
I 7 D AFi33 669 INFLUENCE OF RARE-EARTH ADDITIONS ON PROPERTIES OF i/i
TITANIUM ALLOV3 EFFECT..(U) MCDONNELL DOUGLAS RESEARCH
LABS ST LOUIS MO S M SASTRY ET AL- 31 JUL 82 MDC-90791

UNCLASSIFIED N68814-76-C-0626 F/C it/6 N

Li~hhh~h,71



1111111.0 2

Via 1111

11111.25L ""!.6
111=2 11.61

A'
5  MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU 0OF STANDARDS-1963-A

-WI



MAOCDONNMLL MDOGLAm RIfeSA ~CH ALA NORATORIES

-AJ

DWMTIBUTION STATEMNT A 83 10 13 006
Appowvd to, public telense;

Dlauibution Unlimited



'ii(V

.A/J7

Ak~ ~-A /1 o~ ~ ~

.4

p.

I..

S

1

-7- v- * ~



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

1. REPORT NUMBER 12. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

MDC Q0791 ,A& A 1 -3 , ( 6
4. TITLE (mid Subtitle) INFLUENCE OF RARE-EARTH ADDITIONS ON 5. TYPE OF REPORT & PERIOD COVERED

PROPERTIES OF TITANIUM ALLOYS FinalVReport
Effects of Yttrium and Erbium Additives on Rapid 1 Sep 80 - 31 Jwl 82
Solidification Processing, Superplastic Forming, 6. PERFORMING ORG. REPORT NUMBER

Welding, and Strengthening of Titanium Alloys _-._

7. AUTHOR(e) 8. CONTRACT OR GRANT NUMBER(&)

Si M. L. Sastry, T. C. Peng, Ri J. Lederich,
J, E. O'Neal N00014-76-C-0626

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

McDonnell Douglas Research Laboratories AREA & WORK UNIT NUMBERS

McDonnell Douglas Corporation
St. Louis, MO 63166

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Office of Naval Research 31 July 1982
800 N. Quincy Street 13. NUMBER OF PAGES

Arlington, VA 22217 ""._

14. MONITORING AGENCY NAME & ADDRESS(I different from Controlling Office) IS. SECURITY CLASS. (of this report)

Unclassified

ISa. DECLASSI FICATION/DOWNGRADING
SCHEDULE

IS. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

IS. SUPPLEMENTARY NOTES

I9. KEY WORDS (Continue on reverae side if neceary amd identify by block number) ,

Titanium alloy Yttrium Solid solutLon strengthening

Ti-6A1-2Nb-lMo-0.8Ta Erbium Grain size strengthening

Ti-6Al-4V Rapid solidification Dispersion strengthening
Ti-8AI Superplastic formability Microstructure
Ti-10AI Welding Grain ref i ement

2%, AhSTRACT (Continue an revere aide if neceaaty nd identify by block number)-ffects of ""0.01-2.0 "wt% yttrium and erbium additions on rapid solidiflcation .-"

processing, superplastic forming, welding, and strengthening f titanium alloys
were determined. Ti-8AI-Y and Ti-8A1-Er alloys were rapidly lidified by
laser surface melting and electron beam melting and splat-quenching with the
objective of simultaneously producing coherent Ti'3Al precipita.s and inco-
herent dispersoids. Rapid solidification at cooling rates > 10 K/s resulted
in 10-100 nm incoherent dispersoids in Ti-8A1-l.5Y and in a nonequilibrium,
supersaturated, solid solution in Ti-8A1-I.55i. Dispersoid formation and,.

DO ,No? 1473 EDITION OF I NOV 65 IS OBSOLETE UNCLASSIFIED

I SECURITY CLASSIFICATION OF THIS PAGE (W1men Data Entered)

. ,'. . .' , .. , .- . .. .. - - .... . . - ., ., '. . ._ - . . .- : , .. - . -'.- - '.-.. . . - '



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE('han Deja Ertered)

19. continued

Precipitation strengthening Ductility

20. continued

stability at 700-900 C were studied, and the annealing conditions for the
production of a large volume-fraction of fine incoherent dispersoids and of
coherent TQ'Al precipitates were determined. Metallic yttrium additions to
Ti-6AI-2Nb-lMo-0.8T improved the superplastic formability and increased the
strength and ductility of laser weldments. The superposition of solid-solution
strengthening, precipitation strengthening, and grain-size strengthening in
ingot processed Ti-xAl (x = 4, 5.5, 7.0, 8.5, and 10.0) alloys was studied
The Hall-Petch slope decreased with decreasing Al concentration, decreasi "'.\
coherent Ti3A1, and increasing incoherent dispersoids. Yttrium additions to

ingot processed Ti-high Al alloys did not produce additional strengthening
because of scavenging of interstitial oxygen by yttrium and large interparticle
spacings. 0.2-1.0 wt% silicon additions to Ti-8.5A1 resulted in 50-140 MPa
strength increments because of grain refinement of Si and the increased Hall-
Petch slope in silicon containing alloys.

*V1

.. 1

:*1

"2 -1

1 ,.1

. 1

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGe(Vhon Data Entored)

%9%r * - '..-............... ............. -



PREFACE

This report represents the results of the final phase of an investigation

of the effects of rare-earth additives on titanium alloys performed by the

McDonnell Douglas Research Laboratories under Office of Naval Research Con-

tract No. N00014-76-C-0626. The Scientific Officer for the contract was Dr.

Bruce A. MacDonald of ONR.

The principal investigator was Dr. Shankar M. L. Sastry; coinvestigators

were Mr. Richard J. Lederich and Mr. James E. O'Neal. The work was performed

in the Solid State Science department under the direction of Dr. Charles R.

Whitsett.

This report has been reviewed and is approved.
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Director-Research
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1. INTR0PCT ION. i1

A systematic investigation of the effects of metallic rare-earth (RE)

additions on the microstructures and properties of Ti alloys was conducted

during preceding phases of this program (References 1-5). The primary

objective of the preceding phases was to improve the high-temperature

forgeability of Ti-6A1-4V by small amounts of rare-earth additions. The

addition of 0.02-0.1 wt% Er or Y was shown to produce fine (< 0.1 pm)

incoherent dispersoids, retard grain growth, and improve the forgeability,

high-temperature formability, and ductility of Ti-6A1-4V without adversely

affecting tensile strength and fracture toughness. The study was then

extended to determine the feasibility of improving the ductility of

precipitation-strengthened Ti-8A1 and Ti-IOAl alloys by fine, incoherent

dispersoids and grain refinement produced by the rare-earth element additions.

