R. 1. 44863 Fepruary 18495

UNMITED STATES.
DEPARTMENT OF THE INTERIOR
J. A. Krua, SECRETARY

BUREALU OF MINES
James Borp, DirecTor PR A AR Ut

K 2 BHATICE
Sleine pivision

REPORT OF INVESTIGATIONS

A TENTATIVE TITANIUM-NICKEL DIAGRAM

J. R. Long, E. T. Haves, D. €. RooT. AND C. E. ARMANTROU







R, I. Lk63,
February 1o4g,

FEPORT OF INVESTIGATIONS

UNITED STATES DEPARTMENT OF THE INTERIOR - BUREAU OF - MINES

A TENTATIVE TITANTUM-NICKEL DIACRAML/
By J. R. Long,2/ E. 7. Hayes,3/ D. €. Root,l/ and €. E. Armentroutd/

The Federal Pureau of Mines has ploneered the work of rreparing ductile
titanium on a large scale and has also determined the vagic propertlees of this
new and most interesting metal., A number of reports (1, 2, 3, 4, 5) have al-
ready been published, and conglderable interest has been arcused in a number

i Industrial and rosearch laboratories. Some of thepe laboratories havc alzo
pthiﬂhEd results of their work on the pure mctal (&, T).

. Although the propertlics cf titanium itsclf are gquite promising, 1t 1s
apparent that coneglderable lmprovement may be cxpected by alloying titanium
with othor motale, That i1s, pure metals in general have szhown relatively
large lmpreovements in preperties when alloyod with other metals and titanlum
ls not consldercd te be an cxeeptlien te the rulel Therofore, the cmphasis of
the Invusgtlgaltions now under way In the Federal Bureau of Mines Laboratories
nag been Placed on the study of the alloys of titanium, particularly the tita-
nimm-rich alloys. While the main inteérest is in the properties of such allcye,
prnpar direction and evaluation ¢f the work require at least a rﬂugh cutline
of the phase boundaries o* the ﬂllﬂj aystems involved.

One cf the alloy aystems under 1nvﬂatigaiimn id the titanium-nickel sys-
tem., Althouzh there are sgome datz In the literature on the phase dlagram of
- thege alloys, the work reported has been conducted on quite impure titanium
and is therefore apt to be misleading, Wallbaum (§) has publighed a diagram
concerned with the nickel-rich alloys but presents no data on the titanium-
rich portion of the aystem. Accordingly, i1t wap necessary tb study the phese
relationships in titanium-nickel allmyﬂ, and while this study was by no means
gxhnaustive and the lmpuritiess preos:nt in the tltanium have affocted the rosults
rignificantly, cnﬂugh data have been cbtalned to pormit an cetimation of the
gencral featurcs of the titanium-niciel -disgram up to O nickel. This papor
prescnte the data obtained thus far, and although they arc admittedly incom-
plote, they arc boing roportud at this timoe bocavse off tho great intorost in
the titanium-alloy works belng conductod by the Burcau,

1/ Work on meanuscript completed December L10ULH, 1The Bureau i Mines will
welcome reprinting of this paper, provided the follewing foctnote
acknowledgment ig used: "Reprinted from Burean of Minees Report of

_ Investigations kLG63,"

EJ Frincipal metallurgist, Bureau of Mines, Fastern Experiment Station,
College Park, Mi,

if Senior metallurglst, Bureau of Mines, Neorthwest Ele:tradevalnpmant
Laboratory, Albany, Ore,

L/ Asscciate metallungist Burcau of Hinra, Eagtern Experiment Staticn,

College Parlk, Md,
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The major portion of the data is concerned with delineation of the solid-
phass equilibria, particulsrly the beta titanium =zclid solution and its eutec-
toidal decomposition. Little attempt wes made to determine the liquidus or the
solldus linea at very high temperatures, but the date do allow a tentative ap-
proximation of their positions in the renge from 1,200° C. down to 9609 C.

FREFPARATION OF ALLOY

The titanium used wes prepered at the Boulder City Experiment Station of
the Federal Bureau of Mines by the usual method, and = representative analysls
of this metal is given in table 1. It should be noted that, whils the iron,
megnesivm, silicon, and hydrogen contenta given are quite well established, ths
oxygen, and poseibly the nitrogen, ceontents are somewhat uncertain. Theee gases
have becn detcrmined by various laheratories with considerabls epread in ths
values reported, but it is believed that the emounts noted are & falr approach
to the true value; they are, however, subject to revision, Considersble work
is being conducted on vacuum fusion methods, and more consistent results should
be obtained in the near future. The nickel powder was a high-grede, hydrogen-
rcduced powder. Tts representative analyels is also givem in teble 1. Before

use the nickel was given a hydrogen treatment 4o avoid the effcets of oxidation
of the powder in storage. :

TABLE 1. - Chemical analysis, percent

Material | Fe | Co O | C | Mg | ca | 81 [H,|insol,|Mesh
Wi ......[0.25]|0.56] - 10.06] - - - |- | 0.2 |-200
Ti wuewesf 15) = 10.,1-0.2] - [0.30{0.03610.005(.7] - -35

