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FOREWORD 

This final technical report covers vork perforaed on contract 

F33615-75-C-II68, Project îîo. 7021-01-67, during the period 

February-, 1975 to September, 1977. 

The investigation vas conducted by the Battelle Memorial Institute, 

Columbus Laboratories, Columbus, Ohio, under the technical 

direction of Dr. H. A. Lipsitt, AFML/LLM, Wright-Patterson Air Force 

Base. Ohio. 

Dr. A. L, Hoffaanner vas program manager and Mr. D. D. Bhatt and 

Mr. 0. E. Meyer vere the responsible engineers. 
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SUMMARY 

This final technical report describes the results of a program 

on "The Rolling, Forming and Joining of Tir.anium-Aluminide Sheet" performed 

during the period from February 17, 1975, through September 1977. The 

objectives of this program for the forming and joining of the titanium 

aluminides were to (1) establish consolidation and sheet-billet prepara¬ 

tion practices ro achieve desirable workability during rolling of predominantly a 

and y i-itanium aluminiae-base alloys; (2) relate preparation practices, 

working conditions and post-rolling treatments to mechanical properties 

and microstructure of the product; (3) establish and demonstrate a 

methodology for heated-roll rolling of the alloys based on metallurgical 

and mechanical principles; (4) evaluate the mechanical properties of the 

product; (5) establish rolling-heat treatment practices to provide maxi¬ 

mum room temperature ductility; and (6) utilize the sheet product to 

produce formed products of typical aerospaco shapes. 

The two allovs originally selected for this evaluation were1 

* The two-phase, predominately 7 allay. Ti-36Al-5Nb (06 weight 

percent A1 and 5 weight percent Nb) based on TiAl 

• The essentially single phase 02 alloy, Ti-16Al-10Nb (16 weight 

percent A1 and 10 ''’eight percent Nb) based on Ti^Al 

Sheet billet alloys were prepared by HIP of inert gas atomized, spherical 

powders produced by the rotating electrode (REP) technique from the cast 

alloys. 

Companion programs performed concurrently and coordinated 

with thit program provided newly developed alloys and/or practices which 

were also eviluated for their amenability to fabrication into sheet using 

heated rolls. These additional alloys and conditions included the following: 

e Ti-16Al-10Nb rolled from as-cast ingot 

e Ti-12Al-19Nb and Ti-13Al-20Nb-0.25S1 rolled from cast and 

isothermally forged ingot 

e Ti-32Al-5Nb-5W rolled from HIP-REP powder. 

xi 



Considerable Problem were initial 1.- encountered in producina 

the sheet billets by HIP of the powders. Although the first HIP series 

with thin (0.020 inch thick) CP-Ti cans were successful, the weight of 

the powder caused barrelling of the compact. The resulting crown is 

objectional because such features promote tensile stresses and subsequent 

fracture during the early stages of rolling. Attempts to avert this barrelling 

with heavier (0.093 inch thick) TÍ-6A1-AV cans first resulted'in severe thermally 

induced porosity (TIP) because the stiffness of the can required special handling 

procedures which affected outgassing of the argon cover used in can welding 

prior to sealing. A subsequent evaluation with vacuum can filling and out- 

gassing resulted in cracking of all the Ti-16A.-10Nb and Ti-36Al-3Nb compacts 

due to reaction of the aluwinide and the thick cladding during HIP. Successful 

HÎP consolidation subsequently was achieved with vacuum can filling and out- 

gassing using the thin CP-Ti cladding with external supporting frames and the 

thick cladding plasma-sprayed with aiumina to provide a diffusion barrier. 

Successful rolling of all Ti^U-base alloys (produced from powder or 

as-cast< rc 0.05 to 0.06 inch chick sheer was achieved with billet preheat 

temperatures in the range of 370 C to 1200 C with the rolls controlled to 

temperatures between 700 C to 870 C. Trials on sheet specimens with ambient 

temperature rolls (conventional rolling) were not as successful as with roll 

heating, but appeared feasible at lower yield and higher roll forces. 

Rolling of the TiAl-base alloys was significantly more difficult than 

the Ti3Al-base alloys. The y-al'oy, Ti-36Al-5Nb, could only be rolled with 

partial success with a 870 C roll temperature and a 1425 C prehear, temperature. 

The other y-alloy, Ti-32Al-5Nb-5W, was successfully rolled at 1360 C to nominally 

0.06 inch and thinner sheet. Light initial reductions appeared critical to 

achieve successful sheet from this alloy. 

Rolling schedules and thermal treatments were developed for the 

TijAl-base alloys to achieve microstructures for enhanced superplastic forming. 

Tnese treatments achieved average grain diameters less than 15 microns for the 

Ti-16Al-10Nb program alloy and less than 10 microns for the two-phase 

Ti-13Al-20Nb-0.25Si alloy, with m values as large as 1.0 at 980 C. As expected, 

the lower rolling temperatures (below 1066 C) produced the finer grains and 

improved the superplastic performance 
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AUhouKh th» supe.hUstlc rospons» of th. n-3!-5Sb-5t.- -»s hot 

ov.loatod this o2 » S 01107 »xhibttod the flnost «talo sito, los» fhah 

5 microns, in this evaluation. 

The Tl-16Al-10Nb alloy waa auccessfolly roll formed to 2.5 to 

3.0-inch diameter cylinders In multiple passes with preheat temperatures 

hetneen 870 and 1010 C anda nominal formlns-roll temperature o£ 125 C. 

Cracking during roll forming occurred uhen the sheet had cooled to oelow 

about 540 C. 

Tensile, creep and fatigue tests on the program alloys were 

performed oyer the temperature range fro. -70 to 900 C for the as-HIPed 

material and the as-rolled and heat-treated Tl-16Al-10Hb sheet. These 

results showed that the 900 C ductility of the y alloy wa. enhanced by 

vacuum annealing the HIP material at 1100 C. The test results on sheet 

of the Tt-tbAl-lONh alloy showed that the rolling condition, did not signifi¬ 

cantly affect the low room tc.oera.ur. ductility found in other Investigations. 

The details c: this program are described in the following. 
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Titanium al levs lontainins ni/'u-r than convent! a.-. »I aluminum 

concentrations (ftreater then aoout d percent) have been demonstrated 

to possess combinations of mechanical properties intermediate between 

the current Ti-base and the Ni-hase superalloys, and have low densities. 

These properties are of interest tor aircraft turbine engines, but poor 

ambient temperature ductility had limited further development. Addi¬ 

tional evaluations of this alloy range were warranted by increased 

knowledge of this a]’oy class and mechanisms affecting ductility; 

greater experience and understanding of the use of materials of low 

ductilitv in aircraft engines; and improved processing procedures. 

Previous work had indicated two potential composition ranges 

corresponding to alloys based on TljAl (a,) and on TiAl (v). Although 

considerable information on T^Al-based alloys was developed during the 

•arly, but recent, development of titanium alloys, no evaluation has 

taken place using current techniques and understanding. Alloy develop¬ 

ment and processing were pursued under U.S. Air Force sponsorship to 

improve room temperature ductility and elevated temperature properties, 

and to produce products of typical aircraft shapes from modern processing 

techniques utilizing some of the special properties of the titanium- 

aluminide-base alloys. Alloy development, casting and deformation 

processing programs were sponsored and coordinated by the Air Force 

over a period of approximately three years. This program on sheet fabri¬ 

cation and evaluation is part of this overall effort. 

The results in this report are on processing and forming of 

Ti-aluminide sheet using rolls heated to temperatures as high as 875 C. 

Special procedures were thought to be necessary because of the diffi¬ 

culties experienced in preliminary work on extrusion and early tension 

data showed almost no ductility below about 700 C and a rapidly decreasing 

ductility with increasing strain rate. 

Sheet bar was prepared from rotating electrode powder (REP) of 

both base alloys and from ingot of the Ti^Al-base alloys. Special pro 

cedures were followed to insure the quality of the powder and ingot 

stocks. HIP processing of the REP powders was evaluated and developed 
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during this study. Procedures conducive to hi?h purity were enoioved 

during HID canning and resulted in can-compact interactions and failure 

during the HIP cycle. These problems were subsequently avoided by 

using ductile, low strength canning materials or diffusion barriers. 

Heated-roll rolling of 0.050 inch sheet of the TiyU-base 

alloys was consistently successful or the behavior was understood. 

However, failure was consistently experienced with the TiAl alloy con¬ 

taining the highest aluminum content. This failure, which was attri- 

outed to the high aluminum content and the effects of adsorbed films, 

was intergranular and appeared to result from incomplete particle 

bonding in fully densified compacts. Although the microstructures of 

the consolidated powders of this alloy appeared sound, grain growth 

beyond the powder-particle size range could not be achieved. These 

problems were averted with a recent generation alloy to which tungsten 

was added to replace approximately four percent of the aluminum. 

were 

Thermal-mechanical 

evaluated to obtain T'. 
treatments based on heated-roll rolling 

ii-nase aHoy sheet with a fina-grain micro- 

structure for superplastic forming; to improve room temperature ductility; 

and to provide a range of conditions for evaluation of conventional roll 

forming of cylindrical shapes. Superplastic forming of simulated air¬ 

craft was performed by Rockwell Internatirnal using this sheet and con¬ 

ventional roll forming of cylindrical shapes successfully performed using 

rolls heated to 475 C. Tension, bend, creep and fatigue testing of the 

sheet product was performed over a wide range of temperatures to evaluate 

the sheet product for potential use primarily for static structures in 

gas turbine engines. 

This program was conducted at Battelle-columbus Laboratories. 

Dr. A. L. Hoffmanner, Research Leader, Metalworking. Section, was the 

Program Manager. The Project Engineer was D. D. Bhatt, Research Metal¬ 

lurgist. Other contributors to this program were G. S. Serio, Master 

Technician, C. T. Olofson (retired), Research Metallurgist, and G. E. Meyer 

Principal Research Metallurgist, who has since left Battelle. 
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INTRODUCTION 

The titanium aiuminides represent an important class of 

materials to extend the strength, density and oxidation resistance of 

the titanium alloys from 475 C into the normal operating range of the 

Ni-base superalloys. Recognition of this potentional has existed for 

(1 
several years ’ , but their development has been limited due to the low 

room temperature ductility. Among the factors which have warranted 

additional evaluations of this alloy class are (1) greater experience 

and knowledge of the use of materials of low ductility (e.g., cast super¬ 

alloys) in gas turbine engines; (2) Improved processing procedures (powder 

preparation, HIP, casting techniques, heated-roll rolling and superplastic 

forming); (3) increased knowledge of this alloy class; and (4) the need 

for an alloy system effective in the 900 to 1500 F range. 

Two approaches were pursued to improve the room temperature 

ductility: alloy development and thermal-mechanical processing. An alloy 

development program'■ "was sponsored and coordinated by rhe U.S. Air Force 

simultaneously with tins rolling program. 

One objective of this program was to evaluate thermal-mechanical 

treatments based on rolling to achieve improved room temperature ductility 

as well as improved properties at elevated temperatures. The overall 

objective of this program was to establish fabrication procedures and 

resulting properties for titanium aluminide-base alloys rolled to sheet 

of varying thicknesses, formed into complex shapes and joined together 

to scaled component assemblies typical of those used in aircraft turbine 

engines. The following three phases were intended to meet these objectives 

Phase A: Rolling 

Starting from HIP consolidated rolling preforms, the heated 

rolling technique developed at Battel le was to be used to produce nominally 

1.27 mm thick sheet in widths in excess of approximately 3.80 mm. 

References are listed on page 113. 
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Phase 3: Forming 

Utilizing the sheet produced in Phnse A, rorventionai forcing 

methods were to be evaluated to fabricate scaled shapes tvpical f those 

used in aircraft turbine ergines. In addition to the o'nventional forming 
i , ) 

techniques, superplastic terming was evaluated at XocKweil Irternatior.ai 

using sheet produced on this program. 

Phase C: Joining 

Utilizing the formed structures produced in Phase b, exploratory 

evaluations of Joining by welding and diffusion bonding were planned. 

Table 1 provides a list of the alloys investigated in this 

program; the alloy designations used throughout this report; and the relative 

success which was achieved. These alloys represent first generation alloys (e.g., 

binary alloys, Ti^Al and TiAl); second generation alloys (e.g., the 

ternary alloys, Ti-25-5Nb and TiAl+Nbl; and third generation allays (e.g., the 

alloys Ti-24Al-llNb and TiAl+Nb+W) in the development of the titanium-aluminide 

system. With the exception of the base alloys, the latter generations have result* 

from an alloy development effort^’ 4¿f the overall Air Force-sponsored 

aluminide program Chereafter referred to as the Aluminidc Committee). 

At the start or the Ceram?.ttee effort, recent work at the Al-rich 

end of rae Ti-U and Ti-AJ.-X systems^’0' re lined cae positions of prase 

boundaries. These results showed that the a^-phase field exists in the 

range of 21 to about 37 atomic percent aluminum at 700 C in Ti-Al alloys. 