Small rare-earth additions substantially increase the ductility without

* adversely affecting the strength of conventionally cast Ti-8A1 and Ti-IOA.

alloys. The improved ductility at low levels of rare-earth concentrations

results from the reduction of the interstitial concentration by the oxygen

scavenging of Er and Y. R&re-earth additions in concentrations sufficienitly

large to produce significant dispersion strengthening precipitated as coarse

particles and embrittled the alloys.

In the present phase, rapid solidification to produce large concen-

trationes of fine rare-earth dispersoids for dispersion strengthening of Ti-Al

alloys me investigated, and the effects of Y and Er additions on superplastic

formabillty, weldability, and strengthening of Ti alloys were determined. The

results of rapid solidification are presented in Section 2. The superplastic

*i formability improvements produced by Y and Y203 additions to

Ti-6f.l-4V and Ti-6A1-2Nb-Io-0.8Ta are presented in Section 3. The effects of

4 Y and Y203 additions on the weldability of Ti-6AI-2Nb-lMo-0.8Ta are presented

in Section 4, and the combined effects of solid solution, grain size, and dis-

persion strengthening in Ti-8AI and Ti-lOAl alloys are presented in Section 5.

.1
~~ -. *~* -: . - .



2. RAPID SOLIDIFICATION PROCESSING OF

TITANIUM/RARE-EARTH ALLOYS

2.1 Rapid Solidification by Laser Surface Melting and Electron-Beam Melting

and Splat Quenching

kLaser surface melting was used to determine the effect of rapid solidifi-

cation on dispersoid refinement. To obtain rapid solidification by laser pro-

cessing, the surface of a material is irradiated with a laser beam focused to

a power density of 105-107 W/cm2 at traverse rates of 10-100 cm/s. A thin,

molten layer formed by laser irradiation solidifies rapidly on the alloy sub-

strate following passage of the laser beam. By varying the power density and

traverse rate, melt depths of 10-100 pm and cooling rates of 103-10 6 °C/s canE be produced. The technique of producing surface alloys by laser processing is

attractive for studying the dependence of microstructures on alloying element

concentration and cooling rate for a variety of alloy systems. Furthermore,

laser processing is an inexpensive technique for screening large numbers of

candidate compositions in the development of new alloys by rapid solidifi.ca-

tion processing (RSP). In the present investigation, several titanium alloys

were surface-melted and surface-alloyed using a 1.5-kW, continuous-wave, CO2

-J laser with the objectives of determining the interrelation between process pa-

.1 rameters, melt-zone geometry, and microstructures and evaluating the feasi-

bility of producing fine, 10-100 nm diameter, stable, incoherent dispersoids

in rapidly solidified Ti alloys.

Ti-Y, Ti-8AI, Ti-8A1-0.5Y, Ti-SAl-I.OY, and Ti-8Al-2.OEr alloys were used

for laser melting and laser alloying. The starting alloys were prepared by

nonconsumable-electrode arc-melting in pure argon, and 1.6-mm and 3.0-mm thick

, sheets were produced by unidirectional hot rolling. The surface coatings for

laser surface-alloying studies were produced by electron-beam evaporation of

the coating elements onto the Ti-alloy substrates in a vacuum of 10- 4 Pa.

laser surface-melting and surface-alloying experiments were conducted on 25 x

30 x 1.6-mm specimens with 1.5-kW CO2 laser using the experimental arrangement

shown in Figure 1. The specimens were surface melted by the laser radiation

focused to a 500-pm beam size and traversed at 0.5-40.0 cm/s to obtain melt

layers with cooling rates of 102-105 °C/s.

d 2'
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Figure 1. Experimental arrangement for laser-melting titanium alloys.

.Selected titanium/rare-earth alloys were rapidly solidified by electron-

beam melting and splat quenching. The apparatus shown in Figure 2, mounted in

a vacuum chamber, was used to produce 50-500 g lots of rapidly solidified

alloy flakes. The electron beam is focused onto a prealloyed Ti-alloy rod.

The molten drops hit the rotating disk and are stretched into thin flakes

under the combined actions of a high angular velocity and the centrifugal

force of the rotating disk. The melt drop size and drip rate were controlled

*by varying the rotation speed of the alloy rod, vertical traverse rate of the

['1 rod, and power input to the alloy rod. The flake thickness was controlled by

varying the speed of the rotating copper disk. The flakes produced by this

method are particularly suited for transmission electron microscopic examina-

tion of as-solidified microstructures and microstructural modifications re-

sulting from various annealing treatments.

2.2 Thermal Analysis of Laser Surface Melting of Ti-8Al

When the surface of a material is scanned by a high-power laser beam, the

resulting temperature distribution, depth of melting, and cooling-rate distri-

:bution are related to the laser spot size, velocity, and power level.

. ............ .............. . ... "..... ..... ...; ,:,,:- :,:,''-, -.;":.-.,.".. .- ". .".. . ."". .-. ,.".".. .... .. ' -. '.------.- - - -':- .": - -:: .-.- ::',:. - . :
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Figure 2. Esperimental arrangement for producing rapidly solidified titanium alloy flakes.

* If the laser beam power has a Gaussian distribution over the beam area,

* the temperature distribution in the material being irradiated is (References

* 6-8):

*T(x,yz)CD - I 2 du.,
;2: 0

* where

22 2
1u) 2 L'*/R +(/2uI+(1)(3)

2

2(+u 2

pinRV/D, (4)



7- ;1

.: and C is the specific heat per unit volume, D is the thermal diffusivity, P

is the total laser power absorbed, R is the laser beam spot radius, V is the

speed of traversal of the laser beam, and t' is a characteristic time. The

liquidus isotherm is determined by setting Equation (1) equal to Tm, the

melting temperature of the material, and the melt depth is given by

zm - Z ln(P/P), (5)

where Pm is the absorbed power just before melting occurs and is a

characteristic depth.

.0 For Ti-8A1, Cp - 2.19 J.K -1cm-3 and D - 0.048 cm2/s. The calculated

4 liquidus isotherms in the y-z plane of Ti-8A1 when irradiated with a laser

beam having P - 860 W are shown in Figure 3 for different laser-beam specimen-

coupling efficiencies. The position of solid-liquid interfaces determined

experimentally from the tranverse-section photomicrographs of laser-melted Ti-
8Al are shown by dotted lines in Figures 3a and 3b. The positions of solid-

liquid interfaces match the positions calculated for a specimen-beam coupling
efficiency of 25%. The coupling efficiencies in other materials are typically

15-25% (References 6, 9, 10).

If the thermal gradient far from the center of the laser beam approaches

that of a point source, the cooling rate can be calculated from the expression

•V + (I + T, (6)I
ot 2 2D r'

where

r2 = x2 + y2 + z2  (7)

Contours of constant cooling rates for different laser-beam traverse

rates shown in Figure 4 indicate that cooling rates > 103 °C/s can be produced

with a laser beam power > 860 W and a specimen traverse rate > 0.5 cm/s.

