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SIMMARY OF PRINCIPAL RESULTS

During 1984/85 fisical year, general microstructure, microstructural
coarsening and its influence on mechanical properties were focused.

Although it is well known that rapid gquenching of the molten alloy
drastically increase solid solubility of solute in Al based alloys, such
extensive solubility increase in Ti is less dramatic and varies signifi-

cantly depending upon the equilibrium phase diagram features of binary Ti
systems.

These phase diagram features may be conveniently divided into four
categories depending upon # -ol transformation mode : 1. & -isomorphous 2.
eutectoid type 3. peritectoid type 4. monotectic-peritectic type.
Moderate increase in solid solubility of solute by rapid quenching was
observed in the first two types whereas no increase in the solubility for
the monotectic-peritectic type.

Another effect of rapid solidification is that high temperature
phase $ can be stabilized against the low temperature phases: o as well
as compound phases. Also, the decomposition at invarient points can be
suppresed by rapid quenching. As a result, the terminal solid solubihty
of o phase increase at the expense of ol + compound phase.
occurrence of metastable phases by rapid quenching is strongly dictated by
kinetical conditions during rapid solidification. In binary Ti alloy
systems, entropy stabilized phases such as glassy phase and S phase can be
stabilized down to room temperature by rapid quenching against close packed
structures such as FOC and HCP.

The teminal solid solubility of o¢ phase can be correlated with
relative atomic size and electronegativity of solute. In other word, the
s0lid solubility of o{ can be predicted in an expanded version of Darken and
Qurry type map.

Besides, martensite initiation and ddphase formation in the binary
systems can be suppressed by rapid cooling, indicating that the martensite
and thely phase is no longer purely athermal.

B) QSTWALD RIPENING

The slow growth of these rare earth dispersoids has been characterized
quantitatively in the last two years. The results show that 1. particle
coarsening occurs by the volume diffusion of rare earth metals in Ti; 2.
the coarsening rate is very low, which is attributed to the low solubility
of rare earth metals in Ti and more importantly to the low diffusion
coefficient of these metals in Ti.

Also, preliminary results show that Th dispersoids in Ti matrix coarsen
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at the slowest rate at 900°C among the investigated dispersoids. This
low coarsening of Th dispersoids appears to stem from the low diffusion
coefficient of Th in Ti.

The hierarchy of the estimated coefficient of R.E. is accidently
related atomic size of rare earth metalsi 1.3., Y:1.78A, (12 n.n.)
D=4.4x10"13cms/sec ; La: 1.87 A , D=7.5x10"1%m%/sec.  Nevertheless,
it is premature to make any conclusion regarding the atomic size effect
without knowing diffusion coefficients of many rare earth metals in Ti.

The quantitative measurements on the dispersoid coarsening conducted
in the last one year are compared with those of previously determined
values, as shown in table 1.

TABLE 1
alloy system Temp. f£(k,T) Vol. k* G WV D
¢ m/s) Frc. % (m3/g-mol)  (cm2/s)
760 0.9 x10728 1.0x10713
Ti-56n-3Y 800 3.7 x10728 1,05 1.12 0.0042 1.67x1070 4.4x10713
840 1.52x107%7 2.0x10712
Ti-S5n—4.5La 760 1.23x10°23 1.4 1.16 0.0046 2.3%1075  9.4x10713
(La,Sn) 800  9.39x10 7.5x10714

Ti-58n-5.4Br 800 1.8 x10728 1.8

Ti-SA1-7.5Th 900 6.4x10~27

3 -
where £(K,T) =
t -t,

C) GRAIN GROWIH

In rapidly solidified Ti alloys, the grain growth is another
important parameter determining alloy stability at high temperatures.

The study shows that the growth of the grains containing rare earth
dispersoids (Er, La ) and Th dispersoids deviates significantly from the
parabolic law ( D = Kt™, n=0.5 ), indicating a strong interaction between
the grain boundary and the particles.

The results are summarized in table 2.
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TABLE 2.
Aitloy System Amealj.ngc'nenperature Time Exponent
N n
Ti-5A1-7.5Th 900 0.15
Ti - SAl - 4.51a 900 0.25
Ti - 0.03 Er (at. %) 900 0.38 *
Ti - 0.3 Er (at. %) %00 0.13 *

* extrapolated from the data in ref. 1

D) MECHANICAL PROPERTIES (microhardness)

Effects of microstructural coarsening on mechanical responses are
primary subjects in these investigations. Microstructural coarsening:
grain growth and dispersion coarsening in Ti-5A1-2.9Y, Ti-S5Al1-4.5La, Ti-
5A1-5.4Er and Ti-5A1-7.5Th were studied and their effects on hardness were
evaluated.

The results show that a combination of grain growth and dispersion
coarsening during isothermal annealing is the prime cause of the softening
of these ternary alloys tested at room temperature. However, the Ti
matrix softening at elevated temperatures is a result of dislocation clinb
and high diffusion coefficient of Ti at these temperatures. Hence, at
these temperatures, the role of dispersoids as dislocation blocker in these
ternary alloys appears minimal.
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MICROSTRUCTURES AND MECHANICAL PROPERTIES OF RAPIDLY
SOLIDIFIED Ti-5Al1-4.5La AND Ti-5Al1-5.4Er ALLOYS.

C. S. Chi and S. H. WHANG

Proc. Sym. Rapidly Solidified Materials, S.M.L. Sastry and B.

MacDonald eds., pp. 231-245, The Metallurgical Society of AIME.,
1986.
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Rapidly-solidified alloy ribbons (Ti-5A1-4.5La and Ti-5A1-~5.4Er),
{ processed by the arc melt-spinning technique, were consolidated by HIPing. :f
N The microstructures and hardness of the precursor as well as the HIPed alloys .
- were studied by TEM, electron microprobe, and hardness testers. ;{
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Introduction

Although research on rapidly-solidified Ti alloy was initiated a decade
ago, the initial approach for strengthening materials was primarily based on
microstructural refinement of Si-and B-contatning Ti-alloys (1,2). As a
result, the improvement in strength and creep resistance at elevated tempera-
tures was not anticipated, though a substantial increase in room temperature
strength as well as intermediate temperature strength resulting from such
microstructural refinements has been demonstrated. Recently, the addition of
rare-earth elements to conventional-casting Ti alloy reportedly improved
mechanical properties (3-6). Nevertheless, a large quantity of rare-earth
addition results in coarse particles (several micron diameter), as well as
serious segregation through conventional ingot metallurgy (6). Recent rapid-
solidification technologies allow compound-forming additives — metalloids or
rare-earth metals — to dissolve in the Ti matrix without segregation.

Such flexibility in alloy processing stimulates development of high-
temperature Ti alloys containing various rare-earth metals (7-9). Prelimi-
nary studies of rare-earth dispersion in Ti alloys show significant improve-
ment in mechanical properties at both room and elevated temperatures (10-13),
and, among the alloys investigated, the La- (13) and the Er-containing alloys
(14) in particular exhibit exceptionally high mechanical strength at both
temperatures. Since the investigation of mechanical properties in these two
alloy systems (Ti-Al-La and Ti-Al-Er) has been carried out independently by
different research groups, the differentiation between the properties of the
two alloy systems is not known. Such differentiation is discussed in this

paper.

eriments

Rapidly-solidified Ti alloy ribbons of nominal compositions (Ti-5A1-5.4
Er and Ti-5Al1-4.5La) were produced by the following manner: Alloy buttous
weighing 20g each were prepared in a pilot scale arc-melt furnace from pure
metals: Ti (99.9 at Z) and Al (99.99 at %), and rare-earth metals: La and Er
(99.9 at %). Subsequently, each button was remelted in the cold copper cru-
cible of the pilot melt spinner (Fig. 1) and cast into thin ribbon ~4Qum
thick and ~1.5mm wide by injecting the molten alloy onto a rotating copper
disk through the orifice at the bottom of the copper crucible under inert gas
atmosphere (Ar) (Fig. 2a). This ribbon was initially chopped into segments
~l.5 mm long by a rotary chopper and re-fed into' the chopper until they were
less than lmm long. The flakes were cold compacted and HIPed in a small mild
steel can at 850°/2.1GPa/3hs The fully-densified HIPed alloy was subjected
to hardness testing and microstructural study. Hot hardness was measured on
HIPed alloys using a 1000g load at the temperature range of 500-900°C., The
measurements at each temperature take 15 minutes. Also, other HIPed
specimens were isothermally annealed at 900°C for various duration and sub-
Jected to room temperature hardness measurements.

Prior to heat treatment, foil or consolidated allog was wrapped in a Ta
foil and sealed in quartz tubing under high vacuum (10~° torr). TEM speci-

mens of thin foil and carbon extraction replica were prepared either by elec-
tropolishing the foil in 5Z H,S0, acid or by etching in SHF-6HNO3-89H,0 solu-
tion (Vol. ). Subsequently, carbon was deposited onto the etched surface of
the foil in a vacuum evaporator, followed by the detachment of the film in a
8HF-8HNO 3~84H20 solution (Vol, Z). These electropolished foils and carbon
extraction replica were studied by TEM, STEM, EDX and electron microprobe.
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Figure 1 - Schematic diagram of pilot arc melt spinning unit
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Figure 2a - Melt-spun alloy ribbons Figure 2b - HIPed alloy consolidated

and chopped flakes by a rotary from the chopped flakes using a small
chopper. mild steel can.
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Microstrucures

Microstructural study of alloys Ti-5Al-4.5La and Ti-5A1-5.4Er were
primarily focused on the identification of dispersoids and the microstruc-
tural changes before and after HIPing or associated with other heat treat-
ments. As-spun alloy ribbons, by pilot arc melt~spinning technique, were
electropolished into thin foils and studied by TEM: The microstructures of
the tvo as-spun alloys (Figs. 3a and 3b) show spherical dispersoids of ‘a size
range 0.05 - 0.2 um diameter embedded uniformly in the matrices. The Er-con-
taining alloy ribbon annealed at 900°C/2h revealed little coarsening of the
dispersoids (Fig. 3c) compared with those in the as-quenched alloys. Also,
no distinctive grain growth was noticed between the as-quenched and the an-
nealed alloys. In order to identify those dispersoids in the Ti-5A1-5.4Er
alloy, carbon extraction replica was prepared from the splat-quenched foils
by the hammer-and-anvil technique and subsequently annealed at 760°C/2h
(Fig. 4a). The corresponding diffraction patterns (Fig. 4b) contain a large
number of rings exceeding the diffraction patterns of any single compound
known between Al and Er or of Er;03. Although the replics was checked by EDX
spectroscopy, the Al peak can't be identified since the weak Al peak is
superimposed on the strong Er peak.

Another carbon extracion replica of the Ti-10A1-9Er splat alloy,
annealed at 930°C/36h, was preparsd, as shown in Fig. 5a. Electron micro-
probe spectra (Fig. 5b) obtained from the circled area of Fig. S5a indicate
that the particles in the circled area contain Er‘as well as Al. In con-
trast, other spectra obtained from this replica show only an Er peak (Fig.
5c). Clearly, there are two different types of dispersoids co-existing in
this alloy. The analysis of composition as well as the identification of
oxygen by the microprobe, however, is not possible with this replica since
the particle size is not large enough to provide the appreciable intensity of
the oxygen spectra. Copper spectra in Figs. 5a and ¢ come from the copper
grids holding the extraction replicas.

The as-HIPed alloy containing La shows large grains 10=20um in diameter
and, in addition, many fine grains of several microns at the triple junctions
between the large grains (Fig. 6a). The same alloy shows disperscids as fine
as those in the as-spun ribbon under TEM (Fig. 6b). The detailed micrograph
(Fig. 6c) shows many chains of dispersoids lined up along dislocations. This
characteristic arrangement of dispersoids i{s seen only in the La-containing
alloy. The HIPed and annealed alloy at 900°C/100h (Fig. 6d) yields an aver-
age grain size larger than the mean size in the as-HIPed alloy by a factor of
two, indicating slow growth in this alloy. Similarly, the HIPed alloy con-
taining Er under the same conditions shows a sinilar aversge dispersoid size,
but lacks such a chain arrangement.

Hardness

Age-hardening behavior and both room and high-temperature strength of
the ribbon, as well as HIPed alloys, were studied by hardness mcasuremen:s.
First, the Ti-5Al-4.5La alloy ribbon annealed isothermally at 700°C was
checked by microhardness testing (Fig. 8) in order to identify age hardening.
Although aging occurs in both alloys, full aging occurs within 10h in the
Er-containing alloy, while it takes 25h for the La-containing alloy to reach
full strength. In other words, slow aging is a characteristic of the La-con-
taining alloy. Also, hardness was measured on the alloy ribbom, isochronally
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Figure 3a - As-spun
Ti-5A1-4.5La alloy ribbon
(~40um thick).