The o2 phase is an ordered (00^) structure based on Ti,Al (or TijX) and 

exhibits a ductility dependence which decreases with increasing Al. The 

a phase is stable to temperatures of about 1000 C, depending on the 
2 
exact composition, above which it undergoes disordering to a. Transformation of o 

(a/a + 6) initiates at temperatures above about 900 C and the initiation 

temperature increases with Al-concentration. For the Ti^Al alloys in 

this program, the ordering kinetics are very rapid and appear nearly com¬ 

plete upon still-air cooling of nominally 0.10 inch thick sheet from 

temperatures above about 1000 C^. Ordering in these alloys was insured 

by aging for 8 hours at 900 C and still air cooling to room temperature. 

For the alloys in Table 1, the range of stabilities of the various phase 

fields are approximately: Oj - below about 1100 C; Oj + a - 1090 to 

1100 C; and a + ß - 1140 to 1200 C. 
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INTRODUCTION 

The titanium aluminides represent an important class of 

materials to extend the strength, density and oxidation resistance of 

the titanium alloys from 475 C into the normal operating range of the 

Ni-base superalloys. Recognition of this potentional has existed for 
(1 2 >* 

several years , out their development has been limited due to the low 

room temperature ductility. Among the factors which have warranted 

additional evaluations of this alloy class are (1) greater experience 

and knowledge of the use of materials of low ductility (e.g., cast super¬ 

alloys) in gas turbine engines; (2) improved processing procedures (powder 

preparation, HIP, casting techniques, heated-roll rolling and superplastic 

forming); (3) increased knowledge of this alloy class; and (4) the need 

for an alloy system effective in the 900 to 1500 F range. 

Two approaches were pursued to improve the room temperature 

ductility: alloy development and thermal-mechanical processing. An alloy 

development program^3’“’was sponsored ard coordinated by the I'.S. Air Force 

simultaneously with this rolling program. 

One objective of this program was to evaluate thermal-mechanical 

treatments based on rolling to achieve improved room temperature ductility 

as well as improved properties at elevated temperatures. The overall 

objective of this program was to establish fabrication procedures and 

resulting properties for titanium aluminide-base alloys rolled to sheet 

of varying thicknesses, formed into complex shapes and Joined together 

to scaled component assemblies typical of those used in aircraft turbine 

engines. The following three phases were intended to meet these objectives 

Phase A: Rolling 

Starting from HIT consolidated rolling preforms, the heated 

rolling technique developed at Battelle was to be used to produce nominally 

1.27 mm thick sheet in widths in excess of approximately 3.80 mm. 

* 
References are listed on page 113. 
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Phase 3: Forniir.^ 

Utilizing the sneet producta in Phase A, conventional fonning 

methods were to be evaluated to fabricate scaled shapes typical or those 

used in aircraft turbine engines. In idaition to the conventional forming 
fi) 

techniques, superplastic forming was evaluated at Rockwell International 

using sheet produced on this program. 

Phase C: Joining 

Utilizing the formed structures produced in Phase B, exploratory 

evaluations of joining by welding and diffusion bonding were planned. 

Table 1 provides a list of the alloys investigated in this 

program; the alloy designations used throughout this report; and the relative 

success which was achieved. These alloys represent first generation allovs '.e.g., 

binary alloys, Ti^Al and TiAl); second generation alloys (e.g., the 

ternary alloys, Ti-25-5Nb and TiAl+Nb); and third generation alloys (e.g., the 

alloys Ti-24Al-llNb. and TiAl+Nb+W) in the development of the titanium-aluminide 

system. With the exception of the base alloys, the latter eenerations have resulted 

from an alloy development effort^’of the overall Air Force-sponsored 

aluminide program (hereafter referred to as the Aluminide Committee). 

At the start of tae Committee effort, recent work at the Ai-rich 
^ S ) ) 

end of chs U-Al and Ti-*1-X systems'"’' refined tne positions of phase 

boundaries. These results showed that the ct^-phase field exists in the 

range of 21 to about 37 atomic percent aluminum at 700 C in Ti-Al alloys. 

The c«2 phase is an ordered (D019) structure based on TijAl (or Ti3X) and 

exhibits a ductility dependence which decreases with increasing Al. The 

o phase is stable to temperatures of about 1000 C, depending on the 
2 

*x?.ct composition, above which it undergoes disoraering to a. Transformation of a 

(a/a + ß) initiates at temperatures above about 900 C and the initiation 

temperature increases with Al-concentration. For the Ti^Al alloys in 

this program, the ordering kinetics are very rapid and appear nearly com¬ 

plete upon still-air cooling of nominally 0.10 inch thick sheet from 

temperatures above about 1000 C^. Ordering in theae alloys nas insured 

by aging for 8 hours at 900 C and still air cooling to room temperature. 

For the alloys in Table 1, the range of stabilities of the various phase 

fields are approximately; - below about 1100 C; 02 + o - 1090 to 

1100 C; and a + B - 1140 to 1200 C. 
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For aluminum concentrations above J7 atomic percent, tvo phases, 

a, and y (based on TiAl with an Ll0 structure), exist at rempeiatures 

below about ^ÜQ C and up to A1 concentrations of about 48 atomic 

(3) 
percent. The y pnase exists up to t".e soiious tor.peratur-.; (rerttectic 

temperature of about 1410 C at 30 atomic percent Al). 

Approximate definition of the phase boundaries in ternary 

alloys has been obtained from the binary phase diagram by considering 
(Q) 

the atomic percent of Al. This binary is shown in Figure 1, and appears 

to be the best available published diagram based on the findings of the 

Aluminide Committee. This diagram shows that the Ti^Al-base alloys in 

this program should be single phase below about 1000 C, although they 

were found to contain between about 1 to 15 volume percent 3.^^ The position 

of the a, + y/y phase boundary indicates that the TiAl-base alloys 
2 (Q ¿Q) 

may be two phase. This condition was observed for the. TiAl + N'b alloy^ ’ 

which was found to exhibit less than about 5 volume percent of a, in a 

y matrix. 

Consolidation and rolling procedures were based on the phase 

relations in Figure 1 and conform to the following: 

(1) Ti.Al-riase Alloys 

^ Treatment - abc/e M75 c 

• Thermal treatment to achieve an acicular, transformed 
structure and rapid recrystallization 

• Hot working to break down the initial structure, 

either as-cast or after HIP 

• HIP processing at 1220 C (maximum capability of the 
available HIP unit) to achieve complete consolidation 

a + 8 Treatment - 1125 to 1175 

• A high finishing temperature to obtain improved 
workability without the formation of large grains 

• Typical temperature range for breakdown of powder 
compacts and ingot 

a (a?) Treatment - 980 to 1125 C 

• Warm working for finishing reduction to achieve 
a fine-grain wrought structure 

• Annealing treatments to obtain a fine, equiaxed, recrystallized 
structure after working in the same range 

.«• 
4 



AI-TI Aluminum-Titanium 

Figure 1. Tl-Al Binary Phase Diagram 
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(2) TiAl-Base Allovs (essentially all y treatments) 

• lAÜO C annealing treatment to improve ductility 

ot Hl?-powder comparta 

• 12Ü0 tc 1300 C for isothermal forging of HIP compacts 
to insura satisfactory consolidation. 

• 1300 to 1415 C preheat temperature for rolling. 

The roiling conditions for the Ti^l-base alloys were established mainly 

to evaluate thermal-mechanical treatments to improve room temperature 

ductility and to achieve a fine grain site (less than 10 microns) for 

subsequent superplastic forming. The major justification for selecting 

the rolling conditions for the TiAl-base alloys was based on observation 

of tht rolling results, which were consistently successful only tor 

TiAl + Nb + W alloy. 

During this program, supporting results were provided by the 

efforts of the Aluminide Committee. This work included studies of 

material behavior,(3,8,10,11)alloy developmentP’8) processingjr^TiAl- 

base alloys.(10^and superplastic forming of TLAl-base alloys. . With 

the exception of tne latter, most of the results dealt vich structural 

performance, which provided important insight, but rot specific direction, 

to the production of sheet. The results from the companion studies are 

referenced where relevant in the following discussion of the fabrication 

of Ti-aluminide sheet. 
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EXPERIMENTAL PROCEDURE 

Materials 

The materials, Ti-25Al-5Nb, T1A1+Nb, and TIAl+NbW, upon which 

this program were based, were produced as rotating electrode powder (REP) with 

the compositions listed in Table 2. The powders were spherical, in the 

size range of -35 to 240 mesh, and had a loose density of nominally 65 

percent of theoretical. The Ti-24Al-llNb alloys were provided by Pratt 

Whitney Aircraft as either machined sections(nominally 1 inch x 1 inch x 

3 inch) of a casting, TMÇAV-5301, or as isothenaally forged slabs (nominally 

7 inch x 5 inch x 0.5 inch) from castings TMCA V5414. The compositions of 

the castings are listed in Table 2. A detailed description of the casting 

practice, are provided in Reference 3. In addition to these materials, REP-TiAl 

powder (Lot No. 395) was used to evaluate HIP (hot isostatic pressing) 

parameters. 

HIUHot_Isgs_tatic Prassir.g' Consolldotior, or P.oliinc, 

HIP processing of the REP powders was performed in five HIP 

processing runs, contrary to the original program plan, because of difficulties 

encountered during HIP processing. The first four HIP runs were largely 

exploratory because of the unanticipated results. These processing condi¬ 

tions are summarized in Table 3. The following materials and practices 

were standardized in the billet preperetion procedure es summarized in 

Table 3: 

(1) Cladding 

TÍ55A sheet, either 0.02 inch or 0.078 inch thick, and TÍ-6A1-4V sheet, 

either 0.050 or 0.075 inch thick, were used for cladding. 

(2) Can Design 

Two can designs were used: (1) the swestika or lep joint design 

shown in Figure 1 was the preferred can structure beceuse it wes felt thet 

HIP would Improve the integrity of the joint, and (2) the butt-welded 
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design shown in Figure 1 was used to accoraiodate neavier and higher 

strength can thicknesses which were not easily fonr.ed. The swastika- 

design can was prepared from cold formed cover plates and was restricted 

to moderate ductility and low strer„th material of relatively small 

thickness to facilitate forming. The following two nominal compact 

sizes were used for this evaluation: 6 x 3 x 0.5 inch and 9 x 6 x 0.5 inch. 

The actual can dimensions were calculated based on a É ■ percent density 

of the loose powders. 

In addition to the two can-joint designs, the butt-welded 

construction was used with both an open-jcint and an attached fill tube for 

loading with powder. The fill tube was T155A of 0.375 inch outside 

diameter and 0.065 inch wall tuickness. The tube length from the can was 

18 inches long to facilitate sealing. 

After forming or shearing the can segments to the appropriate 

sizes, the cans were partially welded, with either a side or fill tube 

left open, pickled with a HNOj-HF solution, water and alcohol rinsed 

and dried. After this cleaning, the cans were filled using various 

filling procedures. One exception ro the above prtcedures was used in 

HIP Run Ho. 4 with the AI2O3 plasma-sprayed cans. In this assemoly 

procedure, the can segments were first cleaned, then plasma sprayed with 

the fill tube welded in place with no further chemical cleaning. All 

joining for can assembly was performed by TIG welding. 

(3) Outgassing Procedure 

With the exception of the vacuum filled cans, all cans were filled 

in air and densified on a vibratory table. In HIP Run Numbers 1 and 2, 

the cover for the open side of the filled cans was placed in position 

and the filled-assembled cans were placed in a glove box. The glove 

box was evacuated to 10 4 tort and then backfilled with argon. The 

open end was then sealed by TIG (GTA) welding except for one seam which 

was forced open to permit subsequent outgassing. After TIG welding, the 

cans were transferred to an EB (electron beam) welding chamber and out- 
-4 

gassed at room temperature over night at a chamber pressure less than 10 

torr. This procedure was exactly followed for the cans in HIP Run No. 1. 

For Run No. 2, difficulty was encountered in sealing the open seam of 
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the thicker cans by EB welding. These cans were then returned to the 

glove box where they were placed in a fixture and a partial TIG weld 

pass made to reduce die seam opening. The cans were then successfully 

EB welded using the previously described procedures. 

A modification of these procedures was used for a series of 

cans (No. 60 in Table 3) for HIP Run No. 4. This modification involved 

air filling, vacuum outgassing and EB welding, but eliminated the 

exposure to argon. This approach was feasible because the thin, toft 

cladding could be manipulated sufficiently in the EB chamber to permit 

reducing the joint gap sufficiently to permit sealing by EB welding. 

Fill-tube filling in air and vacuum was evaluated in HIP 

Runs 3 and 4 (Can Identification Numbers 30,40,50,70 and 80) and used in 

Run 5. The following procedures were evaluated: 

(1) Air fill and vacuum outgas to 10 torr 

(a) Room temperature outgas for in excess of 16 hours 

(b) 175 C vacuum outgas for in excess of 16 hours 

(2) Vacuum fill and warm vacuum outgas to 10 torr as in (l)(u). 

Prior to filling,all cans were evacuated and exposed ta air twice to 

insure elimination of argon possibly contained from tue HG voiding 

used for can fabrication* 

The can-tube assemblies were filled nominally 0.75 inch into 

the fill tube and then outgassed. when outgassing was complete (no 

measurable static leak rate) , the fill tube was locally heated, 

collapsed and then forged shut. The can-fill tube assemblies were then 

transferred to the EB wolding chamber where EB welding was used to melt 

seal and sever the tube one inch from the can. After sealing, all cans 

were helium leak tested to insure the absence of cracks, porosity and 

open seams in the can. 

