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Phase transformations in solution treated and quenched Ti-(13-26) Nb-(22-38) Ta (wt.%) and
Ti-(13-35.5) Nb-(5-22) Ta-(4-7.2) Zr alloys have been studied. It has been observed that
phase transformations in these alloys are sensitive to both composition and cooling rate. In
ternary alloys, water and oil quenching resulted in the formation of orthorhombic
martensite («¢”) in a retained B + watermal Matrix, whereas slower cooling showed evidence
of fine a and wjsothermal formation within the g8 matrix. Increase of Nb + Ta content decreases
the volume percentage of martensite. Moreover, addition of Zr stabilized the g phase,
lowered the martensite start temperature and suppressed o formation. Finally, dynamic
moduli of air cooled quaternary alloys showed that the modulus was sensitive to the
composition, a minima at Nb/Ta ratio of 12.0 and 5 at% Zr being observed, this minimum in
dynamic modulus being consistent with w phase suppression. © 2000 Kluwer Academic
Publishers

1. Introduction C < 96 wppm). Before weighing and melting, the con-
Prior investigations of phase transformations in bi-stituents were cleaned in ethanol to remove possible
nary titanium-niobium alloys has shown that quenchingsurface contamination, the high purity Ti sponge be-
from the 8 phase field can result in formation of two ing melted separately to minimize weight losses during
metastable martensitic structures, either hexaggmal subsequentincorporation with the Ti-77Tamaster alloy,
alloys with Nb< 13 wt.% or orthorhombia” at higher ~ Nb and Zr. The master alloy, melted Ti, pure Nb and Zr
Nb content [1, 2]. Additionally, at Nb contents betweenwere weighed withirt-0.0005 g, subsequent melting
24 and 50 Wt.%8 + wisothermalOr B + wathermalNas been  being carried out in a high purity (1 wppb) argon at-
observed [2]. Arecent study of Ti-(28—40) wt.% Nb hasmospher, water cooled copper hearth non-consumable
also shown that the” martensite formed in these al- tungsten electrode arc furnace. Prior to melting, a tita-
loys has an ordered base-centered orthorhombic crystaium getter was also melted in the furnace which had
structure with theMg and order-disorder temperatures been evacuated and flushed three times with purified
being sensitive to Nb and interstitial content, decreasingwrgon. The alloys were melted at least five times, each
with increasing Nb and @ N + C content [3]. time being held in the molten state for 2-3 minutes, the
While ternary and quaternary additions of Ta and Zrbutton being flipped between each melt. After melting
to Ti-Nb alloys have been shown to enhance the lowalloys were reweighed, the percentage weight loss be-
temperature superconducting properties of these alloying observed to vary between 0.4 to 1.3%.
[4-7], their effects on phase equilibria have not been Following solidification, the ends of the cast but-
reported. The purpose of the present work was to extons were removed, the rest of the buttons cleaned with
tend prior binary Ti-Nb phase equilibria examinationsethanol and wrapped in tantalum foil. These were then
to ternary Ti-Nb-Ta and quaternary Ti-Nb-Ta-Zr alloys encapsulated in quartz tubes together with a small quan-
with emphasis being given to the influences of coolingtity of titanium sponge under a 25 torr partial pressure of
rate and compaosition on phase stability. high purity argon and homogenized at 90Gor 96 hrs
followed by furnace cooling. Finally, the homogenized
samples were re-encapsulated and solution treated at
1000 C for 2 hours followed by water quenching, oil
2. Experimental procedures or air cooling, respectively.
Ti-Nb-Ta and Ti-Nb-Ta-Zr alloys, Table |, were arc  Characterization of the resulting microstructure in-
melted as 30 g buttons from Ti (©240 wppm, N<  volved room temperature x-ray diffraction, optical and
26 wppm, C: 9.9 wppm), Nb (@60 wppm, N: transmission electron microscopy. Room temperature
29 wppm, C: 19 wppm, St 50 wppm), Zr (O<  x-ray diffraction analysis was carried out with Cy K
50 wppm, N<5 wppm, C<30 wppm) and a Ti- radiation at 40 kV and 30 mA, the scanning rate be-
77Ta master alloy (O: 270 wppm, 828 wppm, ing 5 26/min from 20 =20 to 80. Following data
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TABLE | Chemical compositioff Ti-Nb-Ta-(Zr) alloys