Figure 3b - As-spun
Ti-5A1-5.4Er alloy ribbon
(~40um thick).

Figure 3c - Annealed
Ti-5A1-5.4Er alioy
ribbon at 900°C/2h.
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Figure 4a - Carbon extrac-
tion replica from annealed
Ti-5A1-5.4Er alloy at
760°C/ 2.

Figure 4b - Diffraction
ring patterns from 4a.

Figure 5a - Carbon extrac-
tion replica from annealed
Ti=-10A1-9€Er alloy at
930%c/36h.
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Figure 5b - Electron microprobe spectra from the dispersoids of the
circled area in Fig. 5a.
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Figure 5¢ - Electron microprobe spectra from the dispersoids of other area

(not shown in Fig. 5a).
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Figure 6b - TEM micrograph of
as-HIPed Ti-5A1-4,.5La alloy.
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dispersoid chains in the TEM
micrograph of the HIPed
Ti-5A1-4,.5La alloy.
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Figure 6d - Optical micrograph of Figure 7 - TEM micrograph of HIPed
HIPed and heat treated Ti-5A1-4,5La Ti-5A1-5.4Er alloy (850°C/2.'IGPa/3h).

alloy (900°c/100n).
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annealed for two hours from 500°C to 900°C with 100°C increment (Fig. 9).
The maximum strength tcsulcing from the aging occurs at 700°C, followed by
rapid softening above 700°C. The rapid softening of the Er-containing alloys

: contrasts with the relatively slowv softening of the La-containing alloy.
o The softening of the HIPed alloy, depending upon temperature, was investiga-

o ted by hot hardness measurements in a range from room temperature to 900°C ‘Jg
¥ (Fig. 10). The hardness of the two alloys decreases linearly with increasing \at
v temperature from room temperature up to 700°C. Above 700°C, the Er- bf
¢ containing alloy continues to soften linearly up to 900°C while the La- kL

containing alloy starts to lose its strength more rapidly above 600°C than N
) predictable by the temperature increase. This is & manifestation of micro- ot
¥ structure coarsening in the La-containing alloy above 600°C. It becomes <
5 clear that the softening in the La-containing alloy levels off at 900°C, '
h, joining the Er-containing alloy. ‘o
¥ ¥

The room temperature hardness measured on the HIPed Ti-5Al-4.5La alloy
annealed at 900°C is plotted against the annealing time shown in Fig. 1l. )

N The calculated Hall-Petch stress and Orowan-Ashby stress (15) are given in >

the plot, which will be discussed in the next section. Overall, hardness .:‘
W falls rapidly as a function of time at this temperature, consistent with o
\ microstructural coarsening such as grain growth and dispersoid coarsening. .

The measured values of the grain size and dispersoid diameter are tabulated
in Table I.

Table 1 - Hardness, grain and dispersoid diameter of HIPed and heat treated
Ti-5A1-4.5La alloy, .

S Annealing grain diameter(D) Dispersoid ~ micro~ .
‘ condition ym diameter (d) hardness .
(900°C) pm (DPH) ,GPa \ﬁﬁ

M-nIPCd 13.3 0009 3.28

25h 21.4 0.15 2.94 .-
> 50h 30.6 0.35 2.82 o
: 100h 44.6 0.65 2.55 ;}.

, Based on :he data in Table I, the grain growth fairly well obeys the
! parabolic law D?eckt, where k and t are constant and annealing time. )

Nevertheless, the interaction between the grain growth and dispersoid .
coarsening as suggested by Zener (16) and Gladman (17) can't be confirmed ja
because of a lack of sufficient data.

Discussion

In the past, rare-earth dispersoids in rapidly quenched ternary TL vy

( alloys have been identified as binary intermetallic compounds or rare-earth K
;
)

sesquioxide. Examples are: AljLa (Hex., DO;g) and Al La (Orth., D13) in
Ti-5Al1-3La alloy (13); La;Sn (Hex., B87) in Ti-9.5Sn-5.3La alloy (13);

Y¢Sny (Hex., B8;) in Ti-5Sn-3Y alloy (18) and also Y03 in laser surface
melced TLi-8A1-4Y alloy (at. Z) (19). For all ternary alloy systems studied,

neither ternary compound nor line compound has been found so far. The rare- X
earth sesquioxide is widely discovered in binary (7) as well as ternary Ti AN
alloy systems, since oxygen concentration larger than 800 ppm is available §
as impurity in pure titanium. In most cases, a mixture of these two types of $~
compounds is found to co-exist in rapidly solidified and heat treated Ti 23
alloys. Nevertheless, the precise fraction of the two types of compounds .
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v can't be determined since the quaternary phase diagrams including oxygen
¥ _ sren't availsble.

HIPed Ti-SAl-4.5La alloy systematically undergoes softening when

2 annealing at 900°C for various durations. In order to understand the
mechanisms associated with such strength reduction, Hall-Petch strength and
M Orowan-Ashby stress for the snnealed alloys were calculated from the data
> in Table I, shown in Fig. 1l.
R 0.9 4.25
£9
ot .
l Ti- -4.
v osl HIPed Ti-SAlI-4.5La Alloy_ {353
Q Annealing Temp. : 900°C o
> 0.7¢r 3.17 ©
- : -
: o 06} 281 T
b . XA o
: w OS5t oy 1245 @
@ w
m [ ]
3 « 0.4} 12.09 &
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: P <
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. = . o
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: Figure 11 - Plot of room temperature hardness vs. annealing time (900°C)
* in HIPed Ti-5Al-4.5La alloy.
:n The yield stress of the alloy is written as
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-1/2 ,
vhere g-p= k ¢ D 3

%-a = (1:3) :w:. (11\») " (%)

Ons Ogs Oy_ps To-p» k» Dy G, b, L, v and d are the yield stress of pure Ti,
the yield stress increase due to the solid solution of Al and La, Hall-Petch
stress, Orowan-Ashby stress, proportionality constant, grain diameter, shear
modulus, Burgers vector, mean interparticle spacing, Poissons ratio and
particle diameter. Ox-p and Yg-p were determined using appropriate values
of k, G and v taken from the previous work (20) and by converting the
hardness values into yield stress using the conversion factor (20). The sum
of % p and %g_, makes up ~30% of the vield stress at the HIPed state, but
decreases to ~20% after annealing (900°C, 100 h). Nevertheless, the
reduction of the yield stress after the 100h annealing is larger than the
sum of the reduction in oy_p and og.p, indicating the possibility of other
mechanisms being involved. In fact, it is likely that the subgrain structure
similar to those shown in Fig. 3c may be another source of the alloy
strengthening. This substructure strengthening (21,22) is expected to
decline rapidly upon annealing at 900°c. In addition, it is noted that the
Orowan contribution entirely diminishes after 100 h annealing while the
Hall-Petch strength remains relatively strong. This is because the Hall-
Petch relation is less sensitive to the grain size than in the Orowan-Ashby
equation in relation to the interparticle spacing.

Conclusion

l. Arc melt-spun ribbons of Ti-5A1-4.5La and Ti-5A1-5.4Er can be HIPed
into full density at 850°C/2.1 GPa/3h. As a result, microstructural
coarsening under HIP conditions is minimal,

2., Rare earth dispersoids in these alloys were identified as a mixture of
two different types of compounds: rare earth oxide forms and binary
intermetallic compounds without Ti,

3. The occurrence of alloy softening after high temperature annealing
(900°C) 41s primarily the result of particle coarsening and grain growth.

4, Superior mechanical properties (hardness) of the La-containing alloy
over the Er-containing alloy at room and high temperatures have been
demonstrated; this appears to be attributable to better microstructural
stability in the La-containing alloy than in the Er-containing alloy.

In practice, it is envisioned that this type of alloy may be in use at
900°C in the future when new rare earth dispersoids of better coarsening
resistance can be found and the matrix is reinforced by alloying elements.
Another benefit of having such stable particles is that grain growth may be
significantly retarded by the particles. Also, it is necessary to reinforce
the matrix, since the hot hardness measurements show the existence of
serious matrix softening at 900°¢,
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RAPIDLY SOLIDIFIED TI ALLOYS
FOR HIGH TEMPERATURE APPLICATIONS

Sung H. Whang*

Barnett Institute of Chemical Analysis and Materials Science
Northeastern University
Boston, Massachusetts 02115

The application of rapid solidification technologies (RST) to titanium
alloy systems is relatively new and became the subject of active research
since it was demonstrated that novel Ti alloys of higher temperature
capability can be synthesized through new alloy design based on rapid
golidification processing. Effects of rapid solidification on the
occurrence of metastable phases, microstructures and mechanical properties
in binary and ternary Ti alloys are reviewed.

In particular, earlier results from RS oTi alloy research have shown
that many different novel dispersoids, some of which are coarsening-
resistant at elevated temperatures (600-800°C), can be created in the matrix
through RST. The alloys containing novel dispersions also exhibit good
creep resistance at elevated temperatures. Further study on ao/f~ and B-Ti
alloys through RST, in conjunction with development of various processing
technologies for bulk alloy manufacturing is clearly desirable.

*present address: Department of Metallurgy and Materials Science
Polytechnic Institute of New York
333 Jay Street
Brooklyn, New York 11201
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I. INTRODUCTION

I

Historically, the development of high temperature Ti alloys dates back
to the 1960's when Ti alloys were largely strengthened by precipitating
silicide in order to provide adequate creep strength at elevated
Furthermore, Zr and Mo were added to strengthen the
matrix and stabilize silicide dispersion. These Zr~- and Si-containing
alloys have been optimized with respect to creep strength and other
structure-sensitive properties for use in a temperature range of 500-600°C
In fact, this

temperatures [(1-4].

[8], slightly larger than the 0.4 homologous temperature.

homologous temperature of Ti alloys for practical application is much lower %)

than that of superalloy, where maximum temperatures can reach as high as 0.9 IE-_Z 4
homologous temperature. The fact that conventional Ti alloys do not have .

hig.h temperature capability has motivated the development of high

temperature Ti alloys.
Nevertheless, there are a number of stumbling blocks to developing
higher temperature (>600°C) 'l‘i.alloys. The identified obstacles are: 1) no

coherent and stable precipitate at high temperatures, similar to v’ in 'r.'r
superalloy, was found in Ti alloy systems: 2) at temperatures above a

transus temperature, the silicide coarsening rate is very high, due to high

diffusivity of the solute (Si) [6]; 3) a rapid oxidation reaction occurs )

above 600°C, seriously challenging high temperature applications (7,8]. As ’;'.‘:_\:
a) increasing the R

a result, some efforts have been directed toward:
allotropic temperature via alloying with strong alpha stabilizing elements:

(b) introducing precipitates or dispersoids other than silicides into the

matrix through rapid solidification processing [9-11]; (¢) applying o

oxidation resistant coatings to the alloy surface.

--------------------------------------
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Alternatively, there have been a number of attempts to replace e-Ti
alloy with Ti intermetallic compounds for high temperature applications [12-
18), i.e., titanium aluminides: TiAl and TizAl. These aluminides have
good oxidation resistance and high moduli, but they have poor ductility as
well as poor formability, thus limiting the practical use of these
aluminides at high temperatures [12]. Nevertheless, efforts have been made
to improve the ductility of these aluminides at high temperature by
introducing various alloying elements into the aluminides ([16].

A recent approach to high temperature Ti alloy development is mainly to
create fine and stable dispersoids in the Ti matrix through rapid
solidification processing. Additive elements include metalloids (B,C,Si),
rare earth metals (Y, La, Ce, Nd, Er, etc.) and an actinide element (Th).
By and large, all these elements have negligible solubility in Ti at room
temperature, but dissolve in Ti in a limited amount at high temperatures.
Further, these elements form stable dispersoids in the Ti matrix, providing
dispersion strengthening at elevated temperatures. Previocusly, a
significant amount of rare earth metals (~1 at.%) was dissolved into Ti
through the ingot metallurgy process [19-22], but the resulting alloy phase
contained coarse rare earth particles ranging from one to several microns in
diameter in the as-casted ingot [22]. Further development of high
temperature Ti alloy by the addition of rare earth metals through the ingot
metallurgy technique appeared to be at an impasse in the presence of such
coarse particles. The recent advent of rapid solidification technology has
restored research interest in Ti alloys with rare earth-addition. since the
formation of such coarse particles is prevented and fine and uniform
particles are created. Although the possibility of developing high
temperature alloys applicable at the temperature range of 600-800°C has been
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demonstrated, measures must be taken in order to prevent severe surface

oxidation at these temperatures. In this regard, research on rapidly
solidified Ti alloys for high temperature applications is still in the
experimental stage, and further property evaluation for practical
applications is needed.

This paper reviews the research in rapidly solidified Ti alloys in the
last ten years.

2., PRAPID SOLIDIFICATION PROCESSING (RSP) OF TI ALLOYS.