The preforms fabricated for HIP Runs 1 through 4 were designed 

to provide 6 x 3 x 0.5 inch compacts. The HIP preforms for HIP Run 5 

were fabricated to provide the following compact sizes: 

(1) Ti-25Al-5Nt> 

(a) 6 x 3 x 0.5 inch compacts - Compact Numbers 5890 to 5698 

(b) 9 x 6 x 0.5 inch compact - Compact Number 5899 
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(2) TiAl+Nb+W 

(a) 6 X 3 X 0.5 inch compacts - Compact Numbers 5690 to 5699-1, 
and 5699-2 and 5699-3 

(b) 9 X 6 X 0.5 inch compacts - Compact Numbers 5699-4 and 
5699-5. 

(4) HIP Processing 

The HIP cycle consisted of the following sequence: 

(1) A 4-hour heat to 1225 C (+ 0/-15 C) tc a pressure of 

26,000 to 30,000 psi. Because of occasional system 

leaks, the nominal nreaaure was not always attained as 

shown in Tabic 3. 

(2) A 3—hour hold at 1225 C and at nominal pressure. The 

only exception to this practice was HIP Run No. 1 which 

was held at temperature a total of 2.5 hours because of 

some minor problems with the HIP system. 

(3) An under-pressure (argon) cool to approximately 80 C. 

Fast and slow cooling rates were evaluated. The slow rate 

was approximately one-half the fast rate, which exhibited the following 

time-temperature behavior: 

Hours from Start 
of Cooling 

Temperature 

1£1 
0 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

1225 
900 
700 
550 
440 
350 
290 

8.0 % 80 

HIP compacts from Run No. 2 are shown in Figure 3. The HIP compacts were 

evaluated metallographically and occasionally by radiography and ultra¬ 

sonics to establish if they were crack free. Tests for TIP (thermally 

induced porosity) were performed by heating in vacuum the TijAl-base alloys 
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(2) TiAl+Nb+W 

(a) 6 X i X 0.5 inch compacts - Compact Numbers 5690 to 5699-1 

and 5699-2 and 5699-3 

(b) 9 X 6 X 0.5 inch compacts - Compact Numbers 5699-4 and 

5699-5. 

(4) HIP Processing 

The HIP cycle consisted of the following sequence: 

(1) A 4-hour heat to 1225 C (+ 0/-15 C) to a pressure of 

26,000 to 30,000 psi. Because of occasional system 

leaks, the nominal pressure was not always attained as 

shown in Table 3. 

(2) A 3—hour hold at 1225 C and at nominal pressure. The 

only exception to this practice was HIP Run No. 1 which 

was held at temperature a total of 2.5 hours because of 

some minor problems with the HIP system. 

(3) An under-pressure (argon) cool to approximately 80 C. 

Fast and slow cooling rates were evaluated. The slow rate 

was approximately one-half the fast rate, which exhibited the following 

time-temperature behavior: 

Hours from Start 
of Cooling 

Temperature 

i£l 

o 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

1225 
900 
700 
550 
440 
350 
290 

8.0 80 

HIP compacts from Run No. 2 are shown in Figure 3. The HIP compacts were 

evaluated metallographically and occasionally by radiography and ultra¬ 

sonics to establish if they were crack free. Tests for TIP (thermally 

induced porosity) were performed by heating in vacuum the Ti3Al-base alloys 
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to 1275 C and the TiAl-base alloys to 1400 C in vacuum and,after cooling, 

visually examining for blisters in the cladding. 

Post HIP Processing 

After consolidation, the HIP compacts of the TiAl-base alloys 

were either rolled directly or given the followinp post-HIP treatments: 

(1) Heated to 1400 C for three hours in vacuum and furnace cooled 

to room temperature to improve ductility and to test for gas 

absorption; 

(2) Isothermally forged in vacuum at. temperatures between 1280 

to 1380 C to reductions in the range of 25 to 50 percent; 

(3) Declad after either or both heating to 1400 C or Isothermal 

forging and reclad with either T1-6A1-4V or clad with 0.050 

inch thick tantalum sheet and reclad with T1-6A1-4V. 

Rolling 

Rolling was performed without costings or lubrication at speeds 

in the range of 30 to 70 feet/min at reductions up to 50 percent per 

pass. Rolling was performed at Battelle usually with heated rolls, but 

occasionally conventionally,in the following mills: 

(1) Two-high 8 X 12 inch Experimental Heated Rolling Mill'' ' 

This mill, originally manufactured by United Engineering and 

Foundry Company, was modified at Battelle for heated-roll rolling with roll 

temperatures up to 900 C. In addition to the basic mill design 

described in Reference 13, the water-cooled roll arbors were equipped 

with IN100 sleeves to permit achieving working-roll temperatures up to 

900 C. The rolls in this rill were induction heated and monitored with 

a contact pyrometer. 

This mill was equipped with calibrated, water-cooled load cells 

under each screw to provide recordings of the separating force. 

(2) Four-high 16 x 24 inch Heated Rolling Mill(U) 

This mill was originally manufactured by United Engineering and 

Foundry Company as a two-high 16 x 24 inch conventional hot mill and 
043 

modified under U.S.A.F. contract at Battelle tr provide a heated-roll 

sheet mill for aerospace materials. The roll dimensions are as follows: 

(a) Work Rolls: AF2-1DA-4 inch diameter x 20.5 inch length 

(b) Back-up Rolls: H 11 - 13 inch diameter x 21 inch length. 
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The maximum operating temperature is 8-*û C which is attained with 

radiant-quartz lamps and monitored with an Irzon optical pyrometer. 

The size range of operation of this mill is 1.13 to Ü.02 inches. 

The four-high heated roll subassembly is installed into the 

housing of the 16 x 2U inch mill. The existing drive and controls are 

used to provide a continuous mill speed range of 0 to 300 feet per 

minute. The mill is equipped with strain bars on the mill stand columns 

and water-cooled load cells under each screw to provide recordings of 

separating froce. Figure 4 is a picture of this system. 

The rolling preforms were preheated for 15 minutes after the 

surface temperature reached the preheat temperature and all intermediate 

preheating was for 5 minutes in a flowing argon atmosphere. Feeding and 

removal of the sheet during rolling was performed manually to eliminate 

or minimize contact with the feed table. The feed table on the two-high 

mill was heated to 500 C and no feed table was used on the four-high mill. 

The early rolling triais showed that handling of the in-procesu 

sheet was a major source of chilling, cracking and high loads. To avert 

this problem, tongs wrapped with asbestos and widely spaced t mgsten w^re 

were heated and used for handling the sheet. 

Rolling of Ti3Al-base alloys was performed at preheat temper¬ 

atures from 900 to 1200 C with roll temperatures of 125 C (conventional 

rolling) and at controlled temperatures in the range of 700 to 900 C. 

The TiAl-base alloys were rolled preheated in the range of 1150 to 1415 C 

with roll temperatures in the range of 800 to 900 C. 

Post Rolling Treatments 

Cooling after rolling was either in air or vermiculite, although 

furnace cooling was initially evaluated for the TiAl-base alloys. After 

cooling, the sheet was cut into the appropriate sizes for subsequent 

processing. The cutoff procedures were not extensively evaluated, 

although cracking was essentially eliminated with a water-cooled diamond 

wheel (4000 SFM) at a rate of less than 0.5 in/min. Conventional cutoff 

wheels usually produced burning of both alloy types and cracking of the 

TiAl-base alloys. 

16 





Flattening of sheet in lengths less than Ü.762 m was periormed by 

placing the sheet between two 304 stainless steel plates and heating the assembly 

co 1000 C in an air furnace. After reaching temperature, the assembly was re¬ 

moved from the furnace, pressed at a pressure of 13.3 MPa for about 1 minute, 

removed from the press, and allowed to cool to below 500 C. The flatness of 

1.52 mm sheet was typically less than 4.17 mm/m after this treatment. 

Both bare and clad sheen were treated in this manner. In general, flattening 

was an optional operation depending on the flatness of the as-rolled sheet, 

which was not entirely controllable. Sheet flatness was impaired by handling 

and became worse as the length and preheating temperature increased and the 

thickness aecreased. Straightening with light rolling passes waa not consistently 

successful. 

Forming 

Forming of Ti-25Al-5Nb was performed on as-rolled and ground sheet 

after various rolling schedules established to promote formability. 

Preliminary trials with vacuum forming were performed in an argon- 

atmosphere furnace with the ceramic tooling shown schematically m Figure 5. 

This work was discontinued at Battelle after limited success and subse¬ 

quently continued at Rockwell International^12^ with sheet provided from 

this program. Conventional rolling of cylindrical shapes was performed 

on the heated roll former shown in Figure 6. 

Roll forming was performed on 1.27 to 1.52 mm thick ground 

sheet samples up to 100 mm wide, preheated to temperatures in the 

range of 980 to 1100 C with the temperature of the rolls maintained at 

400 C The roll speed was maintained manually at approximately 3.1 m 

per minute. Because of the stiffness of the sheet, multiple-pass reductions 

were required to produce cylindrical structures with diameters less than 

76 mm. During rolling, the exit temperature of the in-process sheet 

was measured with a contact pyrometer after each pass. These results 

showed consistent success could be attained in the multiple pass sequence 

if the sheet temperature did not cool below 600 C. 
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All sheet sawples were heat treated as rolled, either bare or 

clad, and after grit blasting, ilo special procedures were used for heat 

treatment. The actual heat treatments used are descrioed in the 

discussion of results. More detail on the justification for these 

treatments is provided in Reference 3. 

Sample Preparation 

Sample preparation usually involved the following sequence of 

operation: 

(1) Diamond wheel cutoff to the appropriate sample or 

coupon size followed by visual and dye penetrant 

inspection of the cut surfaces 

(23 Heat treatment 

(3) Grinding to remove the cladding (if sheet were rolled 

clad) and to provide the finished specimen shape. 

Grinding was qualitatively evaluated to establish preferred grinding 

conditions to avoid cracking and/or crazing frequently encountered with 

bpth alloy types. Several wheels from Battelle's grinding wheel inventory 

and fluids available for grinding were evaluated after decladding with 

both alloys. Although no attempt was made to optimize these practices, 

preferred conditions were established which visually appeared to avert 

surface cracks and, upon subsequent grinding of samples with surface cracks, 

to remove surface produced by previous more abusive grinding conditions. 

The preferred grinding conditions which were employed are ns follows: 

(1) Grinding wheels (silicon carbide) 

39C100H8VK or 39C100I8VK 

(2) Grinding fluid - Houghton SO Grind (diluted 50*1) 

(3) Wheel speed - 1370 m per minute 

(4) Part speed -2m per minute. 
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The followin»; testing and specimen designs were used with 

material after HIT and on the rolled and heat treated sheet product. 

(1) Tensile testing 

(a) Button head tensile specimens were used for 

testing of the material after HIP, to establish 

post-HIP processing conditions, and perform 

preliminary workability évaluations. This 

specimen design is shown in Figure 7. 

(b) Modified subsize ASTM sheet tensile 

specimens, shown in Figure 8, were used for 

evaluation of the sheet. 

All tensile testing was performed in an Irstron 

Universal Testing Machine at the indicated strain 

rates and temperatures achieved by heating in an 

' electric-resistance furnace. Temperature control 

was typically * 4 C. 

(2) Bend testing from -73 to 550 C was performed by three- 

point loading over a 19 mm span at a cross head 

speed of 0.025 mm/minute. The specimens had the 

following nominal dimensions: 1.3 mm thickness, 

19 mm width, and 38 mm length.' Testing below 

room temperature was performed with the specimen and 

test fixture immersed in a constant temperature bath inside 

an insulated container. Elevated temperature testing 

was performed with the specimen and test fixture 

contained inside a resistance-heated furnace controlled 

to within + 6 C of the preset temperature. 

(3) Creep or stress-rupture testing were performed in 

Battelle-designed and constructed creep racks with the 

sheet specimen design shown in Figure 8. Prior to 

initiation of the test, the specimen was allowed to 
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Figure 8. Modified ASTM Subsize Sheet Tensile 
Specimen (Dimensions in Inches) 
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equilibrate to the furnace temperature before load 

was applied. Temperature control during creep testing 

was typically + 3 C and displacement was measured 

optically with a Pt-type strip gage to a sensitivity 

of 50 X 10"6 m/m. 

(4) Fatigue testing was performed on a 2.5 KIP MTS machine 

with the specimen design in Figure 8. Testing was 

performed with a stress ratio fR) of 0.1 at a 

frequency of 30 Hz. Temperature was controlled to 

within + 3 C with a calibrated thermocouple spot 

welded Just outside the gage section. 

In addition to the described procedures, metallography, usually with bright 

field or polarized light illumination, and other conventional testing and 

inspection procedures were used in this program. The conventional techniques 

and the particular reason they were used are discussed in the following 

section on the program results. Metaliogrr.phic specimens for micro- 

structural evaluation were etched with Kroll's reagent for bright-field 

Illumination and were anodized with a 1:1 phosphoric acid: ethyl alcohol 

solution at 40 volts D.C. for 1 second for polarized light illumination. 

The latter was used to provide improved resolution of grains for grain 

size determinations. 