Boconuse of the contaminetion of titanium that would be introduced by
melting, the nlloye were prepared by powdsr-metallurgy mcthods, In general,
the powders were hand-mixed in the proportions required to produce the desired
composition, and, after adding 3 to 4 cc. of benzene to prevent segregaticn of
the fines, they werc corefully loasded in a steel die and pressed at 50 tons
per square inch, forming compacts approximetely 3/8- by 1-1/2- by 3-inches in
size. After drying, the compects were rewelghed end measured to permit deter-
mination of shrinkage ﬁnd'ﬂaight loss on sintering. The sintering was cerrled
cut in a vecuum of 1 x 107" mm. of mercury. Up to and including the 10 percent
alloy e sintering temperature of 1,000° C. was used. As the alloys containing
more nickel melted ot this temperature in the preliminery trials, these alloys
were flret sintered at 800° ¢. Later 1t was found thet 900° C, wns a safs
limit, and the ndditionnl high nickel alloys required were sintered at 900° C.
The nominal and nctunl nickel contents of the alloys prepared and used in this
work are listed in table 2. Iron content was determined on a number of the
nlloye and is alsoc given, These volues however are inaccurats because of iron
contemination in preporing the semples. In general, the high-nickel alloys
show high iroen content, This 18 considered to be caused by the relatively
high hoardness of these alloys which lead to iron pickup on sempling, The re-
sults on the low-nlckel olloys and on several high-nickel alloys in which the
samples were more easily prepared by crushing indicate an iron content of 0.18
to 0.2% percent 1e more nearly correct. .
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TABLE 2, - Chemical composition of Ti-Ni alloye, percent

Alloy|Nominal |Comp, |Chem, [Analysis [[Alloy [NominalComp,|Chem, (Analyels
No, N1 T Hi. Fe Ho. Ni Ti Ni Fe
1 0.0 1100.0| - 0.22 13 8.0 |92.0 | T7.%0| 0.56
2 .5 1 99.5/0.52 . 3k 8.0 lge,0| 7.85! -
3 .5 93,5| Lbo - i5 9.0 191.0 [ 8,45 -
in - 99.5| k9 - 36 10,0 |90.0 ;| 9.45 -
5 1.0 | 99.0f .92 - 37 10.0 |90.0 | 8.15 48
& 1.0 9.0 .02 - 38 10.0- |90.0 | 9.20 .30
T 1.0 G9.0| .86 - 39| 10.0 j90.0 | 9.93 .38
8 2.0 05.0|1.70 .22 Lo 10.0 1590.0 | 9.93 B2
g 2.0 98.011.67 - b1 | 12,0 188,0 |11.1 | -
10 2.0 | $8.0l2.00 - 42 | 12,0 LEE.ﬂ 115 .61
11 | - 2.0 0f.0|2,12 - Ly | 1b,0 EEE.D 13.2 -
12 2.0 | 98.0(1.82 - Ky | 15,0 85,0 |[1k.2 | -
13 3.0 | 57.0/3.0 - ks 15,0 iﬂﬁ.ﬂ 12,8 1 -
1h 4.0 | 96.0]3.7 .33 LE - 1 15.0 85,0 |1h.b .37
15 L,0 56.013,9 - i 16,5 183.5 115.4 boo-
16 4.0 96.0]3.50 - 45 17.0 |83.0 [16.7 .32
17 k.o 96.0(3.82 - L 18,0 (82,0 |17.4 -
18 5.0 95.01 4,70 - " 50 19,0 - |B1.0 !15.5 -
19 5.0 05.0{ .35 - | 51 20,0 (80,0 j18.4 -
20 5.0 55,0/ k.75 - 52 20.0 180.0117.05 .28
2l 5.5 | 54,55,k - 53 | 20.0 '80.0 |19.0 -
22 | 6.0 | 94,0/5.75 - 54 1 22,5 77.5 [20.7 1 -
23 |. 6.0 o4,015.9 - | 53 22.5 |77.5 |22.25 18
2l 6.0 ok, 05,63 - | 56 25.0 75.0 |23.0 -
25 6.0 | 9k.0(5.54 - 57 | 25.0 (75.0 [2k.75] -
26 6.5 93.5[6.35 - 58 1730,0 |70.0 [28.7 -
27 .| 6.5 | 93.5(6.35 - 59 | 30.0° {70.0125.5 | .25
28 7.0 | 93.0{6,72 - 60 | 35.0 (65,0344 -
29 7.0 '} 93.0/6.75 - 61 37.5 {63.5 |36.5 -
30 |- 7.5 92.5|T.2" - 62 Lo.0 60,0 |39.8 -
3l 8.0 92.0[T7.55 - il &2 40,0 160.0 |39.75 22
32 | 8.0 | 92.0{7.75 | 0.65 || 6k | 45.0 |s55.0 |B3.77| -

TREATMENT OF ALLOYS

. In the initial work small epecimens were cut from the sintéred compacts
and heat treated at various temperatures for varying lengtha of time to deter-
mine the phase relationehipe. However, it was found that the microstructures
- of these sintered and heat treated samples were definitely nonhomogenecus and
that the large void epaces interfered greatly with interpretation of the struc-
tures, This was especially trus of the high nickel alloys and was very pro-
nounced in compoeitione above 10 percent nickel., The relatively lerge grain
size of the titanium powder (-35 mesh) compared to that of the nickel powder
(minus 200-mesh) undoubtedly played a significant pert in accentuating these
difficulties, Finer grinding of the titanium would be of little help aes fine
titanium powder has been found to be harder and less ductile than the normal
powder because of o groater tendency to oxidize in processing. While cold-
working the sintered compacte to close voids and help breek up segrezetion

2881 -3 -
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would be of edme assistance, the sintered alloye containing more than 5 percent
nickel were tod brittls to t-aka an appreciable amount of cold work before break-
ing up.