Despite rapid progress in RSP technology over more than a decade, the
full-scale development of Ti alloys through RSP has been hindered by the
reaction of Ti with crucible materials and witi: cuc envicoament. Although
many alloy powder processes for near-net shape Ti metallurgy in tne 1970°s
have emerged, the methods neither intend to nor do they produce a aigu
quench rate (> 10%K/sec) during the powder production. For example, the
rotating electrode process (REP) [23] produces Ti alloy powder of mean
axd..ecér 175um in Ar atmosphere. The estimated cooling rate from the
microstructure doesn’'t exceed 103K/sec [24]. Hence, it is considered a
conventional processing technique.

In parallel, during tne iasc accace, melt extraction techniques have
been developed for quenching Ti alloys into fibers [25,26]. Added recently
were arc melt-spinning [10,27], laser spin atomization [28], electron-beam
melting/splat quenching [9,29), and ultrasonic gas atomization [9). The
pendant drop melt extraction techniques produce so-called L/D powder, or C-
» D~ and L~shaped fiber of Ti-6Al-4V, and other heavily alloyed Ti, such as
Ti-5.4A1-3.6V-8Fe-3Cu ([30]. The melt-extraction techniques provide
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contamination-free fiber when processed in a vacuum chamber. Lab-scale as
well as pilot-scale arc melt-spinning technique has been used in producing
T{ alloy ribbon of amorphous and microcrystalline forms (10, 27]. This
technique adopts the combination of a water-cooled cold copper crucible
with an arc heating scheme that uses non-consumable tungsten electrodes
under argon atmosphere. As a result, Ti alloy ribbons or flakes processed
by this technique are also contamination-free, since they are melted in the
cold copper crucible and spun in an inert gas atmosphere. The ribbon
produced has a uniform thickness of 20 to 5Oum.
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2.1 MELT EXTRACTION PROCESS

The first attempt to produce fine fiber or filament of metals and
alloys in a clean environment was made by this technique. There are two
methods of melt extraction procedure: crucible melt extraction and pendant
drop melt extraction (PDME) (Fig. 1a) [26). In the former, a rotating
copper disk with a sharp peripheral angle, immersed in the melt, drags out
metal filaments from the melt. The fiber shape depends upon the immersion
depth and the speed of the disk. The shapes include D, C, and L, as shown
in- Pig 1b. Although the surface of the melt is covered with slag, this
technique was used primarily for non-reactive metals such as iron, steel,
aluminum, etc. The second technique, pendant drop melt extraction, may be
regarded as a non-crucible melt spinning technique. Ti alloy rod hanging
above the spinning disk is heated to melt by an electron beam, or a laser
beam or other clean heat sources. The thickness (d) of the fiber produced
in this technique is expressed with an empirical relation (30]:

dm=c-y-i/2

where C and V are proportionally constant (and the surface velocity of the
disk.) It should be noted that the exponent, 0.5, is half of the figure in
ordinary melt-spinning, ~1.0 [31,32]. Under the well controlled processing
conditions, Ti alloy fiber of ~58um has been produced at the estimated
cooling rate of ~109K/sec. Also, the melt extraction techniques are able to
produce short fibers of a length-to-diameter ratio of 20:1 using a notched
disk. These flakes, so called L/D powder, are amenable to direct
compaction and consolidation without further reduction in size, 1i.e.,
cutting or chopping. In electron beam melting/splat quenching [29], similar
to PDME, the molten droplet from Ti alloy stock by electron beam heating
falls onto the face of the spinning disk and produces a shallow U-shaped
flake, i.e. a boomerang-shaped flake.
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2.2 ARC MELT-SPINNING

A In contrast to the ordinary melt-spinning technique [10,27,331, in
K vhich various crucibles (quartz tubing, clay, ceramic) are used to melt
metals and alloys by induction or resistant heating, the arc melt-spinning
}2' technique (AMS) uses a cold copper crucible with an orifice and arc
electrode to melt-spin alloys. The molten alloy is injected through the
orifice qf the copper crucible by the gas pressure differential between the

§' melting and spinning compartments (Fig. 2a). The ribbon and the chopped
: flake produced by the rotary-blade ribbon cutter are shown in Fig. 2b. This
melt-gspin technique has advantages over other techniques in that a) uniform

i{:‘ and thin ribbon of reactive alloys as well as refractory alloys (Nb, Ta, Mo,
3

. W) can be produced without contamination; and b) the molten jet can be
+ shaped into a desired geometry and spun into a relatively thin sheet (20 -
3'.; Sopm thick), providing a high cooling tate- (5 x 105 - 107 deg/sec). Many
:{ o~Ti alloys containing rare-earth metals have been processed into ribbon
'™ materials by this technique.

£
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"N 2.3 ATOMIZATION

] In centrifugal atomization [28,29], the surface tension of the molten
_‘ alloy becomes an important intrinsic parameter for the effectiveness of the
’ ' atomization, since the surface tension opposes the centrifugal force which

breaks the molten alloy into fine droplets: i.e., the higher the surface
tension, the stronger the centrifugal force required. The surface tension

of a molten alloy decreases linearly with the melt temperature, whereas it
changes radically with a small amount of a particular additive element (34].
Based on the balance between the surface tension versus the centrifugal
force, the following relation was derived [23]).
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where r, v, R, ¢ and p are the radius of droplet, angular speed and radius
of spinning rod. surface tension, and density, respectively. In the
centrifugal atomization, the rotational speed to overcome the surface
tension of the melt, N (rpm), is proportional to ol/2, where ¢ is the
surface tension of the droplet. Figure 3 shows a schematic diagram of a
laser melt-spin atomization unit. In this technique, an extruded Ti alloy
rod, melted by laser beam at the one end, rotates at a speed up to 35,000
rpm, generating various mean sizes of spherical powder depending upon the
rotational speed. The powder produced, Ti-6Al-4V, reportedly has an average
particle distribution ranging from 0.01 to 0.65mm diameter, with a
corresponding rotating speed from 303 to 838 rad/sec or 8,000 to 29,000 rpm
(rod diameter 3cm) (Figs. 4a & b). It is apparent from this report that the
rotational speed of the rod should increase far beyond 60,000 rpm in order
to produce an average powder size of ~75um diameter, provided the relation
given above is correct.

Rapidly solidified alloy powder was also produced by an ultrasonic gas
atomizer using a zirconia crucible coated with rare earth oxide [29). The
gas stream of supersonic velocity (Mach 2 -~ 2.5), a pulse frequency of
100KHz, and a pressure 8.3 MPa, strikes the molten jet at a shallow angle
(~22.5°). The resulting powder is a spherical shape from 10 to 100um
diameter. This technique requires special care of coating materials, which
are easily damaged during operation. The stability of the coating at high
temperature. and its chemical reaction with Ti will be the main concem in
this technique. Typical processing techniques and corresponding cooling
rates are surmarized in Table 1.
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A large difference in cooling rate is observed between the various Dl

techniques. For example, the cooling rate of atomized powder was determined K X

by measuring dendritic amm spacing in Ti-15V-3A1-3sn-3Cr (29]. A plot of E:

the particle diameter (D) of laser melt-spin atomized powder vs. cooling Ol

rate, estimated from the dendritic arm spacing, yields a linear correlation 'f:

in a log normal scale. The slope in the plot is roughly ~ T o<D-* (291, 24

2]

which is in agreement with ideal cooling, but in disagreement with Newtonian RN

: cooling [28,31), where te<D-: g geviation cannot be accounted for, e
{] '\-:’
: since sufficient information in not available. :';.(-
‘ R

For another example, a ternary alloy containing a rare earth metal (Ti- ey
SAl-4.5La) when quenched by the HB-A technique (Fig. S5a) reveals fine

(o o e

martensitic structure combined with precipitates of Snm diameter; the same :f-
alloy composition by AMS techniques shows a particle size of 50-200nm 1=
diameter (Fig. 5b) [36]. Similarly, binary Ti-(5.9-7.9)Ni alloys processed o
by POME and electron beam melting/splat quenching (EBSQ) show beta }':
eutectoid decomposition while splat alloy by the H-A technique does not ,i:
indicate such deconmposition. This fact suggests that at the break-off point N
from the copper disk, the temperature of the alloy ribbon is high, possibly ,¢
above 750° (Fig. 6) [37]. }*'
On the other hand, Tigy Nijg Sijo ribbon has been routinely melt spun

into glassy alloy by AMS techniques, indicating that the alloy temperature ':,
at the break-off is below the first crystallization temperature of this :z-
Sy

alloy, i.e., 470°C [38]. These conflicting results demonstrate a large

|

variation in cooling rates, depending on composition, additive elements,

R

processing techniques and other processing parameters. A systematic .
»
investigation is due, in order to further understand the relationship WOl
between the cooling rate and processing variables. Z:I:':
i}-'
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R
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Table 1
Processing Techniques and Their Cooling Rates

: Estimated
) Technique Shape and Size (um) Cooling Rate Environment

e Hammer and Foil 106 - 107 Inert Gas (I.G.) %

> ~4

+ Pendant Drop Fiber: 0.025-0.125 103 - 105 1.G. Ny
Melt Extraction (mm) >
(PDME)

'f:: Arc Melt Ribbon 105 - 106 1.G. %

}' Spinning (AMS) 15 - 50 .

¢ Laser Spin Spherical Powder 102 - 104 I.G. N
Atomization 100 - 650 =

A Y

3.

CONSOLIDATION

Since powder products from rapidly solidified materials take various
shapes, size distribution, and surface conditions, depending upon the
processing techniques, the consolidation and thermomechanical processing of
: the powders requires different consolidation conditions. It is often found
that improvement in powder bonding and coarsening of powder microstructure
: occur simultaneously with annealing. Preliminary studies on optimization of
these conditions with respect to mechanical properties have been carried

ZRAOAN
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out.
An earlier work, rapidly quenched Ti-6Al-4V flakes produced by pendant

drop melt extraction technique were vacuum hot pressed at 955°C for one hour

under the pressure of 5.5 MPa (26]. Alternatively, the same flakes were

cold pressed under the pressure of 345MPa and canned in a seamless steel
tubing followed by outgassing at 8709C for 1Sh. HIPing of the canned powder
was performed at 955°C under 167MPa. Consolidated alloys by both methods
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yield essentially 100% density, but result in grain growth during high
temperature consolidation.

Since microstructural coarsening during consolidation becomes a
critical factor for high temperature strengthening in dispersion
strengthened RS Ti alloy, current consolidation schemes for RS Ti alloys are
focused primarily on preventing microstructure coarsening while achieving
full densification. In order to achieve both objectives, consolidation
techniques that allow low working temperatures are employed. For example,
Ti flakes processed by electron beam melting and splat quenching were
vacuum hot pressed at 800-950°C under 50-100MPa. Subsequently, the flakes
were forged at 800°C into 4.0pm thick plates and hot rolled at 800°C into
1.5mm thin sheets [29]. The flakes (1~2 mm long x 1~2 mm wide) produced by
the arc melt-spinning process were HIPed at 8509C/3h/2.1GPa using mild
steel can ([36]. The consolidated alloy shows full density and good bond
character. (Pig. 8 shows typical ribbon, chopped flake, and HIPed alloy.)
All these temperatures used for the dispersion strengthened alloys are
roughly 100°C lower than comwentional consolidation temperatures. One of
the attractive aspects of Ti alloy consolidation is that the surface oxide
of precursor al;oys dissipate from the surface of the powder by diffusion
during hot consolidation.

4. MICROSTRUCTURAL OBSERVATIONS

Microstructural characteristics of rapidly quenched Ti alloys have been
examined in two states: as-quenched and bheat-treated, as in hot

consolidation and thermomechanical processing. The microstructure of the
as-quenched state is characterized by supersaturation of solute atoms, and
refined microstructures consisting of p-grain, acicular a-grain, martensitic
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structure, precipitate, etc. Beat-treated alloys undergo further changes in
microstructure toward the next metastable state or equilibrium state.
Despite consolidation and thermomechanical processing, a significant portion
of microstructural refinement can be retained in the final product,
depending upon the thermal history of consolidation and thermomechanical
processing. As a result, microstructures of bulk alloy consolidated from
rapidly solidified materials are an order of magnitude finer than those seen
in conventional ingot Ti alloys. In particular, coarsening of rare earth
dispersoid Ti alloys is minimal upon reduced temperature consolidation and

deformation.

4.1 SOLID SOLUBILITY OF SOLUTE

(ne of the benefits of RS Ti alloy is the increase in solid solubility
upon rapid quenching; this permits almost every additive element to dissolve
into solid solution or cluster form at a desired level for precipitation
hardening later. At the same time, serious segregation of additive elements
leading to formation of coarse particles is prevented. The increase in
s0lid solubility of solute in an individual system is a function of cooling
rate {39], but for a given cooling range, the relative solubility of various
alloying elements is associated with atomic size (401, electronegativity
(41], and electronic structure [42] of alloying elements.