RESULTS 

The experimental results are presented in the following in 

sequence of the HIP trials for each of the steps in the processing sequence. 

The conditions used in these trials were summarized in Table 3. This 

sequence was used because HIP processing was found to be a critical factor 

affecting the quality of the starting material and, consequently, the quality of 

the rolled sheet. 
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HIP Prnressin.: Posults 

The HIP results for HIP Run No. 1 were considered successful 

with the exception that severe barreling of the cans, as a result of the 

small Ti—55A can thickness, resulted in a crown on the HIP compacts. 

This crown resulted in a compact thickness variation between 13.7 and 

18,5 mm. Such a crown is known to cause tensile stresses which 

will promote failure in materials of marginal ductility. For this rtcson, 

sheet of greater thickness was planned for the next HIP Run No. 2. 

Metallography and mechanical testing were performed to evaluate 

the quality of the HIP-processed material to establish the necessity for 

post-HIP annealing treatments and to determine preliminary rolling conditions. 

These evaluations were performed on three equal sections of HIP Compact 

numbers 1711 (TiAl+Nb) and 1811 (Ti-25Al-5Nb). These sections were given 

the following treatments: 

(1Ï TiAl+Nb (No. 1711) 

1711-1 A.s-HI? prnocsred 

1711-2 Annealed for 3 hours in vacuum a“. 1300 C 

and furnace cooled 

1711-3 Annealed for 3 hours in vacuum ? 1400 C 

and furnace cooled 

(2) Ti-25Al-5Nb (No. 1811) 

1811-1 As-HIP processed 

1811-2 Annealed for 3 hours in vacuum at 1300 C 

and furnace coded 

1811-3 Annealed for 3 hours in vacuum at 1400 C 

and furnace cooled. 

Visual observations of the specimens sho* ea profuse cracking on 

the abrasive-cut surfaces of the TiAl+Nb samples. This cracking occurred 

to depths as great as 0.5 mm, but it was later found to be partially or 

completely averted by diamond-wheel cutoff. There were no indications of 
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thermally Induced porosity from exposure to the elevated temperatures 

during annealing. Subsequent metallographic evaluations (Figures 9 through 

14) of the material after HIP and after the thermal treatments showed some 

small, very sparce porosity. Examples of this porosity are shown in 

Figures 10, 11, and. 13. 

The micrographs showed that all Ti^25Al-5Nb structures exhibited 

a large prior beta-grain size, on the order of lOOOu, and the coarseness 

of the *2 plates appeared to increase with increasing annealing temperature. 

These observations indicate that the 1225 C HIP temperature may be too 

high and that higher annealing temperatures would not facilitate rolling 

because of the usual adverse effects from large grain size. Furthermore 

(as will be shown more clearly in subsequent micrographs), primary alpha 

usually forms as equiaxed grains along prior beta grains. The combined 

effects of the large beta grain size and the discontinuity in the micro- 

structure caused by the primary alpha grains about the large prior grains 

indicated that special consideration must be given to break down (e.g., 

grain refinement) of the KIP structure before soecific thermal-mechanical 

traatments were evaluated for the 7i-25Al-5Nb compacts. As anticipated, 

the microstructures in Figures 9 through 11 are essentially single-phase 

structures of differing degrees of coarseness. 

The micrographs of TiAl-Nb show that the increase of the average 

grain size from the HIP structure, Figure 12, to the structure after 

annealing at 1400 C, Figure 14, was from approximately 90 to 130 microns. 

This increase was considered desirable because it showed that some grain 

boundary motion had occurred which indicated some integrity of the over¬ 

all microstructures. However, this change in grain size was not as large 

as anticipated for most structures annealed near their melting temperatures. 

The microstructures in Figures 12 through 14 appear to be single¬ 

phase y structures. At higher magnifications, can usually be observed 

at low volume fractions. 
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Tensile tests were performed on the samples from which the 

micrographs in Figures 9 through 14 were obtained. These tests were 

performed with the button-head specimen shown in Figure 7 at a nominal 
—3 *1 —2 —1 

strain rate of 10 sec and cycled to 10 sec to determine the 

strain rate sensitivity, m. The results of these tests presented in 

Table 4 Indicate the following; 

(1) Thermal treatments on Ti-25Al-5Nb HIP samples 

increased the R.T. tensile stress, but produced 

a nagligible-to-degrading effect on 900 C 

ductility. 

(2) The thermal treatment at 1400 C on TiAl+Nb HIP 

samples was definitely beneficial to 900 C ductility, 

which was improved nearly five fold. 

(3) None of the samples were superplastic, as would be 

expected from the large grain size. 

The 900 C test temperature to assess workability was calculated 

as a baseline temperature which would be the lowest temperature approached 

as a result of rolling under conditions most conducive to chilling. The 

basis for this selection is discussed in the discussion of the rolling 

results. 

The rolling trials with the HIP Run No. 1 were successful for 

the Ti-25Al-5Nb alloy, but not for TiAl+Nb with and without the thermal 

treatments. The hot rolling failure analysis (as discussed in the section 

on P.olllng) showed that failure was Intergranular with no indication of 

recrystalllzatlon. Loose powder was also apparent about the fracture areas. 

In an attempt to avert these problems, heavier cladding of higher strength 

material (TÍ-6A1-4V) was planned for HIP Run No. 2. The use of 1.27 nm 

thick T1-6A1-4V cladding was planned to avert the crowning and to provide 

Increased thermal protection on the Initial passes. This cladding was 

used for both alloys. 
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The thicker cladding of T1-6A1-4V for HIP Run No. 2 could not 

be consistently cold formed so cans of the butt-welded design were used. 

After can filling, partial welding in an argon-atmosphere glove box and 

outgassing in an £B chamber, it was discovered that the open seam was 

distorted sufficiently to impair the quality of the EB weld by either or 

both a large joint gap or distortion during final welding. To correct 

this problem, the compacts were returned to the blove box for additional 

TIG welding to insure the success of the final EB welding. This practice 

restricted the joint opening for outgassing and may have produced some 

sintering of the powder to further reduce outgassing. Upon subsequent 

annealing of the TiAl+SNb comoacts from HIP Run No. 2, severe indications 

of TIP (thermally induced porosity) were readily observed. Some blisters 

were as large as 2 inches in diameter and 1 inch in height. Subsequently, 

the Ti-25Al-5Nb compacts from HIP Run No. 2 were given a TIP test in 

vacuum at 1200 C. The compacts of both alloys which did not exhibit 

TIP were tolled; however, occasional TIP was observed in the rolled 

sheet. For these reasons, air and vacuum cutgassing with no exposure 

to inert gases were evaluated in HIP Run No. 3. 

Three can-filling techniques with fill tubes were evaluated 

with 0.075-inch-thick TÍ-6A1-4V cans in HIP Run No. 3. These techniques 

were as follows: 

(1) Can Series 30: Car. filling in air with cold vacuum 

outgassing 

(2) Can Series 40: Can filling in air with warm (175 C) 

vacuum outgassing 

(3) Can Series 50: Can filling in vacuum with warm 

(175 C) vacuum outgassing. 

After outgassing was complete, the fill tubes were heated externally and 

forged closed with a press, without disturbing the vacuum. After closure, 

the cans were transferred to an EB chamber and the fill tube was severed 

by melting. 



Evaluations of the HIP compacts from the '3 can series showed that all 

of the compacts foi all of the alloys were severely cracked on the cut and 

polished surface. An example of this failure fop-TiAl compact No. 3530 is 

shown in Figure 15. The cracks on the Ti-25Al-5Nb compacts were more closely 

spaced (e.g., higher crack density) than for either of the two TiAl-base 

alloys. 

Metallographie evaluations of the compacts in HIP Run No. 3 showed 

that all exhibited cracking on the cut and polished surface,- similar to Figure 

15 and 16; and the cracks completely penetrated the aluminide on the observed 

cross sections and always penetrated into the TÍ-6A1-4V cladding beyond the 

original interface. Additional evaluations were then performed to determine 

if abrasive or diamond wheel cutting was a cause for the cracking or the 

crack propagation. 

It was hypothesized'that the difference in coefficients of expansion 

of the cladding and compact provided the driving force for the crack initiation 

and propagation. The net effect of these conditions would be a tensile residual 

stress in the aluminide, which could be removed by careful grinding of the clad¬ 

ding. Therefore, grinding trials were performed to remove sequentially equal 

amounts of the cladding and the diffusion zone until only the consolidated 

aluminide remained. At this point, the aluminide vas -îr.r**Ss relieved by heat¬ 

ing to 730 C for 1 hour, followed by a slow turnace cool (approximately 50 C/hr). 

This procedure was followed by an additional grinding, and polishing of the cut 

surface, which, in most cases, no longer contained through cracks. This condi¬ 

tion is shown in Figure 17 for the TiAl compact shown in Figures 15 and 16 before 

cladding removal. Surface grinding was then continued with intermediate dye- 

peneurant inspection to determine if all cracks had been removed. Following 

this procedure, some compacts from HIP Run No. 3 were salvaged for rolling 

trials without cladding. However, this salvaging technique was time consuming, 

expensive, and not always successful. Occasionally, cracks were found either 

to continue, or to propagate into the TiAl-base alloys with continued grinding. 

The greater success in salvaging was obtained with a 39C 100H 8VK grinding 

wheel rather than with a 32A 461 8VBE wheel. 
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8H766 Etchant 30 a/o Lactic, Sv/oHNOj, Iv/oHF, Bal HjO 100X 

Figure 16. T1A1 Compact (No. 3530) with T1-6A1-4V Cover 
Plates (Top) Separated by Crack-Sensitive 
Diffusion Zone 
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9H840 As-Polished 5X 

Figure 17. T1A1 Compact (No. 3530) Surface Ground 
Below Diffusion Zone. Shows Propagation 
of Cracks from Near Original Cladding- 
Compact Interface 



Based ou Che pceceedinç findiuRS, ic appeared that cracking 

originated in the diffusion zone between the aluminide and the TÍ-6A1-4V 

cladding and propagated in both directions. The probable causes were 

the difference between the thermal expansion of the cladding and aluminide 

which would cause the aluminide to be stressed in tension on cooling; 

the greater thickness and strength of the 0.075-inch-thick T1-6A1-4V 

cladding at temperatures below about 400 C; and the poor toughness 

of the aluminides below 500 C. The efficiency of the outgassing procedures 

was also briefly considered as a potential source of cracking by promoting 

adhesion between the cladding and the aluminide. However, this possibility 

did not appear significant because efficient diffusion bonding of the 

cladding and aluminide was observed in HIP Run Nos. 1 and 2. However, 

the blisters observed in Run No. 2, when sectioned, always resulted in 

separation of the can from the aluminide. This separation usually extended 

over less than 30 percent of the compact surface and the other portion 

showed a well bonded interface. Based on these deductions, it was concluded 

that the following conditions might be successfully employed for HIP 

consolidation in Run No. 4: 

(1) TÍ-55A 0.51 mm and 2.0 mm thick sheet to 

provide a cladding of lower strength than the 

aluminide and the absence of the aluminum in the 

cladding could promote the ductility of the 

diffusion zone 

(2) TÍ-55A cans, 2.0 mm thick, plasma-sprayed on 

the inside with alumina to provide a diffusion 

barrier. 

These options were selected to determine if the larger thickness cladding 

of TÍ-55A could be used, either with or without a diffusion barrier, and 

to re-evaluate the feasibility of using the 0.51 mm thick TÍ-55A cladding 

which was apparently successful in HIP Run No. 1. This range of conditions 

appeared to be minimal to evaluate the deductions reached from the failure 

analysis of Run No. 3 and to provide some confidence that successful compacts 

would be produced. 
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HIP Run No. 4 was performed, as described in Table 3, wich 

0.51 and 2.0 ram chick TI-55A cladding wich and wichouc plasma- 

sprayed alumina on che inside. Can Series No. 60 was essencially a 

duplicación of Run No. 1 wichouc exposure of che powder co argon. Can 

Series Nos. 70 and 80 were used co cese Che necessity for che aluminum 

oxide coating. In addition to these special preparations, the HIP cycle 

was a duplicate of Run Nos. 2 and 3 with the exception chat slower under¬ 

pressure cool of approximately one-half the previous rate was used in 

Runs 1 through 3. The slower cool was used to promote thermal equilibration 

throughout the compacts, which could also minimize cracking. 

The HIP compacts from Run No. 4 were evaluated by radiography, 

ultrasonic inspection (full scan puxse—echo with water coupling), TIP 

testing, and metallography. These compacts were determined to be completely 

sound and of high quality. Based on these findings, HIP Run No. 5 was 

established as the final run with scaled-up compacts, as previously 

described. A total of 24 compacts were prepared from Ti-25Al-5Nb and 

TiAl+Nb-W powders for consolidation to 12.7 r. 76 x 152 mm and 12.7 x 152 x 230 mm 

compacts using the canning procedures previously evaluated in Can 

Series 70 in Run No. 4. The compacts from HIP Run No. 5 were inspected 

similar to Run No. 4 and were found to be completely successful. 

No tensile testing was performed on the TiAl+Nb+W compacts 

because of the large grains found after the elevated temperature annealing 

treatments. An example of the large grain size and the compact-cladding 

interaction is shown in Figure 18 for TiAl+Nb4W Compact No. 5690, after 

the 1400 C, 3-hour thermal treatment. This observation is in marked 

contrast to the comparatively small grain size shown in Figure 14 for 

TiAl+Nb given the same processing history. 