E:Ine te::hniq_ue adopted to ciroumvent theae d.ifficultien consisted of en-
closing the sintered compacts in iron sheathe and hot working at elevated tem-
peratures. This technique has been used for protecting titanium, zirconium
and many other metals, worked at high temperatures, Van Arkel and his coworkers,
ag well as Kroll and nthsra have used it to advantage. In our case, the sheaths
wers formed of 1-1/4-inch seamless tubing forged to £it the 3/8- by 1~1fe by
3-inch compacts, The ends were closed by inserting iron pluges and welding,

Care was taken to clsan the intericr of the sheath befors inserting the tita-
nium-nickel alloy compacts and meking the final weld., Since some oxidation of
the titanium could take place during the final closure, waste pieces of tita-
nium were usually placed on the sintercd compact, between it and the iron plug,
to take up oxygen during the welding. However, to be certain that poaaible
oxldation of these ends would not affect the reaulta of this work, the enda of
the compact were discarded, and only specimens cut from the canter portion of
the coampact wore ussd,

The general procedure followed consisted of sheathed rolling of sintered
compacts at temperatures renging from 800° to 950° C. The highor temperatures
wvere uscd vhenever 1t was felt they would be of assistance in producing single-
phesc structures. After soaking in the furnace at the rolling temperature, the
compacté were water-quenched. These compecte weore readily removed from the
sheaths by cutting off the ends and opening the gide of the sheath, There was
no tendency for the compact to atick to the iron; and the alloys exhibited
bright, fairly emooth surfaces, cxcecpt where air leeked into the sheath through
cracked or imperfect welds, IﬂE{:ﬂlﬂ.‘t‘E‘ﬂ. compacts were discarded, since contem-
inatlion by oxygen end nitrogen was known to heve significant t:fficta‘ Struc-
tural effects at tho surfaces of the campacte indicated that some iron was
absorbed on the surface, These were, howcver, confincd to the contact faces
and were disregnrded in eveluating the microstructures of the heat-treated
specimems, To void spaces of these compacts were substantially closed up and

great improvements in Btructm*ﬂ.l h-:anagr:nnr:-it}r were noted as a result of this
treatment, '

For subscquent heat treatment, samples cut from these rolled compacts were
sealed in gquartz tubes, which were cvacuated and beck-filled with helium, They
wers then heated to various tempecraturce for varying lengths of time and cooled
in several ways. Some were quenched in water, some in iced brine, and others
air- or furnace-cooled, The temperature of u*eatuent and cooling method chosen
in sach case, depended on tho type of data desired.

A second procedure alec used consisted of rerclling porticns of the ain-
tered and rolled compacts at the temperature lavels undsr inveatigation. That
is, porticna of the compacts rolled at 800% to 9509 €. were again sealed in
iron containers end rolled at temperatures ranging from 700° to ],ﬂm‘:' C., held
et this temperature for 1 hour or more, and then water-quenched, These samples
were generally glven 50 to 75 percent reduction in thickness, with frequent re-
heating to maintain the tomperature. It wes felt thet this method of operaticon
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would produce the gquickest approach to eguilibrium conditione at the rolling
temperature, especielly if the working wae esubstantial in amount and if the
specimens were soaked after rolling. WwWhile it was not poassible to control the
rolling temperature exactly because of loss of hesat during rolling ete,, this
was not consldered slgnificant as long as the temperature drop wae not excessive
and the specimens were soaked at controlled temperatures immedistely afterward.
Specimens rolled at 700° to 800° C. wero soaked ug to 48 hours after the final
pess through the rolls, In the range 800° to 850 C. the sosking time was
usually 16 to 2k hours, and sbove 850° €. the soaking time was reduced to 1 houn
Specimsns 8o treated showed excellent structural consistency. The microstruc-
tures were considerably improved over those cbtained by the eintering and roll-
ing and the alloye are believed to heve closely approached equilibrium condition
for the temperatwre lovels involved.

A third procedure alaso used in this work involved an sntirely new method
of coneclidating the powder compacta. This method, applicable to many other
metale as well as titenium and its alloys, will be described eleewhere and
necd not be dlecussed in detall here., It conelste of sheath-rolling green
dehydrogenated powdsr-metal compacts. Thet is, pressed but not sintered com-
pacts were sealed in iron sheaths, hoated for an hour or so at 850° to 950° C
and rolled with frogucnt reheeting botween passes through the relling mill.
These rolled compacts were then rerclled and trested in tho same menner as in
the second procedure, The alloye in generel showed & deecided improvement in
structural homogeneity indicating that very rapid diffusion had taken place
between the titanivm end nickel durdng the initial hot working, In fact, this
method of alloy preparation is coneidered to be the mnat desirable for ;u.-::ﬁluc-
ing sound structurally homogencous alloye,