Table 2 shows a phase extension in binary Ti alloy systems due to rapid
quenching. A large solubility extension is seen in the types of alloy
systems where eutectoid or peritectoid transformation occurs, while almost
no extension is realized in the system of monotectic-peritectic
transformation system. It appears that in such a monotectic-peritectic
system, the undercooling of the liquid below a solidus temperature is

" " " "t .'l . .
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difficult to attain, due to a large temperature range of the mush zone in

the phase diagram. One exception in the solubility extension is that

metalloid atoms (C, B) having unfavorable atomic size as a substitutional o

oy
f,
-

solute in Ti undergo extensive dissolution through a different mechanism,

interstitial solid solution.

i.e., In Ti-B alloys, the lattice parameter

increases with increasing B concentration. The appearance of boride

“. 8,88 ‘;'n 4

2RO,

particles cannot be seen up to 10 at % B. This evidence suggests that boron

atoms may dissolve in the Ti matrix as an interstitial solute (43].

By and large, the experimental results from rapidly quenching Ti binary

-y *1*?' s f

alloy show that e-phase extension can be accomplished at the expense of
intermetallic compounds, not at the expense of the w-phase (or p-phase),
since the occurrence of the @ phase is almost independent of cooling rate

BTN

and strongly depends upon electron concentration per atom (e/a) [44]. For
example, Fig. 8 shows the alloy phases from the equilibrium and rapid quench
phase diagrams [45.46]. The occurrence of both a-phase extension and a
metastable p-phase replaces the TiFe compound phase, but the boundary \
between metastable o-phase and a metastable p-phase (or w—-phase) may be

S 4N 2, Y
[}

associated with electron concentration of the alloy composition.
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Table 2 .
< .
¥ Comparison of Equilibrium and Non-Equilibrium Maximum Solid Solubility Fo
A )
b in Binary Ti Alloys determined from TEM Micrograph 4
Lt o
0.
Solute Concen- ]
Alloy tration ina Phase Diagram Solution Maximum Primary .
System phase at % Ref. Type Type Solid Solubility
N Ti-V ~6 (46] p-isophormous Sub. ~3.0 (650°C,a) o3
(Y o
N Ti-Mo 2.0 (461 p-isomorphous Sub. 0.4 (6.75,8) 3o
[ Ti-Fe 2.5 [46]  Butectic sib.  ~21  (1085,8)
Eutectoid ~0.2 (590, a)
. A
Ti-Co ~2.5 (461 Eutectic Sub. ~14.5 (1020,B) '
Eutectoid ~ 0.8 (685.a) )
X s
. Ti-C ~10 [42] Eutectic 0.55 (1645,p) i
Peritectoid - Int. <0.55 (920,a) >
. Ti-B ~6 [43]  EButectic Int. <~1  (1540,8) o
X Peritectoid 0.43 (886,a) e
) %
3 Ti-si ~6 [47] Eutectic ~5  (1330,8) )
Eutectoid Sub. 0.67 (850,a) L
- Ti-Y ~1.0 (48]  Monotectic 0.5 (1355, 4
: Peritectoid Sub. ~0.2 (875,a) o~
Ti-Ce ~0.6 [49)  Monotectic -2 (1390,8) S
Peritectoid Sub. ~1  (900,a) o
Ti-La 0.3 (48] Monotectic ~1  (1550,8) w3
Peritectoid sb. ~1  (900,a) 3
5
24
Sub: Substitutional Solid Solution
Int: Interstitial Solid Solution
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4.2 MICROSTRUCTURAL REFINEMENT

Microstructural refinement in rapidly-quenched Ti alloy can be achieved
indirectly and directly. The former involves quenching the melt into glassy
phases from which crystalline phases are generated by devitrification and
microstructure controlled by means of heat treatment conditions ([50].
Hence. the final microstructures are directly related to the devitrification
conditions. Easy glass formation of an alloy is dependent upon phase
diagram features (alloy chemical factors) [51,52], undercooling (nucleation
and growth mode factor) [53,54), and cooling rate (processing factor)
[55,56]. BHence, any comparison of glass forming properties between two
arbitrary compositions requires evaluation of these factors. Typical Ti
alloy systems yielding glassy phases include Ti-Ni. Ti-Si, Ti-Cu, Ti-Ni-Si,
Ti-Zr-Si(or B) [38,57,58]. These glassy phases turn into extremely fine
microstructures upon devitrication through appropriate heat treatment
(10,50]. Although devitrified Ti alloys generate extremely fine
microstructures and mechanical strength, they contain a large volume
fraction of intermetallic compounds or metalloid compounds. To date, bulk
alloy processing and applications have not been explored.

Direct refinement has been well recognized in the study of other alloy
systems. The dendritic arm spacing [59,60], eutectic interphase spacing
{61] and grain size (62] of as—quenched alloys are of an exponential
function of cooling rate, i.e., & = A‘f™ where ¢, A, 1T and n are
microstmétural scale, proportionality constant, c¢ooling rate and
characteristic exponent, respectively. From the relationship, conversely,
the cooling rate can be estimated by measuring microstructural refinement.

FPigure 9 shows typical p-grain in Ti-Mny, after rapid quenching by H-A
technique. Measured diameters of the p-grains produced by many different
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techniques are plotted against the estimated cooling rate (Fig. 10). The
correlation line is linear in a log normal scale, and has a slope n = ~ 0.4
(24]. Bence, the curve in the plot may be expressed as

a = a-f0-4

where d is grain diameter.
In a similar manner, e-phase also undergoes microstructural refinement

h::'-)‘.
upon rapid quenching. o-grain of high aspect ratio is seen in as-quenched :::':E
‘ote
Tisn, 4 alloy foil (Fig. 11a). In contrast, in TiZr Si. alloy foil, E:"

refined cellular grains containing very fine martensitic structure are

A
A
LJ

’ [}

.

observed in Fig. 11b and c. Another example of refined martensitic

N

structure is shown in Fig. 11d. These refined microstructures are typical
examples occurring near Ti rich terminal compositions.

Ald

-t S-S ¥,

4.3 PRECIPITATES AND DISPERSOIDS

T F_®"_2_*®

In the past, silicide dispersion has been the prime strengthener for
high temperature Ti alloys at elevated temperatures, but below 6000c, fThe

silicides provide good creep strength up to 600°C, but they coarsen rapidly
above 600°C, resulting in reduction in creep strength as well as in post
creep ductility. The dispersion in the Si-containing Ti alloys is titanium
silicide, i.e., the Ti-containing compound. They are Ti3Si (Hex., D8g) in

Ti-Si alloy systems [63,64) and (Ti,Zr)¢Siz, a pseudo binary type compound ____

in the Ti-Zr-(Al)-Si alloy system (1,2]. ,%
In contrast. Ti alloys containing rare-earth metals, which have been E:::! .
processed through rapid solidification, evidence rare earth dispersion .
(vithout Ti) in the as-quenched as well as annealed state. These tf::
o
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dispersoids may be classified into two different types: 1) rare earth oxide
and 2) intermetallic compounds between rare earth (R.E.) and alloying
elements (Al, sn, etc.). Those dispersoids in binary Ti-R.E. systems were
identified as sesquioxide (R.E.;03) (651, since a significant amount of
oxygen already is dissolved in pure titanium. Ternary Ti alloys containing
Al (or Sn) and R.E. were found to contain both oxide and R.E.-Al (or -Sn)
intermetallic compounds (35,38]. Extraction replicas, prepared from Ti-5Al-
3La foil annealed at 900°C/1h, yield diffraction ring patterns of Aljla
(Bex. Dojg) and Al,La (Orth., DI) identified by TEM [48,66]. Similarly,
diffraction ring patterns of Ti-9.55n-5.3La alloy after heat treatment at
800°C/h were identified as a~Ti (matrix) and La,Sn (Hex., B8,) (dispersoids)
[48). Also extraction replicas (Fig. 12) from Ti-10Al-9Er foil were studied
by electron microprobe. The microprobe spectra fr<_:m different particles of
the replica show different patterns (as shown in Pig. 12b and 12¢, in which
Fig. 12b exhibits spectra of Al and Er, while Fig. 12c shows only Er (361),
but no oxygen peak was found in the spectra since the sensitivity of the
probe to the small amount of oxygen is limited. The dispersoid in TiggAlgY;
alloy treated by laser surface melting was identified as Y,03 by diffraction
spot patterns [67]. All these observations lead to the conclusion that both
oxide and rare earth intermetallic compounds coexist in the matrix unless Ti
is purified free from oxygen. The oxygen concentration in Ti alloy varies
depending upon starting materials. alloying process, and atmosphere during
heat treatment. The fraction of oxide and intermetallic compound phase is
determined by phase equilibria in the quaternary phase diagram including
oxygen. These quaternary diagrams, however, have not been characterized so
far. Table 3 includes recent findings in the identity of rare earth

dispersoids in Ti alloys. It should be noted that silicides in rapidly
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solidified Ti alloys take spherical shape, as opposed to the rod- or needle- ,:5
shaped silicide precipitates in slowly cooled Ti alloys. The growth of . =
e
silicide in the highly disturbed matrix containing a high concentration of e
defects is apparently different from the undisturbed matrix. ,v
A
A
Table 3 }:'
o'
»z
Structure of Dispersion in Rapidly-Solidified Ti Alloy .
Alloy Age Temperature Identified Analytical ’ :
w % Sc Structure Technique  Particle Shape Ref. o
. :]
Ti-¥Y(Ce,Dy,Er RE,03 TEM & Auger  Circular or 65 R,
Gd,La,Nd) Sesquioxide Rectangular = '(
Ti-8A1-4Y Lager Melting Y,04 TEM Circular or 67 g
(at .%) Disk =
Ti-5Sn-3Y 700 YsSng & ¥,0;3 CER-EDXS- Circular or 68 o~
EDRP Rectangular ;’2:
]
Ti-SAl-4.5La 700 AljLa & Al,La CER-EDRP Circular 48,66 ]
Ti-SSn-4.5La 700 La;sn EDRP-EELS  Circular 48 '*‘
CER: Carbon Extraction Replica; EDXS: Energy Dispersive X-ray Spectroscopy: ﬁ-f‘.:
EDRP: Electron Diffraction Ring Pattern; EELS: Electron Energy Loss
Spectroscopy oS
4.4  MICROSTRUCTURAL COARSENING "
',
Recently, Ostwald ripening of silicide in rapidly—quenched Ti-5Al-2Si };f
-~
alloy has been studied at 700°C and 800°C, respectively. Figures 13a and b oy
show bright field micrographs of as-quenched Ti-SA1-2Si splat foil and the -
13
.J'
.j,-
1 v




coarsened silicide particles after 800°C/4h in Ti-5A1-2Si alloys. The

measured particle radius is plotted against annealing time (shown in Fig.

1l4a), and the cube of the radius against annealing time yields a linear

correlation (FPig. 14b), indicating that volume-diffusion is the dominant

mechanism at these temperatures. From the slope in Fig. 1l4b, the

coarsening rate (m’/sec) was determined as listed in Table 4. The

diffusivity of solute (Si) was calculated (Table 4) based on the assumption

that the coarsening process is controlled solely by solute, and the volume

fraction factor is assumed according to one of the existing models [691].

The results show that a high coarsening rate is caused by high diffusivity

of solute (Si). A time invariant distribution function p2h(p) [70] was

plotted against p, defined as r/Y where ¥ is average particle radius, shown

in Fig. 15. A significant deviation in size distribution from the LSW model

[71,72]) at high p values was cbserved, i.e., the siie range in 'ri-s.Al-ZSi

was wider than that predicted in the LSW model. Also, coarsening behavior

of rare-earth particles (La,sn) in Ti-Ssn-4.5La was studied by TEM [73].
Figs. 16a and 16b show micrographs of as-quenched and annealed (800°C/60h)
Ti-5Sn-4.5La foils. No particle larger than 508 dia. can be found in the as-
quenched alloy (Fig. lé6a).

The radii of the coarsened particles (identified as La,sn) are plotted
against annealing time at 8009C (Fig. 17). At this temperature, coarsening
is again governed by the volut_ne diffusion mechanism. All these measured
values and estimated diffusivity of solutes are tabulated in Table 4. The

much slower coarsening rate of La dispersoids when compared with silicide in
Ti, is very impressive. The estimated diffusivity of La is three orders of
magnitude lower than that of Si at 800°C. Superior coarsening resistance of
La dispersoids provides high temperature strength (>600°C), which will be
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N discussed in the next section. NG

' The effect of rare earth addition to Ti on microstructural kinetics was h

; studied (74]. The addition of Y increases the incubation time of o)

e !

recrystallization and decreases recrystallization rate. 1In contrast, grain ."5"

; growth kinetics in Ti-Er., Ti-Y and Ti-Al-La ({36] show that the time exponent ;:
¥

: n remains less than 0.5. (D=kt™, where D, K, and t are grain diameter, v

P L.