The HIP compacts from Run Nos. 1 through 5 were subsequently 

prepared for rolling. This preparation involved a 1400 C anneal for 3 

hours for the TiAl-base alloys and, as noted, isothermal forging, decladding, 

and special cladding. These special procedures are described with the 

results on rolling in the following section. 
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Figure 18. Microstructure of TiAl+Nb+W Compact 
No. 5690 After Annealing at 1400 C for 

3 Hours 
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Rolling 

t 

He.ited-rol1 rolling, with preset roll temperatures in the range 

of 700 C to 870 C was used to roll the T^Al- and TIAl-base alloys. In 

addition, some conventional rolling (125 C roll temperature) was performed 

with the Ti-25Al-5Nb. Most of the rolling was performed on flattelle's 

experimental two-high, heated rolling mill to produce nominally 4-inch-wide 

strip. Two campaigns were performed on the large heated-roll, four-high 

mill. Unless noted in the following discussion, rolling was performed on 

the small mill. 

Tue initial approach to rolling these new alloys produced from 

powder or by casting was essentially no different than what would have 

been employed for more conventional alloys produced by the same techniques. 

Primary working either at low temperatures in the 8 range, to breakdown 

the initial structure and achieve a finer-grained recrystallized structure, 

was initially evaluated with the T^Al-base alloys at approximately 1200 C. 

In an attempt to achieve an initial finer grain size, the preheat temper¬ 

ature was subsequently lowered to 1175 C, thought to he high in the a+5 

range. Pending the success of these trials, lower rolling temperatures 

and thermal treatments would be employed to achieve a fine-grain, hot- 

worked, wrought or recrystallized structure which might possess improved 

room temperature ductility and/or desirable superplastic behavior at 

temperatures below 1000 C. Similar considerations were the bases for 

establishing the initial rolling conditions for the TiAl-base alloys; 

however, the range of stability and effects of the a2 transformation in 

these predominantly Y alloys were unknown. 

The low strain-rate tensile-testing results presented in Table 4 

indicated that the HIP structure was preferred for rolling the Ti-25Al-5Nb alloy, 

although the 900 C ductility appeared marginal, and the 1400 C for 3 hour anneal 

was definitely beneficial for TiAl+Nb. Based on these results, it appeared that 

TiAl+Nb should be more successful in rolling. The large ß grain size observed 

with Ti-25Al-5Nb after HIP and the thermal treatments indicated that grain 

V 
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boundary mobility was rapid at temperatures above at least 1200 C and 

that the large grain size may have been a significant factor resulting 

in the marginal ductility. These preliminary observations indicated that 

rolling below 1200 C to achieve a finer grain structure probably was 

feasible and desirable. 

The most notable and encouraging feature of the TiAl+Nb+W and 

Ti-25Al-5Nb microstructures (see, for example. Figures 9 through 11) was 

the average prior 3 grain size which was in the range of 2 to 20 times the 

average powder particle size. This observation showed that the prior 

particle boundaries had been eliminated. Contrary to this observation, 

the range of average grain diameters for TiAl+Nb after HIP and the 

annealing treatments was well within the original powder particle size 

range (nominally 60 to 500u) even after thermal treatments very near the 

melting temperature. These observations may be significant in understanding 

the rolling behavior of the two alloys and the special procedures used in 

preparation for rolling. 

Because few problems were encountered in rolling the Ti^Al-base 

alloys, when compared with TiAl-base alloys, the alloys will be discussed 

separately in the following. 

(This space is intensionally left blank) 
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Rolling of TljAl-Base Alloys 

No special posc-HIP processing was employe-J with the Ti^Al-base 

alloys, although some of the cast alloys were isothermally forged to provide 

a suitable geometry for the sheet billet. Using the identification 

established in Tables 2 and 3, Table 5 summarizes the rolling results for 

the Tl^Al-base alloys. Unless specified otherwise, the sheet billet was 

heated for 13 minutes at the preheat temperature at the initiation of 

rolling and subsequently for 5 minutes before each pass. 

The data in Table 5 are presented in the sequence of HIP Billet 

(Compact) Number for Ti-25Al-5Nb and in the chronological sequence of 

receipt from Pratt and Whitney of cast and forged sheet billets of 

Ti-24Al-llNfc. After initial breakdown, the partially rolled sheet was 

cut into approximately equal lengths to facilitate handling and to fit 

the furnace for subsequent processing. These cut lengths are indicated 

by the number or letter code following the original Compact or Billet 

Number, thereby permitting traceability to its source. Figure 19 is a photo¬ 

graph of the sheet before cladding removal. This figure shows the typical crazing 

of the cladding after rolling. This crazing was caused by the combined effects 

of oxidation and rolling. 

A summary review of the results demonstrates the following: 

(1) Rolling of HIP Ti-25Al-5Nb 

(a) Initial passes on the clad and bare HI! compacts 

were successfully performed in the temperature 

range of 1096 to 1200 C, at reductions per pass 

of IS to 25 percent. Although lower Initial 

pass temperatures were evaluated, these trials 

(see Compact Nos. 5894 through 5896 through 

5899) were performed on compacts Inadvertently 
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heated t0 1360 c during the initiation of 

the annealing cycle for a lot of TiAl compacts. 

(b) Finishing was successfully performed at 

temperatures in the range of 870 to 1200 C 

at reductions of 15 to 43 percent on both 

bare and clad sheet. However, failure 

(similar to that experienced with TiAl+Nb) 

occurred at the lower finishing temperatures 

for samples previously annealed at 1200 C. 

(c) Roll speeds in the range of 50 to 105 SFM were 

employed with the same apparent success. 

(d) Roll temperatures in the range of 800 to 870 C 

did not appear to affect rolling performance, 

although limited rolling with rolls at 125 C 

did promote edge cracking and high forces. 

(e) The surface temperature of the sheet immediately 

after rolling dropped to between 150 and 290 C 

for a nominal roll temperature of 815 C and 

between 360 and 400 C for a nominal roll 

temperature of 125 C. 

(2) Rolling of as-cast and as-cast and isothermally forged 

Ti-24Al-llNb 

(a) Thè results for the Ti-24Al-llNb alloy essentially 

duplicated the results with Ti-25Al-5Nb, although 

the Ti-24Al-5Nb alloy appeared to undergo larger 

reductions at lower temperatures more successfully. 

(b) The single crack appearing in Sheet No. 24-11-3B 

appears random and may have been associated with 

a material defect. 

The force measurements obtained from the later rolling trials for 

«11 alloys are presented in the Appendix. The load recult, from 

earlier trials are not included because their accuracy became questionalbe 

after finding that the adhesive had failed on some of the strain gages 
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within the load celia on the experimental tvo-aiçh mill. Atter this 

finding, the load cells were repaired with new gages and water cooling 

was adapted to both mills to maintain the load cell temperatures in the 

range of 20 to 30 C. 

These measurements are summarized in Figures 20 through 24 as 

the calculated flow stress(16’1?) as a function of the process parameters: 

temperature, reduction, and the average effective strain rate * derived 

from the reduction and the roll speed. The calculated quantities, flow 

stress Ü) and strain rate (c), were used in place ot separating force 

and roll speed to eliminate the complicating effects of uifferent sheet 

dimensions, roll speeds, and reductions from the discussions. The 

majority of these calculated results are for the Ti-24Al-UNb alloy which 

was always rolled without cladding. Accurate rolling measurements were 

obtained with the Ti-25Al-5Nb alloy compacts from HIP Run No. 5, but 

the cladding caused some uncertainty in determining the sheet width and 

interpreting the separating force due to the combined effects on this 

fcrce of the aluminidr and cladding. 

Figure 20 shows the flow stress dependence on temperature at 

three rolling speeds and strain rates for compacts from Run No. 5, rolled 

with a roll temperature of 815 C. The flow stress at the lowest strain 

rate (4 sec-1) decreased with increasing temperature, as anticipated. 

However, the results at the higher strain rates show a positive dependence 

on temperature, particularly at a roll speed of 77 feet per minute. These 

results are similar to the findings for Ti-24Al-llMb shown in Figure 21. 

Factors which contributed to the spread of the data, in addition to 

experimental error, were as follows: 

(1) Roll speed (see Figure 20) 

(2) Prior reduction-temperature history (see Figures 22 and 23) 

(3) Reduction per pass (see Figure 24) 

(4) Sheet thickness (see Figure 25). 
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Figure 20. Flow Streas Dependence on 
Teapereture for Ti-25Al-5Nb 

55 

i 



F
lo

w
 
S

u
e
s*

, 
k

si
 

56 



í 

î 
» 

( 

' 

! 

: 

' 

! 

í . 
; 

r 

! 

í 

Figure 22. Effect oi Cuauletive Reduction and Temperature on Flow 

Streau During Initial Paaaaa 



M
e
a
n
 
F

lo
w
 

S
ir
e
s
* 

p
e
r 

P
a

s
s
 
(¾

).
 

h*
' 

Figure 23. Effect of Cumulative Reduction and Strain Rate on Flow 
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Both alloys exhibit lower flow stresses at higher strain rates 

in the temperature range 1000 to 1150 C. Figures 22 and 23 demonstrate 

the effects of a change in the rolling temperature on flow stress at 

different strain rateo during the deformation history of a compact. The 

exact cause for the observed behavior can only be speculated at this 

time, but may be associated with the predominantly dynamic recrystallization 

at temperatures below about 1100 C, significant recrystallization during 

heating at higher temperatures and the formation of 6 in the Ti-25Al-5Nb 

alloy above about 1125 C and in the Ti-24Al-llNb alloy above about 107C C. 

The dependence of flow stress on reduction per pass in Figure 24 

shows a relatively small effect of reduction, but a change in deformation 

behavior, over the range evaluated, below 1166 C. 

The effect of heat transfer on the rolling of aluminide sheet 

was evaluated by rolling at various roll speeds (Figure 20); evaluating 

the flow stress dependence on sheet thickness at one nominal strain rate 

(Figure 25), and by observing the separation forces at the initiation, 

middle, and final positions of several rolling passes as documented in 

the Appendix. The effect of roll speed in Figure 20 does not appear 

sufficient to reach any obvious conclusions. The flow stress dependence 

on thickness in Figure 25 shows a decreased flow stress with decreasing 

thickness. This observation probably results from an approach to a 

fine steady-state grain size with continued rolling, but does not indicate 

a significant effect of chilling. Furthermore, the results in the Appendix 

show a near-constant separating force, which shows that chilling was 

relatively insignificant in affecting the flow stress. However, the 

majority of the results in the Appendix were obtained after special 

handling precaution», were instituted to avoid chilling from handling of 

the sheet with tongs. 

Microstructures of the Ti-25Al-5Nb alloy after rolling in the range 

of 1066 to 1204 C are shown in Figures 26 through 29. Figures 26, 27, 28, 

and 29, obtained from sheet after rolling at 1066, 1093, and 1121 C, respectively, 

exhibit simila* microstructures with the exception that the grains coarsen as 

the rolling temperature is increased. Figure 29, a bright field micrograph. 
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Figure 26. Longituiínal Section of Sheet 5895B After 
Rolling, at 1066 C. Polarized Light 
Illumination at 250 X 

Figure 27. Longitudinal Section of Sheet 5890B1R After 
Rolling at 1093 C. Polarized Illumination 
at 250X. Average Crain Size - 11 Microns 
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Figure 28. Longitudinal Section of Sheet 5895 After 

Rolling at 1121 C. Polarized Light 

Illumination at 250 X 

Figure 29. Longitudinal Section of Sheet 5895 After 

Rolling at 1121 C. Bright Field 

Illumination at 250 X 
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is shown CO donums trace the structure fron chis tvpe of i 1 lumin.ic ion, which 

did not provide as hi^h Rrain boundary constrast as polarized ligne. All of 

these structures show a hot-worked a, microstructure , with little or no dis¬ 

cernable i . gecrystaliization had been observed in both TlyU-bas« alloys 

after rolling at temperatures as low as 98¾ C. However, thermal treatments of 

2 hours at 935 C and 8 hours at 870 C produced a more equiaxed structure with 

little or no recrystallization in sheet previously rolled at temperatures 200 C 

higher than the annealing temperatures. Typical microstructures obtained from 

the material after rolling at 1093 C (see Figure 27) and annealed at 870 C for 

8 hours and 1093 C for 1 hour are shown in Figures 30 and 31. These observa¬ 

tions confirm the findings for both TijAl-base alloys that from room temperature 

up to the a/3 trdnsus, the rolling conditions determine grain size and that 

thermal treatments at temperatures equal to or below the roiling temperature 

promote a relatively small amount of grain growth to achieve a more equiaxec 

grain shape. The grain size of the as-rolled Ti-25Al-5Nb material is irregular 

with average values of 3 to 14 microns for rolling températures in the range 

of 1060 to 1120 C. At tno higher temperatures in t'nia range a duplex micro¬ 

structure appears typical with the larger grains being elongated and 3 to 5 times 

the average. 