Effect of Oxygen

In the early stages of this work several discrepancies wore encountercd
wvhich indicated that the alloys were not behaving as simple binary slloys.
The alphabeta treneformation was found to be completed in slloys containing a
few percent nickel only when they were heated above 9359 C,, while the reverse
beta-alpha traneformotion wae not completed in any of the alloys until they
wore cooled below 775% 0. This suggested that nickel wea both raising end
lowering the 875° C. elpha-bete transformation point of titanium and would
have been a rother odd behavior, It was, however, also found thet many alloys
coneisted of three phases in cortein temperature ranges and that the structures
obtained were reproducible. From this it was appercnt that the alloys werc morc
cumplex than simple binary alloys and were behaving mere on the order of o ter-
nary syetem, Conasideration of the behavicr of the titanium troated in the seme
marmer o8 the alloys and of other data cvailable from the investigntion in pro-
gress on the titanium-oxygen aystem indicatea that oxygen has 2 very significant
effect on the titanium nickel nlloys. Approximately 0.1 to 0.2 percent oxygen
i3 known to be present in the titanium powdsr. Exemination of a number of ti-
tanium-nickel alloys to which mown amounta of oxygen have been cdded also
beara out thls conclusion, Vhile nitrogen and hydrogen ore elso prosent, the
nitrogen content is quite low, and the hydrogen is not carried through to the
alloys, Iron is also prescnt but the smount cleo low, snd other studies also
in progress suggest that iron behaves like nickel ond lowers the the alphe-
bata tronaformation, It is thorefore belloved that the oxygen cnntent of the
titanium is responsible for these effects.

2881 -5 -
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Although the Bureau's work on the titanium.oxygen syestem 1 not yet com-
plete the data indicate that oxygen ralsees the transformation point quite
rap.dly, and this, together with the tendency for nickel to lower the trana-
formation, would explain the discrepancies noted. The alloys should therefore
be thought of as thres-component alloys and the dlagram prepared from the
structural data coneidered & quesl-binary section of the titaniumenickel -oxygen
systen rather then e eimple binary. Thie however does not detract from the
usefulnesa of the data, eince they do permit an estimation of the true phase
relationehips in the titanimm-nickel system, complete delination of which must
walt until the alloye can be prepared without contamination. '

Determination of Solidus

In the couras of sintering the high-nickel alloys, mﬂlting WAS cncoun-
tered at 1 GDG C. with alloye containing 15 percent nickel. It therefore
become necessery to determine the solidus for the composition range under in-
vestligation a0 that undeslred melting could be avolded., For thie purpoac sam-
ples were sealed In quertz tubes in heliuwm under low presswre, heated to the
temperaturce 1n gquestion and water-guenched., The cccurrences or abacnce of
melting wos determined by micro-cxamination of these specimens. This method
of detecting melting is quite sensitive in single-phase alloys and, while not
es sensitive, stlll satisfactory for two-phase alloys, Reprssentative struc-
tures encountered in these melting studles are o be found in figures 2 to 7.
The Widmanstatten etructure of figure 2 is quite typlesl of titanium and the
alloye of low nickel content. It is apparently the result of the transforma-
tion of beta to alpha titanium during the quernch., No signs of melting are
visibls In figure 2, but very definite indiceations of melting =are to be found
in figwre 3. Likewles figure 4 chows only & trace of mselting in the 11.1 per-
cent nickel alloy, while in figure 5 (13,2 percent Ni) it 1s apperent that
generel melting occcurred nt the guenching temperaturs. The ground mass of
these two structures conelsts of untransformcd bets titanium solld solution
Instead of the Widmenstatten structure, Thie is gquite characteristic of
alloye containing more than 10 percent nickel. Incrensing nickel appesrs to
stablilize the beta sclution, and it then cen be preserved by guenching.
Partial melting is elso evident in figure 6 (20.7 percent Ni at 990° C.) end
general melting figwre 7 (28,7 perecent Wi st 990° C). The results of these
teate are tabulated in table 3, whore the alloys are listed by composlitlion in
three claseifleations, namely, no melting, portial melting, and generel melting
for the temperature levels examined. The data are also plotted in the dlagram
of figure 1.

The additlion of nickel lowers the melting point of titanlium very rapidly.
The 6.T72-percent alloy begins to melt at 1,200% C., and with higher nickel
contents the solidus drops to 9607 (. at zbout 12 percent nickel., Thias is a
rathsr sharp drop frcm.l,?hﬁ“ C., the accepted melting point of titanium, and
it 1a quite obvious that high melting point elloys are not to be found in thia
system, From ll.l1 percent nickel on, the solidus eppears to romaln constant at
960° C., suggesting & eutectic or peritectic renction at this temperature,
Since there were definits arcna of eutectic structurs in several slloyes at 30
to 35 percent nickel, and the estimates of the amount of melting that occurred
are alaﬂ in agreumant B eutictic has been Indicated nt 33 percent nickel omd
960° €. X-ray data indicates the occurrence of & new phase between 39,8 and
43,7 percent nickel, and the eutsctlic horizontal is therefore extended to
1.5 percent nickel.
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Figure 2. - Microstructure of 4.75 Figure 3. - Microstructure of 7.55
percent Hi alloy gquenched percent Hi alloy quenched
from 1,200°C.; no melting from 1,200°C.; some melt-
has occurred at this ing has taken place. X250

temperature. X250

Figure 4. = Microstructure of 1.1 Figure 5. - Microstructure of 13.%
percent Ki alloy quenched percent Ni alloy quenched
from 1,000° C.; traces of from 1,000° C.; partial
melting in the grain melting has occurred at
boundaries. X250 : this temperature. X250

Liriginal Trom
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Figure 6. = Microstructure of 20.7
percent Ni alloy heated
to 990° C.; partial
melting has occurred and
some eutectic formed on
solidfication. X250

Figure 8. = Microstructure of 0.40
percent Ki alloy water-
quenched from 950° C.:
alloy was composed of
beta solid solution at
temperature. X100

Figure 7. - 28.7 percent Ni alloy

Figure 9.