- proportionality constant. and annealing time, respectively.) Nonetheless, no o7

d apparent effect of rare earth addition (Ti-Er, Ti-Y) on n value was observed. e

Table 4 _

Determined Particle Coarsening Parameters in RS Ternary Ti Alloys g

Total Volume

: Alloy Praction of  Coar Rate Estimated Diffusivity E,

Composition Dispersoid Precipitate (%) (w®/sec) of Solute (cm?/sec) Ref. Y

i

2.1 x 10727 ~7.5 x 10713 e

Y Ti-SAl-2Si TigSi; ~8 (700°) 6 2

: 3.45 x 10726 ~1.2 x 10711

. (800°C) v.

. 9.4 x 10729 ~ x 10714 <

X Ti-sSn-4.5La LaySn 1.4 (800°C) 73

Y o

; RN

;

S.  MECHANICAL PROPERTIES 2

Preliminary investigation has shown the achievement of significant o

improvement in the mechanical properties of tinary and ternary Ti alloy systems

processed by RSP. The properties investigated comprise a) ambient temperature R

A strength: yield strength, ultimate tensile strength, hardness and elongation and o

" - . (

b) high temperature strength: yield strength, ultimate tensile strength, ZE',C

o

hardness, elongation. W creep. Nevertheless, microstructure sensitive S

properties such as fatigue and fracture toughness have not been reported on in § a
- mo ..
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$.1 AGE HARDENING 5
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¥

One of the distinctive phenomena in rapidly solidified Ti alloys !.S‘

; containing metalloids and rare earth metals is age hardening arising from heat .y
i 2K
" treatment after rapid quenching by either solution treatment (Si additive) or '

liquid quenching (all other additives). Details of age hardening were reported §\
WY,
in liquid quenched TiZr,oSiy. where x=2-8 [47]. The results show that strength

4 increase is attributed to precipitation of silicide particles. The silicide "
b: particles maintain equiaxed shape after coarsening at high temperature. The
‘ precipitatés take two types of intermetallic compounds: 1) Ti containing i
compounds: 2) non-Ti containing compounds, i.e.., rare earth - oxides and rare ','
‘: earth - simple metal compounds. The degree of supersaturation, cooling rate or ;
additive concentration, therefore, determines the intensity of aging. Figures

18 and 19 show typical aging behavior of rare earth containing alloys upon Y

isothermal annealing and isochronal annealing, respectively. The aging *
temperature (~700°C) is much higher than that in silicon containing alloys

(~500°C). The isochronal annealing experiment confirms the aging behavior and %

overaging at high temperatures (800-900°C) [32]. %

s

' $.2 AMBIENT TEMPERATURE STRENGTH ¥
2

When Ti alloys are rapidly quenched and consolidated into bulk form, room
temperature strength can increase by as much as 15-40% from that of conventional
alloys of similar composition processed by ingot metallurgy. Typical examples

o

B

are given in Table 5; these examples demonstrate significant improvement in both
strength and elongation as a result of changing the processing technique from
ingot metallurgy to rapid solidification processing. Furthermore, rapid 9'\
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solidification permits the least soluble solute in Ti to dissolve into the Ti
matrix, which is not possible through conventional ingot metallurgy. As a
result, in rapidly quenched Ti alloys, the volume fraction of dispersoids can be
controlled at an optimm level. In particular, room temperature deformation is
significantly affected by grain size, the size and volume fract.ion of
dispersoids and oxygen concentration ([75]. The former two parameters are
controlled by cooling rate and heat treatment conditions, while the latter can
be minimized by a mn-r_eactive enviromment during hot temperature proi:essing.
Although strength measurements have been carried out on binary and termary Ti
alloy systems, experimentation on fracture toughness and fatigue has to be
carried out in order to evaluate the overall impact of rapid solidification
processing on mechanical properties.

5.3 HIGH TEMPERATURE PROPERTIES

For high temperature applications, the temperature dependence of
mechanical properties in rapidly solidified Ti alloys has been studied in
temperature ranges up to 900°C. The properties investigated are tensile
strength, hot hardness, and creep strength. Tensile strength decreases in RS-Ti
alloys containing rare earth metals below 600°C as a result of lattice softening
and weakening of work hardening (dislocation dissipation). It is shown that, at
7009C, ultimate tensile strength decreases nearly to the yield stress (Fig. 20);
i.e., there is an absence of work hardening, while grain growth (a-phase) and
coarsening of rare earth dispersoids are minimal below 600°C. Figure 21 shows
sharp decreases in microhardness of Ti-5Al-4.5La alloys above 600°C.

On the other hand, under isothermal conditions at elevated temperatures
(above 600°C), softening progresses as a function of time. resulting from grain
growth and particle coarsening. Such an event with Ti-SAi-4.5lLa alloy
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undergoing softening at an annealing time at 900°C is demonstrated in Fig. 22.
The calculated Hall-Petch stress (og.p) and Orowan-Ashby stress (og_p) [76]
support the above explanation [36].

Preliminary creep experiments on binary Ti-1.5Nd and Ti-1.0Er reveal that
a significant ézeep rate reduction is seen at intermediate temperatures
(~700°C), while mild improvement is shown in creep resistance at low
temperatures (~482°C). Such a discrepancy comes from the fact that the
dispersoid does not interact with diffusion creep at low temperatures, but
becomes an effective barrier to dislocation creep by pinning dislocation [75].
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' Por further understanding of the relationships between processing, 4a ]
microstructures and properties in RS Ti alloys, standardized processing methods E
1 and subsequent characterization of mechanical properties are desired in the E_‘é
4 =)
‘ future. . ' "
s P
p :-‘:‘)
{ Table § ‘.;;;.
o
Comparison of Mechanical Properties of Rapid Solidification -
Processed (RSP) and Ingot-Metallurgical (I/M) Ti-Al-Er Alloys [77) o
Ultimate o
Tensile Total Peatn
Yield Stress Stress Elongation I
Beat (MPa) (MPa) (%) RSN
Alloy Treatment RSP I/M RSP I/M RSP /M N
Ti-SAl-2Er ST 670 469 7135 536 27.0 - &;;;17'
Ti-7.5A1-2Er ST 850 680 920 756 — 7.0
Ti-9A1-2Er ST 880 750 928 790  11.0 0.1 \
Ti-5Al-2Er STA (6259C) 700 510 763 564  13.8 10.0 'i
Ti-7.5A1-2Er STA (625°C) 952 815 973 843 7.1 6.0 e
Ti-9Al-2Er  STA (6259C) 931 802 952 824 1.6 0.2 o
P
Ti-SAl-2Er STA (550°C) 714 515 780 590  54.0 18.0 -
-3
Ti-7.5A1-2Er  STA (550°C) 973 830 990 865 12.0 9.0 .
A
Ti-9A1-2Er STA (550°%C) — 810 — 835 - 0.3 N
::':A. |
ST = Solution treat at 860°C for 3 h and water quench e

STA = ST plus aging at 625°C for 25 h or $50°C for 500 h




6. CONCLUSTION

Currently, the development of rapidly solidified Ti alloy is confined to
laboratory scale, though it has demonstrated a strong potential for developing
into industrialized products. There is no doubt that refinement of rapid
solidification processing techniques will likely stimulate more detailed
research and eventually lead to industrialized applications. It has been shown
that general scientific principles involved in rapid solidification technology
are also applicable to Ti alloy systems. As a result, similar benefits deriving
from RST are anticipated from RS Ti alloy application. Although only RS
processed high temperature o-Ti alloys were discussed in this review, a/p Ti
alloys or B~Ti alloys also can be processed by RST in an effort to improve
desired properties. Research in this area will undoubtedly be opened up in the
ne3r future when RS Powder processing techniques gain their maturity parallel to
titanium alumide research.

The author greatfully acknowledges the support of the Office of Naval
Research for rapidly solidified Ti research. I would like to thank Drs. F.H.
Froes, S. Krishnamurthy, R.E. Maringer, and S.M.L. Sastry for permitting me to
cite unpublished materials and providing me valuable photos for this review.
For continuing support of rapidly solidified materials programs I also thank
Prof. B.C. Giessen and the Barnett Institute of Northeastern University.
(Contribution #241 is from the Barnett Institute.] Finally, thanks as well are
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Fig. 11 a~Phase Morphology in As—Quenched Binary Ti Alloys by H-A
Technique

: a) Tisn, s Splat Foil
: b) TiZryoSig Splat Foil

o ¢) Dark Field Micrograph of b)
d) TiNiz. 5 Splat Foil

Carbon Extraction Replica from Annealed Ti-5Al-5.4Er Alloy
at 760°C/2h.

Fig. 12b Electron Microprobe Spectra of Carbon Extraction Replica
from Ti-10A1-9Er Alloy annealed at 9309C/36h

Fig. 12¢ Electron Microprobe Spectra of Different Particles in the
same replica

TEM Micrographs of Ti-5Al1-2Si Alloy

a) As-Splat Foil by B-A Technique -
b) The Same Foil after Annealed at 800°C, 4h. o

J 4' 7
: Pig. 14a Plot of Average Silicide Particle Size as a Function of *
5 Annealing Time in Ti-5Al-2Si ::

Fig. 14b Plots of Cube of Average Particle Radius vs. Annealing
Time in Ti-SAl-2Si

Pig. 15 Relative Particle Size Distribution in Ti-5Al-2Si

Pig. 16 TEM Micrographs of Ti-5Sn-4.5La Alloy

a) As-Quenched Foil by H-A Technique &
b) The Same Foil after Annealed at 800°C, 60h L
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Plot of Cube of Average Particle Radius vs. Annealing Time
in Ti-5sn-4.51a
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‘Abstract

Melt spinning of reactive aad refractory
alloys has been performed by arc melt spia
process in a pilotescsle quantity. The
preparatioa of a selt ia the cold copper
crucible is significantly different from that
ia the ordinary melt spinning. The tempers-
ture profile of the melt at the steady state
condition as vell as the selt-spinning paras~
eters were ianvestigated. The microstructure
of melt-spum ribdoas of TLi and Mo were stud-
ied by SEM, optical aad electron microscopes.

RAPID SOLIDIFICATION PROCESSING AS AN ALTER-
NATIVE choice bas become a center of stten~
tion in the field of materials processing
since msany coaventional problems appesr to be
resolved and new alloy phases can be synthe-
sized through this process [1]. 1Ia face,
sany novel microstructures and alloy phases
can be synthesized chrough isposing sose
contraints oa thermodynssic hieracrchy aand
kinetic process during rapid solidification
{2,31].

Mass productioa of rapidly solidified
metals and alloys has deen primarily relied
upon weelt spic aad atomization techaiques.
Both techniques use crucibles of a variety of
saterials such as quartz, ceramics, clay,
graphite, etec. for the preparstion of soltea
alloys. Nevertheless, processing of reactive
or refractocy slloys using these crucibles is
aot adequate since crucible materials react
with the eselt of reactive alloys aor undergo
softening at the wmoltea temperatuces of
refractory alloys.

In order to overcome such problems, an
are fursace combined vith a spinniog disk vas
used [4,5]. The arc furnace coansists of a

present address:

Department of Metallurgy & Materials Science
Polytechaic Institute of New York

333 Jay Streec, Brooklya, NY 11201

cold copper cruciblas with sz orifice a2ad aan
electrode. This cold copper crucible was
introduced into the melt spin process in
order to prepsre molten reactive alloys (Ti,
2r) or refractory alloys (W, Mo, Nb, Ta).

Pcesently, the arc mselt spianiag tech-
aique is available oaly ia a beanch scale as
well as pilot scale. The welt spimning by the
cold copper crucible is sigmificantly differ-
eat from ordinary selt spinning i{n that the
melt prepared in the cold copper crucible
developes s large temperatucs gradieant betveen
the bdottom and the top surface of the melt.
As 8 cresult, melting aad spinning are pez-
formed rather under cestrictive processing
conditioas.

This psper deals with such unique aspects
of eeslt spinniag conditions and preseats
resulting microstructures in T{ and Mo alloys.

