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1. INTRODUCTION

A systematic investigation is being conducted of the effects o
rare-earth (RE) additions to Ti-6A1-4V. The first phase of this investigation,
which is reported here, is the determination of the influence of different
concentrations of erbium, yttrium, and mischmetal on the microstructure and
room-temperature tensile properties of Ti-6A1-4V subjected to various
annealing procedures.

A near-term objective of this research is to demonstrate that metallic
rare-earth additives can improve the high-temperature formability, and
thus reduce fabrication costs, of Ti-6Al-4V without adversely affecting
the strength and toughness of the alloy. Moreover, previous studies
of rare-earth additives to Q-Til—3 form the basis for expecting that
appropriate combinations of rare-earth additives and processing conditions
will be effective for improving other characteristics of Ti-6A1-4V, such
as high-temperature strength, corrosion resistance, and low-temperature
formability.

The mechanical and fracture-mechanics properties, as well as the
formability, of most materials are directly related to the size and distri-
bution of grains, cells, and phases in the polycrystalline aggregate.
Refining the polycrystalline structure not only improves both the physical
and chemical properties but also assures uniformity throughout the structure.

] Microstructural refinement in Ti alloys is frequently achieved by repeated
cold-reduction and annealing, hot rolling at moderate temperatures, thermal
cycling at the allotropic temperature, and addition of alloying elements.
While most of these processes have been moderately successful they have
not been proved to be either cost effective or desirable for welding,

stress-corrosion resistance, or prolonged high-temperature exposure.

In this investigation, the approach is to introduce into Ti-6A1-4V a
uniform dispersion of fine (<70 nm diam), second-phase, rare-earth particles,
which are particularly effective for refining the alloy microstructure and
retarding grain growth. Specifically, metallic Er, Y, and mischmetal (MM)
were added in small concentrations (0.01-0.2 wt%) to Ti-6A1-4V melts.
Mischmetal, which is a mixture of La, Ce, and Nd, was selected as a possibly

lower-cost alternative to Y or Er. All of the rare-earth metals used are

e S, Lo A oAy 4 o " —_ A . . - - —— i
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miscible in all proportions with Ti in the liquid state. Er has negligible

solubility in solid Ti at all temperatures. The maximum solubilities in
-Ti, at 1360-1500°C, ef Y, La, and Ce are approximately 3, 4, and 5 wtZ,

respectively.  The maximum solubilities in a-Ti, at about 900°C, of Y, La,

/,

and Ce are approximately 0.1, 4, and 4 wt’, respectively. At room temperature,

Er and Y have negligible solubility in Ti, but approximately 1 wtZ La or Ce
is soluble. When added to Ti-alloys in concentrations less than 1 wt/, Er
and Y should precipitate as second-phase dispersoids as an alloy is cooled,
whereas metallic MM should remain in solution. An important practical
consideration is the difficulty of preventing the formation of stable
rare-earth oxides in MM before it is dissolved in molten Ti during normal
alloy-casting procedures. Thus, of the amount of MM added to an alloy,
only a fraction will be dissolved and the remainder will be in the form

of oxide-particle inclusions.

=] ahe - - . .
A recent study  showed that Y, O,-additive is a beta-grain refiner in
2

3
Ti-6A1-4V and, according to one producer, decreases the cost of ingot
reduction by at least 67. However, in contrast to Y and other rare-earth

metals, ¥ Qs practically insoluble in molten Ti at temperatures usually

3
achieved in alloy production and remains as large (1-10 um) inclusions.
Furthermore, the Y203 particles tend to agglomerate in Ti-6Al-4V and can
degrade the tensile strength and fracture toughness, particularly in the
short transverse direction.

The results presented in this report show that metallic rare-earth
additives effectively refine the microstructure and increase the ductility
of Ti-6A1-4V without significantly affecting the room-temperature mechanical

properties. The qualitative improvement in formability observed during the

hot rolling of small, 5.4-kg Ti-6A1-4V-RE ingots supports the contention that

metallic rare-earth additives can reduce the cost of alloy fabrication.
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2. ALLOY PREPARATIONS

2.1 Ingot Preparation

0.1-kg Button Ingots: For preliminary assessment of the melting
characteristics and the microstructural changes effected by the addition of
Er, Y, and MM to Ti-6A1-4V, 0.1l-kg button ingots of Ti-6Al1-4V (reference
alloy), Ti-6Al-4V-1.0Er, Ti-6A1-4V-0.48Y, and Ti-6A1-4V-0.10MM were prepared
by vacuum-arc-melting the alloys in a water-chilled copper hearth. Each
button was prepared from a mixture of Ti-6A1-4V and metallic rare-earth. An
additional Ti-6Al1-4V-1.0Er alloy was prepared by adding the appropriate
quantity of Al-Er master alloy instead of metallic Er. The button ingots
confirmed that the rare-earths refine the microstructure of Ti-6A1-4V and
proved the feasibility of utilizing a master alloy containing rare-earth

metal for the casting of Ti-6A1-4V-RE alloys.

5.4-kg Ingots: Figure 1 is an outline of the alloy preparations and
heat-treatments for most of this study. Fifteen 5.4-kg Ti-6A1-4V ingots with
various rare-earth additions were prepared to determine the effects of
varying the concentrations of Er, Y, and MM. The nominal compositions of
the 0.1-kg and 5.4-kg ingots are given in Table 1 together with the form of
the rare-earth addition for each ingot. All of the 5.4-kg ingots were
prepared with the same lots of Ti sponge and Al-V master alloy. The chemical
analyses of the starting materials are given in Table 2, and the chemical

analyses of the as-cast ingots are given in Table 3.

Ingot Melting: The ingots were melted in vacuum by the consumable-

electrode arc-melting method. Each 5.4-kg charge consisted of five 76-mm
diam pressed-briquettes of blended Ti~sponge, Al-V master alloy, and Al-RE
master alloy. The briquettes were welded together in tandem to form the
consumable electrode, which was melted into a water-cooled, 120-mm diam,
copper mold. Each molten ingot was conditioned, inverted, and melted a

second time to achieve compositional homogeneity.

