RN

PR

‘
oy S R N R P

-

N

.2

Presented in.Partial Fulfillment of the Requirements
for the. degree of Master of Engineering at

] -

4

HOT WORKING OF TITANIUM ALLOYS

a

- N
" A\

‘

1

'

o .
N
* A Technical Report \;/J

in . -

, The Faculty

, of ,

Engineeri;g/
/

.

*Concordia University
Montreal, Quebec, Canada

4

June 1980
© Bruce William Nestel

t

’

O e ~—

- .
s il bt Bt S



i
.

oy

b P T

ABSTRACT ) . -

- -

HOT WORKING OF TITANIUM- ALLOYS T

. . . ’
a

- ' ﬁfuce William Nestel

0} o

'
¢

Titanium, dué to its high strength to weight ratio, especially’ at. elevated
temperatures and its other useful properties,  has ,foyn& increasing
application in the aerospace”industry. These same properties have however

made the mechanical_shaping of the metal difficult and, at least partial

hot working a necessity. Four types of)hot working ‘are used to shape
titanium alloys, forging,'sqperplastic formfng, extrusion, -and rolling,
each similar to conventional shaping of materials, but with its own
probiems and requireméhts/due to the properties of titaniumn
. ) j .

‘Forging can be carried out conVentionally{ or isothermal%y, with isothermal
forgihg having a marked advantage in terms of capital césts and quality of
finishedb product and fast becoming the favoured forging technology.
SuperplaStic formirg, takiné advantage of the phenomenum of superplasticity
'in'titaniua; permits forming of thin sheets of alloy, in a manner analogus
to the form;né of thermoplastic plastic sheet. The result has been a
techaique making possiPle the production of titanium sh%et metal products
of- complex shape, with substantially reduced cos}é and weight
requirements. The extrusion and rglling of titanium, exéépt for a greater
degree o%‘lubr%catiqn being necessary to reduce titanium adherence to, dies

,and rolls,are identical to that of steel or copper.

Working temperature, cooling rate and‘post'ghaping heattreatment can' also
\have a substantiai effect upon the properties of the finished product. As
‘a result the entire therd;hechanical processing of the metgl must be
. carefully developed and controlled to insure production of parts with the

required microstructure and desired properties,
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. ‘ PREFACE

One of the requirements fo£ the Master of Engineering degree at Concordia
-Univefsity is the preparation of a technical réview papér.‘ This paper on
the Hot Working of Titanium Alloys, prepared under the supervision of

« Dr. Hugh McQueen.is\being submitted to fulfill this requirement.

I ;

fhe purpose of this'paper has +been g& provide a surve}-of the tecﬁnology of
hot working of @Htanium and 1its alloys.. The mat¢r£al was gathered ‘from
many sources; most in the form of techniéal papers or review articles and
these unfortunately were not alwaysein agreement. In writing this paper 1
have attempted to as often as“possible.obtain confirmation of maEerial or
at least 1include only th;se ~statements that are not in conflict with
several other opinions. Due to the fact that research into the properties
ané workability o% titanium alloys has only been ‘going on for some 30—years
the material‘is for the most part empiricall As a result a section on the
* crystal and phase structure of titanium was also included to permit the
' reader to get a compléte picture of the metal and its properties: In the
.section actually dealjng with hot working, references to terms from thié

section on microstfucture have been made, ratnér than redefining the

microstructure in‘quéstibn each time it occurs. }

]

i

s b ' % N ’ .
Working on this paper has, for me, been an education and I hope that it

. oy 1} 4
-~ - proves as interesting for someone elSe to read as it was, for me to work
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‘ CHAPTER 1 N

INTRODUCTION

P

confined only to the laboratory, into a hjgh technology product, fast

In the last 30 years t}taﬁium has developed f;zr a relatively unknown metal
becoming the mainstay of the aeroégéce industry. Along with this growth in
its application has Come a proportional” growth in knowledge about the metal
"and its properties, both pure and when alloyed with a variety of  other

elements:(3)

a

I

The properties that make titanium so popular a material are its high

strength to weight ratio at agbient and elevated temperatures, (density 60%
e . , g .

that of -steel), high toughness and ductilf:yh and good corrosion

_tesistance. It 1is the first;;hree,eggperties that make titanium a valuable

.metal in aerospace applications, and thg’lastithree that make it extremely

» useful in certain applications in the chemical and processing

A -

industries.(2) ' .

' ‘ ‘
Regardless of thg final %se of the metal, 'if it is to be shaped
’méchanicakly into an‘end préduct then at some stage in {its processing it
will have to undergo hot working. .

{

.

.Titanjum, unfortunately, 1is extremely chemically reactive at elevated
temperatures (over 420°C) and thus requires special techniques*and handling
to prevent det;rioration of the properties of the metal. At the same time
due to the variety of different microstructures that can be obtained for
each titanium ailoy a wide range of physical properties are possible.
Through the controi of the ‘temperature and deformation during hot working
and by later heat treating., the metal it is possible to formﬁthe,desiréd
microstructure and its accompanying desired physical proéerties.(l) It
is these techniques of hot working and their varied effects upon the
structure andlproperties of the shaped titanium that is the subject of this

technical report.

-
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CHAPTER 2:
) . 2 v
a 4
ALLOYS, PHASES AND CRYSTAL STRUCTURE
. .

The behaviour of metals' is determined to a large extent by their crystal
structure, with eact.x different crystal structure that a metal or its alloys
forms being referred to as a separate phase and having a different set of

properties and characteristics from the other phases that may form.

Pure unalloyed titanium has only two solid phases, up to 882°C (1625°F) it
exists in an alpha phase which has a closed—packnlad hexagonal (hcp) ,crystal
structure, above this temperature its atoms rearra'nge themselves into the

%eta phase which has a body centered cubic (bcc) structure. This beta

J »

Commercially pure titanium is however only 99.0%Z to 99.5Z titanium the

phase remains up to the melting point, at 1725°C (3135°F).(7)

remainder being, iron, oxygen, nitrogen and.occasionally hydrogen, all of

these elements but particularly the last three, as can be seen from Figs,

1, 2 and 3, have an adverse effect on ductility and toughness while
increasing. the tensile strengéh of the metal. These three gases are
thereff)re avoided as alloying elements if at all possible. A variety of
ot&ler elements can however be added to titanium to increase its strengtﬁ
and still retain a high degree of ductility and toughness as well as
providing a wide range of other useful properties.(l)(z) The addition
of these "alloying elements results in- the formation of many additional
phases as well as combination of phases,. whose dependance on composition
and temperature are recorded in phase diagramse

Those etements t#at form useful alloysh may be divided into four categories

reflecting the manner in which they interact with titanium. Shown in Fig.4

~a - d are the phase diagrams of these four modes of interaction. The first

type is a continuous solutipn. of alpha and beta, titanium, Fig.4a, and
occurs only with zirconium and hafnium, both of which belong to the fourth
group of elements as does titanium and therefore have similar properties
and structures. The second type of in"teract'ion is a( continuous solid
solution only with beta titanium, Fig. 4b, and occurs with vanadiuu;',
niobium;,tantaium, and molybdenum. The third phaserdiagram,‘ Fig.4c, 1is

representative of peritectolid reactions where the alloying elements form

: 3
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one or more . metallides withﬂ titanium. ° This "reaction 0occure' with the
elements aluminum} tin, 'Boron, silicon and carbon, The fourth phase
diagram, Fig.bd, represents those reactions that are eutectoid in the solid
state as well as forming some stoichiometric compounds. " The elements
falling into this group include chromium, manganese, ironf cobalt niekel,

copper, and beryllium.(z)
The metals of the first two phase diagrams, those forming coﬁtiﬁeous solid
solutions with titanium do 'so due to the similarity of, their atomic.radii
and their electrochehical pr6§erties: This petmits these metals to replace
atoms 4in the titanium crystal lattice, while the arrangement of the
electrons in th® d- and s~ shells permits uniform interionic distribution

of electrons. The resultipng limited distortion _of the crystal lattice

’ along with the almost uniform electron ‘distribution results in the alloy

retaining a high degree of plasticity whilef/increasiné its tensile

strength, even at higﬁualloy contents. .

