in which 
the nature of the atomic binding can vary from metallic 
to ionic, and further includes all intermediate phases in 
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binary and higher order metal systems whether ordered or 
disordered. These intermetallic compounds are combi 
nations of two or more metals, the atoms of such metals 
generally being in a simple whole number ratio. In the 
majority of cases, however, the formulas of intermetallic 
compounds do not agree with formulas based on the 
principle of valency. 
The novel alloys developed in accordance with the 

present invention occur in three possible phases as illus 
trated by the following equilibrium equation: 

They were prepared as illustrated in the following detailed 
example, 

EXAMPLE 

The raw materials used were Mond nickel shot and 
commercially pure titanium bar stock. 
The preparation of the novel intermetallic TiNi alloys 

may be divided into three distinct steps as follows: 
(a) Melting of the alloy 
(b) Working of the arc-cast alloys 
(c) Heat treating the wrought materials 

Melting of the alloys 

The alloys, due to their high titanium content, may be 
melted by either consumable or non-consumable arc 
methods or the like employing a water-cooled copper cru 
cible or hearth. 

Working of the arc-cast alloys 

All of the cast alloys between about 52 to 56 weight 
percent nickel and correspondingly between about 48 to 
44 weight percent titanium may be hot worked without 
any preliminary heat treatment. A stoichiometric TiNi 
composition of 55.1 weight percent nickel and 44.9 weight 
percent titanium was readily hot worked in the "as 
cast condition between about 650 C. to about 1100° C., 
the preferred hot working temperature range being from 
about 700° C. to 900° C. 

Alloys containing above 56 weight percent nickel, that 
is from about 56 to 64 weight percent nickel required a 
preliminary heat treatment to render them hot workable. 
This heat treatment consisted of heating the alloys to 
about 1050 C. until heated through and then slowly 
cooling to room temperature. Alternatively, the alloys 
may be heated to about 1050° C. until heated through, 
cooled slowly to about 850 C. and held at that tempera 
ture until heated through and subsequently allowed to 
slowly cool to room temperature. The principle behind 
the above pre-working heat treatments is to precipitate 
and coalesce the excess compound phase TiNi from 
solution with the compound phase of TiNi. This results 
in a ductile TiNimatrix interspersed with the more brittle 
TiNi3 compound coalesced into harmless particles. Fol 
lowing the above described alternative pre-working heat 
treatments the two phase TiNi--excess TiNi alloy was 
capable of being rolled at any temperature between about 
700 C, to about 900 C. 
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Heat treating the wrought materials 
The hardness of alloys containing between about 52 

to 56 weight percent nickel (remainder titanium) and be 
ing predominantly single phase TiNi was only very 
slightly affected by any heat treatment regardless of the 
rate of cooling. - 

Conversely, the hardness of alloys containing between 
about 56 to 64 weight percent nickel (remainder titanium) 
are very much affected by heat treatment and particularly 
by the cooling rate. These alloys when heated to above 
about 900° C. and quenched in room temperature water 
attain a high hardness. For instance, an alloy of about 
60 weight percent nickel and about 40 weight percent 
titanium yielded, when quenched from between 900 C. 
and 1110° C., a hardness varying between 58 R and 62 R. 
as may be seen from Table I. 

Table I 

AVERAGE HARDNESS OF 60 Ni-40 Ti (WEIGHT PER 
CENT) ALLOY WATER QUENCHED FROM DIFFERENT 
TEMPERATURES 

Quenching Temp., C. Hargess, Remarks 
(s 

1,110 C------------------------- 62 eat treated in an 
air atmosphere. 

1,000 C--------- 6. DO. 
900 C--------------------------- 58 DO. 

The same 60 Ni-40 Ti (wt. percent) alloy when fur 
nace cooled (average cooling rate about 50° C./hr.) 
attained a final hardness of about 35 R, such hardness 
being approximately equal to the hardness of alloy com 
positions being in the TiNiphase (52 to 56 weight per 
cent nickel) as shown in Table II. 