*
Ingots for this investigation were cast, forged, and rolled by Crucible

Materials Research Center, Colt Industries, Inc., Pittsburgh, PA.
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Double melt ingots T1-6AI-4V-RE
5.4 kg; 120 mm diam

1
i 1

Reference alloy I [ 0.10,0.30,0.80,2.0 wt% Er J

r0.020,0‘050,0.10,0_30 wit% Y J [ 0.010,0.030,0.080,0.20 wt% Mf\d
[ Forge 1010°C; 51 mm x 120 mm |

1 B |
Jl Sample
I

Hot roll 1010°C; 20 mm th|ckness1 ‘

lﬁ Jl Sample

[ Hot roll 955°C; 3 mm thickness ‘I |

lr J| Sample
r Heat treat ]

1
| 1 1 1
[ 15-s6°c | [ 15-28c | | Tpe2mc | | Tarsec
|| T i | | , |
I 1 1 1 | [ 1 1 1
15 min 30 min 1h 4h 5 min 15 min 30 min 1h
wQ waQ waQ wa wa wQ wQ waQ
| 1 1 1 1 T | J

I
[ 705°c2nAC | "
I

WQ = water quench
[ Tests ] AC = air cool

GP77-0480-38

Figure 1. Outline of alloy preparations and heat treatments for study of microstructures and
room-temperature tensile properties of Ti-6Al-4V alloys with erbium, yttrium, and
mischmetal additions.
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TABLE 1. Ti-6AI-4V-RE INGOT PREPARATIONS

Ingot Nominal Ingot mass '::'_:;;L
number composition (kg) et
614 Ti-6Al-4V 0.1 -
615 Ti-6Al-4V-0.10MM 0.1 MM granules
616 -1.0Er 0.1 Er metal
617 -0.48Y 0.1 Y metal
660 -1.0Er 0.1 Al-Er master alloy
14 Ti-6.15A1-4.1V 5. -
4 Ti-6.15A14.1V-0.020Y 5.4 Al-Y master alloy
8 -0.050Y 5.4
15 -0.10Y 54
16 -0.30Y 5.4
8 Ti-6.15AI1-4.1V-0.010MM 5.4 Al-MM master alloy
9 -0.030MM 5.4
10 -0.080MM 5.4
1 -0.20MM 5.4
12 -0.20MM 5.4 MM granules
25 Ti-6.15A1-4.1V-0.10Er 54 Al-Er master alloy
26 -0.30Er 5.4
27 -0.80Er 54
28 -2.0Er 5.4
29 -0.80Er 54 Er metal

GP77-0480-1




TABLE 2. CHEMICAL ANALYSIS OF STARTING MATERIALS FOR Ti-6Al-4V-RE i
INGOT PREPARATIONS ‘

Matenal Element Weight percent |
T sponge, Mg reduced, Brinell T 99 .8 |
hatdness number 140 (max) 0% 0.02 ]
Cl 0.09
H 0.002
Fe 0.02
Mg 0.04
Mn 0.001
N 0.008
(0] 0.09
Si 0.004
Al-V master alloy Al 459
Y 53.8
B 0.0003
Fe 0.28
Mo 0.08
(0] 0.03
Si 0.32
Al shot Al 99.0 min
Fe 0.40 max
(0] 0.10 max
S . 0.25 max
Al-Y master alloy (supplied by Al 23.5
Molycorp, Inc., White Plains, NY) Y 76.5
C 0.13
Cu 0.12
Fe 0.10
(0] 1.0
Vv 0.05
Mischmetal, 13-mm diam rod Ce 53
(procured as Ceralloy 100X from Gd 2
L Ronson Metals Corp., Phoenix, AR) Nd 16
Pr 5
La and other RE 24
total RE 99.9
Al 0.01
Ca 0.01
Fe 0.05
i Mg 0.025
| Si 0.01
E Erbium (procured from Er 99.9+
Research Chemicals) Ca 0.01
Fe 0.02
Mg 0.01
Si 0.01
I Ta 0.01
| GP77-0480-2
6
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TABLE 3. CHEMICAL ANALYSES OF Ti-6AI-4V/RARE-EARTH 5.5 kg INGOTS

Chemical composition (wt %)

P Rare-earth
addition Al Vv Cc H
o Gt %) Fe N (0]
Top Center Bottom
14 None 6.1 3.8 0.029 0.0056 0.14 0.044 0.173 0.181 0.177
4 0.02Y 59 3.7 0.033 0.0050 0.13 0.041 0.160 0.148 0.159
8 0.05Y 59 38 0.032 0.0054 0.09 0.037 0.160 0176 0.155
15 0.10Y 6.2 38 0.026  0.0050 0.11  0.040 0.165 G172 0OAT1
16 0.30Y 63 40 0.029 0.0058 0.11 0.040 0.172 0.185 0.173

8 0.010MM 60 37 0.025 0.0051 0.19 0.026 0.137 0.143 0.138
9 0.030MM 6.1 = 3.7 0025 00046 009 0.033 0.191 0.142 0.147
10 0.080MM 6.1 38 0.026 0.0071 0.11  0.039 017 0.157  0.150

1 0.20MM 6.1 38 0.023 00068 007 0.028 0.155 0.162
12 0.20MM 63 38 0.028 0.0062 0.07 0.038 0.160 0.157
25 0.10Er 6.1 39 0.047 0.0061 009 0034 0.169 0.158  0.151
26 0.30Er 6.2 3.9 0.025 0.0055 009 0.029 0.142 0.146  0.140
27 0.80Er 64 39 0.036 0.0046 008 0.029 0.153 0.149  0.151
28 2.0Er 64 39 0.041 0.0044 008 0.033 0.164 0.170
29 0.80Er 64 39 0038 00056 008 0034 0.158 0.147  0.167

GP77-0480-3
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Ingot-Forging: The forging and rolling reductions of the ingots are

shown schematically in Figure 2. Before the ingots were forged, a 20-mm
thick slice was cut from the bottom of each ingot for studies of the as-cast

microstructures. In preparation for forging, the ingots were coated with

*
Metlseel RA-537 . The ingots were heated to 1010°C (1850°F) and drawn into

octagonal prisms (approximately 180 mm long and 90 mm between parallel sides)

on a 1800-kN (200 ton) press in three steps, with reheating of the ingots

at each step. The octagonal prisms were then upset-forged 30% at 1010°C
(1850°F). Ti-6A1-4V-2.0Er, Ti-6A1-4V-0.20MM, and Ti-6A1-4V-0.80MM ingots

! exhibited severe cracking during initial forging at 1010°C and were therefore
forged at 1120°C (2050°F) for the remaining forging steps.