The metals of the fourth phase diagram alsor form solid solutions with
titanium, however due to differing numbers of external electrons as well as
different atomic-radii these are limited rather than. continuous solutions;
As the number.of electrons in the d- shell increases (Fig.5) the Ssolubility
of the metals in beta titanium decreases and this 1s reflected in the
eutectoid phase diagram. Beyord their solubility limir these alloying
metals fotm intermetallic compoundsw (fig.é) The solubility of these

compounds as well as their precipitation as dispersed phases within ‘the

titanium can materially affect the properties of the alloys in which they
occur. Beryllium included in the ?bove group of. metals is an exception to
the rule. Althoygh it has a considerable smaller atomic radius than
"titanium end is electrochemically quite different it too undergoes a
eutectoid reaction, with limited solubility in, and several intermetallic
compounds with, titanium. )
As the electrochemical ptoperties of the alloying elements ﬂecome even
further removed from those of titanium ot the difference in atomic radii
becomes large, the solubility of the various titanium based phases
decreases and the phase reactions themselves gradually shift from eutectoid

to peritectoid, as shown in the third phase diagram.(z)
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TABLE 1 » PHYSICAL PROPERTIES ‘

Avarage Physical Properties

) s Coefficrent of Lenear Thermal Expansion,
Aerospace Material Specifications 10-4in /in /F Modulus Modulus
Nominal .« . of of
Composition, ASTM Barsd | Sheetl ’ 70 20 010 70 70 70- | Hasticaty, Rigidity,
% No., Mikitary Forgings | Plate Tubing Wire 212F | 400F | 600F | BOOF | 1,000 F {1,200 f {1,500 104 Pui* 10¢ Psi*
Commercially Pure ‘
NIT B 265 (Gr. 1) - —_ — —_ —_ 42 — 51 — 54 56 56 us 56
B 348 (Gr. 1) —_ —_ — — —
8 381 {Gr 1) - - - — = .
93.2T 8265(Gr.2) | MILTS046 — 4502 4941 4951 43 — 31 - 5.4 56 56 19 56
’ B M (GrY) - - - 4942 — .
' B 381 (Gr.2) - - — _ — ‘
99.1T N 8265 (Gr.3) | MILT 9046 —_ 4900 — - 48] — s1 — 54 56 56 150 $6
B 343 (6r.3) - - — — -
B 381 (Gr. 3) f— — — — —
90T B265(6r 4) | MILT 9046 | 4921 | 4901 — —_ 48 — | 51 —| °54 56 ] 56 151 56
|: B3B(Cr.4) | MILTO0A7 | — - - -
i B 381 (Gr. 2) — —_ -1, — —
! 9.2 nt B 265 (Gr.7) — - -—_ —_ —_ 43 — 51 - 54 56 56 149 56
! . B AR (6r.7) - - - - — . T
B 381 (Gr. 7) _ —_ — ]
989 ¢ = - - - — - - — -] =] -} = — - - LX)
Alpha flloys . .
SAL26Sa B-265(6r.6) | MiLT9046 | “ 4926 4910 —_ 4993 52 -— 53 —_ 53 54 56 160 —_
B 348 (Gr 6) MIL T 9047 4966 - — - '
: 8 381 (Gr. 6) —- — - —_ -—
‘ SAL 2550 (ow 0y — MIL-T9046 | 4924 | 4909 — - 521 — } %3] ~f 547 551 5% 160 —
- MIL T 9047 -, - — — .
Near Alpha
SAL 1Mo 1Y — MIL T 9046 4972 4915 —_ 4955 47 - 50 — S6 57 _— 180 6t
' . —_ MIL T 9047 4373 4916 — -
118n, 1 Mo, 2.25Al, —_ MIL T 9047 4974 — - — 47 — |51 — 52 _— — 165 —
502r,1 Mo, 028Si
- 3
T OGAL2Sn, 470 2M0 — MILT9046 | 4975 /-— - - 43] — | 45 — 45| — | — 165 —_
SN, 55, 22, 2No, — — - = - — —} =1 =1 =1 =1 = 37 165 -
0258% | -- P .
SAL2Ch, 1Ta, L Mo - MiL 79046 - - -—_ —_ — — — - — 50 —_ 175 —_—
N e - ’ /
BAI, 2Sn,151r, 1 Mo, - - — - — —- —_] =] =) =] =1 = =~ — —_
0358018 . ' )
v
Alpha Betx AReys .
8 Mn — MIL-T 9046 —_ 4908 [ 3 _— 438 51 54 57 50 65 10 164 70
3A,L25V —_ -— — - 4543 - 53 — 55 — S5 _ - 155 -—
4944 .
- GNLAY 8265 (Gr. 5) | MILT1.9046 4323 4911 — 4954 43 50 51 52 53 54 — 165 61
B 348 (Gr S) | MIL Y5047 R 4906 -_ —
B 381 (Gr. 5) — ) 4%6% — —_ — 4
3
; S
GALAYV (low0y) _— MIL-T-9046 4330 4907 4956 48 5071 51 $2 53 54 - 165 61
—_ MIL T 5047 - — — (- \ .
GA,EY, 250 —_ MIL T 5046 4971 49]8/ — — S0 - 52 — 53 _ — 160 —_
-— MIL-¥ 3047 4978 - — -—
N — — 4979 /’— —_ -
- TAl 4 Mo _ MIL-T 95047 4970 — — - 50 51 L %4 54 56 58 62 16§ 65 .
§AL2Sh, 421, 6 Mo - - ,{“ L. - - sef 51 ) 52| ss} sal — ~— 185 -
pa <
St ~ :
§AL25h, 20, - — — —_— — - - - 51 — - — — 1.7 67
2Mo, 2€1,0258i
. 10V, 2F,3MN - - ~ —_ - - it B -1 — -] - 162 -
Beta Alleys . .
13V, 110 3N —_ MIL T 3046 - 4317 -— — 52 -— 56 — 59 — —_ 147 62
’ — MILTS0A7 | — - - — b
Mo, 3V, 2Fe, 3N — — — — — — - =} =] —} =} =] - 155 —
SALBY &Cr, A Mo, 42r —_ — —_— — — — — — — | 538 —_ —_ —_ 153 —
{to
, / 500 F) ;
//fI.S Mo,62r,45Sn —_ MIL T 9047 4977 — - 4980 -— -_— - —_ —_ — — 150 -

I
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TABLE 2 - MECHANICAL PROPERTIES

Average Mechanical Properiies ! ' ° -
Room Yemperature Extreme Temperstures
Nomina) Tensils Yield €lon | Reduchion | Test Tenstie Yield €lon | Reductien
Compostion, Streagth, | Strength, | gation, | i Area, Temp, | Strength, | Strength, | gabon, | in Area, to-
9% Pu Psl F Pu Py Hardness |’ Applications and Charactensties
Commercrally Pure )
NSH 48,000 | 35,000 30 113 600 22,000 14,000 32 80 Bhn 120 | Arframes, chemical, desalination, and manne pars; plate |.
R type heat exchangers, cold spun or pressed parts; platimzed
. anodes, high formability,
%20 £3,000 | 50,000 28 50 600 28,000 17,000 35 15 8hn 200 | Awtrames, mcul! engines, manne and g‘lmul parts;
heal exchangers, [Jcondenser and evaporator tubing, high
| ' formability
91T 75,000 | 65,000 25 45 600 34,000 | 20,000 u 15 Bhn 225 | Chemica), maningd airframe, and arrcrafv enpine parts which
fequire ity stiength, weldabihly, and corrosion re-
sisfance ]
990 96,000 | 85,000 20 40 600 450001 25000 25 10 Bhn 265 | Chemizal, manne, jidrame, and awcralt engine parts;
gical lmpmn ghspeed fans; gas compressgrS, good

. formabiiny' and Eorrosion resistance, high stren
992 Lir 63,000 | 50,000 28 50 600 | 27.000| 16000 7 15 Bhn 200 [ Good corrosion resistance for chemical nglstry appixa