Nominal Analyzed (0] N C Tot.
Alloy content (wt%) contents (wt%) ppm ppm ppm int.
TAl Ti-26Nb-22Ta Ti-25.0Nb-21.9Ta 540 30 85 655
TA2 Ti-24Nb-22Ta Ti-23.2Nb-22Ta 460 30 90 580
TA3 Ti-14.5Nb-38Ta Ti-14.0Nb-37.6Ta 540 50 110 700
TA4 Ti-13Nb-38Ta Ti-12.7Nb-38.5Ta 460 20 65 545
TAS Ti-24Nb-22Ta-4.5Zr Ti-23.8Nb-21.6Ta-4.6Zr 460 50 100 610
TAG Ti-22Nb-22Ta-4.0Zr Ti-22.2Nb-22.2Ta-4.1Zr 390 70 30 490
TA7 Ti-29Nb-12.5Ta-7Zr Ti-29.2Nb-12.4Ta-7.1Zr 390 20 60 470
TA8 Ti-35.5Nb-5Ta-7Zr Ti-35.5Nb-5.0Ta-6.9Zr 380 20 70 470
TA9 Ti-35.1Nb-5.7Ta-7.2Nb Ti-35.3Nb-5.7Ta-7.3Zr 370 70 40 480

aDetermined following homogenization. Tot. Int.: Total InterstitiaD + N + C.

collection, lattice parameter determination and peak in-

dexing utilized a least square iterative method [8]. . a
The homogenized and solution treated alloys were

also prepared for optical microscopy by either me-

chanical polishing or electropolishing, the latter with

a solution of 300 ml methanol, 180 ml n-butanol and

30 ml perchloric acid at a voltage and temperature of

20V and<10°Crespectively. Finally, the samples were

etched with 8 vol% HF, 15 vol% HN&and 77 vol%

H,O. Samples for transmission electron microscopy

were prepared by mechanical waffering, grinding to

0.15 mm thickness and electropolishing in a solution

of 5 vol% H,SOy, 2 vol% HF and 93 vol% methanol at

15 to 20 volts andk—40°C. | So—
Mechanical characterization of solution treated Ti- - Ry J‘*ifﬂ_;l_oo microns

Nb-Ta and Ti-Nb-Ta-Zr included microhardness and

dynamic modulus measurements. The former was con- :

ducted with a 200 g load on a pre-polished sample, ar/ b WA \.'} : , T

average of ten readings with an error% VHN be- 2oLl NMAVAR W\ ’ J

| ~ I3

- —

ing reported. Dynamic moduli were determined with = e S )
5 mm cube samples obtained from solution treatec . 3 7 \
and air cooled quaternary alloys. Standard through: =~~~
transmission techniques were utilized with wet coupled = = i
(glycerine and honey) longitudinal and shear transduc; - sl — s AN
ers having active diameters of 6.35 mm and 3.17 mnm & TEN N
operating at frequencies of 5 MHz and 2 MHz respec- o = =
tively. Longitudinal ) and shear\{;) velocities were = = s oo
calibrated with measurements of pure Al (99.9999), & S RN
Young’s modulusE, and Poisson’s ratia, then being = RN
given by: . e e
, LALL 215 microns
E=V p-(1+v)-1-2v)/(1—v)
v=(1-20%/(2-207), . . . .
Figure 1 Representative solution treated and water quenched mi-

. crostructure (a) TA2 and (b) TA5 (Nomarski interference).
whereb = V;/V, andp = the alloy density. @ () TAS ( )

3. Results ing evidenced by comparison of water quenched TA5,
The importance of cooling rate composition on phasd-ig. 1b. Room temperature x-ray diffraction analy-
equilibria in Ti-Nb-Ta and Ti-Nb-Ta-Zr alloys was ex- sis indicated that the martensite had an orthorhombic
amined by solution treating at 100D for 2 hrs fol-  crystal structure with lattice parameters- 0.316 nm,
lowed by air, oil or water quenching. In addition, the mi- b =0.482 nm anct = 0.462 nm.

crostructure of these alloys furnace cooled afterhomog- Optically, the martensite phase consisted of long
enization was examined. Water and oil quenching ofand relatively thick primary plates with fine secondary
TA1-TAG resulted in a martensite transformation, seeplates in areas contained between the primary plates.
for example TA2 shown in Fig. 1a. The volume fraction Transmission electron microscopy showed that the
of martensite decreased either by increasingtNla  martensitic plates had an acicular morphology with
content or with addition of Zr, this later decrease be-a substructure comprised of stacking faults, arrowed
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Figure 3 Representative solution treated and air cooled microstructure
of TA1 (Nomarski interference).