‘ After being upset-forged, the ingots were grit-blasted, ground, and

[ pickled to remove all cracks from the original sides. The ends were not

ground, but severe end-cracking of the Ti-6A1-4V-0.20MM ingots necessitated

*
Tradename of Glidden-Durkee Division of SCM Corp., Cleveland, OH.
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cropping the ends of these

with Metlseel RA-537,
and drawn into approximately

torging step. the

Ti-6Al-4V-

heated to 1010°C

The ingots were
(1120°C in
100 x 120 mm plates.

cracks, which were removed by grinding.

the case

conditioned, coated again
of Ti-6A1-4V-0.20MM) ,
During this last

.20MM ingots again developed severe surface

120 mm 108
Draw out Upset 30% Draw out
4 N 1010°C 1010°c I/~ \J 1010°C
_,\/ —51 mm
100 mm ‘ i
_‘_@ 178 mm 120 mm
8 % ) | ;
20 mm sample
Sample Hot roll

Cut in 3 sections 51 mm — 20 mm
' 1010°C; 7 passes

Hot roll
20 mm — 3 mm
955°C; 5 passes

_O——“\\./

Figure 2. Forging and rolling steps for 5.4-kg Ti-6Al-4V-RE ingots.

/\
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Ingot Rolling: The forged, 51-mm thick plates were heated to 1010°C

(1850°F) and rolled in seven passes to a thickness of 20 mm. This rolling
required 24-50 s for each plate, and the sheets cooled to approximately

800°C (1400°F) by the time of the final pass. The Ti-6A1-4V-0.20MM ingots
developed gross surface tears during rolling, but the other alloy compositions
were free of cracking. A 100-mm long section for short-transverse tensile
test specimens was cut from the center region of each rolled plate, and

the remaining two pieces of each plate were heated to 955°C (1750°F) and

rolled in five passes to a final thickness of 3 mm. This final rolling

procedure required 17-35 s during which time the sheets cooled to approximately

700°C (1300°F).
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For the Ti-6Al1-4V reference, Ti-6A1-4V-Y, and Ti-6A1-4V-MM ingots, the T
rolling force for each pass was measured, and the results are given in
Table 4. Because the roller-forces for the small plates could not be measured
accurately and, further, because the temperatures during rolling were not
measured, the rolling-force data in Table 4 only qualitatively measure the
hot-formability of the alloys. Nevertheless, the trend towards lower rolling
forces as the temperature decreases is clear for the RE-containing alloys
compared with the reference alloy.

Photographs of the edges of 3-mm rolled plates are shown in Figure 3;

these photographs show qualitatively the relative cracking during rolling

for the various types and concentrations of rare-earth additives. The
edge-cracking is comparable in the cases of the Ti-6A1-4V reference alloy,
Ti-6A1-4V-0.10Y, Ti-6A1-4V-0.30Er, and Ti-6A1-4V-0.030MM. For smaller
rare-earth concentrations, the edge cracking of the alloys with RE additives
is less than that of the Ti-6Al1-4V reference alloy. The edge-cracking in

Ti-6A1-4V-0.02Y and Ti-6A1-4V-0.10Er, in particular, was negligible.

2.2 Heat Treatment

The rolled sheets were each cut into 60-mm lengths for anneals at
I,-56°C, T,-28°C, TS+28°C, and TB+56°C, where TB is the B-transus temperature
for each alloy. Specimens were annealed at TB—56°C and TB—28°C for 15, 30,

60, and 240 min and at T.+28°C and T,+56°C for 5, 15, 30, and 60 min.

Following the high-tempefature annea?s, the specimens were water-quenched,
annealed at 705°C for 120 min, and air-cooled.

The B-transus temperature of each alloy was determined prior to
annealing by heating samples in 14°C increments (6°C in some cases), holding
at temperature for 15 min, and water-quenching. The samples were then
polished and metallographically examined for relative amounts of a and

transformed-f phases. The [(-transus temperature was designated as the

lowest temperature at which the microstructure is completely transformed-&

phase. The results are listed in Table 5 and plotted in Figure 4.
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-4 —— Reference alloy

(Ingot 14)

— 0.020Y (Ingot 4)
— 0.050Y (Ingot 5)

— 0.10Y (Ingot 15)

—0.30Y (Ingot 16)

— 0.010MM (Ingot 8)

— 0.030MM (Ingot 9)
' — 0.080MM (Ingot 10}

— 0.10Er (Ingot 25)
— 0.30Er (Ingot 26)
— 0.80Er (Ingot 27)
— 0.80Er (Ingot 29)

GP77-0480-41
Figure 3. Photographs of 3.2-mm thick, hot-rolled sheets of Ti-6Al4V with rare-earth additives
as indicated.




TABLE 5. BETA TRANSUS TEMPERATURES OF Ti-6Al-4V-RE ALLOYS

Rare earth added

Ingot number to Ti-6AI-4V Beta transus temperature, T
(wt %) (°c)
14 none” 1010
4 0.020Y 1010
5 0.050Y 988
15 0.10Y 988
16 . 0.30Y 988
8 0.010MM 988
9 0.030MM 988
10 0.080MM 988
25 0.10Er 1004
26 0.30Er 988
27,29 0.80Er 982
GP77-0480-5
Mg T | e T T 1
1010 Wﬁ <
\
5 \
< \
— \
5
g \
g o Ti-6AI4V
13 o Y alloys \
Q)
; A Eralloys \
2 990 }— ¢ MM alloys \ —
s % s
s
>
©
- 1 kel l o, S 1 13
0.001 0.01 0.1

Concentration of rare-earth in Ti-6AI-4V (wt %)

Figure4. Ti-6Al-4V beta-transus temperature as function of concentrations of added
Y (o), Er (&), and MM (0).
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J.  MICROSTRUCTURAL CHARACTERIZATIONS OF Ti-6A1-4V-RE ALLOYS