) tions where media 5 mildly reducing of fvares between

oudinng and reducing. .
saa g 75,000 | 65,000 s 42 400 0000 | 36,000 37 — —— | Same a5 0 2 Pd alloy (abovs)
€00 470007 33000 32
Ap\a Mloys & s
SN, 258n 125,000 {112,000 16 4 600 82,000] £5,000 18 s | Re3s Weldable altoy for torgings and sheet melal parts such as
) \ ancraft engine compressor blades and duching, steam tur
N | bine Llades, good owdation resistance and irength at 600
b ' - Y to 1,100 F; good slabilily af elevated temperatures.
SAL25 Sa (low 0y) 117,000 (108,000 18 — —320 | 1800001 168,000 16 — Re 35 Speciat grade for high pressure cryogenre vessels operating
—423 | 2290001 206,000 15 — down to —423 F.
Nex Aipha
BAL 1Mo, 1Y 145,000 |138,000 15 2 600 | ‘115,000| 90000 { 20 38 | Re35 | Arframe and jel engine parts requinng high stiength lo 850
800 | 107,000| 82,000 y.i] “" F, good creep and toughness properties, good weldabtlity.
1,000 80,000 75000 25 55 . :
1152, 1 Mo, 225A, 160,000 |144,000 15 35 600 | 130000| 110000 | 20 ] 4 Re36 | Arframes, blades, discs, wheels, spacers, and fasteners for
502,1M0,02% 80O | 120000] 92,000 22 «@ turbine engines,
1,600 | 130600 ) 85000 24 50 \ f
SAM25n, 42,200 142,000 130.080 15 » 600 | 112000] 25,000 16 ° Rc32 Parts and cases for et erpinescompressars, mrframe shim
: 800 | 102,000} 75900 21 55 . components, 1
1009 4000 71,000 % €0 v
5A, 550,22, 2Mo, 152,000 1140,000 13 — 600 | 115000] 82,000 15 - — Jet engine parts, high treep strength to 1,000 F.
0255 800 | 113.000| 77000 | 17 - h)
1,000 | 100,000 | 73,000 19 —
SALZCb, 1Ta,1Me 124,000 {110,000 13 U 600 | 85000] 67,000 20 - Re 30 High foughness, moderale stiength, good remsfance 1o ses-
800 75,000 60,000 2 — water and hot salt stress corrosion; good weldability.

. 1.000 70,000¢ 55000 20 - ’ -
6AL25n, 1.5Zr, 1 Mo, ¥ 147,000 |137,000 n - 900 | 105000} 85000 15 — - Jet enpine discs and blades requinng extra creep resistance
_0.35 B, 018 . and slability
Nipks-Beta Alleys ] — 1
8% 137,000 | 125,000 15 2 600 | 104,000 | 82,000 18 — —_ Mircraft sheet components, structural seclions, and skns;

£ood formability, modesate strength ,
t
IN2ZSY 100,000 | 85.000 20 — 600 70.000] 50,000 25 — — Mrerafl hydraule tubing, foud, combines streagth, weldabil
; Ry, and formabihity
EALSY 144,000 (134000 |14 3 600 { 105000} 95,000 1 35 Re36 | Rocket motor cases, blades and discs for ancraft turbines
800 97,000} 83,000 18 40 and compressors, structural forgings and fasteners; pressure
1,000 | “772,000{ 62000 35 50 vessels, gos and chemwcal pumps, cryogenic pars, ordnance
cquipment; marnine components, steam turbine bladés.
. 170,000 | 160,000 10 25 600 { 125,000| 102,000 10 2% Rcdi '
. 800 | 116,000] 90,000 12 35 B
* 1.000 95000| 70,000 a2 45
SAL4Y (lowBy) 130,000 1120,000 15 35 —320-] 220000] 205,000 14 - Re 35 High pressure ciyogenic vessels pperaling downto — 320 F
6AN.6Y,28n 155,000 | 145,000 14 30 600 | 135.000] 117,000 18 42 \ Re 38 Rochet molor cases, ordnance components, sttuctural ar-
185,000 | 170,000 10 20 600 | 142,000! 130,000 12 23 Re 42 craft parts and tanding gears, responds welt to heat trest
ments, good hardenability
TN 4 Mo 160,000 }150,000 16 22 600 | 1270001 108,000 | 13 0 Rc38 | Arrframes and jet engine parts Tor operalion at up 1o 300
800 | 123000 104,000 20 55 Re 42 F, missle forgings, ordnance equipment.
6A,250 4121, 6 Mo 184,000 170,000 10 23 600 | 143,000| 122,000 18 55 —_ Components for advanced jet engines.
‘ 800 | 138000 110,000 19 67 *
1,000 | 1230007 95000 19 70 Strength h ' land
§x,25n,22r,° 185000 [165000 | 11 | 3 | eoo | 12000 mzoo | e | 2 |~ . racture Toughness in heayy seclos, landing
2M0.2Lr,025% "
185,000 |[174,000 10 19 400 | 162,000 | 152,000 13 33 — Heavy aiframe structural components sequiring toughness at
0V.2F, 3N 600 | 160000 | 142000 | 13 a2 Mgh strengihs, i
Beta Alleys 177,000 | 170,000 s — 600 | 128000] 115000 | 13 - 1 - High stiength fasteness j
13Y,11C, 3 M 185,000 175,000 8 - 800 | 160,000 120,000 12 — Rc 40 Hegh stibngih fasteners, aerospace components, honeycomb
) ’ panely, good formabiiity, heat treatable "
BMo, BY, 2Fe, N 150,000 | 180,000 3 — 600 | 164,000 | 142,000 15 ~ J Rcd0 High-stiength, tough airframe sheet, plate, fasteners, and
R forged components. . .
IN,BY,6Ce, 4 Mo, 47¢ § 210000 [200,000 7 - 600 | 150000 | 130,000 20 —~ Rc 42 Hagh sirength fasieners, torsion bars, aerospace comnpenents.,
B0 | 136030 110,000 1 — .
128,000 |121,000° 15 — 600 | 105000] 95,000 2 — —_ Parts requinng lormabiidy ahd corrosion sesislance
1)5Mo.62r, 455 201,000 191,000 11 —_ 600 | 131,000 123,000 16 —_ — High stiength fasteners, high strength arcrall sheet parts.
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All of the above dlloying €lements may be leosely classified into aipha and
beta stabilizers depending on their  solubility in the alpha or beta phase

and their effect on the transformation temperature of beta to alpha (beta

. transus). The alpha stabilizers are the elements of phase diagrams 4a

and ¢. Aluminum and carbon along with oxygen and nitrogen being strong
stabiliéing elements with tin, zirconium, - hafnium and silicon having
reduced effects and in some cases slightly depressing the beta, transus.

The beta. stabilizing elements ere those of phase diagrams Xb and d and a;e
capable of greatly_feducing Ehe beta transus. The elements in th;s group
include vanadium, chromium, manganfse, iron, cobalt, nickel, - copper,
niobium, tantalum and molybdenum. \Althgugh seme of these elements undergo
eutectoid reactions ‘with titanium, due to the extreme slowness of these
.reactions, for the purposes of thermomechanical wer§ing these alloys may be
treated as metastable beta isomorphous alloys and will react in a similar

fashion.

‘ 12
Commercial titanium alloys may be classified according to the type of phase

structure that predominates at room temperatures. The classifications
currently in use are: alpha, elpha + beta, 'beta, near alpha or pseudo
alpha, and near beta azapseudo beta, these last two categorles refer to
alloys having an alpha or beta structure but containing no more than 2% of
the other phase. A list of cowmmerzial. titanium alloye their :ompositions,
properties and applications may be, K found in tables I and 2. The alloys
listed are Amerieen and English; Re;sian and French developed alloys may
.vary slightly in composition but still fall into at least the three *msic
categories alpha, alpha + beta, and beta.

-
-

2.1 ALPHA ALLOYS . .

Alpha alloys have excellent low temperature duceility, good weld ductility,
good high temeérature creep strength and a flat strength - temperature
‘characteristic curve. Their tensile'strength is however low relative to
other titanium alloys and despite the effectiveness of solid solution
strengthening due to the. addition’of alpha stabilising alloying elements,
(5 - 10 ksi per percent alloy addition) the total quantity of alloy
elements that may be added is restricted by the formation of the alpha2.

.phase. Alphay is a coherent ordered phase based on T13X compounds,

10



has a DO 19 (see Fig.6) structure; forms up%n aging of .supersaturated

+alloys with aluminum, gallium,’indium, tin and lead, and is undesirable due
to its marked reductfon of ductility. The maximum alpha stabilizing alloy
content to avold excessgive élphaz may be expressed in equivalent aluﬁinum

content (Al*) by the expression developed by Rosenberg(s).
a - .