Figure 2 (a) Bright field TEM micrograph of solution treated and water
quenched alloy TA2 showing martensitic platesginmatrix. (b) SAD
pattern from the8 matrix showing diffusev reflectionsg=[011]s.

in Fig. 2a. No evidence of ordering was observed
within these martensitic plates, consistent with their
high Nb+ Ta content as compared to the prior study of
binary Ti-Nb [3]. Some streaking was also seen in the
SAD pattern of the retainefl matrix, Fig. 2b, an indi-
cation of the early stage of tkeformation. Since this
phase was formed during continuous water quenching
it is very similar to the athermad phase reported by
Dueriget al [9] and will be denotedy, hereafter. In
this condition, how phase images could be obtained.
Similar streaking due tag, formation was also ob-
served in TA7 through TA9 alloys after water and oil
gquenching although optically these alloys appeared tc
be single phasg.

Following air cooling, TA1-TA4 appeared by opti-
cal microscopy to be single phagefor example TA1
in Fig. 3. Again, however, more detailed transmission
electron n_ucr_oscopy of solution treat_ed and air COOIeq:igure 4 (a) Bright field TEM micrograph of solution treated and air
TA1-TA4 indicated the presence of fireplusw par- cooled TA2 alloy showing fine particles. (b) SAD pattern showing
ticles within the 8 matrix, Fig. 4a. The presence of diffractions,g=[012]s.
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Figure 5 Optical microstructure of TA9 after solution treating and air
cooling (Nomarski interference).

o under these cooling conditions was confirmed by

diffraction analysis, Fig. 4b. The strong reflections

shown in Fig. 4b, indicated that the development of o

thew phase has significantly progressed during slowe iy ¥ -/ e

air cooling. Indeed, this phase developmentis similart( =Y -
‘ &

the isothermad phase reported by Duerig al. [9] and

will therefore be henceforth denotedas,. Again, ad-

dition of Nb, Ta and Zr tended to stabilize thghase, -

a B + wan microstructure being observed following air -7“-‘ - -

cooling, Fig. 5. w “ e
Finally, optical microscopy of furnace cooled TA1 | ;L .

through TA4 showed that these samples consisted ¢«

largep grains with intra and intergranulat increasing .":-" ’

Nb+ Ta content and Zr addition decreasing the volum r& ‘3‘\ -

fraction of«, Fig. 6. Transmission electron microscopy, - ‘ iy S

Fig. 7a and b, indicated that at the highest Nb, Ta anc pfie

Zr contents, the microstructure wast wiso. ‘
The microhardness of homogenized and solution

treated alloys are glv_en in Table I1. The hardness VajI’Figure 6 Representative homogenized and furnace cooled microstruc-

ues of the homogenized alloys show a decrease Withire (a) TA3 and (b) TA6 (Nomarski interference).

increasing Nb content at constant Ta and Zr. Further,

the hardness of solution treated and air cooled sam-

ples TA1 to TA3 are similar to values obtained aftering whereas TA5 through TA9 have similar hardness

homogenization, whereas TA4 to TA9 have lower val-independent of cooling rates.

ues. Following oil and water quenching, TA1 through Dynamic moduli results, Table I, show that quater-

TA4 have lower hardness than obtained after air coolhary Ti-Nb-Ta-Zr alloys have very low dynamic mod-

ulus when compared to conventional titanium alloys.

These observations also indicate that the dynamic mod-

uli of Ti-Nb-Ta-(Zr) alloys are extremely sensitive to

> g

TABLE Il Microhardness of Ti-Nb-Ta-(Zr) alloys

VHN ST1000 compositi_or_l, slight variqtions in the (_:omposit_ior_l (o_r
Analyzed VAIN ——  Nb/Taratio in at%) causing an appreciable variation in
Alloy  contents (wt%) homog AC OQ WQ  modulus.
TAl Ti-25.0Nb-21.9Ta 198 193 152 147
TA2 T!-23.2Nb-22.0Ta 216 210 149 147 T ABLE 11l Values of dynamic modulus of Ti-Nb-Ta-Zr alloys
TA3 Ti-14.0Nb-37.6Ta 215 210 168 166
TA4  Ti-12.7Nb-38.5Ta 252 197 158 161 Dynamic
TAS  Ti-23.8Nb-21.6Ta-4.6Zr 197 164 155 150 Analyzed modulus Density
TA6  Ti-22.2Nb-22.2Ta-4.1Zr 223 157 152 146 Aoy  content (at%) Nb-Ta GPat10%  (gfcrd)
TA7 Ti-29.2Nb-12.4Ta-7.1Zr 193 167 160 151
TA8  Ti-35.5Nb-5.0Ta-6.9Zr 189 151 145 139 A5  Ti-17.4Nb-8.1Ta-3.4Zr 255 55.3 6.23
TA9  Ti-35.3Nb-5.7Ta-7.3Zr 195 153 150 146 TA6  Ti-16.1Nb-8.2Ta-3.4Zr 24.3 64.9 6.19
) . TA7 Ti-20.5Nb-4.5Ta-5.1Zr  25.0 50.0 5.23
Homo: Homogenized-90€-96 hr-furnace cooled; ST1000: Solution 1ag Ti-24.1Nb-1.7Ta-5.0Zr  25.8 55.7 574
treated-1000C-2 hr; AC: Air cooled; OQ: Oil quenched; WQ: Water g Ti-24.2Nb-2.0Ta-5.1Zr  26.2 48.0 5.85
quenched.
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TABLE IV Phases present in the solution treated alloys