./.., ,,'.;€,'.,''.-' '..'-...-.-..'........,........'..-..."......• • -
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Figure 4. Equal cooling rate contours in laser-melted T14AI calculated for a laser-beam power of SW0
W, coupling efficiency of 25%1, and traverse rates of (a) 0.5 cm/s9 (b) 5.0 cm/s9 and (c) 10 cm/s.
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2.3 Topographical and Kicrostructural Characteristics of laser-Melted Zones

in Ti-8A1

The optical photomicrographs of laser-melted Ti-SA1 and Ti-SAI-2.0Er

alloys shown in Figure 5 reveal that the microstructures at low beam-scanning

speeds consist of columnar grains, which change into equiaxed grains with

increasing scanning speeds. At the center of the melt pool, the grains are

elongated in the beam propagation direction. With increasing distance from A

the center of the melt pool, the angle between the long direction of the

grains and the beam propagation direction increases, in agreement with the

*predicted rotation of the growth vector from the beam-scan direction at the

center of the pool to a direction nearly perpendicular to the side of the pool

at the perimeter.

The microstructures also reveal that the alloys undergo + a ' mar-

tensitic transformation during rapid solidification, with individual grains

containing more than one crystallographic orientation of martensite. Both the

martensite packet size and plate length decrease with increasing laser-beam

traverse speed.

Figures 6a, 6b and 6c are the scanning and transmission electron micro-

graphs of a Ti-SAI-0.5Y alloy surface melted by an incident heat flux of 4.2

1MW/cm2 from a continuous CO2 laser source. Whereas the microstructure of

conventionally cast alloy (Region A in Figure 6a) consists of coarse, equilib-

rium, Y-rich particles, laser melting at fast sweep rates results in a redis-

solution of coarse particles and homogeneous precipitation of fine, 100-200 nm

diameter dispersoids (Figures 6b and 6c). The microstructural homogeneity in-

creases and the second-phase dispersoid size decreases with increasing speci-

men sweep rate, and hence with increasing solidification rate.

Figures 7a-7f are scanning electron micrographs of conventionally cast

and laser-melted Ti-8A1-Y and Ti-8A1-Er alloys. The scanning electron micro-I
graphs of conventionally cast Ti-8A1-RE alloys in Figures 7a-7c show bimodal

. distributions of coarse 1-5 pA diameter particles, which precipitated from the
liquid, and fine 10-20 nm diameter dispersoids, which probably formed by

H solid-state precipitation. In the laser-melted regions, the coarse particles

are absent, and the microstructures contain large amounts of homogeneously

dispersed, spherical, 10-20 nm diameter, second-phase dispersoids as shown in

Figures 7d-7f. Annealing for 1 h at 8000 C or 9000C does not significantly

7 *



7I.7
alter the dispersoid size and distribution. The dispersed-phase parameters in

the laser-melted layers and the corresponding theoretical Orowan strengthening

contributions are listed in Table 1. The closely spaced, fine dispersoids

resulting from laser melting are calculated to produce 227-355 MPa starength

increments in Ti-8A1.
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(c 0Am05A

(b) 10 Aim ()I jm

Figure 7. Scanning electron micrographs of conventionally melted ingots of (a) Ti-SAI-0.51',
(b) Ti4SAI-I.OY, and (c) Ti-SAI-2.OlEr and laser-melted surfaces of (d) Ti-BAI-O.5Y. 40 cm/s.
(e) Ti-SAI.I.OY. 30 cm/s, and (f) Ti-SAI-2.OlEr, 40 cm/s with a 250-14m radius, 860-W

- laser beam.
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TABLE 1. DISPERSOID PARAMETERS AND CALCULATED STRENGTH INCREMENTS IN
Ti4AI-I.OY, Ti4A-2.OY, AND Ti4A]-I.$Er ALLOYS RAPIDLY SOLIDIFIED AND

..oANNEALED AT 7000C FOR 2 h.

Dispersoid Interparticle Strenth• increment, :
Alloy diameter spaing, L or..

(am) (Jim) (MPS)

Ti-8AI-1.OY 59 0.98 300
Ti-SA1-2.OY 75 0.88 355
Ti-gAI-1.SEr 52 1.25 227

OP31-094&29

The refinement of dispersoids in a laser-melted alloy results from a

reduced time for coarsening during solidification and from the higher-than-

equilibrium solid solubility of Er and Y in Ti-8A1 with subsequent solid-state

precipitation of the dispersoids. The high volume fractions of the disper-

soids andicate that the dispersoids are titanium-rich Ti-Y and Ti-Er inter-

metallic compounds rather than pure Y, Er, or oxide dispersions. These com-

pounds are probably metastable phases because the equilibrium phase diagrams

for Ti-Y and Ti-Er do not show the existence of any intermetallic compound

phases (Reference 11). The precise compositions of the dispersoids is rela-

tively unimportant in their influence on alloy mechanical behavior. The

important factors are the small size of the dispersed particles and their

stability at high temperatures, where they can influence and modify alloy

behavior. The results of this study demonstrate the feasiblity of producing

dispersion-strengthened Ti alloys by rapid solidification.

2.4 laser Surface Alloying of Titianium with Yttrium and Erbium

Titanium specimens, coated with 0.02 to 2-jim thick electron-beam-

evaporated yttrium and erbium metal-films were surface melted using a 1.5 kW,

continuous-wave, CO2 laser beam at traversing speeds of 0.5 to 40 cm/s. The

microstructures of the laser-melted regions, determined by scanning and trans-

mission electron microscopy, were correlated with the laser-processing

parameters.

Figures 8a-8c are scanning electron micrographs of transverse sections of

the laser-melted Ti-Y alloy at laser-beam traversing speeds of 0.5, 5, and 30

cm/s respectively. The positions of the solid-liquid interfaces match the

:Le . . . . . . . . .. . . . . . .. . . . s-.



(a) (b)

5x IO1 KK/s

5 X 105xK0sK n.
104 1.5 x 10 1

500/Am 100 pm 100 pm

Figure 8. Cross-sectional views of laser-melted Ti-Y at specimen traverse speeds of (a) 0.5, (b) 5, and
(c) 10 cm/s. Calculated cooling rates are indicated on the photographs.

theoretically predicted melting isotherms for a specimen-beam coupling effi-

ciency of 254. Constant cooling-rate curves, calculated from the heat trans-

fer model for a rapidly moving, high-power, Gaussian source, are included in

Figures 8a-8c. In the laser-melted Ti-RE alloys with the U.2-Wun thick rare-

earth films, the microstructure consists of fine 10-20 run dispersoids. The

dispersoid size decreases with increasing l-ser-beam traversing speed as well

as with increasing distance from the specimen surface. The volume fraction of

the dispersoids increases with increasing film thickness and melt depth. The

equilibrium, coarse, constituent particles, which are generally observed in

conventionally cast Ti alloys containing corresponding amounts of rare-earth

elements, were absent in the laser-melted alloy. Figures 9a-9c are trans-

*mission electron micrographs of dispersoids in the laser-melted Ti-Y alloys.