heated to 9909 C.; gen-
eral meltihg has taken
place at this
temperature. X250

- Microstructure of 0.92

percent Ni alloy water=
quenched from 950° C.;
alloy in beta field at
temperature, structure
typical of decomposi-
tion of beta on
cooling. X250

Original from

HNIVERSITY OF MICHIGAN
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TAEEE 3. - Molting-point studies

Temperature | = - - ' S
of Nickel content of elloys exsmined

treatment _Ne melting Pertial meltinz | Genersl melting
1,009 C, 4,75, 5.75 6.72, 155, 9.20 111.1

1,140° ¢, 0.52, L.7, b7, - . . -

3.0, 3.7

1,100° ¢, T+55 | .20, 11.1 _ -

1,060% o, - 1 R 59,8

1,050° ¢, - | 1k b, 15,4, 17.k4,.| 23,0

19,0, 20.7

1,0u59C, - h-Z% 2«12y T+32, - ' -
Gk

1,000° C, a 0.49, 0.86, 11.1, 13,2, 1k.2, | 23,0, 28,7, 34k, 39.8
3.0, 3.7, 18.%

C'
L'; 5'TE".I Tiﬁf";

: 9.
g90° ¢. 5.45 ©'1 1L, 13,2, 1.2, V28,7, 3h.h, 39,8

o 18.%, 2C.7, 23.0
F15° Ca - 16,7, 17.4%, 18.5, -

' 19 0, 20.7, 23.0,
8

g50° C, No melting Encuuntared in alloys up to 50 percent Ni

STRUCTURE OF SCLID FEASES

As previoualy ncted, the beta form of titanium, atable cbove 875" Cuy
camnot be preserved by quenching. -Instead 1t decomposes, forming o Widmon-
gtatten type of structure which X-rey diffraction patterns show to be entirely
alpha titanium, Estimaticn of the presence of bete tltanlum at temperntures
above its transformotlon point heve therefors beon based on the cocurrence or
absence of the Widmanstatton structure in qusnched spoolmens. The low-nickel-
content alloys behave in a glmiler JTeshion, Structurce conelsting of mixtures
of the alpha and beta phages at o given temperaturc can be identificd by the
pregence of the Widmanstatten and eimple alpha structures in the quenched
alloye. Thosc which arc entirely beta et lemperature will ghow only the
Widmanstatten structure on quenching. Alloys with more than 5 percent nickel
atabilize the heta sclution and on quenching zive a large grain structure
which X-ray diffraction patterns show to be entirely beta titanium, Differ-
enmtiation between the beta and beta-gamma flelds ls readily made because of
the etching characteristics and mode of formation of the gamma. The gamma
particles aleo stand in reliel on polishing o that small amounts can be
eaglily detected,.

Table L zives the compesition of the alloys found to lic in the beta
field on quenching from temperatures boetwocen 1, 200° and jDD C. HNo alloys
wore found to be cntlrely beta at the noxt lﬂﬁﬂﬂt tumperature, While mest
of thoec data are also plotted in figure 1, & numbor have boen omitiod from
the chart for the sake of clariiyy
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TARLE 4. - Alloys in beta field

Tampsr&ture _ _ Eumynsitiun of allag

1,200 C, .75, 3.75

1,140% C. 0,92, 1.70, 4.70, 3.0, 3.7

1,100° C. CT.55 :

1,0k50 ¢, L.7, 5.75, 7. 5}; 9.45

1,0000 ¢C. 0, 0.h9, 0.86, 2.0, 3.0, 3.7, k.75, 5. Tﬁ, 7.55, 9.2
gu0v C. 9,45
9500 ¢, o, 0.52, 0.92, 2.0, 3.0, 3. T, 4,7, 5.75,.7.95, 9.2, 9.45
ghoo ¢, 0.52, 0.92, 1.7, 3. ﬂ 3. 7 L.T, 5.75
9270 ¢. . | 2.0, 3.0, 3.7, .75, 5.75
9000 €. . | k.7, 5.4, 5.63, 5.9, 6.35, 7.55, T.75, 7.99

Typical structures of the alloys in the beta field showing the Widman-
statten etructure are given in figures 8, 9, 10 and 13. In these, the beta
decomposed on quenching but it is quite apparent that the alloye were single
phase bete solid sclution at the guenching temperature. TUndecanposed beta is
ahown in figures 14 and 15. These structuree are typical of alloys containing
more than 5 percent nickel and quenched from the beta field.

Structures representative of the alpha-beta fleld are given in flgure 11
and 12. These are the microstructures of the 0.52 and 1.7 percent nickel
alloys, respectively. It is readily seen that both of these alloys were two-
phase at temperaturc despite ths fact that they have been treated at tempera-
tures wsll above the transformetion point of pure titanium, If only a simple
binary system wore involved with these alloye, they should be beta solid=-
solution alloys, or increasing nickel content should bring about increasing
amounts of aelpha rather than the beta phase, However, comperison of figures
11, 12, and 13 showe increasing amounts of the beta phase. Other alloys as
shown in figure 1 bear out the sems trend, Indicating that while nickel itself
is lowsring the transformation peint, some other component 1s influencing the
structure. As pointed out above, 1t is believed that the basic oxygen content
of the titanium is a very Eignific&nt factor, and the structures of the &IIDIE
heve besn Interproted accordingly. The alph&-heta field indicatsd in flgure 1
ls thercfore shown as terminating on the zero percent nickel line, in part, at
temperatures above the alpha-beta transformetion, It will also be noted that
the alpha field is not indicated as extending to A75% ¢, or above aa a true
ternary alloy would require, The construction edopted in the diagram has been
chosen to agree with the data cobtalined rather than the phase-rule requirements
for a threc-component system., It is underetood that this construction would
not be striectly correct 1If the alloye were true ternary alloys end that con-
ventionally the alpha field should be indicated &t some temperature above
875% ¢. if only titanium, nickel, and oxyzen were involved., Since the tita-
nium iteelf begine to traneform below this, 1t is suggested that impuritles
other than oxygen (probebly iron is quite important) have alao influenced the
tranaformation temperature, Iron is present in the titanium and preliminary
studies have shown 1t to behave much like nickel in lowering the transformation.