ARC MELT SPIN PROCESSING

The pilot melt spinniag unit is showa in
Fig. t (2,3]. The cylindrical chamber on the
left band side coasists of two compertments:
the mselting compartment at the top and the
spinning compartsent at the bdottom. The
chamber on the right hand side provides room
for retrieving spun ribboas and for subsequant
cibbon treatments including chopping aad
pulveriziag iz Ar atmosphere. The woelting
compartment contains a copper crucible with a
water cooled jackece 3ad a con-coasumable
tungsten electrode. The copper crucible has
an orifice at the bottom, which allows the
melt to flow oato a spiaming disk beneath the
orvifice in the spin compartmeat. The coafigu-
ration between the crucible and the disk is
the same as that in the ordinary mselt spianer.
The gas pressure differenctial exerted on the
selt tends to de higher iz the arc selt spin
process thsn that in the ordinary melt spia
process.
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Fig. S. A schemstic diagram showing a pos-
sible tamperature profile in the
transient stage of alloy melting

gradient may exist in the moltan zone due to
the melt conventiom.

TEMPERATURE PROFILE - Ia the arc melt
spin process, cootiauous casting can be per~
formed, in primciple, by continuous feeding
of the fresh alloy iato the crucidle. In
this case, preferably the feed alloy should

NP,
o

tempersture of the melt, and the tempersture

of argon ges naar the surface. Ia Eq. (1-4), T
Q. &, O are beat loss rate due to radistionm, y
total emissivity, and Stefaa-Boltzman coa- 3
stant.

Ia equatioa (1-1), is the dominsnt
figure; 9. is very such dependent upon Ar gas
temperature T ; and will {iscresse with the
depth of the *selt since the surface tempera-

ture should incresse with the melt depth to f“
keep the bottom part solten. When the surface o
tempersture incresses sbove 2500°C ia Ti alloy .j
and 3000°C ia Mo alloy, the heat loss dus to o
radiation becomes a significsat portion of the \-’
cotal heat loss. :,
On the other hand, when the melt starts
to flow through the nozzle, and at the same
time the fresh alloy is iatroduced imto the —
selt from autofeeder. Additionmal heat loss A0
occurs due to the tesperaturs difference .
betwveen the melt leaving the crucible and the ~:. 3
fresh alloy. Additional heat requirement for v .y

the continuous casting, therefore, is

qc'u*[cp*(fb°7¢)’ﬂ &)

:]

be preheated close to ths smelting tesperature wvhere M, 'rc, c., lf are spun.alloy mass per '-,-
of the alloy im order to facilitate melting unit tise, the? temperasture of fresh charge, S
and supecheating by the azc electrode. The average heat capacity, aad heat of fusion at :-:.'
heat comduction at steady state condition be~ the temperatucre. Hence, chis quaatity is e
fore casting is counsidered ino the following. largely dependent on the pre~heating tespera- N
ture ‘1‘c and the spinning cate M. [
r 2T, 9 .o M A"complete description of the temperacure
axt 1 3 profile in this case becomes extremely complex —
under the sulti-electrode mode since the melt .
= - - - coavection by arc hesting is coupled with the s
VTR v 79, -1 welt flow toward the orifice. A comprebensive ;.r*
study of hest coaductiom in such 2 melt may be
9 *h (‘l'b -T) (1-2) carried out by a numericsl method. N
(1%
abh (T -T) (1-3) MELT-SPIN PARAMETER - The spianing con- o
% c s a ditions for Ti and Mo alloys are listed in a
table 1. g
q =06 (1’: - ‘l':) (1-4) By and large, ribbon thickness can be iy
controlled by the disk speed and the orifice :a,f j
where k,q and t are thermsl conductivity of size as is the case in the ocrdinary melt spin- ,‘.{‘
Ti, hest flux aloag x axis aad thickness of aiag [7,3). ©Nevertheless, the coatrol of the RS
the melt aloag x direction. Since k value is orifice size (s limited to a minisum ~1 mm A/
nesrly comstant as a function of taemperature diameter. Below this s3ize, the melt flow N
(6], €q. 1 is roughly correct. Ia Eq. (1-2), meets resistance due to freeziag or high
, hi’ T,, T are heat flux at the bottom of viscosity of the melt. The ribboa thickaness v.\
selt, heat transfer coefficieat at the produced ian both alloy systems ranges from -‘.:
iaterface, temperature at the bottom of the 20um to S0um. “e.
melt, aad room temperature. ,h, T, 1" The spun Ti alloy ribboas are showan ia e
in Eq. (1-3) are heat flux leaving at th& tof Fig. 6 and the Mo alloy ribbon in Fig. 7. The )
surface of the melt, hest transfer coeffi- difference between the two slloy cibbons is T
cient between the melt and argon gas, surface cthat Mo alloy ribbon has much more aarrow il
Table 1 s
VA
Alloy Orifice Disk Gas Injection Protective Atmosphere Y
Size Speed Pressure nid
20-40 ,5
Ti aad Mo alloys 1 am dia o/sec 0.07-0.1 MPa Ar .
N
y i
.l B 5
(o :""
S ~
1.
'\.':'
.j" (
‘.'(. y .l:f -’n:';‘l ,A;,l:'\A'.q.'(J:- -.".'J,N-'-'."i"'-"‘_- v "\1 **' "'}..* .\'.' N -.‘._v-\‘-._' SRR SCh _.." .




Fig. 1. P—i!;o: arc selt spia unit/Froat view
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Fig. 2. Alloy temperature vs. nominsl input
pover

MELTING - A coin shaped alloy button was
salted ia the cold copper crucible by a
non~-consumable, tsngsten electrods. The
temperatures of che top surface aad the
bdottom surface of the button were monitored
by optical pyrometer and thermocouple, re-~
spectively. Fig. 2 shows that the tempers-
ture increases with incressing aomissl input
powver, i.e., ®ore crapidly at the top anmd
slowly at the docttom. Thia difference even-~
tuslly leads to a large temperature gradient
in the melt as shown in Fig. 3. The tempers-
ture of the top surface, where arc plasmsa
impinge into the melt, iancreases proportion-~
ally to the square root of curreat (Fig. 4).
Such temperature profile of the melt is
significsacly differeat from that of the melt
ia anea-coaductive crucible such as ceramic
crucibles. As a result, the melt tends to

e 'O Ti-63Si
$ 100} Perailel To Are
5 %0 Plasma
z e
u
2 70
x® 60}
1
.’; so alley weight - SO ¢
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3. Average tempersture gradient vs.
nominal input power

2000

2600 / 4
o] o
2000¢ j / 1
w |
1600 / 1

1400
10 12 14 16 18 20 22 24 28
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Fig. 4. Melt surface temperature vs. nominal
current

Alloy Surtece Temp., T,(°C)

develop a skull at cthe bottom. Ia order to
avoid the skull, the depth of the melt should
be limited to a few centimeter ia Ti alloys.
Therefore the shape of the melt is thin slab-
like sad the heat coanduction problem may be
treated as one disensionsl problem ia the
first approximation. Furthermore, the fact
that the melt of a large dismeter and shallow
depth heated by msulti-electrodes makes the
heat conduction more close to one dimensional
problem. Fig. 3 shows a hypothetical situa-
tion of the temperature profile of the melt in
the arc furnace. In fact, it is aaticipated
that a freezed layer or mush zoae (ia alloy
case) can develop near the bottom of the meit
under the low input power. Simplistic temper-

ature gradient in the melt, is shown in Fig. S,

{.e., a large temperature gradieat is expected
in solid layer while a saall temperature
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width than that of Ti alloy ribbon. This
aarrowness of Mo alloy ridbbon say be ratioa-
alized by the fact that higher surface tea-
sion of Mo alloy [9] keeps the sels spreading
oa the disk.

The surface topography of Ti alloy is
shown in Fig. 8a and 8 while that for Mo
alloy is in Yig. 9 and b. The substrate
side surface of TLi ridbon looks smooth in
contrast with that of Mo alloy ribbon where
the aurface is rough. It appears that a poor
vetting exists between the molten Mo and the
copper.

Since the ridbbon thicknass is relatively
thin, the estimsted average cooling rate
ceaches larger thas 10%K/sec [10]. As a
resule, fine microstructure is generated as
shown in Fig. 10, ia whichaverage dispersoid
size is less than 1,000A and the average
grain diameter is ~ 10 microns.

CONSOLIDATION < Maay hot cocsolidation
techniques are available for Ti ribbon pow-
der. The principles behind the consolidation
of RS materisls msy be ssid: 1) preservation
of refised microstructures from rapid quench-
ing; 2) formstion of souad intrs particle
bond. Cossequently, consolidation tewpera-
ture for RS Ti{ alloys is approximately 100°C
lower thsa that for coaventionsl coasolida-~
tion, where a significant wmicrostructure
coarseninag occurs during the processing.
Therefore, for the consolidation of RS Ti and
Mo aslloy powder, consolidation techniques
that allow low temperature compaction aad
consolidation should be used. Typical ex-
amples are HIPing, and possibly Rapid Ommi-
directional Compaction (ROC). Whea the coa-
solidated alloy does got yield satisfac-
tory boad character, low temperature forging
or low temperature extrusion may be supple-
sented. Altersatively, lov temperature
vacuum hot press say be followed by forging,
rolling, or extrusion ([11]. By and large,
such slloyed puwder that has high strength
than those of elemental powder requires high
pressure for compaction as well as consolida<
tion. Figure 11 shows HIPed Ti alloy exhib-
iting s full density, which is processed at
850°, 2.1 GPs, and 3 h.

The microstructues sfter consolidation
vere studied by optical as well as TEM.
Basically, the average dispersoid size after
HIPing resains aearly the same as that in
as~quenched ribbon (Fig. 12a) whereas the
average grain size increases from 8 to 13 um
in diameter (Fig. 12¢) (12]. Also, at this
temperature, dislocation network associated
with low temperature HIPing is apparent as
showa in Fig. 12b.

Fig. 10. Microstructures of as-spun Ti-S5Al1-5.4
Er ribbon

Fig. 11. HIPed Ti alloy from Ti-5A1-4.SLa
flakes

Fig. 12a. Microstructure of HIPed Ti-3Al1-4.SLa
at 850°C/2.1GPa/3h.
Uniform disperaoids
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FORMATION OF METASTABLE PHASES IN RAPIDLY
QUENCHED BINARY Ti ALLOYS

o etk e et

S.H. WHANG AND C.S. CHI
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)

’ '
X Polytechnic University i
2 333 Jay Street g{
A Brooklyn, New York 11201 o
3 ',
ABSTRACT 3

he

) Rapid quenching of binary Ti alloys from the melt results in various s
k. metastable phases. A systematic study has been conducted in order to eluc- .g

q idate principles associated with the formation of metastable phases in

binary Ti alloys resulting from rapid quenching. These metastable phases
that include a', o" phases, metastable B phase, and w phase are discussed

A

o
. with regard to their occurrence and the extension of a phase as a function ::i
. of cooling rate. Effect of cooling rate and mechanical stress applied ?‘ﬁ
. during cooling on metastable phase formation was investigated. o
: 2
¥ S’
INTRODUCTION NS
2 oY
; When metals and alloys are subjected to rapid quenching from the molten e
5 state, various metastable states are introduced in alloy phases and micro- “+
r structures as well. These metastabilities in rapidly quenched alloys and NES
: materials have been well documented in recent years [1].
2 Metastable phases in binary Ti alloys known as a', o', metastable B »
o phase and w phase have been studied in the past [2,3]. All these phases !
': are competing each other in a sense and overlapped compositionally in a X
. narrow range [4,5]. In particular, martensite transformation and occur- g
N rence of w phase can't be separable compositionally while w phase formation ;:
appears to be associated with electronic concentration per atom [6,7]. A,
7 In recent years, Ti alloys have been routinely processed by rapid ;}
Y solidification techniques at the cooling range of 10°-107 K/sec. The result- iﬁ
) ing alloy phases increase their meta -stability with increasing cooling oy
3 rate. It is of interest to understand how further increased cooling rate pRX
S affects solid solubility of solute, martensite transformation temperature 12
and w phase formation. >
l“ §
, oy
. EXPERIMENTS Y
. L\
‘3 Splat foils (20um thick uniform) of binary Ti alloys were produced by ay
the hammer-and-anvil technique. Solubility extension, occurrence of w
e phase and martensite transformation were studied by varying solute concen- o
Lo, tration, A
~
- In addition, foils of different cooling rates and mechanical stress N
2 levels were prepared by varying 1) the hammer pressure; 2) the size of L?
splat alloy piece while alloy composition was kept constant: Tigy oFep g. s
: These foils were electropolished into thin films for TEM examinatioms. L\;
: Alloy phase identification was carried out by bright field micrograph as ":
. well as by selected area electron diffraction patterns. ;::
v %
“I ;
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RESULTS AND DISCUSSION ::J,

: D%

) ’.*‘v
a) Solubility Extension of Solute d

) Titanium rich terminal compositions of binary Ti alloy systems that :\

) can be classified into four different types of phase diagram were investi- :’%
gated as to solid solubility extension in the o phase. The four types of !i}
phase diagrams are 1) B-isomorphous; 2) eutectoid type (at B+a transforma- g.‘
tion); 3) peritectoid type (at B»a transformation); 4) monotectic ~ peritec- v
tic type. :

\ Figure 1 shows TEM micrograph of splat quenched Ti-Mo alloys. These Qﬁ
three micrographs reveal three different stages of transformations as a 3
function of concentration. Martensite structure (a', a") are present in Pegt
both Ti-Mo2,s5 (Fig. la) and Ti-Mo5 (Fig. 1b). 1In addition, diffraction o
patterns of Ti-Mos alloy (Fig. 1lb) show the existence of w and B phases.