3.0 Microstructures of As-Cast Alloys

A 20-mm thick slice was cut from the bottom of each 5.4-kg alloy ingot
for characterization of the as-cast microstructures. Specimens for
metallographic examination were prepared from the centers of the 20-mm thick
slices. Figures 5 and 6 show the typical microstructures observed in the i3
Ti-6Al-4V reference alloy and the rare-earth containing alloys. The as-cast | B
microstructure of the reference alloy consists of large grains with extensive
coarse-a formed during cooling at the prior-2 grain boundaries. In contrast,
the Y- and Er-containing alloys exhibit a more homogeneous structure. The
mischmetal-containing alloys do not show any pronounced grain refinement
(Figure 6b), and the transformed microstructures in Ti-6A1-4V-MM alloys are
similar to that in the reference alloy. The preferential a-nucleation at
the prior-8 grain boundaries observed in the reference alloy is absent in
the Y- and Er-containing alloys, in which the a-phase nucleates uniformly.
The grain size is considerably smaller in the Y- and Er-containing alloys
than in the reference alloy, and the prior-£ grain size significantly

decreases with increasing concentrations of Y and Er.

13
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(b) e

Figure 5. Microstructur~s of as-cast (a) Ti-6Al-4V reference alloy (Ingot 14) and
(b) Ti-6AI-4V-0.30Y (Ingot 16).
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i 3.2 Dispersoid Characteristics

The nature of the dispersoids in selected rare-earth-containing alloys
was studied by electron microscopy of thin foils and extraction replicas.

Figures 7a and 7b are thin-foil electron micrographs showing dispersoids
in Ti-6A1-4V-0.16Y and Ti-6A1-4V-1.0Er alloys. The dispersoids are spherical,
20-70 nm in diam, and incoherent with the matrix. Examination of foils
prepared from several alloys revealed that the density of dispersoids varied

considerably for the same alloy composition, and in some foils very few

dispersoids could be seen. This could be due to leaching of the dispersoids
during electrolytic thinning of the foils as well as inhomogeneous mixing of
the rare-earth additives during melting.

The small size and uniform distribution of the Er and Y dispersoids
observed in Ti-6A1-4V implies that they precipitated during cooling of the
alloyv. Both Er and Y are soluble in all proportions in molten Ti, and the
initial-reaction step in the preparation of the ingots for this study was the
dissolution of the metallic rare-earths in the alloy melts. Because the
and YZO

negative free-energies of formation of Er,0 are higher than those

3 3
= er 6 - . :

of TiO, and AI.,O3 , the dissolved rare-earths will scavenge oxygen in the
melt and to a lesser extent scavenge interstitial oxygen during high-tempera-
ture processing of the solid alloy. Rare-earth oxides formed in the melt will

form fine, stable particles before the alloy is solidified, and it is quite

probable that many of the observed dispersoids are oxide precipitates. The
compositions of the dispersoids is not a factor in their direct influence

on the alloy behavior; the important factors are the small size of the
dispersoid particles that are formed from the metallic rare-earths dissolved
in the Ti-alloy melt and their stability at the temperatures for which the
dispersoid influence is sought for modifying the alloy behavior.

The dispersoid phase was also studied by transmission electron micro-
scopic examination of carbon extraction replicas prepared from the allovs.
Specimens were first polished and etched in Kroll's etchantx. A carbon
film was evaporated onto the surface of a specimen and then floated off by
dipping the specimen in dilute Kroll's reagent. The replicas were collected

on copper grids and examined in the transmission electron microscope.

~
Kroll's etchant contains 1-3 ml HF and 2-6 HNO2 in 1000 ml water.
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250 nm
Figure 7. Thin-foil electron micrographs showing rare-earth dispersoids in (a) Ti-6Al-4V-0.16Y
and (b) Ti-6Al-4V-1.0Er.
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Figure 8 is an electron micrograph of a replica showing the dispersoids in

a Ti-6Al1-4V-0.30Y alloy. Selected-area diffraction (S5SAD) patterns were
obtained from different regions of the replicas. The most commonly observed
patterns were either incomplete ring patterns, characteristic of polycrystal-
line particles with preferred orientations, or single-crystal spot patterns;
the inset in Figure 8 shows a typical pattern. Interplanar spacings were
computed from several SAD patterns, and these are listed in Table 6 together
with the interplanar spacings of Y and Y ‘“5' Although no unambiguous

inferences can be made, the observed interplanar spacings possibly are
those of Y.,0, particles. However, the SAD patterns deo not exclude the
b

|
I nor Y, and they may be

3
intermetallic compounds of Al and Y. Even if the particles in the replica

possibility that the dispersoids are neither Y, 0

)

are Y, 0., no conclusion can be made as to whether the particles were present
J
in the alloy matrix as Y,,UJ or as Y that oxidized during the replica forming

and stripping.

GP77-0480-45
05 um

Figure 8. Electron micrograph of carbon-extraction replica of dispersoids in Ti-6AI-4V-0.30Y;
inset shows electron diffraction pattern of single dispersoid.
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TABLE 6. ELECTRON-DIFFRACTION INTERPLANAR SPACINGS FOR DISPERSOIDS
IN Ti-6Al-4V-0.30Y

Yttrium oxide, Yttrium, Y Interplanar spacings of
Y203 hex., a=0.36474 nm, dispersoids in Ti-6A1-4V-0.30Y
b.c.c.,a;,=1.0604 nm ¢=0.57306 nm (nm)
VR o T TR
i il planar planar Plate Plate Plate Plate Plate Plate
h,k ¢ d'“znce' h.k,¢ d'“gnce- 4001 4024 4033 4025 4027 4026
(nm) (nm)
0.451 0.455 0.451 0.456
211 0.434 0.430 0.427 0429
220 0375 0.358 0.356
310 0.335 0.323
100 0.315 0.314
222 0.306
321 0.283 002 0.286
101 0.275 0.270
400 0.265 0.261 0.266 0.258 0.261
411,330 0.250 0.251 0.250 0.243 0.247
420 0.237
332 0.226 0.227 0.220
422 0.217 102 0.212 0.215
510,431 0.208 0.203
521 0.194 003 0.191 0.194 0.193
440 0.187
530,433 0.182 110 0.182
600,442 0.177 0.175
611.582 0.172
620 0.168 0.166
541 0.164
622 0.160 0.159

631 0.156 0.155

GP77-0480-6
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.3 Microstructures of Hot-Worked and Annealed Alloys

The int luence of P-anneal ing and a-f annealing treatments on the micro-
structural changes of alloys hot-rolled under mill conditions was studied.
I'he alloys were hot-worked and heat-treated according to the schedule
outlined in Figure l. Following the high-temperature heat treatments, the
alloy sheets were annealed at 705°C for 2 h and air cooled.