Phases present

Analyzed Air Water
Alloy  content (wt%) cooled quenched
TAl Ti-25.0Nb-21.9Ta o+ B+ wiso o’ + B+ wath
TA2 Ti-23.2Nb-22.0Ta a+pB4owso @+ B+ wah
TA3 Ti-14.0Nb-37.6Ta o+ B+ wiso " + B + wath
TA4 Ti-12.7Nb-38.5Ta a+p+oiso @'+ B+ wah

TA5  Ti-23.8Nb-21.6Ta-4.6Zr o’ +f+wan @’ + B+ wan
TA6  Ti-22.2Nb-22.2Ta-4.1Zr o’ + B +wath @'+ B + wath

TA7  Ti-29.2Nb-12.4Ta-7.1Zr B+ wam B+ wan
TA8  Ti-35.5Nb-5.0Ta-6.92r B+ wam B + wath
TA9  Ti-35.3Nb-5.7Ta-7.3Zr B+ wam B+ wan

solution treatment with different cooling conditions are
summarized in Table IV. The transformation modes ob-
served in this study can also be summarized in the form
of schematic continuous cooling transformation (CCT)
diagrams, Fig. 8. The position and shapes of these
curves were drawn to elucidate the decomposition of
the 8 phase during cooling from above the transus.

Fig. 8a shows that furnace cooling TAl to TA4 in-
volved intrusion into the8 +« phase field. A simi-
lar transformation was also observed after air cooling
with » precipitation within thes phase occurring at
lower temperatures. Since tjfe— o transformation is
accompanied by elemental partitioning, enrichment of
the 8 phase occurs, this of the retainegs being sup-
pressed below room temperature. Thus,afior «”
should be or was observed under these cooling condi-
tions, in agreement with the microstructure shown in
Figs 3 and 4. Faster cooling of TA1 through TA4 alloys
from the 8 phase field, i.e., oil or water quenching did
however result in partial transformation of tAghase
to «” martensite. In addition, these faster cooling rates
suppressea;so formation,wai being observed within
the B matrix. The suppression @fis, is most clearly
shown by comparing the containing electron diffrac-
tion patterns following air (Fig. 4b) and water quench-
ing (Fig. 2b).w suppression in TAL through TA4 is ex-
pected to lead to a reduction in microhardness, consis-
tent with present results and those previously obtained
in binary Ti-53.2 wt% Ta [10] and Ti-(45.4-51.1wt%)
Nb [2] alloys.

In this studyw has been designated @gh andwiso
according to their morphology and diffraction features.
Figure 7 (a) Electron microscopic dark field image of thephase in  Athermal « formation involves a displacive mecha-
the homogenized and furnace cooled TA6 alloy; (b) SAD pattern of thenism’ that is, it occurs by collapse of the planes within
same sampleg =[011];. the parent phase [11, 12]. Since no solute diffusion

is necessary faba, formation, it occurs as soon as the

thermodynamic driving force is sufficient to initiate the
4. Discussion plane collapse. Its formation does not therefore depend
This investigation has shown that the phase transformasn cooling rate. Finally, due to the small lattice dis-
tions observed in Ti-Nb-Ta-(Zr) alloy are sensitive to tortion associated with the displacive formation and its
both cooling rate and chemical composition. These oblow percentage transformatian,his typically charac-
servations can be considered by sub-dividing the alloys$erized by the diffuse streaking in electron diffraction
into three groups: (1) ternary alloys, (2) quaternary alpatterns.
loys containing approximately 4.1-4.6 wt% Zr and (3)  Alternatively, formation of isothermab, wiso, in-
quaternary alloys containing approximately 7 wt% Zr.volves diffusion. Hence, it requires time and a tem-
Phases observed by optical microscopy, x-ray diffracperature sufficient for solute redistribution in the ma-
tion and transmission electron microscopy followingtrix. Therefore, wiso is usually characterized by a
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recognizable morphology, cuboidal or lenticular, with a
clear evidence of its formation in electron diffraction
patterns. In the current study;s, forms during slow
continuous cooling, the slow cooling providing the nec-
essary time attemperature tonucleation and growth.
However, it is reasonable to assume that the precipita
tion kinetics ofwise Will be accelerated by,in below
the ws temperature as shown by dashed part ofdhe
transformation curves in Fig. 8.