The second-phase dispersoids were not observed in Ti-RE samples with 0.02-pm

thick films.

2.5 Thermal Stability of Dispersoids in Ti-Al-Y and Ti-Al-Er Alloys

Figures 10 and 11 show the microstructures of rapidly solidified and

differently annealed Ti-8.OAI-Y and Ti-8.OAI-Er alloys. The rapidly solidi-

*. fied Ti-8.OAI-1.OY alloy has a martensite structure with fine, incoherent dis-

persoids. However, the Ti-8Al alloy containing 2.0 wt% Y has a fine, equlaxed

grain structure with - 100-nm diameter dispersoids. Annealing at 6001C

results in the formation of fine, coherent, ordered Ti3 Al precipitates with no

12
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2.6 Strength aad Ductility Improvements in Ti-8A1-Y and Ti-8A1-Er Alloys j
Plastic deformation in Ti-Al alloys containing Ti3Al (a2) precipitates

occurs by the shearing of a2 precipitates by glide dislocations, resulting in

the formation of antiphase boundaries (APB) on the slip planes within the par-

ticles. The movement of a second dislocation removes the disorder created by

the first, and the slip thus becomes confined to narrow, widely spaced, planar

bands. The planar slip bands cause stress concentrations at grain boundaries.-A

and slip-band intersections, which become potential crack nucleation sites in

the early stages of deformation. Flow stress in the alloys is dependent on

the coherency strains, the APB energy of a2, and the volume fraction of a2

precipitates.

Incoherent dispersoids introduced into a Ti-Al alloy containing a2

* precipitates can modify the slip behavior by their influence on dislocation

sources as well as by acting as barriers to dislocation motion. Dislocations

overcome the dispersed-phase particles by the Orowan bypass (Reference 12) and

Hirsch cross-slip (Reference 13) mechanisms, which result in greater densities

of localized dislocation channels during the initial stages of deformation.

With increasing deformation, dislocations are swept into the channels, result-

Sring in well-defined cells whose spacing is determined by the spacing of the

initial localized channels. Thus, the dispersoids homogenize the slip and re-

'4 fine the substructure formed during deformation, and these effects of

dispersoids can improve ductility.

,* In the presence of a bimodal distribution of particles, the overall flow

stress is governed by a superposition of the flow stresses attributable to the

two kinds of obstacles. Thus, by incorporation of incoherent rare-earth dis-

persoids, improvements in ductility as well as strength can be obtained. The

strength increment from a distribution of dispersoids with particle diameter x

and interparticle spacing L is given by the relation

1.06 Gb 
>n (8)

211L 4b'

where G is the shear modulus of the matrix and b is the Burgers vector of the

dislocations. The experimentally determined values of x and L and the calcu-

lated Orowan stresses for Ti-8.OA1-Y and Ti-8A1-Er alloys are summarized in

Table 1.

16
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The possibility of improving the room-temperature ductility by grain

refinement has been demonstrated for a precipitation-strengthened Ti-Al alloy

(Reference 14). A significant improvement in the strength and ductility of a

Ti-Al alloy was observed when the grain size was decreased from 90 pm to

9 prm. With decreasing grain size, the dislocation pile-up length is reduced

and the grain boundary sources are increased. Consequently, the stresses

caused by dislocation pile-ups are not high, and the specimens can accommodate

higher strain. Because the dispersoids inhibit grain-growth, the fine-grain

microstructure of rapidly solidified Ti-8A1-Y and Ti-8A1-Er alloys should have

higher ductility than Ti-8A1 alloys.

, * The dispersoids inhibit recrystallization and retard grain growth at

elevated temperatures, thus enabling potential improvements in high-tempera-

ture properties.

An additional beneficial effect of the incoherent dispersoids is the

improvement in creep resistance. Creep strengthening by the precipitation of

stable intermetallic precipitates has been demonstrated in y'-strengthened

nickel-base superalloys (Reference 15). Creep characteristics of M2-

precipitation-strengthened Ti-BAl and Ti-IOAl alloys indicate that the pres-

ence of M2 precipitates reduces the creep rates considerably (RP*- ;:ce 4).

Improved creep resistance of the alloys containing coherent, ordered precipi-

tates arises from the high elastic modulus of the ordered phase, large co-

herency strains between the matrix and precipitates, and low diffusion rates

in the ordered phase. The presence of incoherent dispersoids further in-

creases the creep strength and reduces the creep rate by stabilizing disloca-

tion substructures and creating internal stresses that must be overcome in the

dislocation multiplication process.

2.7 Summary of Rapid Solidification Processing of Ti-Al-Y and Ti-Al-Er Alloys

Rapid solidification at cooling rates > 104 K/s results in homogeneously

distributed, closely spaced, 10-100 nm diameter, incoherent dispersoids in Ti- -

8A1-I.OY, Ti-8Al-2.0Y, and Ti-gAl-1.5Er. The dispersoids do not undergo

appreciable coarsening at 600-9000 C. The dispersoids produce a 30-60%

strength increase in Ti-8AI alloys. The 10-100 nm dispersoids produced by

rapid solidification disperse planar slip and increase the ductility of

precipitation-strengthened Ti-8AI alloy.

17



3. EFFECTS OF YTTRIUM AND YTTRIA ADDITIONS ON

SUPERPLASTIC DEFORMATION OF Ti-6A1-4V AND Ti-6AI-2Nb-IMo-0.8Ta

3.1 Beneficial Effects of Yttrium and Yttria Additions on Superplasticity of

Ti Alloys

The main requirements for superplastic deformation of alpha+beta titanium

alloys are T/T > 0.85, where T is the deformation temperature and T is the

beta transus temperature, 5-10 pm size equiaxed grains, and slow grain growth

at the superplastic forming temperatures (Reference 16). The superplastic
strain rate at a constant applied stress and the strain-rate sensitivity of

flow stress increase with increasing T/T and decreasing grain size (Reference

16). The grain growth occurring at superplastic forming temperatures results

in an increase in flow stress and a decrease in strain-rate sensitivity of

flow stress with time. Because of the grain refinement and grain-growth

retardation effects of Y and Y203 in Ti alloys, the additives are expected to

improve the superplastic formability of Ti-6AI-4V.

In this part of the investigation, the improvements in superplastic

formability effected by the additions of Y and Y203 to Ti-6A1-4V and Ti-6A1-

2Nb-lMo-O.8Ta were determined.