Figures 9 and 10 show the microstructures of alloys annealed in the
A-field, water quenched, and then annealed for 2 h at 705°C. Water quenching
from the p field results in the needle-like martensitic «' structure, a
nonequilibrium, supersaturated, a structure produced by diffusionless
transformation of the B phase. Upon annealing the martensitic structure at
705°C, the o' transforms to equilibrium a+B. Thus, the microstructures
shown in Figures 9 and 10 are the transformed-f structures consisting of
& and B plates. Grain boundaries outlining the prior-f grains can be seen.
Under identical B-annealing conditions, Y- and Er-containing alloys exhibit
a smaller prior-g grain size than the reference alloy and mischmetal-con-

taining alloys, and this is true for all B-annealing times of the schedule

shown in Figure 1.




(a)

GP77-0480-46
b e )
(b) 100 4m
Figure 9. Microstructures of beta-annealed (a) Ti-6Al4V reference alloy and (b) Ti-6AI4V-0.30Y;
alloys annealed at Tﬁ +56°C for 5 min and water-quenched.
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(b) 100 um

Figure 10. Microstructures of beta-annealed (a) Ti-6Al-4V-0.80Er and (b) Ti-6AI-4V-0.080MM;
alloys annealed at T‘; +56°C for 5 min and water-quenched.
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The time-dependent PB-grain growth was studied at two temperatures,

T #56°C and 'l'|%+28°(2. The average grain-size of ecach annealed alloy was
I I
computed trom a statistical analysis of at least 300 grain-size measurements.
Grain size was measured by the standard linear-intercept method. Figures 11
and 12 show the B-grain size as a ftunction of annealing time at T _+56°C for
g

Ti-6A1-4V-Y and Ti-6Al1-4V-Er alloys; similar results were obtained for

allovs annealed at TU+280C' The grain growth follows a relationship of the
>

form D = ktn. where D is the average grain size, t is the isothermal 4
annealing time, and k and n are time invariants which depend on temperature

and material parameters. Increasing amounts of Y and Er result in a

significant decrease of the grain-growth exponent, n. A grain refinement

of nearly an order of magnitude is observed in alloys containing the a

highest concentrations of Er and Y. The results clearly establish that

Y and Er not only effectively refine 3 grains but also retard grain growth
at elevated temperatures.

The influence of rare-earth concentration on the B-~grain size of alloys
annealed at TH+56°C for 1 h is shown in Figure 13. Of the three rare-earth
additives, Y and Er are more effective grain refiners than mischmetal, with
as little as 0.05 wtZ Y or 0.1 wt%Z Er effecting significant grain refinement.

The net grain-refinement observed in Ti-6Al-4V-Er and Ti-6A1-4V-Y alloys
is a consequence of the influence of Er and Y dispersoids on both recrystal-

lization and grain growth. The influence of second-phase particles on the

formation of recrystallization nuclei depends on the size of the particles.
Fine particles inhibit grain nucleation by the Zener drag7 they exert on
the deformed substructure, but coarse particles stimulate nucleation by
acting as nucleation sites. Recrystallization is retarded by fine second-
phase particles because of the drag they exert on freshly-formed grain r

boundaries.
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Figure 11. Beta grain size as function of annealing time at T + 56°C for (o) Ti-6AI-4V reference
alloy, (&) Ti-6A1-4V-0.020Y, (o) Ti-6AI-4V-0.05Y, and (®) Ti-6Al-4V-0.30Y.
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Figure 12. Beta grain size as function of annealing time at T3 + 56°C for () Ti-6Al-4V reference
alloy, (a) Ti-6AI-4V-0.10Er, and (¢) Ti-6AI-4V-0.30Er.
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Figure 13. Beta-grain size as function of rare-earth concentration in Ti-6Al-4V-RE alloys annealed
for That T+ 56°C; (0) Ti-6Al-4V reference alloy, (o) Y additive, () Er additive,
and (¢) MM additive.

3.4 Influence of Rare-Earth Additions on the Beta-Transus Temperature

The -transus temperatures of Ti-6A1-4V-RE alloys determined at the
beginning of this investigation were discussed in Section 2. Because the
microstructures of some of the hot-worked and beta-annealed alloys indicated
that not all alloys were in the £ field when water-quenched in accordance
with the Figure 1 schedule, the question of the influence of rare-earth
additions on the f-transus temperature was reexamined.

The annealing times (15 min) used earlier for beta-transus temperature
determinations were too short for equilibrium to be obtained. A second
series of alloy samples was encapsulated in quartz tubes under vacuum,
annealed at temperatures of 985, 995, 1010, and 1020°C for 24 h, and water
quenched. The samples were metallographicallyv examined to determine the
relative amounts of a and transformed-f phases. Selected alloy samples were

examined by transmission-electron microscopy.




he high-temperature phases observed in specimens annealed at ditferent
temperatures are listed in Table 7. The [f-transus temperature for most of
the allovs is between 1010°C and 1020°C.  The [f-transus temperature is
lowered by Y and Er concentrations greater than 0.1 wtZ. Mischmetal in
concentrations up to 0.08 wtZ does not alter the [f-transus temperature.
Relative to T, values listed in Table 5, Table 7 implies higher [-transus

(o)

temperatures.  The discrenancy may be due to the short annealing times

used betfore and also to increases of the oxygen content during mill annealing

lhe entire question of the relative influences of small concentrations of
dissolved rare-earth metals, interstitial-oxygen, and oxygen scavenging

bv the rare-earth dispersoids needs to be examined carefully in specimens
tor which both the rare-earth and oxvgen concentrations are well charac-
terized. Inasmuch as the reference and RE-containing alloys were subjected
to identical treatments in the present study, conclusions about the

comparative influences of the rare-earths on TF are valid.