Table II 

Water 
Nominal Alloy Compositions, Quenched Remarks 

Wt. Percent. Ni IEardness, 
Re 

31 Heat treated in an 
Air Atmosphere. 

21 Do. 
20 Do. 
36 D0. 
44 Do. 
60 Do. 
62. Furnace cooled hard 

neSS=35 Re. 
63 Heat treated in an 

Air Atmosphere. 
62 Do. 
59 D0. 
57 D0. 
56 Do. 
49 DO. 
46 Do, 

The above data clearly show the capability of the non 
stoichiometric TiNi alloys (i.e., those containing excess 
nickel) to be hardened by quenching. It is also clear 
that an alloy of 56 wt. percent Ni (remainder Ti) is the 
transition between hardenable and non-hardenable alloys 
and that a great excess of the hardening constituent TiNi 
(above about 64 wt. percent nickel) serves to reduce the 
quenched hardness. Thus the preferred range, for maxi 
mum hardness, would be between 58 and 62 wt. percent 
Ni. - 

The hardness of quench-hardened alloy (56 to 64 wt. 
percent Ni, remainder Ti) components may be reduced 

5 

0 

5 

20 

25 

30 

40 

50 

55 

60 

6 5 

70 

4. 
to a lesser degree of hardness if such is required for a 
specific application. Such reduction must be based upon 
the best compromise of mechanical properties for the 
particular application. Reduction of hardness of quench 
hardened alloys may be accomplished by (A) slowing 
down the cooling rate of the heat treated component to 
yield hardnesses between about 35 R. (furnace cool) 
and about 62 R (water quench) and by (B) "tempering.” 
This "tempering” process is accomplished by reheating 
the quench-hardened alloy to various temperatures below 
the point of change in slope of the phase boundary be 
tween the TiNi and TiNi--TiNi phase areas (about 
900° C.) and cooling at a specified slow rate, the final 
tempered hardness being determined by the heating tem 
perature, period of time at the heating temperature and 
the rate of cooling. In order to minimize surface oxida 
tion (when heating above about 600° C.) the above 
hardening and tempering heat treatments may be per 
formed in a controlled atmosphere of helium or argon. 
In many applications, however, heat treatment in air 
will suffice. 

Further hardness data for TiNi, TiNi and TiNicom 
positions are shown in Table II. 

Table III 

Alloy Alloy Melting Hot Roll Temp., C Hardness, 
Composition R 

TiNi--------- Non-consumable As cast (No H.R.)-- 30-3 

From the above data it may be seen that the room tem 
perature hardness increases with an increase in rolling 
temperature which is undoubtedly related to the higher 
temperature of heating and fairly rapid cooling rate from 
temperature. It may also be seen that while the TiNi 
composition alloy is quite hard (53 R), the TiNi com 
pound has a hardness (34 R) more like that of the TiNi 
alloy. Yet in spite of the much lower hardness exhibited 
by TiNis it is similar to the TiNicompound in that it is 
brittle even at high homologous temperatures. 
A particularly unusual property was observed of these 

novel alloys containing from about 50 to 70 wt. percent 
Ni (remainder Ti) and this was the property of these - 
alloys to retain their hardness characteristics independent 
of temperature, for example, at temperatures ranging 
from about room temperature up to about 463 C. and 
down to about -75° C. Alloys characterized by an 
essentially pure TiNi phase (54.5 to 55.1 w/o Ni-Ti 
have even shown a tendency to exhibit a "secondary 
hardening.” This is indicated in Table i, column 8. 