In contrast, Ti-Mo1Q alloy reveals both w and B phases with- o
out a', a”. These results demonstrate that occurrence of w phase and e
martensite transformation compositionally overlap each other. ﬁ}}

X Solubility extension of o phase in a number of binary Ti alloys at }i“

\ the cooling rate 106 K/sec is tabulated in Table 1. Moderate increase in yin

» *k b

§ Table 1 o

. RS
Type Alloy System Max. Eg. Solu. Ext. Sol. Invariant oo
of a of a Reaction Pt. o,

' ' Ti-v 3.5 6 o

. -Nb 2,5 5 ) 3

. f-Isomorphous —Ta 2.2 7.5 ;

-Mo 0.4 2.0 Py
' Ti-Cr 0.5 <s 13.5
-Mn 0.35 2.5 14.5 e
Eutectoid -Fe 0.44 2.5 15 g
-Co 0.8 2.5 6 [
-Ni 5 -
=-Cu 1.2 7.5 5.5 o)
-si 0.8 6 1.1
M

. Ti-C ~ 0.55 10 }:

: -B 0.43 10 N}

) Peritectoid -al 1.5 ;

- -Ge 2.7 2.5

. -Sn 9 10

: f‘;,:

: Ti~Y 0.1 ~1 0.2 N

Monotectic~- ~La <1 ~ 0.3 ~1
peritectic ~Ce <1 ~ 0.6 ~1

** All atomic percent

A oy

the solubility is observed in f-isomorphous type system, significant in-
2 crease in eutectoid type systems and no appreciable increase situation in
monotectic-peritectic type systems. There are two different trends in

¥ peritectoid type systems, i.e., very large increase in Ti-metalloid
solutes (C,B); no
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increase in Ti-Ge and -Sn systems. Furthermore, lattice parameter increases
with increasing boron concentration in Ti-B systems [8]), which indicates
interstitial solid solution of boron in Ti lattace. Therefore, it seems
obvious that such unusual solubility extension can't be explained by re-
sorting to equilibrium phase diagrams: Ti~B and Ti-C where substitutional
solid solution is dominant. In B-isomorphous system, rapid quenching tends
to stabilize B phase while supressing 0+8 decomposition. Hence, the solu-
bility extension appears to occur at the expense of a+f field i.e., a+B
field is reduced to a narrow compositional range. Solid solubility exten-
sion in monotectic-peritectic systems is not significant, probably'due to

t?e large atomic size of rare earth metals and.the positive heat of forma-
on.

b) Martensite Transformation and w Phase Formation

Previous report indicates that martensite transformation temperature
in binary Ti alloys does not change with the cooling rate exceeding the
critical cooling rate: 32°C/s{9]. 1In order to elucidate the discontinuity
effect of cooling rate on martensite transformation, specimen foils of
different cooling rates were prepared and studied by TEM, which are shown
in Fig. 2a, b, and c¢. The alloy produced by the highest cooling rate:

106K/sec does not show any martensite transformation(Fig. 2a), but the
alloy produced at a half of the highest cooling rate by increasing the alloy
thickness to 40 um shows fine martensite structure(Fig. 2b). Furthermore,
when the cooling rate is reduced to one third of the highest cooling rate,

the martensite structure has fully grown into -long rod shape(Fig. 2c). It
is interesting to point out that again martensite and w phase co-exist in
Fig. 2b and c. Also, it should be noted that w phase shown in Fig. 2b is
mach finer than that in Fig. 2c. In the similar manner, w phase in Fig. 2a
is difficult to identify in contrast to those in Fig. 2b and ¢. From
these observations, it becomes clear that both martensite and w phase are
not truly athermal in Ti-Fe alloy system. Also, the Mg line and lower
boundary of w phase formation can not be separated compositionally as shown
in these micrographs.

This circumstance can be visualized in a schematic diagram shown in
Fig. 3, in which Mg line may be suppressed by increasing cooling rate from
~103 to ~106. The resulting e/a value for w phase as well as Mg is shifted
to a low value as indicated by a hatched box. This is consistent with non-
athermal behavior in Ti-Nb(10]. 1In fact, various decompositions: a'-»o + B;
a"+ a"jean + O"rich > a+B; metastable B + w+8 have been observed in Ti-Nb
alloy (10,11].

It was reported that w formation in Ti-1l0V-2Fe~3Al is triggered by
mechanical stress during solidification [12). It is interesting to see
whether w phase formation is affected by increasing applied pressure during
cooling in Ti-Fe alloy, i.e., by increasing the splat hammer pressure.

The alloys in Fig. 4a and 4b were produced under different mechanical pres-
sures: 62.5 psi and 200 psi, respectively. Nevertheless, no difference in
density and size of w phase can be found between them. Based on this evi-
dence, w phase formation in this alloy is not affected by the applied stress
of this range,

SUMMARY

1, For a g%ven cooling rate, the solid solubility increase in binary Ti
alloys is closely related to the equilibrium phase diagram features.
An exception, however, is found in the peritectoid type systems,

where th .
clearly 31%22?::3%“9 tendency between metal and metalloid solutes is
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evidenced by lattice parameter increase in Ti-B alloy system.

2., Both martensite transformation and w phase growth can be suppressed by
rapid quenching. This indicates that martensite transformation may not be
athermal in a rigorous sense. Also, it is logical to assume that w phase
formation in binary Ti alloys may be suppressed under cluster size by a
sufficient cooling rate.

3. No identifiable effect on martensite transformation and w phase forma-
tion is found in the increase in mechanical stress during solidification
and cooling.
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PARTICLE COARSENING CF RARE EARTH DISPERSOIDS IN Ti-5Sn~R.E. SYSTEMS
( WHERE R.E. IS 3Y, 4.5La AND 5.4Er.)

Y. 2. Lu, and B, C. Giessen

Barnett Institute

Northeastern University, Boston, MA 02115

S. H. Whang

Department of Metallurqgy and Materials Science
Polytechnic University, Brooklyn, New York 11201

The development of Ti alloys has long been relied upon alloying effect and
basic microstructural manipulation in the past. The discovery of Ti-6Al-4V

was possible in the spirit of such design principle[l].

Nevertheless, in recent years, new approaches that deviate significantly
from the conventional design practice have been undertaken to meet requirements
for even higher temperature capability of Ti alloys (700-1000°C). One of the
approaches is to introduce new coarsening resistant dispersions into Ti matrix
through rapid solidification processing[2-5]. By trial and error, it was
found that saome rare earth metal dispersoids such as La and Er in Ti alloy hawve
excellent coarsening resistance at elevated temperatures (700-900°C)[6,7]
whereas rapid coarsening of silicide particles was observed([8]. Although
preliminary study on Ostwald ripening behavior of La dispersoids was conducted in
the past([6], similar studies on other rare earth dispersoids in Ti have not been
performed. As a result, the fundamental understanding of particle coarsening
mechanism for rare earth dispersoids in Ti is still lacking.

In this paper, particle coarsening of yttrium dispersoids in Ti-55n-3Y system
will be discussed.

EXPERIMENTS

For the present experiments, Ti alloy buttons were prepared from pure
Ti(99.99%), Sn(99.99%) and rare earth metals(99,9%) by melting repeatedly in an
arc furnace under argon gas atmosphere. The oxygen level of Pure Ti used is less
than 150 pom. Small alloy pieces from the alloy button were splat quenched into
thin foils by the hammer and anvil technique. Disk shaped specimens of 20 um
thick were obtained from the middle section of the foil. For heat treatment,
the disks were wrapped with Ta foil and sealed in a qmgtz tubing with additional
Ti folis as getter materials under the vacuum of 107> torr. The tubings were
annealed isothermally at the desired temperatures and durations. In order to
identify crystal structures of the dispersoids in the heat treated alloys,
carbon extraction replicas were prepared from the annealed foils. These
replicas were studied by STEM and electron mcroprobe to determine the chemical
constituents of the particle. The particle size and distribution of the TEM
micrographs were studied using image analyzer.

RESULTS AND DISCUSSION
a) Microstructures

As shown in Fig. 1, the microstructure of as—quenched &-SSn—3Y alloy shows
1) a strong grain refinement due to high cooling rate ~10° deg/sec 2) uniform

clusters (~S50A dia.) in the matrix, which appear to be attributed to the
concentration of the rare earth solute exceeding the equilibrium solubility
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limit, since no solid solubility extension by rapid solidification is observed in
Ti-rare earth metal system [9]. These fine microstructures including fine
subgrains disappear in the early stage of isothermal annealing and replaced by
large equiaxed grains which contain a lage number of particles. For example,
Figure 2 shows such particles in Ti-5Sn-3Y alloy annealed at 840 °C for 74 h.

Extraction replicas of the annealed Ti-5Sn-3Y alloy foil were studied by HB-5
STEM. The EIX spectra indicate that the particle contains Sn and Y (Fig. 3).
Additional Cu peak in the spectra is attributed to a copper grid supporting the
saple. The weight ratio of Sn vs. Y was calculated using Cliff-Lorimer
equation [10]. The calculated ratio is 39%Sn and 61%Y with £10% uncertainty.
Furthermore, the selected diffraction ring patterns agree with those of MngSiq(
D8g) structure, Hence, it is concluded that the particle is ,in fact, YgSh,
compound of D8g structure.

b) Particle Coa

Particle distribution in the Ti-5Sn-3Y alloys annealed at 760°C, 120h is
shown in Pig. 4 where r and r are individual particle radius and average
particle radius, respectively. The size distribution of these particles
deviates significantly from the LSW model[11,12] in which the particle volume is
assumed to be zero. However, the histogram is analogous to that predicted by
the D-N-S model[13] where particle coalescence is considered as a mechnism for
explaining the volume effect. When the average particle size T for Ti-5Sn-3Y
system at three different trperatures is plotted against the annealing time(t),
non-linear, smooth curves result in as shown in Fig. 5. Furthermore, the best
linear correlation was obtained from the plots of the cube of the average
particle size vs. time as shown in Fig. 6. This indicates that the coarsening
is basically governed by volume diffusion mechanism.. Therefore, the coarsening
of rare earth particle in the Ti-55n-3Y alloy may be expressed by modified LSW
model for volume diffusion[13-16], which is given as follows.

r - f"o = £(K,T). (t - to) 1)

. KeCg(®)+Dey -V

£(K,T) =2 (1-1)
9 R.T
where
2 _3

£f(K,T) = measured slope of ¥ inplotof r vs t
Eo' ¥ = average particle radii for the onset and final states
K = volume fraction factor
C (»®) = equilibrium solubility of solute in the matrix with

8 . particles of infinite size at a given temperature T

D = diffusion coefficient of solute, am2/sec

Y = interfacial free energy of particle, J/m2
Vi = gram-molar volume of precipitate, cn3/g—mole
to,t = onset and final annealing time, sec

R = gas constant, J/mole-K

T = absolute annealing temperature, K
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the K value for the given volume fraction 1.05 § can be estimated from the
various models where the K value varies from 1 to 1.5 depending upon model[13 ].
For present calculation, we chose K value given by D-N-S model since the
histogram of particles in this particular system is very similar to that given by
this model.

Also, since the interfacial free energg for rare earth dispersoid is not
known, this value simply is assumed as 1 J/m“ based on various 5eported values:
0.5 J for precipitates in Fe-Cu system[17] and 1.5 J/m“ for Th0,[18].
Using these informations, appearent diffusion coefficient can be calculat:e% from
the modified LSW relation. The obtained diffusion coefficients and other
data are summarized in table 1.

TABLE 1
alloy system Temp. f (k,T) vol. k* Cg Vy D

¢ (m3/s) Frc. % m3/g-mol)  (cm?/s)

760 0.9 x10~28 1.0x10713
Ti-5Sn-3Y 800 3.7 x10'2‘73 1.05 1.12 0.0042 1.67x107> 4.4x10713

840 1.52x10°2 2.0x10712
Ti-55n-4.5La 760 1.23x10'23 1.4 1.16 0.0046 2.33x10™> 9,4x10715
(La,Sn) 800  9.39x102 7.5x10714
Ti-55n-5.4Er 800 1.8 x10728 1.8 .

%t : determined by D-N-S model[13].