TABLE 7. HIGH-TEMPERATURE PHASES IN Ti-6Al-4V-RE ALLOYS

Phases observed in water-quenched alloy

com‘::::::ivtion Annealed at Annealed at Annealed at Annealed at
985°C 9950C 1010°C 1020°C

Ti-6Al-4V at+f a+f a+p B
Ti-6AI-4V-0.020Y a+p a+p a+f B
Ti-6AI-4V-0.050Y a+f a+f a+p B
Ti-6A1-4V-0.10Y a+p a+f a+f B8
Ti-6AI1-4V-0.30Y a+f atf i B
Ti-6A1-4V-0.010 MM a+f a+p a+f g8
Ti-6Al1-4V-0.030 MM a+f a+p a+p 8
Ti-6A(-4V-0.080 MM a+p a+p a+p 8
Ti-6A1-4V-0.10 Er a+f atp a+f 8
Ti-6Al1-4V-0.30 Er a+f a+f B 8
Ti-6Al1-4V-0.80 Er a+p i g g

GP77-0480-7




I'he influence of increasing Er-concentration on the stabilization of
is shown in Figures l4a and 14b, which show the microstructures of two
Er-containing alloys annealed at 996°C and water quenched. The alloy with
0.1 wtZ Er exhibits an a+f microstructure (consisting of primary-u and
transformed-f). A similar effect is seen in Ti-6A1-4V-Er alloys quenched

from 1010°C (Figures 15a and 15b).
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Figure 14. Microstructures of (a) Ti-6AI-4V-0.10Er and (b) Ti-6AI-4V-0.80Er annealed at
995°¢, showing influence of Er concentration on beta-phase stabilization.
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Figure 15. Microstructures of (a) Ti-6Al-4V-0.10Er and (b) Ti-6A1-4V-0.80Er annealed at 1010°C.

The influence of Y on beta-phase stabilization at 995°C is shown in
Figure 16. With an ‘ncrease in Y content, the volume fraction of primary-u

decreases. At 1010°C, the alloy containing 0.30 wtZ Y is completely 8 phase
The details of typical transformed-f structures observed in the alloys

are shown in Figure 17. The structures shown in Figure 17 result from

annealing and water quenching followed by stabilization annealing in the
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i+
formed upon quenching from the  field decomposes into fine acicular o+f

on aging in the o~ field.

PRETT

field and air cooling to room temperature. The martensite structure

(a) I___

100 um

GP77-0480-65 (b) |—_J
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Figure 16. Microstructures of (a) Ti-6A1-4V-0.020Y and (b) Ti-6AI-4V-0.30Y annealed at
995°C, showing influence of Y concentration on beta-phase stabilization.
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Figure 17. Transmission electron micrographs of beta-annealed (a) Ti-6AI-4V reference alloy
and (b) Ti-6AI-4V-0.050Y.
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In contrast to the beta-stabilizing influence

is an alpha stabilizer. This effect is illustrated

in Figure 18. In

of Y and Er, mischmetal

mischmetal-containing alloys annealed at 995°C, the volume fraction of

primary-o is higher in the higher mischmetal alloy.

Figures 19a and
&

19b

show a comparison of the a+f structures observed in Ti-6A1-4V-0.050Y and

Ti-6A1-4V-0.080MM alloys annealed at the same temperature (955°C) in the

(a)

GP77-0480-67

(b)

100 um

I

100 um

Figure 18 Microstructures of (a) Ti-6A1-4V-0.010MM and (b) Ti-6AI-4V-0.080MM annealed at
955°C, showing influence of mischmetal on alpha-phase stabilization.
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(b)

Figure 19. Transmission electron micrographs showing equiaxed alpha and transformed beta in
alpha-beta annealed (a) Ti-6Al-4V-0.05Y and (b} Ti-6Al-4V-0.080MM.
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= tield.  The mischmetal-containing alloy shows a higher volume fraction

of primary « than the Y-containing alloy.

The metallographic studies indicate that only Y and Er in concentrations
asreater than 0.1 wtZ lower the PB-transus temperature of Ti-6Al1-4V; mischmetal
up to 0.08 wtZ does not significantly alter the beta-transus temperature.
l'he observed influence of Y on f-phase stabilization and of MM on a-phase
stabilization is in agreement with the phase diagrams of Ti-Y, Ti-Ce, and
Ti-La alloys. The phase diagrams show a decrease in [-transus temperature
of Ti with increasing Y concentration and an increase in beta-transus

: 4
temperature for Ti-Ce and Ti-La alloys .
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4. ROOM=TEMPERATURE TENSILE PROPERTIES OF Ti-6Al1-4V-RE ALLOYS

4.1 Transverse Tensile Properties

he room-temperature tensile properties of the Ti-6A1-4V-RE alloys in
the short-transverse (ST) and long-transverse (LT) directions were measured
to determine the influence of rare-earth additives on the tensile properties
in the transverse directions of relatively thick sheets. A 100-mm long
sheet was cut from the center of each alloy plate when it had been hot-rolled
to a 20-mm thickness according to the Figure 1 schedule, and tensile specimens
were prepared from these sheets. Figure 20 shows the orientation of tensile
specimens relative to the rolling direction. The LT tensile specimens were
machined to the final configuration from the alloy sheets as illustrated in
Figure 2la. To provide for gripping the ST tensile specimens in the test
instrument, Ti-6Al-4V end-tabs were electron-beam welded to the ST specimens
(Figure 21b). The weld zone was examined by optical microscopy, which showed
the hear-affected zone to be confined to the end tabs. Figure 2lc shows

the microstructure of the weld region of a ST specimen; the microstructure

ln the gauge section was not affected by the welding.

Short-transverse

tensile specimen s

Long-transverse
tensile specimen

GP77-0480-69

Figure 20. Orientation of tensile specimens relative to rolling direction in 20-mm thick
Ti-6AlI-4V-RE plates.
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Figure 21. Photographs of tensile specimens from 20-mm thick Ti-6AlI-4V-RE plates;

(a) long-transverse specimen, (b) short-transverse specimen with welded tabs,

and (c) microstructure of weld region of short-transverse specimen.