3.2 Superplastic Forming Evaluation of Ti-6AI-2Nb-lMo-O.8Ta-Y Alloys

The superplastic formability of Ti-6A1-2Nb-lMo-O.8Ta, Ti-6A-2Nb-lMo-

0.8Ta-0.01Y, Ti-6Al-2Nb-lMo-0.8Ta-0.025Y, and Ti-6A1-2Nb-1Mo-0.8Ta-0.01Y203

was evaluated using the cone-forming tester shown in Figure 12 and conical die

-* shown in Figure 13. This test enables the cone depth and strain to be

measured as the specimen is being superplastically formed under the action of

biaxial stress (Reference 17). The biaxial stress (a) for an applied gas

pressure (p) is given by

a = k  (9)
2t

" where t is the membrane thickness and y is the radius of curvature of the

. membrane. For a cone angle of 580, the ratio of thickness to radius of

curvature, t/y, is approximately constant as the cone forms, and hence forming

18
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Figure 12. Experimental arranfgementt for laboratory
cone-forming tests.

occurs under a constant stress mode, provided that the pressure is maintained

constant. The strain at any instant is given by

The strain is related to the cone depth by the relation

1 .0 n- q2  (11)

where q, is the cone depth when contact is first made with the die, q2 is the

instantaneous cone depth, and 1 is the total depth of the conical die.

A cross-section of the test set up is shown in Figure 12. The test

procedure consists of clamping a sample disk between the two rams, applying a

4 nominal pressure on both surfaces of the sample, and heating the sample and

ram to the forming temperature. once thermal equilibrium is reached, the

*.1 pressure is released on the cone side and increased to the testing value on

19



R = cone radius
r = formed sheet radius
ai = cone angle
to = starting thickness
t2 = instantaneous thickness
tf = formed sheet thickness

q = cone depth R

* t0

2 q1s f dp f v

""or

C,

o "

Figure 13. Cross section of conical die for snperplastic-forming evaluation. .P31..]1

the other side. The movement of the tip of the cone as a function of time is

monitored by the linear variable differential transformer (LVDT) unit. Stress

and strain are calculated using Equations 9 and 11. The time dependences of

cone height and strain rate are measures of the superplastic formability of

the material. -

Photographs of the cones and cross sections of the cones superplastically

formed at 850 and 9000C are shown in Figures 14-17. The cone heights are

larger and the cone cross-sections are more uniform for Ti-6A1-2Nb-IMo-0.8Ta-Y

alloys than for Ti-6A1-2Nb-Mo-0.8Ta and Ti-6A1-2Nb-lMo-O.8Ta-Y 2 03 alloys.

The superplastic strain rates shown in Figures 18 and 19 indicate that the ft

superplastic formability of Ti-6A1-2Nb-lMo-0.8Ta is improved by yttrium

additions. The improved superplasticity results from smaller initial grain

size and grain-growth retardation by Y dispersoids (Figures 20 and 21).
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Ti-621 Io.oiv 0.025Y 0-01Y2 o 3

Ti-621 1-0.01 Y 0.025Y 0.0 1Y203

(b)

Ti-6211 0.O1Y 0.025Y O.01Y 2 03

(C)

0P31-0948-14

Figure 14. Superplastically formed Ti-6AI-2Nb-lMo-O.STa-Y cones formed at (a) 3500C,
28 NIPa, (b) 900*C, 16 MPa, and (c) 900*C, 28 MPa.
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(a)()

2 cm 2 cm
(c) (d)

2 cm 2 cm

Figure 15. Cross sections of Ti-6AI-2Nb-lMo-O.8Ta-%Y cones superplastically formed at 850 0C,
28 MPa; (a) Ti-6AI-2Nb-IMo-O.BTa. (b) Ti-WA-2Wb-IM-O.M-O.O1 Y,
(c) Ti-6A-2N-lMo-O.M-O.025V, and (d) Ti-6AI-2Nb- lMo-O.8Ta-O.O1 V203.

(a) (b)

2 cm 2 cm
(c)

(.PlI OWN~ 1

2 cm
Figure 16. Cross sections of Ti-WA-2Nb-Mo-O.M-Y cones superplasticaI) formed at 900'C and

14 MPa; (a) Ti-WA-M~-IMo-O.MT-O.O1Y, (b) Ti-6A1-2Sih-IMoO.8Ta-O.025Y, and (c) Ti-6A1-
2Nb-1I~o-O.gT.O1 203.
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(a) (b)

(C) 2 cm (d) 2 cm

GP3-098- 17 L...... ......

2 cm 2cm

Figure 17. Cross sections of Ti-6AI-2Nb-lMo-O.8Ta-Y cones superplastically rbrmed at
900*C and 28 MlPa; (a) Ti-WA-MN-INo-O.M~, (b) li-6A-2Nb-IMo-O.1j-O.OIY,j
(c) TI-6AI-2Nb-IMo-O.8Ta.O.02Y, and (d) Ti-6AI-2N b-I No-O.8Ta-O.O1 Y203.
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Figure 18. Superplastic strain-rates of TI-6A1-2Nb.lMo.O.STa.Y alloys at 28 MPa.
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Figure 19. Superplastic strain-rates of TI-6211-Y alloys at 14 MPa.
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GP31 0~820

1 10 JAM 10 jum

Figure 20. Microstructures of hot-rolled Tl-6A-2Nb-Ilo4O.8Ta.Y alloys (a) TI-6211, (b) Ti-6211-0.OIY,
(c) TI-6211-0.025Y, and (d) TI-6211-.1 2 3
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90 JAM

Figure 21. Microstruciures of Ti-6A1-2Nb-IMo-O.8Ta-Y alloys superplastically formed for 2 h at 900*C
and 14 MIPa, (a) Ti-621 1. (b) Ti-6211-O.025Y, and (c) Ti-621 1-O.01Y2 03.
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3.3 Superplastic Forming Evaluation of Ti-6AI-4V-Y Alloys

The effects of Y additions on flow stress and strain rate sensitivity of

Ti-6AI-4V at 9060C are shown in Figures 22a and 22b. The Y-containing Ti-6A1-

4V has a lower flow stress and higher strain-rate sensitivity than standard

Ti-6AI-4V at 906 0C. The beneficial effects of Y additions arise from reduc-

tion in interstitial oxygen as a result of scavenging of oxygen by yttrium and

grain-growth retardation by Y dispersoids. The lower concentration of inter-

stitial oxygen produces lower flow stresses and higher strain-rate sensitivity

and forming rates (Reference 16). The fine-grains, produced by pinning of

grain boundaries by Y dispersoids, significantly decrease the flow stress and

increase superplastic strains.