’

"+ zr +10(0 +Cc+2 N) £ 9 ez
76

e

Al* = Al +

ulm
=

sThe modé in which alpha 2 is precipitated depehds'on the alloy system being
considered as the greater the degree of lattice mismatch in the alloy, the
.smaller the particles agg -the volume fraction of alpha 2 that precipitates.
Of the above elements, aluminum, having the lowest mismatch, tends Lo
produce large quantities of alpha-2 however, the addition of oalliQm or:to
a lesser extent zirconium’or silicon, all of which increase mismatch, may
be used to control or minimize deleterious effects. At the same time the
" resulting fine alpha 2 structure which is produced may prove to be a useful

source of precipitation strengthening if properly controlled.

Copper and silicoﬁ too, have a fair degree of solubility in the alpha phase
and at high enough concentrations and if properly heat treated also undergo
precipitation processes. . These 'processes, 1involving Ti3 51, and
- Ti,Cu precipitates, result fn a<§}£§ere1t microstructure but occur 1in a
similar manner and produce properties similar gé tempered martensitic
structures.(3)(4)(5)(5ee Fig. 7,8) -
An acicular micr&strucéure; splute lean but ‘similar in morphology to
martensite, and often calléd alpha afloy mar;ensite, may also be-oBtained,
.by cooling from the beta field. The original beta grains are still visible
and three structures are possible Htepending upon the cooling rate. R;pid'
cqolingcproduces colonies of plates separated by low angle grain boundar-—
ies of alpha titanium.Slower cooling produces a "basketweave" structure 6f
alpha platelets with ‘beta stabilizing impurities segregated to ,the
interlamellar re%;oné. Slower cooling and a reduced .quantity of beta
stabilizing impurities results in a serrated alpha structure where the

Al

.interlamellar regions are not distinguishable.(see fig.9, 10)

. 1
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‘metastable—be;a. . //

Generally speakiﬁg, in alpha \alioys the aging of thése acicular

microstruétures results” in a somewhat lower tensile screngfh, and ductility
but an improved  high temperature creep stren%th( and® fracture
toughness.(4) with a view to 1later thermomechanical , working, the
:Btimum properties of low Btrength and high ductility, are obtained by slow
cooling from the beta field, the result is an equiaxed polygonal grain
structure of alpha or- alpha +* beta, depending wupon the alloy

*®

composition.(l) (see Fig. 11)

\ ,
».2 BETA ALLOYS

A
i

being called beta alloys, are diyided into. two groups, .s:able—beta and

"

Stable—%eta alldys are p
and at spch high allo
the system of the beya stabilizers than a titanium alloy. Also, due to the

sible only with beta-isomorphus alloying elements

content as to be more like intermediate alloys in

high alloy. content, stable beta alloys are ‘too heavy and not strong enough
to compete: with titanium alloys and lack sufficieant high temperaturé
strength or ?éigﬂfiag\resistance to como?te wiih superalloys. ‘

| \ﬁ .
Meta-stable beta on the other hand has sufficient beta stabilizing elements
to retain the ﬁeta phase only on rapid cooling from the beta transus buL
not sufficient to make beta the only stable phase at all temperatures. As
a result- the high ductility and excellent solution annealed formability of
the body céntered ubic crystal structure, with its surplus of active slip
systems, is retjined making ‘possible cold working of the ‘alloy.
Afterwards, aging at the appropriate temperature will precipitate‘khe hep
alpha phase resultxng in maximum tensile strengths for titanium. This high
tensile strength, cogbined.with the inherent deep;hardenability éi beta
alloys and their high fracture toughness makes them extremely wuseful in
fabrication of heavy sections. Only in those applications where stiffness

is critical is it imposaible to use beta alloys,ﬁchis being due .-to their

. low. elastic modulus and qyclic fatigue strength.

]
\ c
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During the \gﬂz;ching of métaetable beta alloys two other decomposition
pHases may be precipitated. The first is the omega phase, a homogeneouslgf
coherent precipitate limited to relatively ‘lean beta ‘alloys, while the
second is beta prime, the reeult of a phase separation reaction'beta—-
beta + beta prime} where beta prime is also a hqmogeneously nucleated
coherent prec%sitate but confined to richer alloys. Both of these phases
.but especially omega are undesirable due to their detrimental effects upon
the propertiés of the beta alloys. The properties,.;ccurence, structure
and removal of these phases will be .discussed later, in the section en
alpha + beta alloys, but ’for now it is sufficient to say that proper
selection of alloying elements and heat tréatment can control this problem

and even utilize it to provide improved properties.(s)(g)(11)(12> N

Metastable beta may also undergo a stress 1induced transformation ’go
martefisite, or mechanical twinning. The type of transformation, its extent
and the stresses at which it occurs are all dependent on alloying eontent.
When {t occurs at low stresses it results 1in low yield strength, but in
more solute rich alloys it occurs above the beta phase yleld strength and
provides enhanced 'strength and ductility. Despite the many advantages they
offer, due to their low high temperature creep strength, applications for

beta alloys remain restricted to ' relatively low température

2.3 ALPHA + BETA ALLOYS

The»alpﬁay+ beta alloys are those, that fall between the two previously
mentioned groups, and as a result, have large volume fractions of both
alpha. and beta titanium, as well as under the proper conditions, other

phases and, or compoﬁnds all at equilibrium.

In cooling from the beta to the alpha +peta phase a certain portion of the
metastable beta will be transformed into alpha by one of two processes. At
slow cooling rates nucleation and growth processes occur, while for faste&

rates,-martensite trgnsformatlon occurs when the Ms temperature is crossed.
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'Aligned a' Microstructure in
Ti685. Heat Treated lhr 1080°C FC and
Aeed- . ; Aged.

Fig. 15 ‘'Basketweave o Microstrucglre in
Ti685 Heat Treated lhr 1080°C AC and

i
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Fig.16 Massive martensite in d
Ti-1,78 wt.%Cu quenched from 900 C.

A) Optical micrograph showing
large. colonies.

B) Thin foil micrograph Showing
- individual plates within the
colgniés.
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A) Optical micrograph, ‘ i
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lenticular-shaped plates,' some of
which are internally twinned.
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_ with Widmanstatten alpha

o .
As the transformation temperatutres decrease due to increased beta stabil-

~

a}pha. The presence,. grain size, and percenlage of equiaxed alpha for-
med is dependant upon working temperature, cooling rate and alpha to beta

transformation temperature, as is the structure of whatever Widmanstatten

alpha is formed. (see fig. 12) At high transformation temperatures an
cooling rates the Widmanstatten alpha occurs$ as clusters of parallel plales

that appear to have nucleated at the grain boundary alpha. (see fig. 13a,1l

izers or increased cooling rate the clusters of plates become progressively
-smaller and less‘orQeréd.(see fig. 13b,c,15) Fewer and fewer plates are

parallel and they> appear to have nucleated throughout the original gfain

in many different directions forming the so-called "basketweave"? structure. .

. %

Whichever Widmanstatten structure develops, the alpha platelets are

- 'surroundéd by layers of the original ‘beta phase enriched in beta

stabilizers that diffuse out as the alpha forms, .the thickness of these
.layérs being dependant on the quantity of beta stabilizing elements in the
alloy and the cooling rate. (3(3)

The martensite’;ransformation process, on the oth;} hand, is.a.shear type
transformation of the bcc beta phase to eithef hexagonal martensite called
alpha prime or orthoFombic martensite called alpha double prime.' The more
common(gf these two, the hexagonal alpha prime martensite, has two possible
structres "massive martensites" and !acicular martensites'. . Massive
martensite conslsts of colonies of parallel plates separated by low angle
graln boundarles, each colony having the same Burgers vector orlentatlon

to the beta matrix. Thls type of martensite occurs for alloys of high Ms
temperature, which from fig. 4e would indicate- the near alpha alloys. For
iower Ms temperatures, or greater amounts of beta stabilizers, thé acicular

martensite forms, with the colonies degenerating into individual plates

each with a different varient of the ﬁprgers orientation. (see fig. 16,17)
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The , second type _of titanium martensite, the alpha double prime with an
orthorhombic structure occurs with some binary alloys such as Ti-Mo, Ti-Nb,

Ti-W and Ti-Re but not in otRers like Ti-¥. (see fig. 18) In those allLys

L

where alpha double prime does not occur, such as Ti-V, it has been found
that ternary additions of aluminum tend tpo stabilize the orthorombic phase,

over a fairly wide composition range.