The tensile specimens were polished with 240-grit paper to remove surface
irregularities. The gauge section of each tensile specimens was 8.0 x 6.0 x |
3.1 mm. The specimens were tested in uniaxial tension at a strain rate of |
0.005/min to yield and 0.02/min from vield to fracture
The tensile properties of the alloys in the long-transverse and short-
transverse directions are listed in Table 8. Both the yield stress and
ultimate tensile-stress are lower in the short-transverse direction than
in the long-transverse direction for all alloys including the Ti-6Al-4V
reference. A slight decrease in strength with rare-earth additions is
observed in the ST and LT directions, and ductility is affected little by
small concentrations of Y and Er. Alloys containing 0.02Y, 0.05Y, and 0.lEr
exhibit excellent ductility with little loss in strength. The ductility

of the alloys decreases significantly with mischmetal additions.

TABLE 8. ROOM-TEMPERATURE TENSILE PROPERTIES OF HOT-ROLLED (1010°C)
Ti-6Al4V-RE ALLOYS IN THE SHORT-TRANSVERSE (ST) AND LONG-
TRANSVERSE (LT) DIRECTIONS

Yield stress Ultimate
Elastic at 0.2% tensile Uniform Total
Ingot Alloy modulus offset stress elongation elongation
number composition (GPa) (MPa) (MPa) (%) (%)
ST LT ST LT ST LT ST LT ST LT
14 Ti-6Al-4V 80 109 903 1010 1057 1117 44 50 213 2038
4 Ti-6AI-4V-0.020Y 98 108 852 985 994 1082 48 4.7 231 250
5 Ti-6A1-4V-0.050Y 88 111 850 961 1005 1056 46 50 202 238
15 Ti-6A1-4V-0.10Y 99 886 1022 43 114
16 Ti-6A1-4V-0.30Y 95 820 980 3.5 7.6
8 Ti-6Al-4V-0.010MM 101 109 820 912 982 1004 48 43 165 19.2
9 Ti-6AI-4V-0.030MM 88 119 819 962 986 1051 50 42 14.2 201
10 Ti-6Al-4V-0.080MM 103 844 1002 45 116
Uil Ti-6Al-4V-0.20MM 86 852 1011 3.4 "S5
12 Ti-6A1-4V-0.20MM 99 870 1033 8.1 6.7
25 Ti-6A1-4V-0.10Er 104 111 906 982 1018 1062 43 47 132 216
26 Ti-6Al1-4V-0.30Er 103 108 824 985 978 1060 42 40 15.7 209
27 Ti-6A1-4V-0.80Er 98 835 960 3.7 98
29 Ti-6AI-4V-0.80Er L) 821 962 42 TEY,

GP77.0480-8
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4.2 Longitudinal Tensile Properties
A detailed study of the mechanical properties of Ti-6A1-4V-RE alloys
as tunctions of annealing temperatures and time in the single-phase [ field
.

and the two-phase o+3 field was made. The alloys were annealed at T _+56°C,

V2

I',+28°C, T,-28°C, and T

H—56°C; alloy sheets 60~mm long and 3-mm thick were
heat treated in the f field for 5, 15, 30, and 60 min and in the a+f field
tor 15, 30, 60, and 240 min and were water quenched. The sheets were
subsequent ly annealed at 705°C for 2 h and air cooled to room temperature.
Samples were grit blasted atter heat treatment and acid-pickled 0.2 mm per
side to remove oxygen-contaminated metal. Tensile specimens 50 mm long
having a 3 x 6 mm reduced-area gauge section, with tensile axes parallel to
the rolling direction, were machined from the heat-treated sheets. Tensile
tests were performed at a strain rate of 0.01/min.

The tensile properties of the alloys after various annealing treatments
are listed in Tables Al-A28 in Appendix A. Some of the general trends are
summarized below.

The vield stress, ultimate tensile-stress, and uniform elongation for
selected alloys annealed at different temperatures are plotted in Figure 22.
The -annealed alloys exhibit higher yield stresses and ultimate tensile
stresses and lower ductility than the a-B annealed alloys, but a change in
the s-annealing temperature does not significantly alter the mechanical
properties. The influence of annealing time on the properties of f-annealed
alloys is shown in Tables A21-A28 in Appendix A. With the exception of
alloys annealed for 5 min, which are not representative of f[-annealed alloys
because the 5-min annealing time is too short for attainment of equilibrium,
the alloys do not show any significant variation of yield stress and ultimate
tensile stress with time In the 8 field. The yield stress of [-annealed
alloys is nearly independent of prior-8 grain size, as is shown in Figure 23.
However, as seen from Figure 22, ductility is inversely related to prior-£
grain size.

In the case of F-annealed alloys, the starting microstructure is
transformed-5 consisting of plate-like a+8. Alloys quenched from the B
field and subsequently stabilization annealed at 705°C exhibit larger
prior-: grain sizes for longer-duration § anneals but have essentially no
difference in the morphology and size of a-( plates. The yield stress
in such alloys is probably governed by individual plate thickness rather
than the grain size because the slip length is limited by the individual

plates.
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Figure 22. Room-temperature mechanical properties of (a) Ti-6Al-4V reference alloy, (b)
Ti-6Al-4V-0.020Y, and (c) Ti-6Al-4V-0.10Er annealed at Tg3 + 28°C and T’j +56°C
for 60 min and at Tg — 28°C and T — 56°C for 180 min.
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Figure 23. Dependence of yield stress on beta-grain size for (0) Ti-6Al-4V reference alloy,
(o) Ti-6AI-4V-0.020Y, and (&) Ti-6A1-4V-0.10Er.