The composltion of the varioua alloys which have been found to show the
alpha-beta atructures at the temperature levels examined 1s glven in table 3.
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Figure 10. - Microstructure of 1.7 Figure Il. - Microstructure of 0.52

percent Mi alloy water- percent Ni alloy water-
quenched from 9509 C.: : quenched from 3009 C.;
showing decomposition this alloy is in alpha-
product of beta solid beta field at

solution formed on temperature. X250

quenching. X250

Figure |2. - Microstructure of .7 Figure 13. - Microstructure of 4.7
percent Ni alloy water- percent Ni alloy water-
quenched from 900° C.; quenched from 900° C.;
this alloy is also in alloy is entirely beta
alpha-beta field at solid solution at
temperature. X250 ; temperature. X250
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Figure |4, = Beta solid solution in
0,45 percent Ki alloy
as quenched from

9 C. X250
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Figure |6. = Bata and gamma in 9.45
percent alloy as
quenched from
g900° €, X250
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Figure 15, - Beta solid saolution in
a 7.90 percent Ni alloy
as quenched from
900° ¢, X250

T
L ™

B

v

ﬁ‘% T ' |
BT,

Figure I17. = Beta and gamma in the
I4.2 percent Ni alloy
quenched firom
900° ¢, X250
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Figure |8. = Three-phase structure of
6.35 percent Ni alloy
water-quenched after
rolling at 8009 C. and
soaking 24 hours. X250
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Figure 19. - Three-phase structure in
f.7b percent Ni alloy
quenched after heating
I& hours at 980° C. and
furnace coocling to and
soaking 48 hours at
800° C. X250

Figure 20. - Three-phase structure in
5.9 percent alloy
quenched after heating
|6 hours at 9309 C.,
furnace cooling to 8709
C., and socaking 24 hours
at this temperature.
Gamma and alpna not
distinguishable. X250

Figure 2I, - Three-phase structure in
5.4 percent Ni alloy
quenched after |& hours
at 990° ¢,, furnace
cooling to 820° C., and
soaking 24 hours at this
temperature; alpha
etched somewhat darker,
gamma bright. X250
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TABLE 5. - Allovs in a;Phu-hata fi=sld

Tempereturs Composition of alloy
G279 G. | 0.0, n?hg, 0.56

0.0, 0.%9, 0.52, 0,86, 0.92

1.70, 2,00, 3.0, 3.7

8100 ¢. 0.0, 0.49, 0.86, 2.0, 3.0

8500 ¢, 0.0, 0.52, 0.92

Figurﬂﬁ 16 and 17 are typical of the beta-gamma atructurea encountered.
The 9.45 percent alloy aes hot-rolled and quanchad fram QDG C. 1is neer the
beta-gamma boundary and showe small, bright particles of gemma dletributed in
a background of the beta, Eum&what larger particles of gamma are to be found
in the structure of the l%.2 percent alloy, also treated at 900% C, The gamma
phase is believed to have a body-centered cubic structurs, but there are as yet
insufficient data to definitely determine ite lattlice or parametere. The datn
on other alloys in the beta-gamma field ars glven In table 6, This field, as
indicated in figure 1, extends beyond 40 pencent nickel. The limit of 41.5 per-
cent nickel ie aseigned ori the basis of sharp changes in structure between the
39.8 percent alloy end the b percent nickel alloy. X-ray diffrection pattcrns
elao show a new conetituent in the latter alloy, but brittleness and difficul-
ties with segregation make thé present data inadequate to destermine whether or
not single-phapc gommo cccure over & rengc or a8 & single composition,

TABLE 6. - Alloys in beta-gamme Pield

b

Temperature Compos!tion of alloy

9500 C. |9.63, I1.1, 11.5, 13.2, 14.2, 18.%, 23.0, 28.7, 34.%, 359.8
g900° Cc. |[9.2, 9.45, 9.93, 11.1, 13.2, 1h 2, 15 L, 23, ﬁ f& 7, 3h.4, 39.8
8702 ¢, . |8.b5, 5.2, 11.1, 13.2, Ej.D, 3h,h, 39.5

Bs0° ¢, 9.2, 9.b5, 9.93, 11.1, 13.2, 4.4, 1684, 28.7

8300 ¢. |1

“Boo® ¢, [16.7, 1T.M, 18.5, 19.0, 20.7, 28.7
780% c. |23.0, 28,7, 3k.k, 39.8 '