Addition of Zr to the ternary alloys increased the sta-
bility of the 8 phase in TA5 and TAG6 alloys, displacing
the 8 — « transformation to increased times, Fig. 8b.
The g phase was sufficiently stable that tife—> o
transformation was avoided in all the cooling condi-
tions employed in this investigation. The addition of Zr
also decreased the Ms temperature and hence decreas
thea” volume fraction after water and oil quenching as
seen for TAS in Fig. 1b. At intermediate cooling rates,
i.e., air cooling, only very diffuse diffraction streaking
from wah can be seen in SAD pattern. When furnace

Solution treatment temperature

B transus

Temperature

cooled, theMs was further lowered by the precipitation b
of wisp and never reached, a microstructuresof wiso Solution treatment temperature

being observed after the furnace cooling, Fig. 7. Previ-

ous study [9] supports the suggestion that precipitatior B transus

of thew phase results in the enrichmentigs$tabilizers
in the matrix, hence increasing the stability of the
matrix and lowering théVs.

Further increasing the Zr content, TA7 through TA9,
continuously increased the stability of tAephase, no
a” martensite being observed after air cooling, i.e., the
Mstemperature has decreased below room temperatur
In agreement with the observation in TA5 and TA6, the
addition of Zr also delayed isothermalformation in
TA7 through TA9. Hence, after air coolingjse did not
develop in the higher Zr containing quaternary alloys.
The CCT curve for these alloys is shown in Fig. 8c.
The presence aba, rather thanwiso with the addition
of Zr is consistent with prior observations [13, 14]. In
addition, the high content of Nb in TA7—TA9 may also
have contributed to the stability of thfephase [2].

Finally, the suppression @ with Zr addition in the
gquaternary alloys is also thought to be responsible fo
the decrease in dynamic modulus when these alloy
are compared to the binary alloys containing similar
amounts of Nb [15, 16]. The decrease in dynamic mod
ulus accompanying suppressionois consistent with
the modulus minima observed in binary Ti-Nb alloys &
at approximately 42 wt.% Nb [15, 16], i.e., close to the&
Nb content required fap suppression. It has also been
observed that the dynamic moduli of the quaternary al
loys considered in this study appeared to have a minim
at 5 at% Zr and a Nb/Ta ratio of 12.0. Although a com-
plete rationale for this latter observation is presently
unavailable, it is proposed that two effects may be con
tributing. The first involves the increased stabilitygof
structure with respect t@ formation, the second is at-
tributed to the preferred site occupancy of Nb, Taand Zr
within the bcc unit cell, its effect on the nature of bond-
ing and thereby the minima in the modulus of elasticityrigure 8 Schematic CCT diagrams for Ti-Nb-Ta and Ti-Nb-Ta-Zr al-
remains to be investigated. loys. (a) TA1-TA4, (b) TA5 and TA8, (c) TA7—TA9.

Temperature

Solution treatment temperature

M) B transus

mperature
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5. Conclusions
1) In ternary Ti-(13—-26) Nb-(22—-38) Ta (wt.%) alloy,
water and oil quenching resulted in the formation of

1

disordered orthorhombic martensite contained withina™

B + wath Matrix while increase of Nb- Ta resulted in
decrease of the martensite. Air cooled alloys exhibited
fine @ andwiso Within the 8 matrix.

2) Addition of 4.1-4.6 wt% Zr stabilizes thiephase,
the — o transformation being completely suppressed ¢
in all the cooling conditions employed in this study. The
o’ + wanmicrostructure within a retainggimatrix was
observed for cooling conditions faster than air cooling
and theB + wis, after furnace cooling.

3) The rate ofviso formation was shown to be cooling

3

rate dependent, the transformation being initiated by ag,

displacive transformation. The addition of Zr retarded
the development abiso and resultedv,e, formation in
Zr containing alloys after air cooling.

4) Dynamic modulus determination of the air cooled 1L

quaternary alloys indicated that the dynamic modulus»
was sensitive to composition. A minima at Nb/Ta ratio 13

of 12.0 and Zr content of 5 at% was observed. "
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