Tensile properties were measured on both 54.5 and 55.1 
wt. percent Ni alloys (remainder Ti). In every case, a 
standard specimen measuring 0.252' diameter x 1.0' 
gage length was employed. The test sections were finish 
lapped in the longitudinal direction to avoid any possible 
transverse notches. To avoid oxidation of the prepared 
sample surfaces and minimize the possible interstitial 
element (O, N, H) pickup, vacuum or controlled atmos 
phere heat treating was used. Vacuum heat treating was 
performed in an evacuated quartz tube. The tensile test 
results obtained from the two TiNi alloys are shown in 

5 Table IV. 
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Table IV 
TENSILE TEST DATAs 1. 

54.5 wilo Ni-Ti Alloy (room temperature) 

Ultimate Yield Elonga- Reduction. Modulus of 
Specimen Treatment Tensile Str., Strength b tion, in area, Elasticity, Remarks 

lbs.fin.2 lbs.Fin.2 percent percent p.s.i. 

800 C. 1 hour furnace cooled a--- 112, 100 40,000 8.1 ------------ 11.6X106---. Biele gutside gage ength, 
800 C. 1 hour water quench e----- 123,800 40,700 15.5 16.0 il.8X108---- g 

54.5 who Ni-Ti Alloy (185 to 192 F. test temperature 

800° C. 1 hour furnace cooled 0------ 110,500 46,800 

800' C. 1 hour water quench a------- 115,300 55, 100 

3.6 ------------ 11.1X108---. Broke outside gage length. 
0.9 13.0 11.2X106. 

55.1 who Ni-Ti Alloy (room temperature) 

Hotswaged at 900° C., air cooled--- 125,000 81,400 
1,000 C. 30 min., furnace cooled b--- 116,700 56,200 

Do'---------------------------- 114,200 33,600 

D0----------------------------- 140, 500 36,200 
,000 C. 30 min. water quench d--- 82,320 71,400 

Do."---------------------------- 84,400 62,250 

a Tensile specimen size 0.252" dia. x 1.000" gage length. 
b Offset=0.2%. Heat treatment performed in an argon atmosphere. 

1.2X106.-- 

10.4X10 ---Broke 
-- 9.7X106----- Hard=26 R. 

outside gage 
length. Hard=24 

d Specimen sealed in an evacuated quartz tube during heat treatment. 
Upon observation of the above data it becomes appar 

ent that the ductility, as indicated by the percentage 
elongated, can go as hig has 15.5% with the average 
being in the 7-10 range. For an intermetallic compound 
this is an unusually and unexpectedly high room tem 
perature elongation. Moreover, it is seen that the yield 
strength varies considerably with composition and heat 
treatment while the ultimate tensile strength and modulus 
of elasticity are fairly constant regardless of composition 
and heat treatment. 

For determination of impact properties, carefully 

Re. 
9.91-------------------------- Hari-24 R. 
3, 5 ---------... 10.2X108---. Hard=33 Re. 
4, 5 ------------ 1.8x100--- Hard=31 Re. 

Table VI 
30 

Corrosive media: 
Salt spray, 20% solin., 

CORROSION CHARACTERISTICS 

Resultant attack 

35 95° F. for 96 hrs. -- Faint whitish surface de 
posit on back edge of 
specimen. No attack on 
exposed surface. 

prepared unnotched square cross-section bars were used. 40 Sea water, 192 hrs. --- Nil. 
The specimen surfaces were hand lapped in the longitudi- Normal air atmos p pp. 
nal direction to minimize transverse scratches. The phere ------------ Nil. 
Charpy impact tests were performed in a standard Riehle w Normal handling ---- Nil. 
machine. The resulting data are summarized in Table V. g 

Table V 
IMPACTDATA FOR TiNiCOMPOSITIONALLOYS 1 GIVEN PRIOR THERMAL TREATMENTS 

AND AT WARIOUS TEST TEMPERATURES 

Nominal Alloy Specimen Section Conditions of Test Charpy 
Composition Size Impact, 

ft.-lbs. 