A wide range in the general scale of the microstructures can be 

observed in sheet rolled near the a/3 transus. This range is demonstrated in 

Figures 32 and 33 with sheet rolled at 1175 C. Sheet 5891A shown in Figure 32 

was rolled at 1175 C and air cooled. This sheet was sectioned to provide 

5891A1 which was finished conventionally (roll tenperazure of 125 C) in three 

passes to provide the structure in Figure 33. The microstructures are similar 

except for the scale, since both structures were produced by working in the 

high a+ß range. However, cooling, obviously, was more rapid to achieve the 

finer a2 structure in Figure 33. The practice used to achieve the fine grain 

size observed in Figure 33 might be difficult to reproduce with the same re¬ 

sults (e.g., without ooserving Figure 32). Therefore, the feasibili- of achiev¬ 

ing the same result more consistently was evaluated with the following practice: 

(1) Heat previously rolled sheet into the low temperature end 

of the 6 range (1225 C ' for a short period of time (15 minutes); 
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Figure 30. Longitudinal Section of Sheet 5890B2 After 

Rolling at 1093 C and Annealing for 8 hours 

at 870 C. Polarized Light Illumination at 

250X. Average Grain Size - 12 Microns 

Figure 31. Longitudinal Section of Sheet 5892A After 

Rolling at 1093 C and Annealing for 1 Hour 

at 1093 C Plus 8 Hours at 870 C. Polarized 

Light Illumination at 2SQX. Average Crain 
Size * 13.5 Microns 

65 



! 

Figure 32. Longitudinal Section of Sheet 5891A As Rolled 
at 1175 C. Polarized Light Illumination at 
250X 

. 

: 
» 

r 

Figure 33. Longitudinal Section of Sheet 5891A1 As Rolled 
at 1175 C Conventionally. Polarized Light 
Illumination at 250X 
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(2) OLI or water quench to achieve a very fine an nicrostructure, 

(3) Roll at a low temperature (980 C) to achieve more equiaxed 

grains either by rolling or by subsequent thermal treatment. 

The result of this trial with sheet 589|*HIR is shown in Figure 34. The .matrix 

in this microstructure is very fine-grain Oj. but the 20 percent reduction at 

980 C caused recrystallization about the prior ß grain boundaries. Tills approach 

was not pursued further to achieve a fine grain size because the solution treat¬ 

ment appeared to promote cracking during subsequent rolling. 

Rolling at higher temperatures resulted in a fully structure trans¬ 

formed from 6 of large giain size. Microstructures from sheet after rolling 

at 1200 C are shown in Figure 35 at two magnifications. These microstructures 

show a slow-cooled a2 microstructure exhibiting no deformation. 

The microstructures of the Ti-24Al-llNb alloy were similar to the 

preceeding; however, some differences were noted between the various alloys of 

this general designation. The metailographic evaluations of the Ti-2i.U-llNb 

alloy were performed with sheet billets 24-11-A and 24-11-3 (0.25/Í Si). As 

shown in Table 2, both alloys depart from the Ti-24Al-llNb composition. The 

results with Ti-24Al-llNb were nearly a duplicate of the general metallography 

of the Ti-25Al-5Nb i.lloy with the exception that Ti-24Al-llNb generally showed 

more primary o2 and, in general, a finer a2 transformation product: and fine 

8 grains about the primary a2. 

Figure 36 is the microstructure of 24-11-A after rolling at 1175 C. 

This microstructure apparently was produced by rolling at a low temperature 

in the a+8 range because it consists of a low volume fraction of o2 needles and 

worked o2 grains. Rolling this sheet at 870 C did not appear to change signifi¬ 

cantly the irregular microstructure as shown in Figure 37. The average 

grain size in both photomicrographs is less than 11 microns. However, it was 

found that a very fine grain matrix could be obtained after rolling by anneal¬ 

ing the structure in Figure 36 at either 870 C for 2 hours or 1190 C for 15 
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Figure 34. Longitudinal Section of Sheet 

5891AH1R After Rolling at 1175 C 

Plus Solution Treatment for 15 

Minutes at 1225 C and Oil Quenched 

and Finish Rolling at 87C C to a 20X 

Reduction Followed by Oil Quenching. 

Polarized Light Illumination at 250X 
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(2) 011 or water quench to achieve a very fine ^ microstructure; 

(3) Roll at a low temperature (980 C) to achieve more equiaxed 

grains either by rolling or by subsequent thermal treatment. 

The result of this trial with sheet 589|jlHIR is shown in Figure 34. The matrix 

in this microstructure is very fine-grain but the 20 percent reduction at 

980 C caused recrystallization about the prior 8 grain boundaries. This approach 

was not pursued further to achieve a fine grain size because the solution treat¬ 

ment appeared to promote cracking during subsequent rolling. 

Rolling at higher temperatures resulted in a fully a2 structure trans¬ 

formed from 3 of large grain size. Microstructures from sheet after rolling 

at 1200 C are shown in Figure 35 at two magnifications. These microstructures 

show a slow-cooled <»2 microstructure exhibiting no deformation. 

The microstructures of the Ti-24Al-llNb alloy were similar to the 

preceeding; however, some differences were noted between the various alleys of 

this general designation. The metallographic evaluations of the Ti-24Al-llNb 

alloy were performed with sheet billets 24-11-A and 24-11-3 (0.25Z Si). As 

shown in Table 2, both alloys depart from the Ti-24Al-llNb composition. The 

results with Ti-24Al-llNb were nearly a duplicate of the general metallography 

of the Ti-25Al-5Nb alloy with the exception that Ti-24Al-liNb generally showed 

more primary a2 and, in general, a finer a2 transformation product: and fine 

B grains about the primary a2> 

Figure 36 is the microstructure of 24-11-A after rolling at 1175 C. 

This microstructure apparently was produced by rolling at a low temperature 

in the a+6 range because it consists of a low volume fraction of o2 needles and 

worked o2 grains. Rolling this sheet at 870 C did not appear to change signifi¬ 

cantly the irregular microstructure as shown in Figure 37. The average 

grain size in both photomicrographs is less than 11 microns. However, it was 

found that a very fine grain matrix could be obtained after rolling by anneal¬ 

ing the structure in Figure 36 at either 870 C for 2 hours or 1190 C for 15 
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Figure 34. Longitudinal Section of Sheet 
5891AH1R After Rolling at 11'/5 C 
Plus Solution Treatment for 15 
Minutes at 1225 C and Oil Quenched 
and Finish Rolling at 870 C to a 202 
Reduction Followed by Oil Quenching. 
Polarized Light Illumination at 250X 
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Figure 35. Traneveree Section of Sheet Rolled From 

5.3 to 2.5 mm at 1200 C and Vermiculite 

Cooled. Bright Field Illumination at 
2 50X 
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Figure 36. Ti-24Al-llNb (24-11-A) Sheet Microstructure 

After Rolling at 1175 C Followed by Air 

Cooling. Polarized Light Illumination at 

2 5 OX 

Figure 37. Ti-24Al-llNb Rolled at 1175 C and Air Cooled, 

Then Rolled (20Z) at 870 C and Oil Quenched. 

Polarized Light Illumination at 250X 
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minutes, and probably other conditiana, as shown in Figure 38. This micro- 

structure, obtained after annealing and rolling at 870 C, is also similar 

to the structures obtained after a 2 hour, 870 C anneal. A major feature of 

the 1190 C anneal was the development of an equiaxed dispersion of primary 

a as shown in Figure 39. This structure exhibits s fine prior 8 grain 

size decorated by the primary «2 which appears at random elsewhere in the 

matrix. This microstructure was used to achieve s fine-grain structure 

after rolling with results similar to Figure 38. 

The sheet produced from 24-11-3 (e.g., ingot with 0.25 percent Si) 

contained a large volume fraction of primary o2 after rolling first at 1125 C 

and finishing at 1080 C. The resulting microstructures are shown in Figures 

40 and 41. Figure 40 shows a duplex structure with the Inrger grains(primary 

a ) averaging less than 5 microns and the smaller grains appearing barely 

resolvable at 250X. Further evaluations at higher magnifications (see Figure 41) 

were not .conclusive, but Indicated that the grain size of the matrix is 

larger than anticipated from Figure 40; some of the primary o2 had recrystal¬ 

lized; and that the very fine grains in the matrix are probably 0. 

The sheet product, always in the as-rolled condition, vas evaluated 

by formability testing.(12) These results showed that 24-11-3 exhibited ^values 

of 1 and elongations in excess of 450 percent at strain rates of 10 sec . 

All ocher material provided inferior performance(12); however, Ti-25Al-5Nb from 

HIP Runs 4 and 5, which had finer and more equiaxed grains than sheet from pre¬ 

vious runs, has not yet been tested. The successful results with 24-11-3 appear 

attributable to its unique microstructure, consisting of fine grains which may be 

associated with the silicon or rolling on the four-high mill. Metallography on 

24-11-4 and -5 was not performed; however, this sheet was given heavy reductions 

st the lower rolling temperatures and, based on the previous processing, this 

processing sppeared to be an improvement over previous practices. 

Rolling of TIAl-Base Alloys 

The preparations and rolling histories for the TiAl-base alloys are 

summarized in Teble 6 and in Appendix A. The rolling results with this base 
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Figur« 40. Longitudinal Section of 24-11-3 After Initial 
Rolling at 1125 C and Flnlahlng at 1080 C. 
Polarized Light Illuainatlon at 250X 

Figure 41. Transverae Section of 24-11-3 (Identical 
Proceae as in Figure 39). Bright Field 
Illumination at 7SQX 
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alloy are less extensive chan with Tl^Al because a large part of the effort 

was Involved in special preparation procedures to achieve crack-free sheet. 

These procedures were based on the following considerations: 

(1) Special consolidation practices: 

s Vacuum anneal at 1400 C for 3 hours 

s Isothermal forging. 

(2) Special cladding practices: 

o Heavy TÍ-6A1-4V cladding to minimize 

heat transfer 

s Tantalum cladding to provide an inert, thermal 

barrier of nearly equivalent or higher strength 

than the TiAl. 

(3) Reduction - strain rate schedules. 

Early rolling trials with material from HIP Run« l and 2 showed that 

failures of the TiAl compacts during rolling were nearly catastrophic during 

either the first or second pass at preheat temperatures in the range of 1200 

to 1400 C. Analyses of these failures shoved the following: 

(1) High temperature thermal treatments, within 60 C of the 

melting temperature, did not change the grain size significantly. 

(2) Fracture was Intergranular; the fracture surfaces did not appear 

metallic (e.g., the surfaces were dull and granular); tapping 

the sectioned rolled compacts resulted in considerable loss of 

powder, indicating the lack of complete consolidation. 

(3) Deformation of the compact during rolling occurred by rapid 

thinning of the cladding, and rigid rotation of blocks of 

material between fracture surfaces and subsequent sliding 

and/or shear along these surfaces (see Figures 42 and 43). 

(4) The relative amount of cladding thinning appeared to be 

reduced by rolling at temperatures above 1400 C. 

(5) The rolling forces were not unusually high over the temperature 

range evaluated. 
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These observations Indicated the following potential sources and solutions 

for the poor rolling performance: 

(1) The lack of significant grain growth after the annealing 

treatnents, the non-metalllc appearance of the fracture 

surfaces, and the observation of loose powder in the 

vicinity of the fractures indicated chat the consolidation 

practlcea were inadequate for this alloy and that high 

temperature thermal treatments (to provide grain growth 

or sintering) and/or isothermal forging might avert these 

problems apparently associated with poor consolidation. 

(2) The rapid thinning of the cladding indicated that 

(a) The cladding would not provide a significant 

thermal barrier 

(b) The rapidly deforming cladding could stress the 

compact surface in tension. These problems could 

be averted with a cladding more closely approxi¬ 

mating the compact flow stress, but available 
* 

material* were limited If reaction with the 

aluminide was to be avoided. 

These deductions were also reinforced with 

(1) The tensile test results in Table 4, which showed that 

the 1400 C annealing treatment Improved 900 C ductility, 

which appeared sufficient, 

(2) The difficulites In consolidation encountered by other 

Investigators, and 

(3) The successful superplastic forging accomplished in the 

temperature range of 1066 to 1200 

The data in Table 6 and the Appendix document the results and consistent 

failures experienced In sttempts to roll the TiAl+Nb alloy at preheat temperatures 

from 1090 to 1400 C using conventional practices for heated rolling of these HIP 

compacts. Roll temperatures from 800 to 900 C were used at roll speeds of 28 to 

67 feet per minute, which corresponded to average strain rates in the range of 

1 to 10 sec \ depending on reduction. Figures 42 and 43 show the typical 

failures experienced with the TiAl-base alloys. 
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A teat plan was defined to determine the conditions necessary to 

achieve success In rolling the TiAl+Nb alloy while using advanced practices 

without the use of special cladding materials. Vhis plan consisted of the 

following starting with the HIP compact: 

(1) Vacuum anneal for 3 hours at 1400 C and vacuum furnace 

cool; 

(2) Isothermal forge at 1300 C to in excess of 25 percent; 

(3) Declad, grind, and Inspect the forged sheet billet to 

Insure the absence of surface cracks; 

(4) Reclad the ground billets with 5.1 mm thick cover 

plates in a T1-6A1-4V picture frasM which was coated 

on the Interior with AljO^ + CrO^ powder mixture to act 

as a parting compound and diffusion barrier; 

(5) Roll the assemblies at a series of temperatures and inspect 

the product to determine the causes of failure and preferred 

rolling conditions. 