The structuros of alloys trcated in the alpha-beta gamma field were easily
identified when the gamma occurred as particles closely sasocimted with the
alphe, as in figures 18 ond 19, Figwe 18 (6,35 percent Ni) is typical of the
atructures developed by hot rolling snd-helding the alloys a2t tcmperatures in
which these three phases occur together., The dark constituent is decomposcd
beta, the lighter conestituent 1s alpha, and the emell, bright particles are
gamma, Figure 19 (7.75 percent Ni) ia typical of structures developod by heat-
ing such alloys to relatively high ‘temperatuies (980° C€.) slowly cooling to
tompernturés nt which the thres phase are atable (800° 0,), and holding ot this
tempernture, Here it is npparent thot on slow cooling both alpha end gnmma have
sgparated out of the ground mass and formed in the grain boundnry and as well-
developed needles. They are, however, recdlly distingulshed from each other.
On the other hand, soame structures were not so eselly identificd, Figuwre 20
(5.9 percent Ni)} is alseoc a three-phace structwre in which the alpha and gomme
particles lock very much olike, Heavier etching will nevertheloss usually per-
mit differentiation. The slphe constituent is generally attacked more heavily
and scquires & darker film while the gamma remaoins bright, This is. illustrated
in figure 21. This distinctlon is folrly ecsy to meke in viewing the structure
in the microscope but ie not always sharp enough to photograph, Care in etch-
ing and visual examinntion was therefore necessary to ocutline the alpho-beta-
gomma ficld as indicated,
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The compositions of the various alleoye showing the three-phases structures
at the temperature levela studied are listed in table 7. For the sake cof
clarity, some of those nllnya not important in marking out the field are not
included in figure 1.

TABLE 7. = Alloys in algp&«hat&-gammﬂ field

Temparature Enmpﬂaitiun of alloy

870~ ¢, 3.7, k.75, 5.4, 5.75, 5.9, 6.35, 6.72, 7.2,
T.55, 7.75

850° ¢ 1.7, 2.12, 3.0, 3.5, 3.7, 4.7, 5.h 5 63,

: 575, S. 9, 6.35, 6.72, 7.2, 7.55, 7.75, T. 9,
F.2, .45

830° ¢ 1.82, 2.12, 3.5, 3.82, 5.4, 5.54, 5.63, 5.9,
6.35, 675,773,78;, 7.9, 9.93

820° ¢ 3.9, 5.4, 5.9, 6.35, 6.75, 7.79, B.45

800° ¢ 0.52, 0.%2, 1.7, 3.0, 3.7, 3.9, 4.7, 4.75,
5.4, 5,75, 5.9, 6.35, 6.75, T.2, 1.55, 1.75,
g8.45, 9.2, 9,45, 11,1, 14,2

T80° ¢, {’.5.14-9,056 2.0, 3.0, 37 L. 75, 5.75, 6.35,
6.72, 7.2, T;ﬁ,gg _U.l 13.2, 14,2, 18,k

The high-temperature Iilmits of the Ffield have been placed in accordance
with the data end to indicats a point contact with the beta fleld, A line
contact could also have been indicated on the basies of the data but that would
be suggeative of a four phase equilibtrium mot Justifled by the present infor-
mation. A thin alphe field is shown es the left boundary., Thie is based on
convention rather than the data since no elloys lowsr then 0.40 percent nickel
were examined, '

The right boundary of the three-phase field is well-marked through 1lh per-
cent nicksl in accordance with the data. Feyond this point, however, the small
amcunts of alpha which might be present were not readily distinguished and the
boundary is accordingly dotted to 41.5 percent Ni, The lower boundary of the
field is based on the presence of the Widmanstatten atructure or undeccmpoaed
beta in alloys treated at TBD {. and their absence at TE# C. The distinction
ls quite definite, since the alloys treated at TEL° ¢, and below show finaly
divided gamma in a background of alpha.

Typleal structures in the alpha-gamma fisld are given In figurea 22 to
25, The 1,7 percent alloy shown in figurs 22 was hot-rolled at 900° C.,
quenched, and rerolled at 750° C., held at this temperaturs for a short timse,
and then quenched. The structure developed indicates that st the firat rolling,

a two-phase alpha-beta etructure was developed, On the second rolling, the
beta apparantly broke up forming particles of gamma in the ground mass of
alpha, while the alpha greins were unchanged except for distortion by rolling.
Figure 23 shows & aimilar structure in the 4.7 percent alloy at high magnifi-
cation, In this plcture the small gamma particlea are quite plain. Figures
24 and 25 are gquite similar structures, both of them were desveloped by rolling
and soaking at 700° C. after previous tra&tm&nt at high tempsraturea.  The
8.15 percent elloy {fig, 24) shows no large perticle of gamma since in 1ta
Irevious treatment it wes hsated into the beta field while the 17.05 percent
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Figure 22. - Alpha-gamma structure in
I.7 percent Ni alloy
water-quenched after hot
rolling and scaking at
7500 ¢, X250

Figure 23. - Alpha-gamma structure in
H.7 percent alloy
quenched after hot
rolling and soaking
at 7 C. X500

Figure 24, = Alpha-gamma structure of
8.15 percent Ni alloy
guenched after hot raoll=-
ing and soaking at
700° C. X250

KL009|e
s B

Figure 26, - Alpha-gamma structure in
17.05 percent Ni alloy
gquenched after hot roll=
ing and soaking at
700° G, X250
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Figqure 27. - Eutectoidal structure

Ki furnace-cooled : in 6.75 percent Ni
after 48 hours at alloy heated 16 hours
9809 C. X250 at 985° C. and fur-

nace-cooled. X250

Figure 28, - Massive alpha and Figure 29, - Furnace-cooled structure
gamma with eutectoid of Il.] percent NI
in 7.55 percent Ni allaoy. X250

alloy furnace-cooled
from 9509 €. X250
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aﬁhy’ w.é hqqt.a.d in the hﬂtﬂ-gﬂmm field prior to .ﬂ'lﬂ. TQ*D‘."" C. tr'aﬁ,;t:msnt. The
~ gtimictures shown in thease four pictures are typical of all of the alloys ireated
at 700 to 764° C. end sre indicative of dacumpuaitiﬂn nf the beta to alpha and

- gammn a8 shown in figure 1.