54.5 wifo Ni-Ti 2--------- 0.296' x 0.296'-------- Test Temperature: 75 F. (R.T.)------------- 28 
54.5 who Ni-Ti 2 -- 0.296' x 0.296'--------- Test Temperature: 125 F---- 32 
54.5 wilo Ni-Ti 2 -- 0.296' x 0.296'--------- Test Temperature: 200 F- 29.5 
54.5 wifo Ni-Ti2 -- 0.296' x 0.296'--------- Test Temperature: -112 F------------------ 40 
54.5 wio Ni-Ti 2--------- 0.296' x 0.296'-------- Cooled to -112 F. Warmed in R.T. water, 23 

stabilized 15 min. in R.T. air. 
54.5 wilo Ni-Ti 2-...------ 0.296' x 0.296.------- Cooled to -112 F., Warmed in R.T. water, 25 

stabilized 15 min.in R.T. air, plus heat to a 
test temperature of 160 F. 

55.1 who Ni-Ti 8--------- 0.297' x 0.297'---- Test Temperature: 75 F. (R.T.)------------- 24 
55.1 wilo Ni-Ti 3 0.297' x 0.297' Test Temperature: 200 F---- - - 8 
55.1 who Ni-Ti 3--------- 0.297' x 0.297'--------- Test Temperature: -112 F------------------ 43 

1 Uninotched square cross-section bars were employed. 
2 Specimens prepared from hot swaged (9000. C.) bars. 
3 Specimens prepared from hot rolled (900 C.) plate. 
Again, as in the case of the tensile elongation, un- Table VII 

usually high impact strengths were attained as compared 65 OXIDATION CHARACTERISTICS 
with most intermetallic compounds. For both of the 
TiNi alloys the minimum value was 23 ft.-lbs. even on 
the undersize specimens. Especially to be noted is the 
increase in impact strength at temperatures well below 
freezing. 

Specimens of a 55.1 wt. percent Ni (remainder Ti) alloy 
were exposed to various common corrosive media and 
to elevated temperature oxidation attack. The results of 
these tests are summarized, respectively, in following 
Tables VI and VI. 

Weight Gain (Gms.) due to Oxida 
tion of Warious Temperatures 

Testing Time, Hrs. ------- 

600° C. 800 C. 

016 
017 

... 020 
022 
.023 
.025 

1,000° C. 

. (67 
(79 

.088 
094 
100 
105 
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It will be noted from Table Vi that in each case the 
attack was negligible and only in the rather drastic salt 
Spray tests was a perceptible film formed where the 
Specimen was held. The passivity of this alloy to cor 
rosive attack is obviously a highly desirable characteristic. 

From Table VI it will be seen that at 600° C. there 
was very little initial oxidation and oxide buildup was 
almost negligible after the first two hours. At 800° C. 
oxidation proceeded steadily after the first two hours and 
at 1000 oxidation was initially rapid and proceeded 
steadily. At 800° C. and 1000 C. spalling of the oxide 
Surface was moderate to heavy. 

in the fabrication of present day structural materials 
joining is an extremely important consideration. To ob 
tain an indication of the weldability of the TiNi material, 
two chamfered /8 ' thick hot roiled plates of TiNi were 
butt welded together by the heliarc method. Little diffi 
culty was encountered in making the joint and the weld 
Section appeared to be free of cracks and porosity. Based 
upon the observed properties in this arc-cast TiNi mate 
rial, the weld section should be quite strong and tough. 
Further, examination of the magnetic properties of the 
Weld section indicate that it is equally as paramagnetic 
as the base material. 
Among the various unusual properties exhibited by 

these novel alloys, the property of paramagnetism is of 
utmost importance. A paramagnetic material has been 
defined as a material whose specific permeability is greater 
than unity and is practically independent of the mag 
netizing force. The nickel-titanium alloys in the compo 
sition range which covers TiNi, TiNi, and TiNis are 
highly paramagnetic, in spite of the high amount of nickel 
present in there alloys. Alloys of the 54 to 60 w/o Ni, 
remainder Ti composition have been magnetically evalu 
ated after variotis thermal treatments and at widely vary 
ing temperature. The magnetic testing included both imag 
netic Susceptibility and permeability measurements. In 
these tests it was found that the permeability approached 
eXtremely close to unity regardless of the temperature, 
residual stresses, or prior thermal treatment. Care must 
be exercised to remove any oxide coating in cases where 
the TiNi-base alloys are to be used in non-magnetic appli 
cations. This is caused by the combination of some Ni 
of the base alloy with Oa to form a ferromagnetic oxide 
coating. 