When the alloys are annealed in the a+f field, the properties are
markedly altered by a change in annealing temperature. In general, a
lower - anncaling temperature results in a lower yield stress and ultimate
tensile stress and a slightly higher ductility (Figure 22). No systematic
trend of the effects of annealing time on strength and ductility of a-8
annealed alloys is observed. The values reported in Tables A13-A20 show
considerable scatter, which can be explained by random variations of the
volume-fraction of transformed-%. This was confirmed by a detailed micro-
structural examination of several a-F annealed alloys, which showed that
the expected volume fraction of transformed-f did not vary systematically
with temperature and time of a-F annealing. The observed random variations
in the amounts of « and transformed-B phases are believed to be due to
small differences in the mill processing of the different alloys. A

correlation between the yield stress and volume fraction of transformed-@R

was observed for o-F annealed alloys. Figure 24 shows the stress-strain

curves of three alloys with varying amounts of transformed-B. Figure 24b
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shows the lincar variation of vield stress with the amount of transformed-:,
which is expected it a simple rule of mixtures is invoked to explain the
deformat ion behavior of a-§ annealed alloys. The microstructure of G-Ff
anncaled alloys consists of primary equiaxed-a grains and Widmanstatten
transformed-g. The vield stress of such alloys is governed by some form of

superposition of the flow stress of equiaxed-a and the composite flow

o
&
o

stress of transformed-f. A linear extrapolation of the plot in Figure
to 1007 transformed-f gives a yield stress higher than that observed
experimentally, which implies that the yield stress must depart from a
linear behavior for transformed-f volumes > 60%Z. The rule of mixtures is

a simplified approximation to the flow stress for the complex transformed-f
structure, and a more rigorous treatment should take into account the

grain sizes of the & and transformed-£ and the relative sizes of o and £

plates in transformed-g.
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Figure 24. Effect of volume percent of transformed beta on the stress-strain characteristic of

alpha-beta annealed Ti-6AI4V; (a) stress-strain characteristics for 20, 45, and 60 vol %
transformed beta and (b) dependence of yield stress on vol % transformed beta.
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Ihe inf luence of rare-carth additives on the mechanical properties of
p—annealed alloys is shown in Figure 25, in which the data points are the
average values for all annealing conditions listed in Tables A21-A28.

With increasing rare-carth concentration, the yield stress decreases slightly
and the ductility increases. However, the decrease in yield stress is small
(~ 54) for up to 0.1 wtZ Er or Y. Mischmetal, even in small concentrations,

reduces the vield stress significantly.
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Figure 25. Yield-stress and uniform elongation of beta-annealed Ti-6Al-4V-RE alloys as functions
of concentrations of (a) Y, (b) Er, and (c) MM.

The influence of rare-earth additives on the yield stress and uniform
elongation of a-£ annealed alloys is shown in Figure 26, in which the data

points are the average values for all annealing times listed in Tables

Al3-A20. In the u-f annealed alloys, the rare-earth influence is dependent
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on the annealing temperatures. For Y- and Er-containing alloys annealed

at a temperature near T,, the yield stress decreases slightly with the
“,

addition of rare earths, similar to the fR-annealed alloys. However, for
the alloys annealed at the lower a-B temperature, the reduction of yield
stress with the addition of Er and Y is less. Mischmetal significantly
: reduces the yield stress of a-f annealed alloys.
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Figure 26. Yield stress and uniform elongation of alpha-beta annealed Ti-6Al-4V-RE alloys as
functions of concentrations of (a) Y, (b) Er, and (c) MM,

The results presented in Figures 25 and 26 show that when the micro-
structure is predominantly transformed-8, the yield stress is controlled by
the Widmanstatten a+R structure. The rare-earth additives do not contribute
any strengthening because of the overriding influence of the transformed-g
structure. The slight reduction in strength observed in rare-earth-containing

alloys is likely due to a lower interstitial oxygen content of the Ti-6Al-4V-RE
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allovs; the rare earths because of their greater affinity for oxygen can
scavenge part of the dissolved oxygen from the alloy matrix. As the volume
fraction of primary-« is increased by annealing at lower G- temperatures,
a strengthening influence of the Y and Er additives is evident that largely
compensates the oxygen-scavenging effect. The Ti-6A1-4V-MM alloys under
tbl annealing conditions, however, exhibit a significantly lower strength

than the reference alloy.

4.4 Influence of Annealing Temperature and Cooling Rate on Tensile Propertics |
Because metallographic examinations of the mill-annealed alloys revealed 5
that not all specimens had been annealed in the £ field as specified,

selected alloyv compositions were re-annealed in accordance with the schedule
shown in Figure 27. The compositions of the alloys, annealing temperatures,
and cooling rates were selected to study the combined influences of rare-earth
additives and various modifications of transformed-f and o+ microstructures
on the mechanical properties. The heat treatments shown in Figure 27 produce
(1) different types of transformed-f, (2) morphological diff ces'tin o« and
-, and (3) differences in the relative volume-fractions of @ .ud B. In

addition, the low-temperature aging treatment can possibly produce either

short-range-ordered regions of Ti and Al atoms or Ti,Al (a,) precipitates

3 3
in the alloy matrix .

The room-temperature tensile properties of the alloys subjected to
the Figure 27 heat treatments are listed in Table 9. Because the properties
result from combined effects of complex Ti-6A1-4V microstructures and the
rare-earth dispersoids, the tensile-property changes cannot in most cases
be attributed to specific variables. The microstructures prior to the heat
treatments shown in Figure 27 were not the same for all the alloys; con-

sequently, the tensile property changes to be discussed in this section also

reflect to a certain extent the prior history of the alloys.

/,
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T T P B N N T W PR N T P T M YT RN ST Y=g

Ti-6AI4V
Ti-6A1-4V-0.05Y
Ti 6A1-4V-0.30Y
Ti-6Al1-4V-0.10Er
Ti-6AI-4V-0.03MM

1

E | 1

'l 1020°C/4 h 1020°C/4 h; FC to 870°C; 870°C/14 h 120°C/4 h; FC to 770°C; 770°C/14 h

-n

578°C/24 h

WQ = water guench
Tensile test ; AC = air cool

FC = furnace cool
GP77-0480-50
Figure 27. Heat treatments to vary relative fractions of alpha and beta phases and transformed-beta
structure in Ti-6AI-4V-RE alloys.
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Alloys quenched from the B field exhibit high strength and low ductility.
I'he high strength results from the acicular martensitic structure, which
contains a high density of internal-dislocation substructures, and the
prior-p grain size has no significant effect. For example, the Ti-6A1-4V-0.10Er
alloy, although it has a finer prior-f grain size than the reference alloy
(Figure 28), does not exhibit the increased yield stress expected from the
Hall-Petch relationship between yield stress and grain size. However, a
finer grain size imparts a higher ductility. Of the three rare-earth
additives, mischmetal considerably reduces the yield stress and ultimate

tensile-stress; Y improves the ductility but decreases the strength slightly;

and Er improves<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>