Furnace cooling (after HE hours at 955 or Qﬁﬂc c. ) of the ﬂllﬂyﬂ did not
dﬂ?ﬂlﬂp structures useful in determihing the phase relationships of the alloys.
-Structural alterations ogecurring on slow cooling, particularly through the
three phase field, could not be readily interpreted until the diegram of figure
-1 had been nutlinﬁd. Tha?'wara:ﬁ‘intEheat yhowever, In that & rather well formed
sutectoidal structure was aevelioped, Ecma of these structures sre shown in
figures 26 to 29, The 0.86 percent nickel alloy shows & emall amount of sutec-
 toid with large smounte of alpha. The 6,75 percent alloy shows larger amounte
of eutectold with alpha needles, whilﬂ the 7.55 percent alloy shows both alphs
and gamma needlea with eutectoid. At 11,1 percent nicksl, slow cooling from
950° . developed rather meseive gamma along with the Butﬁﬂtﬂid and some alpha
needlss,

TABLE &, - Alloys in alpha-gamme field

Temperature . Composition of 8lloy
764°.c. | 2.12, 3.5, 5.63, 7.9, 9.93 .
750° ¢, 0.52, 0.92, 1.7, 4.7, 9.45, 1k.2, 18.k, 28.7

700° €, 0.k, ﬂ 82, 1.67, b, 35, 5 4, 5. ? '6.35, 6,75, 7.5,
8.15, 8.45, 12,8, 1 3r:r 25.5. 3k.b, 39.8

Thesas ﬂtructurﬁu EHEEEEt that the beta solid anlutian in the true. titenlum-
nickel binary system decomposes eutectoldally and that the outectoid will lis
‘between 6.75 and 7.55 percent nickel,

cMMARY

- The quasi-binery diagram, figure 1, effectively summerizes the date
ocbtained In our study of the phase releticonmships in the titanium-nickel slloys
under investigation, I+t is quite evident that the impurities present have an
Important influence on the alloys and thet they carmot be considered simple
binary alleys but instead behave more llke complex ternary alloye. Consider-
able improvement in the gquality of the titanium will be required tefore high-
purity alloys can be suppled on a substantial acale, The investlgetion of the
reduction process in the Buresu's Boulder City laboratorise 18 beoing continucd
for the purpose of Improving the procees, the quallty of the metel produced,
and the rate of production, These studies and similer effortes in other labo-
ratories will no doubt result in e product of greater purity and hence meore
gatisfactory for large-acale binary elloy work., However, until substantial
Improvementa are realized, the major efforts in alloy etudies will have to
utilize the present praduct and the resulte of such work must be interpreted
with due conelderation for the limitations imposed by the materlals evallable.
Thie disgream therefore and aimilar studics on other alloy syotema will be of
great assietance in eveluating such alloy work.
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The effect of nickel on the melting point of titanium is quite marked,
smounting to approximetely 50 C., for each 1 percent nickel up to approxi-
metely 11 percent, At thie composition, the melting point 1s 960° C., end
the system appeara to heve & sutectic at about 33 percent nickel., Nickel is
aoluble in the high temperature form of titanium showling meximum eolubill
of 11 percent nickel at 960° C. This solid soclution ile etable down to 890° C.
At lower temperatures it begins to bresk down forming two- or three-phase
gtructurea, One of the new phases that appeers ls the hexegonal low-tempera-
ture form of titanium conmtaining lees than 0.5 percent nickel in sclution and
is designated as the alpha phase. The other phase 1s & body- cemtered constil-
‘tuent contalning approximately 41 percent nickel and designated as gamma,
Decomposition of the beta phase is complete et about T65" C.; below this the
alloys consist entirely of alpha and gamma, The diagrem suggests that the
moeet useful titanium-nickel alloys may be found in the rangs of 0.5 to 10
percerit nickel. From a consideration of the microstructures obtained, it s
e¥ident that such alloys will be amenable to heat treatment and that their
propertics will likewise be capable of variation over wide ranges. ©Studies
are now under way to determine the physical properties of thosc alloys in
various conditions to determine their fabricating characterietice and thes
results that may be expected on quenching and tempering treatments.

While the diagram presented is not representative of the pure titanium-
nickel binary eystem, its general features suggest that the true egquilibrium
diagham will have & rather gimilar construction. The three-phase fleld will
of coursc disappear, and the bete phase probably will be found to bresk up
eutectolidally, forming mixtures of the alpha phase doubtless containing less
than 1 percent nickel and the gamme phase containing more than 40 percent
"nickesl., The eutectoid temperature hes probably been ralsed by oxygen so that
in the binary system 1t is not llkely to be more than 765° €., and since the
entectic horizontal is undoubtedly lowered by oxygen, it will probably not be
less than 950% €. A tentative dimgrem drawn up along thesc linecs is presented
in figme 30 as the probable form of the true titanium-nickel system. Thils
dagram of course 1s not exact. Since the eritlecal temperatures and composi-
tiong have been taken direetly from figure 1, it should therefore be considered
ag tentetive and applied cautiously until more complete ‘data are avallable. It
is offered ot this time 1n the hops that it will be of ussistanna in guiding
future vurk on these alln;s.
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