The apparent diffusion coefficients obtained are believed to be the diffusion
coefficients for the rare earth metals in Ti. The reasons for this is as
follows. Firstly, there are only two solute species involving particle coarsen-
ing in the Ti-58n-3Y system, i.e., Sn and Y. In the temperature range of 880-
1600°C, diffusion coefficient of Sn is nearly identical to that of self diffusion
coefficient of Ti[19]. Under the assumption that the diffusion coefficients of
both Ti and Sn in Ti are the same at lower temperature range: 700-900°C and the
particle coarsening is primarily controlled by the diffusion of Sn, the actually
observed value is smaller than the predicted value (Sn) from above assumptions by
four orders of magnitude in Ti-5Sn-4.5La system and by three orders of magnitude
in Ti-5sn-3Y system. Of course, uncertainty in the assumed value of the
interfacial energy for the dispersoid is negligible compared to this discrepancy.
Secondly, if the apparent diffusion coefficient is truly that of Sn, the
obtained coefficients from both Ti-5Sn-4.5La and Ti~5Sn-3Y systems ought to be
the same. 1In fact, they are different as much as an order of magnitude.
!j!;m:. ait is concluded that the observed diffusion coefficient is that of yttrium
T, loy.
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When the diffusion coefficient of the rare earth metals is plotted against
the reciprocal temperature, the activation energy for the solute diffusion may be
obtained from the slope, assuming that an arrhenius type relation is valid for
the particular temperature range, i.e.,

D = D, * exp(-Q/RT)

where D, Dqr Qs R, and T are diffusion coefficient of the solute, frequency
factor, activation enerqgy, gas constant and absolute temperature, respectively.
The obtained activation energy for Y from the linear slope is 343 KJ/mole ( 82
Kcal/mole). This value is relatively high compared to the activation energy for
Ce diffusion in Zr at the temperature range of 880-1600°C :173 KJ/mole (41.4
Kcal/mole) [20]. Dissimilarity between the two cases is that 2r is BCC at these
temperatures and Ti is Bex. at the current temperatures investigated.
Therefore, a good comparison between the two cases may not be possible for this
reason.

SUMMARY

1. The dispersoids in high purity Ti-Sn-R.E. alloy systems were identified as
binary rare earth-Sn intermetallic compounds.

2. Particle coarsening of rare earth dispersoids in titanium is controlled
primarily by the volume diffusion mechanism.

3. Particle coarsening rate for Y as well as La dispersoids in Ti-Sn is
very low. Such a zow rate appears to derive from the low diffusion
coefficients of the rare earth metals in titanium.

4. Preliminary results show that activation energy for Y in Ti is
relatively high at the temperature range of 700 - 900°C.

Further measurements are necessary to deduce fundamental
mstanding of coarsening process for rare earth dispersoids
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STROCTURE-PROPERTY RELATIQNSHIP IN RAPIDLY SOLIDIFIED
Ti-SA1-M SYSTEMS (WHERE M is 2.9Y AND 7.5Th)

.H. Whang and Y-D. Hahn

Department of Metallurgy and Materials Science P
: Polytechnic University, 333 Jay Street, Brooklyn &
R New York 11201 u
" W.W. Park, P.K. Kim and D.H. Kim i
: Department of Metallurgical Engineering o
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ABSTRACT Ny

Ti-SAl-2.9Y and -7.5Th alloys were rapidly quenched into ribbon by arc melt

3 spinning technique and subsequently the ribbon was consolidated into bulk E:
' alloy by HIPing. Microstructures and their stability at high
; tenmperature were studied by TEM and optical microscopy. In particular, h:
grain growth and Ostwald Ripening of dispersoids at elevated temperatures 2 |
; were investigated. The results show that significant differences ‘
<
1.5 mmmmummmmmmrmmmt Py
3 treatment exist between the Y and Th containing alloys. In other word,
y the dispersoid coarsening is higher in Ti-S5A1-2.9¢ than in the Ti-5Al- y
: 7.9h. Mechnical responses of the heat treated alloys are consistent 2
: with the degree of microstructural coarsening in these alloys. ,
: R
? Recent Ti alloy research for high temperature applications has been ‘;
. directed toward two different approaches: Synthesis of high temperature b
7 T4 alloys containing stable dispersoids through rapid solidification [1-3] %
and modified titanium compounds for high temperature applications, in P
‘, particular titanium aluminides (4,5].  In the first approach, a signifi- e
o cant amount of rare earth metals and actinide element (Th) can be incorpo- N
Rs )
. . 3
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rated into Ti matrix through rapid solidification. Such éxcess amount

of the additive elements eventually forms uniform dispersoids upon heat 18
trestment. (7
These dispersoids are coarsening resistant at elevated temperatures 5(
(600~900°C) [6,7]. In additicn, the grains of the alloys containing B
these dipersoids produced by rapid solidification coarsen at a slow rate _
(i.e., non~parabolic law) at these temperatures than those in pure titanium ; ¢
(8,9]. Strength (microhardness) deterioration of the alloy is found 5%
to be correlated with microstructural coarsening [10]. .;
Pollowing previous study on Ti-5Al1-5.4La and Ti-SAl-4.5Er [10], a ot
study of property-structure relationship in Ti-5A1-2.9Y and Ti-5A1-7.5Th 03
alloys is discussed in this paper. ' 5
Alloy conpoeitions of Ti-SA1-2.9Y and Ti-5Al-7.5Th were melt-spun by {3
arc melt spinning technique[11,12]. The casted ribbon of ~40um thick were S
chopped by a rotary cutter into 1-2m long pieces. This "powder” was iI
consolidated by HIPing at 850°C/2.1GPa/3h. .
The consolidated alloys were further heat treated isothermally and DR
isochronally in order to investigate microstructural coarsening and ?_E
concurent hardness reduction. The sliced alloys were wrapped with Ta
foils and sealed in quartz tubings under vacuum before they were charged

into the amnealing furnace.

Microstructures of precursor as well as consolidated alloys were
studied by TEM. The thin folis were prepared by the standard technique
using a twin jet polisher.
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a) Microstructures
Ribbon alloy shows fine dispersoids and comparatively large grain as

was found. Additional spot patterns for other zone axes are needed in
order to determine the structure. Bright field micrograph of as-HIPed Ti-
. SAl-7.5Th show no particle coarsening during HIPing (Fig. 4).

These HIPed alloys were annealed isothermallly at 900°C for 25h, 50h,
7%h and 100h, respectively. The grain diameter and particle diameter of

§ shown in Pigs. la, 1b, 2a and .  Yitrim dispersoid in Fig. 1 has a
n

N, uniform size and distribution whereas thorium dispersoid in Fig. 2 has a
bi-modal distribution. No grain boundary prone precipitate was cbserved
E\l in both alloys. Measured average grain size of as-spun Ti-5Al-7.5Th
§ alloy is 5.3un dia., indicating the cooling rate 105 K/sec[13], which is
: lower than that of splat quenched alloy 1057 K/sec.  As shown in Fig.
* 3a, as-HIPed microstructure of Ti-5Al~2.9Y alloy does not reveal further
.. coarsening during HIPing (850°C, 3h).  Prom the dark field (Fig. 3b) and
- the spot pattern (Fig. 3c), the structure of the dispersoids can't be
: determined, though much similarity between these patterns and those of Y,0,
:

E the Th containing alloy were measured for each condition and tabulated in
, Table 1.
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TABLE 1 : Grain and dispersoid size in Ti-5A1-7.5Th annealed at 900°C P

3

Annealing Time Grain Diameter Dispersoid Diameter "\‘g

() D (um) ad 2'3'

:If.

o)

As-HIPed 5.3 800 R

25 8.4 1200 B

\ 50 9.1 1600 R
75 _ 9.9 2100

100 - 2500 )
Typical grain shape during annealing is shown in Pig. 5a and b where :;'.;3-

small and large grains are mixed together. Dispersoid size and distribu- R

tion also are shown in Fig. 6a, b, c and d.  No excess distribution of o

. dispersoid at the grain boundary was observed in these micrograghs. ":'~
: "
b) Microhardness 4

_ Micrchardnesses of the two alloys were measured during isochronal

annealing at high temperature and after isothermal annealing at roam 23

, temprature.  Both as-HIPed alloys were annealed isothermally at 900°C R
: for 25, 50, 75, and 100h, respectively and their hardnesses were measured \

o at room temperature (Pig. 7). The results show that a small decrease in

hardness is cbserved in Ti-5A1-7.5Th alloy while a very large reduction in

hardness occurs within 5Ch annealing in Ti-5A1-2.9Y alloy. The possible

‘ reasons for such a discrepancy between the two systems will be discussed in
naxt section.
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On the other hand, in the isochronal annealing, both Y and Th
containing alloys show a steep decline in hardness as the temperature
rises, The tendency of softening with temperature in the two alloy
systems are identical as shown in Pig. 8. Also, a small difference in
hardness between the two systems gradually deminishes as the temperature
rises. The difference between the isocthermal and isochronal annealing is
that the former is a long time annealing opposed to the latter, a short time
annealing. Therefore, a significant microstructural coarsening is
expected in the isothermal annealing whereas no observable coarsening is
anticipated in the isochronal annealing. In other word, no measurable

softening due to microstructural coarsening can be detected from the
isochronal annealing.

DISCUSSION

Bi-modal distribution of dispersed particles is seen in Ti-5A1-7.5Th
(Pig. 2) while no such distribution is identified in splat quenched Ti
alloys containing rare earth metals(3]. In order to understand such a
bi-modal distribution, the following shouled be investigated. 1.
possible different nucleation modes for two different particles - fine and
coarse,

Por instance, if the particle nucleates in the liquid (molten state)
and subsequently coarsens rapidly in the liquid, the resulting particle
will have a large size. In contrast, if the particle nucleates at the
solid state, where the temperature is low, the coarsening 13 very limited
and the resulting particle size is fine. This arqument may be settled

when the melt-spun ribbons produced at different initial temperatures are
studied.
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‘ Grain gtwtix and dispersoid coarsening may be better understood by
. analyzing the data in table 1. From the plot of the grain diameter vs.
! time in log normal scale as shown in Fig. 9, the slope~0.15 was obtained
3 by assuming that the relation D = Kt” is valid in this range. This value
: is smaller than that predicted by the parabolic law (n=0.5). The value

is compared with those for other alloy systems in table 2.

In the past, a number of theory have been developed to explain non-
parabolic grain growth phenomena. One of the approaches is that the
impurity in the alloy builds up at grain boundary, which imposes so called
impurity-drag effect on grain boundary motion under specific condi-
tions[14]. It has been demonstrated that the theoy can explain grain
% growth in many pure metals and alloys[15]  Also, later, it was shown that
i} the time exponent of the grain growth equation is functions of annealing

temperature and concentration of rare earth metals(16].

- On the other hand, it was shown by Gladman [17] that a correlation
E between the grain size and the second phase size exists, indicating a
4 strong interation between them.

The analysis of current experiments in these alloys do not permit to
adapt any of these theories since the systems contain inpurity as well as
second phase. The analysis on the grain growth should be done by a model
acconmodating the two aspects, i.e., impurity and second phase, based on
more rigorous experiments. |

!

:" TABLE 2. : Time exponent in various Ti alloy systems
E{ Alloy System Annealing Time Time Exponent
o
t w. 8 % n
.%‘
»
:
Q‘::
-6~
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ﬂ-ﬁl—%’m 900 0 015

T1-5A1-4.5La 900 0.25(10]

T1-0.03 Er (at. %) 900 ~0.38{16]*
T-0.3 Br (at. 3) : 900 ~0.13(16]*
Pure T 500 0.33(8,9]

* ; extrapolated value from data in ref. 16.

Particle coarsening rate may be determined using the data in table 1
and can be compared with previous results. The plot of a3 vs. t provide
particle coarsening rate, assuming that volume diffusion mechanism is
operative, The slope cbtained from this plot and the previous values for
other alloy systems are listed in table 3.

TARLE 3
System Dispersoid Coarsening rate annealing
m3/sec temperature
Ti-SA1-7.9Th  unknown ~ 1077 900°C
Ti-S5n—4.5La  La,Sn(B82) 9.4 x 10729 800°C
Ti-56n-2.9Y  YgSny(D88) 1.5 x 10727 840°c

The coarsening rate (m>/sec) in Ti-SA1-7.5Th is smaller by orders of
magnitude than that of the Y containing system, considering the temperature
factor. From this information, it can be concluded that dispersoid
coarsening is much faster in Ti-5A1-2.9Y than in Ti-SAl-7.5Th.  Hence,
after isothermal amnealing, a large difference in hardness reduction
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between the Y and Th containing systems may be self explanatory.
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Fig. 1

TEM micrograph of as-spun ribbon of Ti-S5Al-2.9Y

(a) inside grain
(b) grain boundary
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Fig. 3 As-HIPed Ti-SAl-2.9Y alloy
(a) bright field
(b) dark field
(c) JQiffraction pattern
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