.

Other martensites have also been reported with fcc¢ and fco microstructures,
' - 1

there is however, some doubt as' to whether these phases actuallysexist, in

that they have been detected only in thin foils and have proved impossible

to isolate in bulk quantities.

‘ '

Both of the above marténsites are metastable phases and will therefore with
pg:per heat treatment decompose to alpha and beta phases. In hexé%onal
martensite the products of this decomposition depend on whether the alloy
ds beta-isomorphous or beta-eutectoid. In beta—ismo{phous’ alloys the
decomposition is directly to alpha + beta, through pucleation and growth
processes of the beta phase occuring at martensite plategboundaries and on
the internal martensite substructure. As the Dbeta phase forms the
\remain;ng martensite approaches, the equilibrium position of the alpha
phase at the tempering temperature. (fig.’19a) {A?:nbeta eutectoid alloys
the decomposition is to alpha phase plds intermetallic compound. In active
eutectold alloys this re#ction is fairiy:fast but may be cartied out in
stages to permit forming before complete hardening occurs, in the slower
euteétoids however the metastable beta phase fogms first and the -

N
intermetallic compound veéy slowly after that, thus presenting no problem.

Orthorhombic martensite also decompose in two different ways. For those
alloys of high Ms temperatures fide particles of alpha‘ phase first
precipitate out uniformly thus enriching the alpha dqpble prime matrix with
beta stabilizing elements. Eventually tﬁe alpha bhase coarsens, alpha +
' beta lamellar regions nucleate at former beta grain bOundarieé and grow out
to consume the martensite matrix. (see 19b) In alloys with fairly low Ms
temperatures tempering occurs by a simple reversal or reshearing of the

martensite back to beta phase which later decomposes.(3)(4)(5)(8)(9)(10)
s ¢ - .

Direct decomposition of the metastable beta phase to alpha- phase, except
for ageing for long periods of time, appears to be difficult to achieve and

9, 2() ,
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F"lg.lg B-phase precipitatles forimed during temperlng o{‘ a' martensite
in Ti-6Al-Lv - . N
a) showing nucleation gt o' plate boundaries and within
the a plate '

lh& £ t ,( ‘J \\4‘ \"‘
OO0A{E M, e % % 0%
Fonsipit _{&* M i

b)' Tempered a" in a Ti-18 wt.%W alloy showing unifo'rmly
nucleated fine -phase precipitates.
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as such is only infrequently seen. The usual method of decomposition: is

through intermediate products such as omega- and” beta’ ‘prime phasés,'thesé

have been examined superficially in the section on beta alloys (tﬁaij} be

handled in greater detail below.
Omega phase may be formed as a 'metastable precipitate either on quenching

- dstable beta alloys whose Ms is just, below.room temperature or by aging,

slightly more solute rich alloys, at 300 - 4SDQQ¥ "It is a homogeneously -

nucleateéd coherent precipitate th? composition o wﬁich is not pféciéely
known, Aowever it\ﬁccurs as extremely small particles, with a very high
density and is solute poor compared to the beta phase in which it formél
(see fig. 20, 21, 22) As was stated earlier the amount of omega formed may
be controllable by changes in alloy content, (see fig.23) suﬁh_as addition

of aluminum, tin or beta stabilizers as well as by "altering heat treatment
¢ i

 temperatures.(3)(4)(5)(9)(11)(12) j

¥
/

Beta prime fgrmé between 200 and 500°C as a result of a phase separation of
the beta phase into beta + beta prime. It is a uniformly distributed,

coherent, bcc phase of indeterminate composition but is solute lean. The

morphology of beta prime is variable depending on composition differences

and ‘misfit between the two bec phases. asée fig.24) There 1is a close
association between the Eormatiqn of, béta and omega, as beta prime forms,
either during low temperature aging of alloys in which odegé formation is
sluggish,‘or in alloys which have sufficient beta stabilizers‘to suppress
omega as well as make the alpha phase formation sluggish. As in thé case
of‘ﬁmega,phgse the addition of certaiﬁ alloying elements such as aluminqp
ébpreéiab}y reduce the stability of the ‘beta prime precipitates
(3)(4Y(6) ' !

- '

Both omega and .beta prime being metastable, will upon further aging,

decompose and precipitate alpha phase. In omega the nucleation occurs at:

points of lattice mismatch or if mismatch is low at grain boundaries, and

- results in an élongated; plate or needle‘like morphology. (see fig. 25,265
In béta phase, nuc%gation may also occur on the beta particles and results
in a morphology similar to omega. For aging of either phase at
temperatures above their stability point 'alpha will precipitate out

T directly,from the beta. For alloys lean in beta stabilizers or high in
aluminum content, it appears as Widmanstatten ‘alpha while for those rich in

x 23 , -
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Fig.20 park field electron micrograph showing etherrsl ' w-phez:
parti c?

—— A e

es in Ti-11.5Mo-k.55n-62r quenched frcr 900°C. -

—_—— *

Fig.21 Dark field'el%ctron’micrograph of ellipsoi&al omefA

phase in Ti-11.5Mo-4.55n-6Zr., Ellipsoidhl omegn forms-

in alloys.with low lattice misfit between the omega
precipitate and the bcc matrix. Alloys of low misfit
include/ Ti-Mo, Ti-P», and Ti-Nb. ‘
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Volume Fractien Omega Phase

ig.22 Dark field electron micrograph of cuboidal omega phrse

Fig. 22 in Ti-1n wt.%Fe. Cuboidal omega forms in alloys wn:hd
high lattice misfit between the omega precipltatg ;n .
the bce matrix, Alloys of high misfit include, Ti-Fe,
Ti-V, Ti-Cr, Ti-Ni, and Ti-Mn. '
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Fig. 23 Shovingy the influence of ternary Al additions on the
stability of w-phase in Ti-V alloys. .-
a) Volume fraction vs. time at %00°C.
b) Metastable equilibrium volume fraction vs. aging
temperature. - )
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Fig.ZL : Thin foil micrograph showing B' precipitates in a B matrix
in Ti-20 at.%V-8 at.%Zr alloy. ‘

. Fig. 25: Heterogeneous nucleation of a-phase at dislocations and
‘ subbqundaries in Ti-11.5Mo-L.58n-6Zr quenched from 900°C’
and aged at L80°C for 5 min. The white, mottled, back- -
ground structure is w-phase. : ’
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Fig.26°

(a) "Blocky" a which has: formed in situ from w-phase. '
Ti-8 wt.%Fe solution treated at 950°C and directly aged !

at 50000 . '

(b) Dark field electron micrograph showing uniformly dis-
tributed a-plates which have nucleated at B:w interfaces.
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' Thin foil micrographs showing the two morphologies vhich
"results from the 8' + a reaction. ' ’ ’

Fig.28:

Fig.27:

rafts of small a-particles within prior B' regions,
needles of a which have nucleated within the B8'
regions. v
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gpeta stabilizers and with 1little or no aluminum, <i;pha appears as

g ¥
lenticular plates or rafts without the normal Burgers o ii::i;ﬁ§; to the

beta”ﬁatrix.(see fig.27, 28)‘3)(4)(5)(9)(11)(12) ) /
' ; 7

I'd

—

On; last form of decomposition of the high temperature beta phase 1s
possible, this is the non martensitic decomposition of euigctoid alpha +
beta alloys directly to alpha plus intermetallic compound. The relative
ictivity Pf this reaction varieg for’differenf alloying elements and tends
to decrease proportional to eutectold temperature (see fig.29). In the
sluggish eutectoids the reaction is extremely slow and retention of
metastable beta is easy, in active eutectoidg however'the speed of the
reactign makes it impossible to prevent precipitation. The decomp?sition of
th%§e alloys results 1in the formation a very fine lamellar constituent,
analogous to pearlite (see fig. 30). In alloys isothermally reacted below
the temperature at which this pearlitic transformation occurs, a
non—lamellar eutectold structure siflilar to bainite is formed. This
sttpcture, despite its réduéed ducti%ity appears to offer attractive

mechanical properties if properly heat treated. and research to this end is
continuing.(see fig. 31) (3)(4)(5)(13)(14)(15)(16)