Of considerable importance in regard to these novel 
alloys is the unusual characteristics exhibited by the me 
chanical vibration damping effect. The stoichiometric 
alloy in both the arc-cast and hot worked conditions ex 
hibits a unique and drastic change in vibration damping 
With minor changes in temperature and composition. 
Quantitative and qualitative experiments have shown the 
damping of a 54.5 w/o Ni-Ti alloy with minor amounts 
of Fe (about 0.1 W/o) to change from a highly damping 
material at room temperature (25°C.) to a very low vi 
bration damping material at 54° C. and above. Internal 
friction experiments performed on 0.036' diameter wire 
showed the logarithm of amplitude to decrease from 2.3 
to 1.1 in 35 cycles at room temperature (25° C.) while 
the same wire drops from 2.3 to 2.1 in 35 cycles when 
heated at 93 C. This illustrates clearly the damping 
change in Wrought wire of the 54.5 w/o Ni, approximately 
0.1 W/o Fe, remainder essentially Ti. Even more dras 
tic changes in damping behavior are exhibited by this 
composition alloy when in the arc-cast condition. These 
changes in damping appear to be associated with the phase 
equilibria of the alloy system. As the temperature is 
raised the TiNiphase increases in quantity at the ex 
pense of reducing the extraneous phases present (Ti,Ni 
and TiNia). As this occurs damping is markedly de 
creased. 
The phase equilibria theory is further confirmed by the 

fact that alloys containing excess Ni or excess Ti over the 
stoichiometric composition have distinctly different room 
temperature damping properties. For example the Ti 
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rich alloys (less than 54.5 w/o Ni) are highly damping at 
room temperature, while alloys on the Ni-rich side (in 
excess of 54.5 w/o Ni) show low damping at room tem 
perature, thus indicating that the Ti,Ni phase coupled 
with the iNi produces the high damping capacity. Any 
thing lessening the Ti-Niphase, e.g. increased Ni, higher 
temperatures, impurity atoms like Fe, etc. causes minor 
changes in the TiNi/TiNiphase equilibria and thus 
promotes drastic vibrational damping changes. This un 
usual damping phenomenon may lead to the utilization 
of these alloys as temperature sensing devices. 
A summary of the properties of the novel TiNi base 

alloys is presented in Table Wii. (See column 8.) 
in summary, novel TiNi alloys containing from about 

50-70 wt. percent Ni (remainder ii) have been discov 
ered which possess the unusual combination of properties 
of high hardness at wide temperature variations and espe 
cially at temperatures well below freezing and having un 
usually good ductility, and impact strength at these same 
temperatures. Within this range of 50-70 wt. percent Ni, 
the alloys may be subdivided into those alloys having a 
range of about 52 to about 56 wit. percent Ni (remainder 
Ti) and those alloys containing from about 56 to about 
64. Wit. percent Ni (remainder Ti). The former are 
characterized by the existence of an almost wholly TiNi 
phase, by being readily workable whether hot or at room 
temperature and by exhibition of unusually high ductility 
at room temperature. The latter alloys are characterized 
by being two-phase materials (TiNi--TiNi) capable of 
being hardened to high hardness levels. The combina 
tion of the high hardness of these latter alloys and their 
characteristic paramagnetism (magnetic permeability=less 
than 1.02) is of great importance and leads to their use 
as Superior non-magnetic tools magnetometer applications 
and structural materials which will remain stably non 
magnetic, free of corrosive attack, and resistant to abra 
sion. 