3.4 Summary of Superplastic Formability of Ti-6AI-2Nb-1Mo-0.8Ta-Y and Ti-6AI-

4V-Y Alloys

Small amounts of yttrium additions to Ti-6A1-2Nb-lMo-O.8Ta and Ti-6AI-4V

decrease the flow stress and increase the superplastic forming rates. The

superplasticity improvements result from reduced interstitial oxygen as the

result of scavenging of oxygen by yttrium and grain-growth retardation by Y J
dispersoids.

(a)0 (b)

100 -1.. . 1 . . .. . . . "1 1.0 . . . . . ..

*I 0.8 Ti-MA14V-0.035Y

Ti-6AI-4 :_ 0.6

S10 C

deV Ti-6AI-4V-0.035 0.4 TiM6A I-4V
.1 .- 0.2

10- 10-4 10-3 10-2.0 11010

Strain rate, i (s-) I
GP1MB2 Strain rate, i (s-1)

Figure 22. Effect of yttrium addition on (a) flow stress and (b) strain sensitivity of TI-6AI4V at
9060C.
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4. INFLUENCE OF YTTRIUM ADDITIVES ON THE

WELDABILITY OF Ti-6A1-2Nb-lMo-O.8Ta

4.1 Beneficial Effects of Yttrium Additives on the Weldability of Ti Alloys

The presence of Er and Y dispersoids in Ti effect significant micro-

structural refinement and retard grain-growth at elevated temperatures. Weld-

ing is an important fabrication technique, which would receive even wider

application to Ti alloys were it not for the resulting grain-growth and

consequent loss of strength which accompany the welding process. Simpson

(Reference 18) reported that Y in the weld filler-metal reduces the weld-zone

grain size by a factor of 20 in Ti-6A1-6V-2Sn, but Chasteen et al. (Reference

19) claimed that 0.025 wt% Y degraded the weld strength of Ti-5Ai-5Sn-2Mo-2Zr-

0.25SI. Hayes et al. (Reference 20) used rare-earth additives to control hy-

drogen embrittlement of welded HY-130 steel.

Because of their high-temperature reactivity, Ti alloys are usually

welded either in a vacuum chamber by electron-beam (EB) techniques or under an

inert-gas shroud by the gas-tungsten-arc (GTA) method. EB welding is often

limited by the vacuum chamber size, and GTA welding is inherently inferior

because of large heat-affected zones and thermal distortions. Laser welding

provides high-quality welds of small width/depth ratio with little thermal
,.

, distortion and is not restricted by vacuum chamber size because vacuum is not

*, required. Furthermore, operating conditions in laser welding are favorable

for fast welding speeds and rapid solidification at the weld which permits

joining materials with small mutual solid solubilities.

In the present investigation, Ti-6AI-2Nb-lMo-O.8Ta specimens containing

0.01 and 0.025 wt% Y and 0.01 wt% Y203 were butt welded by laser welding and

gas-tungsten-arc welding, and the effects of Y and Y203 additions on the

mechanical properties of the weldments were determined.

4.2 Laser-Beam and Gas-Tungsten-Arc Welding of Ti-6211-Y Alloys

The alloys were prepared by the consumable-electrode, vacuum-arc-melting

process followed by forging and hot rolling to w 2 Mm -L, *nesses. Butt welds

without any filler material were made with the focused beam of a 1.5-kW CO2
laser using the experimental arrangement shown in Figure 23a. The laser beam

was fixed, and the specimens to be welded were traversed at controlled rates
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in a plane perpendicular to the laser beam. A graphite plate was placed

behind the alloy sheets to prevent burn-through of the support fixture by the

laser beam. A gas shroud of flowing He covered the specimen area where the

laser beam was focused. Bead-on-plate melts were produced to determine the

process parameters for full-penetration welds.

Gas-tungsten-arc welds were produced using a copper back-up plate fixture

with an Ar gas shroud around the electrode and weldment (Figure 23b).

Argon gas under pressure flows coaxially around the electrode and from a side

tube toward the weldment in a semi-enclosure. Argon also flows under the

sample to provide an inert gas atmosphere at the back of the weldment. The

process parameters for gas-tungsten-arc and laser weldings used in this inves-

tigation are listed in Tables 2 and 3.

-. 4.3 Tensile Properties of Ti-6211-Y Weldments

The room-temperature tensile properties of transverse-oriented laser-beam

and GTA welded Ti-6211-Y alloys are summarized in Tables 4 and 5. The alloy

containing 0.025 Y has the best combination of strength and ductility. The

*, differences in the ductilities of laser-welded and GTA-welded specimens are

probably caused by differences in interstitial pick-up during welding.

The principal conclusion of this study is that small Y additions to Ti-

6A-2Nb-lMo-0.8Ta weldments result in 30-40% increase in ductility without
adversely affecting strength.

TABLE 2. OPERATING PARAMETERS FOR LASER WELDING OF
TI-6A1-2Nb-lMo-0.8Ta-Y ALLOYS.

Specimen thickness
(cm) 0.2

Laser system 1.5 kW, CO2, continuous wave at 10.6- m wavelength

Fixturing Graphite backing and hold-down tabs

Shield gas He at pressures of 136 kPa flows around the sample in
an enclosure

Beam power, 4
incident (W) 700, 810
Beam focus, spot
diameter (mm) I

Beam scanning rate
(cm/s) 0.25

GP31-0948-27
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TABLE 3. OPERATING PARAMETERS FOR GAS-TUNGSTEN-ARC
WELDING OF Ti-6Al-2Nb-IMo-.8Ta-Y ALLOYS.

Specimen thickness
(cm) 0.2

Fixturing Copper backing and hold-down tabs

Electrode - 3 mm diam, 2% thoriated tungsten with 60* conical
tip

Shield gas Ar at 197 cm 3/s, trailing shield and back purge provided.

Arc voltage (V) 9.8
Welding current (A) 190

Electrode travel rate
(cm/s) 0.17

GP31-0948-26

TABLE 4. ULTIMATE TENSILE STRENGTHS OF LASER-WELDED AND

GTA-WELDED Ti-6211-Y ALLOYS.

Ultimate tensile strength [MPal

Alloy Laser-welded GTA-welded
specimens specimens

Ti-6A1-2Nb-lMo-0.8Ta 780 938

Ti-6AI-2Nb- 1Mo-0.8Ta-0.0lY 887 973

Ti-6AI-2Nb- I Mo-0.8Ta-0.025Y 938 945

Ti-6AI-2Nb- I Mo-0.8Ta-0.0! Y20 3  904 910

Gp31-0948-30
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TABLE 5. DUCTILITIES OF LASER-WELDED
At TI-6Al-2Nb-1Mo-O.8Ta-Y ALLOYS.