This Inspection was performed with Compact 4770, which ic shown in 

Figure 44 after isothermal-creep forging in vacuum at 1300 C. This forging 

was performed with graphite dies at a maximum nominal pressure of 7.6 MPa (1100 psi) 

to achieve a 25 percent reduction in 4 minutes. This billet was declad, ground 

and sectioned into four sheet billets nominally 7.9 x 31.8 x 76.2 mm. Metallo¬ 

graphie observation of the as-forged billet showed it to be crack-free, but 

porosity was occasionally observed at grain boundary triple points. This poro¬ 

sity was probably caused by the forging since there was no exposure of the 

powder to insoluble gases and warm vacuum outgasslng was used to minimise gas 

inclusion. This porosity was minimal, but was of concern. However, preparations 

were continued because the material was the product of preferred practices (e.g., 

our options had been eliminated). 

The coated cladding and billets were assembled and the assembly was 

EB welded approximately 12.7 mm awey from the alumlnide. These compacts were 

subsequently rolled at 20.4 m per minute at reductions of nominally 10 percent 

per pass at a roll temperature of 875 C. The total reduction was nominally 
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-0 percent achieved in five passes. After each pass, the assemblies were 

reheated for 5 minutes after reaching the preheat temperature. The follow¬ 

ing billet-preheat temperatures were used: 

4770A - 1440 C 

4770B - 1330 C 

4770C - 1400 C 

4770D - 1370 C. 

Radiographs of the resulting sheet are shorn in Figure 45 and polished 

transverse se-.tions are shown in Figure 46. Clearly, the incidence of cracking 

decreased with increasing temperature up to 1440 C, which is within 20 degrees 

of the melting temperature. Figure 45 shows that rolling at 1440 C almost 

produced crack-free sheet. Hie cracks occurring at either end may have been 

caused by handling, e.g., chilling due to contact with the tongs. 

These results demonstrated the following: 

(1) TiAl+Nb cannot be rolled with consistent success using 

rolls heatec to temperatures b*low 875 C and at roll speeds 

between 9.1 to 21.3 m per minute. 

(2) The metallic appearance of the sheet correlated with the 

observed ductility during rolling. 

(3) The fracture surfaces (normal to the rolling direction) cannot 

originate from states of stress typically encountered in rolling 

conventional alloys isothermally.The frsetures appear to 

have originated from flow stress gradients induced cither thermally, 

by heat transfer, or by the flow stress of the cladding being 

lower than the aluminide. 

Observations of the HIP compacts of TiAl+Nb+W after the 1400 C anneal¬ 

ing (see Figure 18) showed that this procesalng resulted in a very large grain 

sise, contrary to observations with TiAl+Nb. Although the large grain size was 

objectlonal for workability, the fact that significant growth had occurred 

indicated that consolidation was complete. However, it should be recognized 

that all TiAl-base compacts were given the 1400 C anneal, unless specified other¬ 

wise, and the resulting large grain size of TiAl+Nb+W probably affected the roll¬ 

ing results until the compacts were recrystallized. 
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Figure 45. Rediogrephe of TiAl+Nb Billets 4770A Through 
D After Rolling et the Various Indicated 

Tenperatures. Magnification: IX 

4770D 
1370 C 

4770C 
1400 C 

4770B 
1330 C 

4770A 
1440 C 
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Figure 46. Longitudinal Sections of T1A1+Nb Packs Murbered 

4770A-D. Billet Preheat Temperatures Top to 

Bottom were 1400 C, 1400 C, 1370 Cf and 

1330 C, Respectively 
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Tiie results for TÍAl+N’h+W are summarized in Table 6 in greater detail 

than for the other alloys because of the special procedures necessary to obtain 

successful rolling. Because initial trials were successrui '..'ith a preneat 

temperature of 1350 C, this temperature was fixed fcr tha entire rolling campaign. 

However, it was anticipated that lower preheat temperatures could be used with 

TiAl+Nb+W because of the extensive grain growth experienced at 1400 C. Because 

of the massive cladding, preheat times of 30 minutes were used with intermediate 

times of 15 minutes. All rolling was performed at a roll speed of 18 m per 

minute and a roll temperature of 870 C. 

The results in Table 6 show that two conditions were associated with 

successful rolling: 

(1) The use of 1.27 or 2.54-mm thick Ta cover plate 

on the surface of the billet 

(2) Using light reductions (less than 15 percent) during 

the initial or breakaown passes. 

No failures were experienced when the Ta sheet was used. However, with this 

exception, light reductions during the initial passes were necessary for success¬ 

ful rolling independent of the processing prior to roiling (e.g., annealed at 

1400 (.: or annealed at 1-+00 C and isothermally forged at 1300 C) and the cladding 

design. The reduction-pass sequence which was consistently successful was as 

follows: 

(1) First four passes - nominal 10 percent reduction per pass 

(2) Second four passes - nominal 15 percent reduction per pass 

(3) Subsequent passes - nominal 20 percent reduction per pass. 

Rolling measurements for the TIAl-base alloys in the Appendix show that 

for the conditions evaluated the flow stresses were in the range of 34.5 to 

138 MPa and the range for TlAl+Nb4W was typically 62.1 to 110.3 MPa (9,000 to 

16,000 psi) at 1350 C. 

Figures 47 and 48 are micrograpns of the TiAl-base alloys after roll¬ 

ing. Figure 47 shows the profuse grain boundary fracture for sheet 2724 rolled 

at 1370 C typically observed after rolling the TiAl+Nb alloy. Tills sheet was 

produced from a Oeries 2 compect which satisfactorily passed the TIP test. Figure 

48 is the microstructure of sheet 5691B after rolling to a reduction of 90 per¬ 

cent at 1340 C. This structure has a very fine grain size, less than 5 microns, 
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a. Longitudinal Section of Sheet 2724 

b. Longitudinal Section of Sheet 2724 

figure 47. Longitudinal Section of T1A1+Nb Compact 2724 

After Rolling to a Total Reduction of 
51 Percent at 1370 C 
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Figure 48. TiAl+Nb+W Sheet 5691B After Rolling to A 90X 

Reduction at 1340 C. Polarized Light 

Illumination at 2S0X 
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ar.d che near-equiaxed shape Indicates chat recryscallizatlon was complete during 

the rolling cycle. The elongated structures in this figure were probably caused 

by incomplete solubility of the tungsten. 

Forming 

Vacuum and rigid-punch forming and roll form»..g were perfcrr.,.' with 

Ti-25Al-5Nb sheet produced during this program. Vacu a and rigid-punch form¬ 

ing with Ti-ZS-SSTj Series 1 sheet was performed at displacement rates of 12.7 

4 mn/hour and 25.4 mn/hour (average strain rates of 0.003/sec. and 0.006/sec., 

respectively) at 1370 and 1200 C with the dia set described in Figure 5. This 

strain rate range was selected based on communication of data bv Rockwell 
(12) 

International . All tests were performed in argon after the blank,at room 

temperature, had been in the Ui.es car 10 minutes. At . jth temperatures, vacuum 

forming produced cud depths of approximately 12.7 iucr. iiewuver, .-. 12'/0 C, 

tor both 0.89 and 1.27 mm thick blanks at 25.4 mm/hour , and a 0.S9 ram thick 

blank at 12.7 naa/hour displacement rate, a continuous load increase 

without decay was experienced beyond a cup depth of approximately 12.7 mm. 

This observation was originally attributed to either or both grain growth or 

Internal oxidation. Metallography of a failed cup showed very coarse grains, 

severe surface oxidation, and indications of internal oxidation. The observed 

fracture was predominantly trensgranular. However, because little oxidation 

had occurred on rhe fracture surfaces and cracks occurred through the oxidized 

surface, it appeared that fracture occurred near the completion of forming. 

Based on these oaservations at 1370 C, an attempt was made to form a cup from 

1.27 mm thick strip st 1200 C. This cup was successfully formed to a 16.8 mm 

depth as shown in Figure 49. 

These preliminary trials showed that forming at 1200 C Is preferred 

over 1370 C to avoid severe cxldatlon and grain growth. However, the subsequent 

results of this program showed that temperatures below 1100 C would be preferred 

with sheet processed to achieve a finer grain size. 
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Roll forming of cylindrical shapes was performed with the conventional 

roll forming equipment shown in Figure 6 with rolls gas-flame heated to 400 +30 C. 

The fractional strain, c , during rolling of sheet of thickness t to a diameter 

D is approximated by the relation 

ë - t/D , 

and the corresponding strain rate 

¿ - D*R K t “ —g- , where 

Dr is the roll diameter and R is the rotational speed of the rolls. For sheet 

of thickness t » 1-27 mm formed to a diameter D » 76.2 mm with rolls of 51 mm 

diameter rotating at a speed of 3.05 m/min. or R ■ 19 rpm, the strain and strain 

rate are 0.017 (or 1.7^ and 13 min (or 21“ sec S, respectively. These find¬ 

ings, when considered with the cens tie test results, indicated that Ti-25Al-5Nb 

cculd be successfully roll formed at temperatures above about 800 C. 

Preliminary forming trials showed that multiple passes would be required 

to feed the sheet through the rolls at the relatively small part radii being 

attempted. After these trials, forming runs were made to provide the results 

in Table 7 and parts shown in Figure 50. These trials were essentially success¬ 

ful except for sheet 5895-4-2, which exhibited edge cracks, and sheet 5890-1-2, 

which had minor surface cracks. These surface cracks occurred after four passes 

wlthour reheating. The temperature, measured with a contact pyrometer, after 

the final pass, was 315 C, less than the nominal roll temperature of 370 C. This 

lew reading probably resulted from extraction of heat by the contact pyrometer. 

These results cèearly show that the Ti-25Al-5Nb alloy can be success¬ 

fully roll formed using near conventional procedures. A preheat temperature of 

870 C appears to be near the minimum temperature to obtain successful forming 

and chilling of the product to temperatures below about 400 C should be avoided. 
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Mechanical Testing 

Testing of sheet was performed using the specimens previously 

described in Figure 8 and in the discussion in the section on Testing. 

Both tensile and bend testing were performed in two campaigns correspond¬ 

ing to material obtained before an'» after HIP Run 3 (e.g., before and 

afte- the preferred HIP practices were developed). The results in Table 8 

were obtained from sheet for which the compact was unaffected by the TIP 

tests and there was no Indication of TIP during heat treatment. However, 

the raicrostructuras of the material from this HIP run all showed some indi¬ 

cations of porosity. The results in Table 8 show that therewas no signifi¬ 

cant difference between the bend test results at room temperature and -73 C; 

the alloy begins to exhibit some ductility at 500 C; and rolling cf solution 

treated material at temperatures in the range of 870 to 980 C appears to 

degrade the bend test properties. 

The teats in Table 9 on transverse samples from as-rolled material 

were pet formed to obtain data to establish minimum roll—forming temperatures. 

Although these results showed some indications of ductile behavior at 538 C, 

this minimum temperature would not be satisfactory for roll forming. 

The tensile test results in Table 10 and plotted in Figures 51 and 

52 show that the Ti-25Al-5Nb alloy sheet exhibits increasing ductility at 

temperatures above approximately 500 C for both the solution treated and aged 

and the as-rolled conditions. Although the transverse ductility is consistently 

lower than the longitudinal, this same behavior was not consistently reflected 

in the yield and tensile stresses. 

Indications of strain aging were observed during testing of solution 

treated and aged specimen 5892BFL6 at 427 C. Stress decrements as large as 

6,000 pel were observed up to about maximum load. Unfortunately, this specimen 

was the only one tensile tested at 427 C. 

An apparently anamolous response was experienced with specimens 

5890B1RL3 and 5892BRT2, longitudinal and transverse specimens, respectively, 

A 
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Flgute SI. Scrasa dépendance on Taaparacure of 
Ti-25Al-5Nb Shaac 
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Figur« 52. Elongation Dependance on 
Temperature for Ti-25Al-5Hb 
Sheet 
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testou at nv) C In the as-rolled condition. These -.ve : -..-ns .'xhihitea very 

low yield and tensile stresses which appeared to be associated with recrystalli¬ 

zation during testing. A 50 percent increase of the-grain size was measured 

at the fracture area after testing. 

Fatigue test results for an R * 0.1 and at temperatures of 427 and 

649 C are presented in Table 11 for Ti-25Al-5Nb after various heat treatments. 

All specimens which failed after 4000 cyples exhibited multiple cracks in the 

gage sections. These cracks were usually visible with a low power microscope 

or visually. 

The fatigue stress was established using 0.6, and, subsequentlv, 

^.75 and higher, times thé tensile yield stress at .649 C to achieve an acceptable 

number of cycles to failure, in agreement with published data. However, it was 

found that the ratio of fatigue stress to yield stress at equivalent cycles tv. 

failure varied significantly with heat treatment, the highest oeing the solution 

treated and aged material. However, runout (1.4 x 10^ cycles) was obtained 

with the material (Heat Treatment 3) annealed for 8 hours at 370 C at a stress 

(35 ksi) ar. which all other heat treatments producán failure in leas than 
4 

6.1 x 10 cycles. 

Creep test results at 649 C in Table 12 were obtained on Ti-25Al-5Nb 

rolled at 1093 C and given the heat treatments indicated on the table. 