Table VIII 
SUMMARY OF PROPERTIES OF TiNi PHASE ALLOYS 

Physical (55.1 w/o Ni-Ti) 
Density (25 C.), gr./cm. ----------- 6.45. 

Melting point, C. --------------- 1240-1310. 
Meiting point, F. ---------------- 2264-2390. 
Crystal structure ----------------- CsCl (B.C.C.). 
Lattice parameter, A. -------------- 3.05. 

Electrical resistivity (25 C.), microhm 
CIl -------------------------- -- rv80. 

Electrical resistivity (900° C.), ni 
crohm-cm. ----------------------- a 32. 

Linear coef. of expansion (24-900° C.), 
per C. ----------------rw rer - as a w 10.4x10-6. 

Recrystallization temperature, C. - 550-650. 
Magnetic permeability ------- - - - - - - - - <1.002. 
Magnetic susceptibility (mass, x - 196 

to 550 C.) --------------------- 5-9x10-6. 
Mechanical 

54.5 Wo Ni- 55.1 wifo Ni 

Ultimate Tensile Str., p.S.i... 110,000-124,000. 82,000-140,000, 
Yield Str., p.S.i... ---------- 40,000-55,000----- 33,000-8,400. 
Young's Modulus, p.s.i. 11.2-1.8 x 108. Up to 1.8 x 106. 
Tensile Elongation, Up to 15.5 ---...-- Up to 10. percent%*. 
Reduction in Area, percent 
Hardness, Rockwell-A- 65-68, 
Impact Str., ft.-lbs.: 

24 C. (room temp.)------ 24. 
80C-------------------- 43, - 

Modulus of Rupture, p.s.i. 26,000. 
Mod. of Elas. (Trans. Bend), 1.3 x 106. 

... O.S.l. 
Hot Eardness, D.P.H.: 

25 C (root temp.) ----- 330. 
260 C--------------------- 23. 
463 C. 295. 
593 C. 95. 
649°C 50. 

75 

Specimens rapidly cooled prior to testing. 
Percent offset=0.2%. ** Gage length=1 in. 
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It should be understood, of course, that the foregoing 
disclosure relates only to preferred embodiments of the 
novel alloys of the invention and that modifications or 
alterations may be made therein without departing from 
the spirit and scope of the invention as set forth in the 
appended claims. 
Having thus described the invention, what is claimed 

and desired to be secured by Letters Patent of the United 
States of America is: 

1. A novel alloy composition consisting essentially of 
from about 50 percent to about 70 percent nickel by 
eight and correspondingly from about 50 percent to 

about 30 percent titanium by weight, said alloy having 
the structure of a TiNi phase in combination with a 
TiNi phase dispersed in a TiNi matrix within a tempera 
ture range of from about 500 C. to about -75° C. and 
having the properties of being paramagnetic, of retaining 
hardness throughout said temperature range and of being 
corrosion resistant. 

2. A novel alloy composition consisting essentially of 
from 52 percent to about 56 percent nickel by weight and 
correspondingly from about 48 percent to about 44 per 
cent titanium by weight, said alloy having the structure 
of a substantially TiNiphase within a temperature range 
of from about 500 C. to about -75 C. and having the 
properties of being paramagnetic, of being highly vibra 
tion damping at about room temperature and having the 
capability of being plastically deformed at about room 
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temperature and retaining the deformed shape until 
heated to a higher temperature whereupon the prior non 
deformed condition will be reassumed. 

3. A novel alloy composition consisting essentially 
of from about 56 percent to about 64 percent nickel by 
weight and correspondingly from about 44 percent to 
about 36 percent titanium by weight, said alloy having the 
structure of a substantially TiNis phase dispersed in a 
TiNi matrix within a temperature range of from about 
450 C. to about -75° C. and having the properties of 
being paramagnetic, of high hardness upon heat treat 
ment, of being abrasion and corrosion resistant and capa 
ble of being hot wrought into useable shapes prior to 
hardening. 
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