- Alloy Total elongation(%

Laser-welded GTA-welded
specimens specimens

Ti-6A1-2Nb-IMo-0.8Ta 5.4 8.7

Ti-6A1-2Nb-lMo-.T-O.OIY 5.0 10.5

Ti-6A1-2b- 1Mo-O.8T-0.025Y 7.5 10.9

Ti-6A1-2Nb-lMo-0.8Ta-0.0I Y203  6.6 7.8

aP314g011.28
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5. SUPERPOSITION OF STRENGTHENING MECHANISMS IN

Ti-Al-Si AND Ti-Al-Y ALLOYS

5.1 Strengthening of Ti3AlCa 2) Precipitation-Strengthened Ti-Al Alloys

In titanium-aluminum alloys with aluminum concentrations between 10 and

20 at.Z, the ordered and coherent a2 phase (based on the composition Ti3Al and

having an ordered DO19 lattice structure) is precipitated upon aging. Pre-

cipitation strengthening in these alloys is generally accompanied by a sig-

nificant loss of ductility, which has been attributed to the formation of

coarse planar-slip bands leading to stress concentrations at grain boundaries

and slip-band intersections in the early stages of deformation. Plastic

deformation in this type of alloy occurs by the shearing of a2 precipitates by

glide dislocations.

The strength and ductility of Ti3Al precipitation-strengthened Ti-Al

alloys are related to the grain size, concentration of aluminum, volume frac-

tion of Ti3Al precipitates, and interstitial oxygen concentration (References

14, 21-23). Although the individual effects of microstructural variables on

tensile properties have been investigated, the strengthening resulting from

combinations of different microstructural variables has not received atten-

tion. The present investigation was conducted with the objective of deter-

mining the combined effects on strength and ductility of interstitial oxygen,

grain size, coherent Ti3AI precipitates, and incoherent dispersoids.

The Ti-Al-Si and Ti-Al-Y alloys are particularly suited for a study of

the superposition of strengthening mechanisms because slip barriers of widely

differing strengths can be produced by the proper choice of alloying element

concentrations and heat treatments. By varying the Al concentration from 5 to

10 wt% and annealing the alloys at 500-11000 C, different combinations of sub-

stitutional solid solutions, coherent Ti3Al, and incoherent Ti3Al precipitates

with volume fractions of 0.2-0.6 were produced. The grain size of the alloys

was varied by hot rolling at 6000 C followed by annealing at 800-9000 C.

Additional solid-solution strengthening and dispersion strengthening were

produced by Si and Y additions.

4°
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5.2 Preparation and Processing of Ti-Al-Si and Ti-Al-Y Alloys

0.25 kg button ingots of the alloy compositions shown in Table 6 were

prepared by vacuum arc melting the alloys in a water-chilled copper hearth.

Each button was prepared from a mixture of Ti-50A grade titanium, high-purity

aluminum, and 99.9% pure yttrium and silicon. The button ingots were hot

rolled to 3.5 mm sheets. The Ti-8.5Al-I.0Y, Ti-8.5AI-2.OY, and Ti-8.5AI-2.5Si

alloys cracked severely during rolling and could not be rolled to 3.5 mn

sheets.

The hot-rolled alloys were annealed at 800-9300 C to produce variations in

grain sizes and at 550-7500C to produce Ti3A (a2) precipitates.

5.3 Tensile Properties of Ti-Al-Y and Ti-Al-Si Alloys

The room-temperature tensile properties of Ti-Al, Ti-Al-Y, and Ti-Al-Si

alloys with different combinations of grain size and a2 precipitate density

are listed in Tables 7-9. The Ti-8.5A1, Ti-1O.0Al, Ti-8.5Al-0.5Y, Ti-8.5Al-

0.2Si, Ti-8.5Al-0.5Si, and Ti-8.5A1-1.0Si alloys aged at 550-7500C fractured

before the onset of plastic deformation, and yield stresses of these alloys

*, could not be determined.

TABLE 6. NOMINAL COMPOSITIONS OF ALLOYS USED FOR
STUDIES ON SUPERPOSITION OF STRENGTHENING
MECHANISMS IN TI-AI-SI AND TI-AI-Y ALLOYS.

Ti-4.0AI

Ti-5.5AI
Ti-7.0AI

Ti-8.5 Al

Ti-10.0 Al

Ti-8.SAI-0.OY

Ti-8.5AI-I.OY
~~Ti-8 5AI-2 0Y q

Ti-8.5AI-0.2Si

Ti-8.SAI-0.SSi

Ti-8.5AI-1.Si-

Ti-8.5AI-2.SSi

GP3I.0948-24
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TABLE 7. GRAIN SIZES AND YIELD STRESSES OF TI-4.0AI, Ti-5.5AI, AND Ti-7.0AI ALLOYS

ANNEALED AT S5-00 0 C.

TI-4.0AI Ti-S.SAI-0.SY Ti-7.0A!

Heat treatment Grain Yield Grain Yield Grain Yield
size stress size stress size stress

(AM) (MPa) (pm) (MPa) (pm) (MPa)

8000C/30 min, water quenched (WQ) 28 519 22 647 24 730

800°C/30 min, WQ + 550*C/100 h 25 544 26 674 25 804

800°C/30 min, WQ +650°C/100 h 28 547 28 662 30 773

800°C/30 min, WQ + 750°C/100 h 28 517 25 657 24 738

850°C/120 min, WQ 38 533 38 651 43 718

850°C/120 min, WQ + 550 0C/I00 h 28 501 25 654 35 723

850°C/120 min, WQ +650°C/100 h 42 549 32 674 46 722

850°C/120 min, WQ +750 0 C/100 h 35 520 36 672 45 723

850°C/18 h, WQ 82 515 70 625 63 642i7.

850 0C/18 h, WQ +550 0C/!00 h 65 535 50 674 48 678

850°C/18 h, WQ +650°C/100 h 76 509 54 651 53 709

850C/18 h, WQ +750*C/100 h 54 521 56 640 89 669

GP31 9433

TABLE 8. GRAIN SIZES AND YIELD STRESSES OF T14.$AI, T14.SAI-0.$Y, AND TI-10.0Al
ALLOYS ANNEALED AT 9300 C.

Ti-8.SAI T14.SAI-O.SY TI-10.0AI

Heat treatment Grain Yield Grain Yield Grain Yield
size stress size stress size stress

* 4 (Am) (MPa) (Um) (MPa) (pm) (MPa)

930C/!0 min, water quenched 33 769 19 767 28 770

930 0C/120 min, water quenched 41 738 23 772 38 758

930°C/18 h, water quenched 78 714 29 762 86 769

. GP31-048-32
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TABLE 9. GRAIN SIZES AND YIELD STRESSES OF Ti4.SAI-0.2Si, T14.SAI-.SSi,
AND Ti4.$AI-1.0Si ALLOYS ANNEALED AT 9300C AND WATER QUENCHED TO
250C.