\

The various‘hicrostructures described in the previous sections may occur py'
themselves or in combination with various other phases, and quite often the
optimum mechanical properties occur as a result of a mixture of phases. In
the nucleation and ‘ growth m;grostructufes the optimum combination of
strength and toughness occurs. when a mixed structure of 90% Widmanstatten
and 10% equiaxed microstructures has been achieved. While in the case of
martensite, good strength and ductility levels are achieved when tempering
rasults in a fine alpha + beta structure. The other phases mentionfd, the
ecipitates such as euctectoids, omega and beta prime show an ability to
increase tensile étrength through precipitation hardening but generally
adversely effect ductiiity -and have no elevated temperature stabilit}
making their range of application fairly limited.
All of the alpha + beta alloys hdve poor| deep hardenability and for

sections thicker than one inch that must be hardened it is necessary to use

beta alloys.
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/‘\lg. 31 : Thin foil micrograph of non-lamellar u+T12Co eutectoid
decomposition product.
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CHAPTER 3

-

MECHANICAL SHAPING OF TITANIUM ”

a

Titanium and its alloys are not generally regarded as "well behaved” when
compared to other structural metals and as a result the shaping of this
metal through the various standards techniques of forging, extrusion and
rblling’has proved to be troublesome. The high ductilit;: high strength
even at elevated temperatures, as well as the other. useful properties of
titanium are in large part dependent upon the texture, grain size and phase
composition‘of the finished product, and these, in turn are quite often
dépendent upon the entire thermomechanical treatment the metal has
received. Even slight variations in this thermomechanical treatment can.
result in an altered microstructure and a wide séattering of properties
between supposedly identical parts,low cycle fatigue strength and crack

tolerance being particularly sensitive.(3)(24)
PR—

‘n
\~ 2 >

4On top of this the earlier mentioned chemical'reactivity of titanium ag
ele;ated temperatures and the detrimental effects of ogygen, nitrogen an&
hydrogen'absorbed as a result, presenf problems of their own. The use of
noble gas and® vacuum processing as well as protective coatings and
removal of contaminated metal by machining or pickling ha;e proved quite
successful but have made the handling of 'the metal more complex and
expénsive.(17)(18)(19) Still another problem affecting the hot ‘working
of titanium alloys is the low therpal conductfvity and diffusivity of
titanium. As a result the considerable quantities of internal heat
generated during deformation are unabler to diffuse throughout the
workpieces and the resulting "hotspots™ adversely affect crystal structure.
Efforts must therefore be taken to insure even dgformat?on of all titanium

alloys undergoing hot.working.(l)(zo) \\\

—

In general it has been'found that Ehrough appropriate types and degrees of \\\\
deformation combined with ;nd followed by appropriate héat treatments it 1is
possible to quite accurately control érain structure in titanium. It is
however necessary to controi all aspects of processing and their effects on
cfystél structure, as even the type, and size qf grains within the ingot,
prior to processing are fmportant. In the sections to follow, the va{ioug

types of hot working used on titanium, as well as the techniques of macro
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microstructure. It has therefore become necessary to not only develop new

[

and microstructural control ‘for each hot working, process 'will be described

and discussed.
3.1 FORGING

During the initial development of forging techniqueé‘for titanium alloys ’ 4
concern was directed only to static ﬁroperties, with limited attention
being paid to control of microstructure in either the billet or the
finished forging. However as a result ;f failures which occured under
certain testing and service conditions, the briiical‘relationship between
internal structure and dynamic properties was driven home. The resulting
changes in forging and heat treatment technlques provided a high degree of
control and were substantially responsible for the increasg@ quality and
reproducibility of titaaium alloy fofgings. Now with the development of
the new generation of aircréft and engines,hade come still further demands

for improved properties and their control through optimized

improved alloys but also to examine and contrel microstructure, forging

and heat treatment at every step of'manufacthre.SZI)(za)

Tﬁis con&rdl begins at the earliest stages of development, which duecto the
empirical nature of forging involve;\several trial forgings from varying
preform shapes using different Eeﬁperature ranges, and followed by :
laborious cutup testin}. The optimized forginé Foute, with all its 1
variable factors is, once determined, carefully recorded as it must be |

accurately reproduced to duplicate desired properties.(zl)(24) . - ) j
1

?he forging route 'is ‘ﬁ%wever also influenced by the ﬁroberties of the ﬁ N ’ |
material to be forged. From each and every billet received, slices are cut \\
and examineda carefully, to insure uniformity of structure, freedom from \\
borbsity and any other defects that could persist through forging. At the

same time the microstructure is examined and the beta transus found. From

this data, the optimized forging route working temperature for each

* billet, 1in degrees above or below the beta transus, is calculated. The

accuracy of the entire process is contiﬁually checked through the selection
at regular intervals, of completed forgings for cut up, testing and_

examinatfon.(ZI)

\
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Of prime importance in the entire process 1s insuring that preheating and

heat treatment temperature are very accurately controlled. As a result the |
heating rates and soaking times for a partikulag_forging are carefully
predetermined, and thé“temperaturé iﬁ the furnace controlled tp +5°C Aléb‘
important in terms of -temperature éontrol is the internal heat generated by
deformatiorw, this should at all times be kept at a minimum and-if at all
possihlg unifo}mly distributed throughout the forginé. Failure to do so
may result in hot spots and their accompanying changes in crystal structure
(see Fig.42)., Overall temperature control is particularly Rmportant in
those forgings where it is desired to retain a specific percentage of thé
primary alpha phase In this case the maximum temperature of the forging
due to all forms oI heating may not exceed the temperature at which the

specified amount of ~alpha remains.(ZI)(27)(%9)

t

¥

In forging processes the additgon of lubricants, makes dgformation
SUbSRantially-easier even at elevated temperatures. In tiganium alloys tﬁe
lubricants used serve two purposes not only do they .reduce friction -but
they also cut back on absorption of oxygen, nitrogen and hydrogen. As a
resulé not only are the surface cracking problems-due to brittleness
reduced but die wear due to the hardened gaseous alloyed surface -layer
is substantially decreased.(19)(24)(27)(29) N

Once the forging has been completed it is heat treated to,briang out the
required microstructure with its desired properties. Even here however
care must be taien as titanium shows a tendency to sag under its own weight
at elevated temperatures. For large and uniform sections this 1is not a
problem but for thin variable ones such as compressor blade forgings,
con;iderable twisting, bowing and sagging may occur. Correction of this
problem is not possibfe in the cold state due to the limited workabilitf?of
titanium alloys when cold but may.be carried out at the<solutionfng or
annealing temperatLre, or prgvented tHrough the use of special jigs.
Forgings having contaminated surfaces are 1likely’ to crack during
straighte;ing so contamination must be removed beforehand.(27) ‘

Two types of forging methods are used .on titanium alloys, conventional
forging using warm dies, gnd isothermal forging using dies heated to the

same temperature as the wgrk‘ piece. Conventional forging 1is more

" extensively used as it may be carried out on the same type of "equipment as

a
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forgings for other metals, and because 1t 'is the older and more established

[N P

process. .

/

)
’

Convent133al forging may itself be further subdivided into two categories.