The solution treated and aged material (Heat Treatment 1), which were 

run at the highest fractions of the tensile yield stress, did not rupture at 

times in excess of 400 hours and, therefore, were terminated. This material 

had a fully transformed acicular <*2 Bicrostructure of relatively fine grain 

size, which was difficult to measure. The other heat treatments had coarser, 

more equiaxed structures as shown in Figures 30 and 31. The microstructure 

providing the best creep performance (time to 1 percent) was obtained with Heat 

Treatment 3 (as-rolled 4- 1600 F/8 hrs. + A.C.). 
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CONCLUSIONS 

The results of this program on che titanium aluminide alloys based 

on Tl^Al and TiAl demonstrated the following: 

(1) Both cast and HI?-?owder compacts of the Ti^Al-base 

alloys can be rolled successfully to sheet with the 

same degree of success. 

(2) The limited ductility of these alloys necessitates 

special considerations for HIP-can material selection 

and material preparation to avoid cracking during the 

HIP cycle. 

(3) Success in rolling sheet to 1.3 mm from HIP-powder 

compacts occurred with the alloys which exhibited 

significant grain growth at and above tue HIP temperature. 

Failure during rolling was consistently ol'sei'ved with the 

TiAl+Nh compacts for which the average grain sice could 

not be made to exceed the range of the powder-particle size. 

This failure always occurred early in the rolling sequence, 

but was nearly completely averted by rolling within 20 C 

of the melting temperature. Isothermal forging of the 

TiAl+Nb was nearly successful except for porosity at grain- 

boundary triple points. The improved ductility observed with 

the TiAl+Nb alloy after HIP and annealing at 1400 C may 

have been caused by stability of the oxide film on the 

REP powder. Further evaluation of this possibility and 

procedures to avert complications should be pursued before 

it Is concluded that sheet cannot be rolled from TiAl+Nb 

powders. 

(4) The range of forces for rolling of the Tl^Al-base 

alloys at temperatures above 1000 C (with heated rolls) 

Is within current commercial practices with other alloys. 
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(5) The Ti-2-iAl-llNb alloy containing 0.25 percent Si 

possessed the finest grain size and the best reported 

s’.i'ie."'! istic benavior. Although finer crain sizes 

appeared rare easily attainable with the Ti-2HAl-ilNb 

allu' , the processing of this allov was not fully 

evaluated because Ti-25Al-5Nb and the TiAl-base alloys 

were the primary program allovs. The finest average 

equiaxed grain size obtained with the Ti-25Al-5N’b sheet 

was 11 microns, although a finer acicular structure 

was obtained after heat treatment and low temperature 

(below 1100 C) rolling. The two phase a + 6 micro¬ 

structure of the Ti-24Al-llNb was probably most critical 

in achieving a fine grain size and superior superpxastic 

behavior. 

(6) The piir.ciples for working of the current generation of 

the titanium-aluminide alloys are similar to, but 

less complex, than other alloys which must be hot worked. 

Success was consistently achieved by working at temperatures 

ana deformation rates where recrysrailizaticn appeared to 

occur during working. Typically, the temperatures were in 

the range from high in the a range to high in the a + 3 

range for the TijAl-base alloys. Higher temperatures (e.g., 

veil into the 3 field) limited success by causing rapid 

grain growth. However, slightly higher temperatures than 

evaluated in this study could be beneficial for conventional 

working, e.g., breakdown of the cast structure, by forging 

or rolling at moderate strain rates to evert cooling to 

unacceptably low temperatures, below about 950 C. These 

alloys ere simpler to hot work than other« because of rhe 

lack of precipation of high-temperature strengthening phases. 

(7) The TiAl+Nb-Hi alloy can be successfully rolled consistently 

at 1350 C with heated rolls If light reductions are 

used for the initial passes. However, the demonstrated 

successful pro edures were limited and may have been necessitated 

largely by the large grain size obtained after the 1400 C anneal, 

which was used as a pretreatment for rolling these alloys. 
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(ft) The Ti-ZSAl-^Nb alloy can be conventionally roll 

formea at preheat temperatures as low as 870 C and 

minimua part temperatures of approxlmatley 500 C 

during forming. 

(9) Mechanical testing of the Tl-25Al-5Nb alloy showed 

that the brlttle-to-ductile transition temperature 

waa in the range of 500 to 600 C, but depended on 

prior treatment and the orientation (longitudinal 

or transverse) of the specimen. With the exception 

of ductility, the best performance during tensile, 

creep and fatigue testing was achieved with the a- 

rolled material given a low temperature (870 C) aging 

or stabilization treatment. 
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APPENDIX 

REPRESENTATIVE ROLLING .«lEASL'RDîENTS AND ANALYSIS 

FOR THE TITANIUM-ALUMINIDE ALLOYS BASED 

ON TijAl AND TUI 
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TABU A-l. MEASUREMENTS DURING ROLLING OF TITANIUM ALUMINIOS 
ALLOY, Ti-25AI-5Nb 

ShaaC Thlcknaaa Roll Saparatlog Forca Flow Strain 
Illlat/Shaat <t"> Ttaparatura ( C) Spaad ¢103 lba/ln) Straaa Rata 

Nimbar Initial Final Frahaat Rolla Final (fpa) Front Mlddla Raar (Kal) (aac'1) 

i891 
-1 
• 2 
•J 
-4 
-5 

)891-1 
-1 
-2 

S891-Î1 
-1 
-2 
-J 

¡891-2 
-1 
-2 
-3 

3891-22 
-1 
-2 
-3 
•4 

0.702 0.590 1175 
0.590 0.500 1175 
0.5C0 0.420 2175 
0.420 0.340 1275 
0.340 0.260 1175 

0.260 0.240 1173 
0.240 0.190 1175 
0.190 0.160 1175 
Conventionally Rolled 
0.160 0.140 1175 
0.140 0.095 1175 
0.095 0.070 1175 

0.260 0.240 1175 
0.240 0.200 1175 
0.200 0.135 1175 

0.163 0.134 1125 
0.134 0.120 1125 
0.120 0.096 1125 
0.096 0.086 1125 

SIS 1010 50 
SIS 1020 50 
SIS 1004 50 
815 1018 50 
315 1020 50 

815 950 50 
SIS 950 50 
SIS 950 50 

125 800 100 
125 800 100 
125 800 100 

815 925 50 
S15 930 50 
815 925 50 

815 954 105 
815 900 105 
815 952 105 
813 960 105 

6.4 9.1 2.5 
4.3 6.8 2.6 

5.7 8.5 3.5 
5.7 7.8 4.5 

8.0 23.2 2.8 
6.7 11.0 5.0 
6.7 13.9 4.8 

21.6 25.9 6.6 
23.2 15.4 11.5 
17.6 14.0 10.8 

7.3 21.5 2.8 
5.2 10.1 4.4 
8.4 13.3 5.6 

33.6 48.7 12.3 
32.8 58.9 9.1 
30.4 41.2 14.2 
25.6 48.4 10.6 
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TABLE A-l. (Continued) 

Sheet îhlckne*» Roll 
Blllet/Sheet Un) Teanerecure ( C) Speed 

Number Initial Final Preheat Rolls Final (tpa) 

Separating Force '.'low Strain 
U0J lbs/In)_ Stress Rate 

Front Middle Rear (tisl) (sec*1) 

5892 
-1 
-2 
-ï 

5892-1 
-1 
-2 
-Î 

-4 

-3 

-6 
-7 
-8 

0.680 0.510 
0.510 0.390 
0.390 0.305 

0.305 0.280 
0.280 0.250 
0.250 0.220 
0.220 0.175 
0.175 0.151 
0.151 0.135 
0.135 0.115 
0.115 0.096 

1175 815 
1175 815 
1175 815 

1093 815 
1093 815 
1093 815 
1093 315 
1093 SIS 
1093 U5 
1093 313 
1093 815 

1032 50 
1026 50 
1010 50 

968 50 
977 50 
960 50 
960 50 
563 50 
966 30 
960 50 
960 50 

5892-2 
-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 

0.305 0.280 109a 
0.280 0.255 1093 
0.255 0.220 1093 
0.220 0.165 1093 
0.165 0.158 1093 
0.158 0.145 1093 
0.145 0.120 1093 
0.120 0.098 1093 

815 977 50 
815 954 50 
815 963 50 
815 966 50 
315 960 50 
815 966 50 
815 954 50 
815 954 SO 

4.9 5.3 3.3 
3.8 4.7 3.7 
4.1 6.1 3.9 

8.3 33.8 1.8 
20.1 39.8 3.3 
20.0 35.2 ».2 
23.0 '4.8 5.2 
12.2 34.1 6.3 
11.: 33.5 4.8 

19.3 35.7 6.0 
31.4 46.2 6.3 

9.9 33.9 2.2 
24.0 51.9 3.0 
24.0 42.9 4.0 
22.4 32.3 5.4 
5.3 23.9 2.0 

14.4 38.1 3.9 
27.2 42.5 6.0 
33.6 46.3 6.8 
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TABLE À-l (Continuad) 

Blllat/Shtat 
Nuabar 

3893-1 
-1 
-2 
-3 
-4 
-5 
-6 

Shaat ThlekMM 

3893 2 
-1 
-2 
-3 
-4 
-5 
-6 

0.290 
0.230 
0.200 
0.147 
0.108 
0.097 

0.290 
0.233 
0.203 
0.143 
0.112 
0.096 

0.230 
0.200 
0.147 
0.108 
0.097 
3.091 

0.233 
0.203 
0.143 
0.112 
0.096 
0.086 

1066 
1066 
1066 
1066 
1066 
1066 

1066 
1066 
1066 
1066 
1066 
1066 

813 
813 
815 
813 
913 
815 

813 
815 
815 
815 
815 
815 

963 
940 
060 
960 
355 
945 

927 
943 
966 
954 
949 
949 

« - — 
Front Nlddln Roar 

63 
63 
63 

105 
105 
103 

73 
73 
73 
73 
73 
73 

Flow 
Scroos Rat* 
CUD (ooc-1) 

23.6 
34.0 
28.6 
27.2 
16.0 
9.6 

20.8 
17.6 
19.2 
23.4 
17.8 
11.2 

26.2 
35.2 
38.4 
38.6 
24.0 
17.6 

32.6 
38.0 
34.6 
32.0 
23.4 
16.6 

28.2 
49.6 
47.0 
19.2 
13.2 
8.0 

9.6 
8.8 

24.0 
11.2 
19.6 
7.2 

4j.3 
47.7 
*5.3 
*5.1 
*6.8 
*5.0 

55.7 
51.9 
38.0 
*1.3 
*0.9 
38.0 

4.5 
5.9 
7.5 

14.5 
10.4 
9.9 

5.0 
6.6 
9.2 
9.7 
8.6 
7.6 





TABLE A-2. (Continued) 

Sheet Thl'.kaeM leU S«p»r»tln« Force Flow 

SlUet/Sheet (lw) Tewienture ( C) Speed _U0J lbe/ln)_ Street 

Number Initial Final PreheatRollaFinal (fpn) Front Middle Rear (Kal) 

Strain 

Rate 

(eec-1) 

-1 0.S28 0.458 

-2 0.458 0.389 

.} 0.389 0.310 

-1 0.310 3.240 

-J 0.240 .1.160 

-6 0.160 0.125 

-7 0.125 0.098 

.8 0.098 0.080 

.9 0.080 0.070 

1123 815 950 

2125 815 960 

1125 815 954 

1125 815 960 

1125 "IS 950 

3125 815 954 

1066 815 960 

1066 815 940 

1066 815 950 

80 13.4 13.8 

80 13.4 14.6 

80 18.6 18.6 

30 19.2 20.8 

30 21.8 25.0 

30 ¡3.4 27.2 

30 30.2 32.4 

80 26.6 29.8 

80 19.8 25.0 

15.8 23.3 4.1 

16.0 23.7 4.8 

24.0 25.7 5.7 

20.4 27.9 7.2 

29.8 26.2 10.2 

36.6 37.7 9.9 

36.6 42.2 11.1 

31.4 41.5 11.4 

24.0 41.6 10.3 

58 

-1 
-2 
-3 

-4 

-5 

•6 
-7 

•8 
-9 

-10 

0.542 0.492 1066 

0.492 0.«22 1066 

0.422 0.354 1066 

0.354 0.280 1066 

0.280 0.234 1010 

0.234 0.189 1010 

0.189 0.151 1010 

0.141 0.129 1010 

0.129 0.112 1010 

0.112 0.108 1010 

815 910 59 

815 971 59 

815 860 80 

815 877 80 

815 900 80 

815 900 80 

815 877 80 

815 988 80 

815 893 80 

815 888 80 

19.0 

23.6 

15.8 

42.2 

43.2 

40.3 

30.6 

29.4 

19.4 

19.6 

12.6 
16.0 

40.6 

42.0 

40.0 

33.6 

31.4 

20.2 

19.6 

27.2 

20.2 
26.0 

46.0 

46.0 

37.8 

35.0 

25.8 

48.6 

21.0 
25.3 

51.5 

59.8 

53.6 

52.8 

51.5 

56.1 

2.4 

3.2 

5.1 
6.4 

6.3 

7.6 

8.1 
8.3 

4.5 
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