Tl4.SA14.2Si T14.SA-0.$SI Ti.AI-.OSi

Heat treatment Grain Yield Grain Yield Grain Yield
size stress size stress size stress

("tm) (MPs) (/tm) (IMPS) ("m) (IMPS) 2.

930 0C/120 min, water quenched 37 856 46 835 19 960

9300C/18 h, water quenched 82 746 77 762 28 890

-, GP31-0948-34

5.4 Grain-Size Strengthening in Ti-Al Alloys

Figures 24a-24d show the variations in 0.2% yield stress (00.2) with the

reciprocal of the grain size for differently heat-treated Ti-Al alloys. The "

data can be reasonably represented by straight lines. The linear variation

of 002 with d-1 / 2 for the aged and unaged alloys indicates that the 0.2% flow

.- stress obeys the Hall-Petch relation. In the solution-treated condition, the

Hall-Petch slope is higher in Ti-7.0Al and Ti-8.5Al alloys than in the other

-alloys. Upon aging the alloys at 550 and 650 0C, the Hall-Petch slope is

unaltered in Ti-4.0Al and Ti-5.5Al alloys and is significantly increased in

Ti-7.0Al alloy. The Hall-Petch slope of aged Ti-8.5Al and Ti-10.OA1 alloys

• could not be determined because of pre-yield fracture. The increased Hall-

Petch slope in the aged Ti-7.0Al alloy is attributed to the effect on slip

transmittal of the shearable coherent Ti3Al precipitates.

'. 5.5 Solid-Solution Strengthening in Ti-Al Alloys

.'The dependene of 0.2% yield stress on aluminum concentration, c, is

shown as a plot of 00.2 vs c / 2 in Figure 25. In the solution-treated

condition, the 00.2 vs c1/2 plot is linear up to - 8.5 wt% Al in accordance

with the predicted behavior of dilute solid solutions (Reference 24). The

deviations from linearity at higher aluminum concentrations are caused by the

presence of short-range ordered regions and fine Ti3Al precipitates in the as-

quenched alloys. In the alloys aged at 5500 C, the slope of 0.2 vs

. is significantly increased because of the formation of coherent Ti3Al

., precipitates.
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Flgure 24. Gral..ule deleudeme of yield streaS In TI-Al alloys (an) solution treated, (b) aged at S500C
for 10 11, (C) aged at 6500C for 4 b, and (d) aged at 7S00C for 1Ith.
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Figure 25. Influence of aluminum concentration on the yield stress of solution-treated-amd-aged TI-Al
aloys (gras sie -25 tm).

5.6 Effects of Y Additions on the Yield Stress of Ti-8.5AI

The yield stress as a function of d-1 1 2 for Ti-8.5A1 and Ti-8.5AI-0.5Y

alloys is plotted in Figure 26. At identical grain sizes, the yield stresses

of Ti-8.5A1-0.5Y alloys are lower than that of Ti-8.5A1 alloys. This effect

can be explained only if oxygen scavenging by yttrium is assumed so that

dispersion strengthening by Y is offset by this reduction in flow stress. The

weak grain size dependence of yield stress in Ti-8.5A1-0.5Y is in accordance

with previous observations of grain size effects in dispersion strengthened

titanium alloys (Reference 25). In the presence of dispersoids, the initial

mean slip length is the interparticle spacing, not the grain size, and

therefore the 0.2% yield stress is dependent more on interparticle spacing

than on grain size in the dispersion-containing alloys.
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Figure 26. Grai-siae dependence of yield stress In TI4.SAI and T14.SAI-O.SY aloys.

5.7 Effects of Si Additions on the Yield Stress of Ti-8.5A1

The grain-size dependences of yield stresses in Ti-8.5A1 and Ti-8.5A1-Si

alloys are shown in Figure 27. The Hall-Petch slope is higher in silicon

containing alloys than in Ti-8.5A1. A single linear relation between yield

stress and d- 1/ 2 for different silicon concentrations indicates that the

strength increments in Ti-8.5A1-Si alloys are caused predominantly by the

grain refinement effected by silicon. The effect of silicon on friction

stress of Ti-8.5A1 alloy is negligible. This result is important because

previously it had been assumed that the strength increments produced by

different solute elements in Ti are additive (Reference 26). The results of

the present investigation clearly show that when the grain-size differences

are taken into account, the rule of additivity does not hold for strengthening

by different solute elements. The higher Hall-Petch slope in silicon-

containing alloys results from the strengthening of grain boundaries by

silicon.
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Figure 27. Grla-size dependence of yield stress in Ti4.5AI and TI.SAI-Si alloys.

5.8 Summary of Superposition of Strengthening Mechanisms in Ti-Al-Si and Ti-

Al-Y Alloys

The superposition of solid-solution strengthening, precipitation

strengthening, and grain-size strengthening in ingot-processed Ti-xAl (x - 4,

5.5, 7.0, 8.5, and 10.0), Ti-8.5A1-0.5Y, and Ti-8.5A1-ySi (y - 0.2, 0.5, and

1.0) alloys was studied. The Hall-Petch slope decreased with decreasing Al

concentration, decreasing coherent T13A1, and increasing incoherent dis-

persoids. The expected dispersion strengthening in Ti-8.5A1-0.5Y alloys was

not observed because of the scavenging of interstitial oxygen by Y and large

(> I pa) interparticle spacings of Y-containing dispersoids. Silicon

additions to Ti-8.5Al produced strength increments of 50-140 Mpa. These

strength increments resulted mainly from the grain refinement by Si and the

increased Hall-Petch slope in silicon-containing alloys.
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6. CONCLUSIONS

1. Rapid solidification at cooling rates > 104 K/s results in homogeneously

,1 distributed, closely spaced, 10-100 nm, incoherent dispersoids in Ti-8AI-.OY,

STi-8A-2.0Y, and Ti-8A1-1.5Er alloys. The incoherent dispersoids produce 30-

60% strength increments and are conducive to dispersing planar slip in

Ti/high-Al alloys.

-' 2. Small yttrium additions to Ti-6A1-2Nb-lMo-0.gTa and Ti-6A1-4V decrease the

high-temperature flow stress and increase the superplastic forming rates.

3. Small Y additions to Ti-6A1-2Nb-IMo-0.8Ta weldments results in 30-40%

* increase in ductility without adverse effects on strength.

4. The Hall-Petch slope of Ti-Al alloys decreases with decreasing Al concen-

tration, decreasing coherent Ti3AI, and increasing incoherent dispersoids.

5. Yttrium additions to ingot-processed Ti/high-Al alloys do not produce

additional strengthening because of scavenging of interstitial oxygen by

yttrium and large interparticle spacings.

6. 0.2-1.0 wtZ silicon additions to Ti-8.5Al produce strength increments of

50-140 MPa. The strength increments result mainly from the grain refinement

by Si and the increased Hall-Petch slope in silicon-containing alloys.
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