The first of these is alpha + beta forging which is carried out below the
beta transus. It is used for those alloys, alpha and near alpha, that
underéo excessive grain growth in the beta phase field,#as»well as for
those, forgings for whi(:h‘7 a very. fine equiaxed microstructure has been
.specified. The temperature range avadlable for alpha + beta forging is
:small, the upper temperafure being high in fhe alpha + beta range and the
lower,limit being set by either the stiffness of the alloy or the onset of

shear cracking. As a result frequent reheating of the workpiece is 2

' hecessary with consequently increased risk of overheating  and

9

contamination.(3)(20)(27)
The microstructure produced by aipha + beta forging is a combination of
equiaxied (primary) ‘alpha and transformed beta (Widmanstatten alpha) The
percentage of each being dependent upon the maximum forging temperature
used, ‘which controls the amount of primary alpha retained in the forging.
As can be seen. from fig.32 for the alloy Hylite 50 (Ti-4A1-40Mo -2Sn-.5Si)

increasing amounts of Widmanstatten alpha can improve some- properties and

:‘ degrade others. - In the case of this alloy the minimum permissible content

-

i

of primary alpha is 20 percent for acceptable properties, more may however
be retained if other combinations of _properties are desired. - In fig. 23 are
shown the properties of the alloy IMI679 (Ti-115n-5Zr-2.5A1-1Mo-251) that
does not respond as' favourably to increasing Widmanstatten alpha content,
.and in this case 25 or 35 percent primary alpha would be needed for\
acceptable properties.(3)(20)(30)

- .
The second type of conventional forging is beta forging. This term 1is
however not completely accurate, although the workpilece is initially heated
and workedhabove the beta transus, as. a result of cooling, working is

actually completed well below the transus. Even so; the effects of beta

forging can be very noticeable in certain alloys,’ such as ,those with

apprecfable quantities of beta-stabilizers, where the. ‘resulting
microstructures are very different from those of alpha + beta forgings. It
has therefore becéme the practice to ensure that at 1east 75 percent of

1 v

# .
forging reduction 1is carried out below the “beta transus. The single
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greatest advantage of beta f_t;rging is that it provides a much greater

temperature range for working than is possible with alpha + beta forging.

This makes necessary fewer forging and annealing steps for complete shapingwy
and lower flow stresses,. which result in better filling of. the die and
closer tolerances on the finished product.( Although the beta forging of

tit:nium alloys 1is viewed with a certain amount of suspicion by some

users of titanium, it has been shown that for certain combinations of

properties 1t <can be as or more effective than alpha + beta

f‘orging,(a)ggo)(ZA)(27)‘

From- work done by Kuhlman and B111man{20) it is possible to compare the

ef}ects of differen\f types of processing on two commonly used alpha + beta

alloys. These alloys, thelr compositions and the type of processing used

are to be found in table 3, while the resulting properties are shown in

table 4 and mici‘ostructurés in figs. 35 to 41. In general it can be seen.

that macrostructural refinement is mos‘t efficiently achieved through alpha

+ heta forging followed by a beta anneal to permit recrystallization. This

is due to the fact that the size of newly formed grains after the beta

anneal are 1nversely proportional tc: e amount of alpl{a + 'beta_

deﬁform\at‘ion. In the case of working in the Geta field the criti‘cal strain

limits need to achieve recrystallizatio , with accompanying grain

-, refinement, are never reached because dynamic recovery occurs readily in

the single phase structure.

. /
Microstructure 15 similarly affected by amount and temperature of

déforgnation as well as cooling rate and any subseqdent thermal treatment.
This can be clearly seen in the ciifferent nicrostructures developed due to
tt‘le different processing options. Conventional processing results in
evquiaxed primary alpha in a transformed beta (Widmanstatten alpha) matrix
with high tensile strength and ductility but only moderate fracture
toughness. Option 1 subéticutes a two step recrystallization anneal for the
mill anneal, the resulting 80 to 90 percent equiaxed alphd microstructure
is coarser than that for conventional processing with sli/ghtly reduced

tensile strength but impi'oved ftacture toughness. In option 2 a beta

—

solution treatment followed by an alpha + beta anneal is substitutgd for
ti\e‘ mill annef;l. The beta solutionning destroys any microstructural
refinement resulting from the alpha + beta working by recrystallizing the
beta grains, which on °‘cooling form Widmanstatten alﬁh’Z The result is
further decreased tensfle ste:gth and ductility b‘ut‘\increase of fracture .

. , 38
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Table 3 — Available Options for Obtaining High Fracture Toughness
in Ti-6Al-4V and Ti-6Al-6V-2Sn Forgings -
Composition ’ ’
Options® N Sn ¥ Fe 02 ¢ N H Cu  Other
Standard :
T ..o 55675 — 3545 030 020 000 005 005 — 040
TGN EY-28n ... ... ... 5060 1526 5060 03510 020 005 D004 0M5 03510 030
Special .
TNV L 5562 — 3545 025 013 008 005 00125 — 0.30
TBABY-250 ...ttt 5060 1525 5060 03510 013 005 004 0015 03510 030

* Nloying element contents are maximum unless expressed s 3 range.

Processing -

Oplions Composition F'ouing Process B Heat Treatment

Conventional Standard a+p Mill anneal (MA)

la s .. Standard a+t B Recrystallization anneal (RA)

b e Special a+p Recrystalhization anneal (RA)

20 e levenn, Standard a+ B ) B Solution treatment + anneal (8 A)
Y Special a+ B B Solution treatment + anneal (B A)
o et taieeniraaaaas Standard B preform, a + B block & finish Mill anneal (MA)

L I Standard B preform B block, a + B finish Mill anneal (MA)

4‘ ........................................ Special B preform B block, a + B finish Duplex solution treaiment + anneal

N . (duplex STAN) 4
—— - - - - v

g

Table §, — Typical Guaranteed Properties for Composition/Processing Options

Yield Strength,

Minimum Room-Temperature Tensile Properties

Tensite Strength,

Reduction

Fracture Toughness,

Alloy and Option ‘MPa (107 psi)  MPa (10° psi)  Elongation, % . n Aea, 3 MPa/m (ksi\fin.)
Ti-6A1-4Y
Conventional ..........coriiiernininnnsennnanenons 827-862 896-931 ‘ 44-55
(120-125) (130-135) .10 20-25 (40-50)
O 793-827 862-896 60-71
- (115-120) (125-130) 10 20-25 (55-65)
) 1 T (resemcutnossasannseanons 758-793 827-862 77-88
* {110-115) {120-125) b 10 ,~ 2025 (70-80)
B R SR 793862 931-1000 T 82.93
, (115125) {135-145) 63 1615 . (75-85)
7L 758.8217 827-862 .89
, " (110-120) (120-125) 68 1015 p (80 90)
S SO 813-848 296-931 66.77
(118-123) (130-135) 10 20-.25 (60-70)
K 1 813-848 862 896 11-88
(118-123) (125 130) 810 1520 (65 80)
L S 758-793 827-862 82-93
(110-115) (120-125) &3 1015 (75-85)
Ti-6A16V-25 S B
Convenliohal .................... e eeteeareenn s 931-965 1000-1034 kx> 7}
. * (135 140) (145-150) 810 2025 (30-40)
1o (fromaeference &) ... ... it - 896-965 . 965-1034 44-55
(130-140) (140-150) 10 20-25 (40-50)
L PP — —_ - —_ ' —
2 TP 852 931 965-104 §5-66 |
{125-135) (140-150) (% 10-12 (50-50)
B et = Nt W - it
. R 896 931 1000-104 v 455
(130 135) (145-150) 810 15-20 (40-50)
K Ceeessensscssnntoncarannnsoasess 896-931 965-1034 . $5-66
(130 135) (140 150) 63 - 1220 (50 60)
L TN ree i rieeereseraraans — —_— —_ —_ -

s~
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2660 mm (10510 ) long, 193 kg (426 1b)

Room Temperature Tensile Piopecties

Yield Strength, Tensite Strength, Reduction
Onentation Option MPa (103 psi) MPa (10° pst) Elongation, % n Nea, §
Longnudinal | Conventtonal 938 1000 979 1062 ) 1518 2940
- . (136 145) (142 154)
Long transverse ’ Convenhional 938 985 958 1034 1619 3039
(136 141) (139 150)
Shoit transverse Conventional 903 958 958 1014 1319 2341
(131 139) (139 147)

* Kjc specimen onentation per ASTM £399 4

l-i‘ig,36 — Conventionally Processed Ti-6A1-6V-2Sn Wingspar Forging
!

)
\
3640 mm (143 ) long, 143 kp (16 1b)
. Room Temperalure Tensite Properties -
Yietd Suength, Tensile Sirength, Reduction
Onenlation Option MP2 (107 pst) MPa (102 psi) Elongation, % in Area, %
lungitudingl Conventional 1063 1125 in9vn 1719 2340
. (154 163) (165 17
Long transverse Conventional 1090 1139 1145 1201 1418 2031
(158 165) (166 174) [}
Shaet transverse Conventional 1035 1063 1111145 1317 2028
(150 184) (161-166)
* K¢ specimen onenlation per ASTM £399 Fracture toughness not routinely measured, but 1s typically 33 44 MPa /m (30 40 ksi /in.)
j ,
; ' 40
;
b :

P,

Fracture Toughness,

MPa/m (ksin/in )*
499564 LT
(45451 %)

549574 ST
(499 52.2)

516526 7L
(469 47.5) -

Fracture Toughness,
MPa,/m (ksi/in )

PR Y
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100% y , 198S smm (77 0 ) l-{m,:. 442 hpg 974 Iy
Room Temperature Tensile Properties !
. Yield Strength, Tenuite-Stiength, . Reduchon Fraclure Touzhness,
Onientation Option MPa (10! ps1) MPa (10} pst) Elongtion, % wn Aea, T MPa./m (bsiy, 10 )
loagitudinal . . ..... . .. 1b 814 834 896 910 1618 Q248 8329%39¢t7¥
. ' (118121} (130 132) (79685 4)
Loag transverse . ... . b 814 862 883 724 1617 4042 M51239S87
{118 125) (128 134) / (681126)
Short ransverse Ih 112 %01 89 910 1013 0w ’
' (2an Y PO R .

* Kjc specimen onentation per ASIM 399,

- . . ’ ‘
. - “ :
-

\ , {ZE\V e

 Fig.38 — Option 2a Ti-6Al-4V Helicopter Sleeve Forging

oAbl ™~ .
7 ;, - = / '

"N , {\ . , .

HLUN E SOR i (22 ) Tong 432 mun (17 an yavkde, 25 10 201 oun (] 1o X I(mk, (g3 '}u (S A8 LY
«_Room-Temperature fensile Propertes A
' . Yield Strongth, Tensite Strength, Reduction Fractwe Touwghness. ,
Orientation Option MPa (10? ps1) MPa (102 pst) Eloagation. % n Area, % MPa/m (hsiy/in )
Longitudinal ............ . ..... i 841952 972 1041 710 10-13 -
(122-138) (141.151) -

longtransverse ....... ...... u 8% 931 993 1083 810 10-14 -

. s (130-13%) (144-157)
Short tramswesse ......... .... .. 2] 8831917 936-1055 1 13 —

. (128 133) (143-153) : :

* i specimen onentation per ASTM £399. Fracture toughness not guaranteed for this part, but 82.93 MPa/m (7585 ksifim ) 1s typicaily produced.
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Fig.39 — Ti-6Al-4V Wingspar Forgings S : ' k
- A Vi , :
- . fnom Temptiature Tensile Properhies '
o . Yield Loength, Teghile Suengih, Reduction Fracture Toughness,
« Orientation ) Option  MPa (i psi) Pa (10 psi) Elongation, 3 in hrea, % Mpa/m (xsi/fin.)
(0 D K} ] BY-925 ~959 987 12n 548 63481 L1 !
Loty " - L , (9130 (138.143) (585-713.7)
» 322 92% 913980 i ny 85 95.7
‘ (:2134) (133 142) . (59 87)
S . .oh 83332 918 987 un k2 )| 68.1.69 S-1 :
Lo lansverse : (123 139) (133 143) (61.962.7) i
853925 937913 12-14 21-32 83389 K
- (125-138) (135-141) - (15.180.8) »
............................. k] 811876 904.959 © 1116 2130 692.79.3 T-L :
SROTLUBMEIRISE oo ‘ sy (31w) (623.72.1) {
: » A1t 369 333918 812 1528 20.7-102
‘ (1:3-126) (128 136) (73.4.92.) .
* Kic spacimen orientatron per ASTM £399
Apnon aa +-p waoith All TOUX Option “iﬂ a4 1 wenk ;
Lieh tevel Lal Madest lewel \ln\l\‘l.l\‘\f Wl . L aw fenld ‘.

) ' .
Fig.40— Ti-6Al-6V -2Sn Wingspar Forgings

T

Room Temperature Tensile Propedies

Reduction Fracture Toughness,

K . Yield Svength, Tensile Strength, » .

Quentation Option  MPa (1) psi) MPa (10! pw) Elongation, % in hrea, % MPaJm (ksi/in.)
“Longitudinal ... .... e e re et aeen k'] 1007 1056 1083 1104 1011 1925 54857.6 L1
. - (145 153) (157 160) ) (49.855.4)

1037 1042 11041145 61 17-.21 662863
* (145-151) (160-166) o (60.1-78.9)
tong lansverse . . ... e O I )27 1041 > 10531090 LR Y 2 — 8T
. (15 148) (154 158)
9£5-966 1070 1076 81l 1320 . —
. . (121 140) 155 15%)
Shortlransverse ........ooooiiiiiisiiiiiieiian, 3 12 1090 1 3% 567594 1L
} (113) (158) (51.554.0)
) » n S (1] 4 13 26 £7.4.708
! - (141} {156) (61.364.4)

el

* K¢ specimen orientation pes ASTM E399

1 ( Al TN |
oo daca 4[5 wink i AILTBON tptian W o + B work ) - . -
High Iy ;:l - ,Moulm leved = Modcrate fevel N Low level
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’ ‘ Yield Srength, '
S - Orientalion , Option  MPa (0! psi) Elongation, %
- Longitudinal .....c...o.iieiiiiieniiann.. s 4 " 8%5-90) 12
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toughness. Option 3 involving differing amounts of Dbetay forging (a), (b)
follqwed by alpha + beta forging and a mill anneal, showed the importance
"of extensive alpha + beta forging for optimum lpropertie's. In' 3a only ’‘the

- preform was beta forged and ,a's a result equiaxed primary alpha was formed,
while in 3b both the preform and the blocking were beta forged and the -
result was the formation of high aspect ratio elongated alpha. Of these
, the equiaxed alpha becduse of grain refinémeat, had better tensile strength
and ductility but slightlyxlbwer fracture toughness: In any case forging ‘
above the beta transus resulted in yield strengths and ductility below the
maximum attainable and increased pr&operty variations, across the forging.
Option 4 had éxéctly ther same forging option as 3b but used a special )
composition alloy and a double or duplex solution ‘treat;ment prior to
annealing. The duplex solutioning helps to ovércome some of the
microstructural nonuniformities which result from extensive beta forging:
followed by limited alpha + beta working. The resulting structure is
essentially a tra&formed beta (Widmanstatten alpha) matrix with occasional
primary (equiaxed) alpha grains scattered throughout. The tensile streng‘th
and ductility of this structure are inferior to those of 3b while the,
fracture toughness is améng the highes’t that may be achieved.

The above comparison, of mechanical properties versus type of processing

poirits out the wide range of properties available and how they may be

~ selected and optimized through control of forging and heat treatment. At

the same time, attention must be paid to the design of forgings, rnéchanifal)
pretreatment of stock and rate of deformation. Failure to do so can resulf .
| in defécts or inferior microstructures in the finished product;l. Some exam—
_pies of such defe/acts are shown in Figures 42 to 53, along with explanations.
~ Y

The second method of forgin\g, isothermal forging, does not result in
substantially different microstructures, it simply makes use of the certain
strain rate phenomena to make easier‘ the forging of titanium al}loys.
'Isothermal forging 1is accomplished in practice by maintaining the forging
dies and the workp.iece at the sdme temperature throughout the forging
process. In conventional forging the. difference in temperature between die
at;d wo;kpiece and the low thermal ‘conductivity of titanium- combine to cause
localized chilling of the workpieces. This chilling incr&ses stress and
can cause cracking unless forging is stopped and the workpiece reheated.
In isothermal forging there is no chilling and so the forging may be

44
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‘Fig.43 Non-symmetrical grain flow in a 20 inch diameter ,
" disc pressing., When the billet length to diameter
ratio exceeds 8:1 the billet axis tends to move
off center as the upsetting operation proceeds.
, This problem can be minimized by using forging
) ‘ stock-with 'a length to diameter ratio between 1%
: "and 2 to 1, and by rotating the billet between
- " blows.” toe '
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. Fig.44 Initial 10 inch upset blank showing "dead metal"zona
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e e

i SEARR ;’.. N veedR s
ﬁ ‘ Fig.L45 .Effect of "dedd metal" zones developed/ during S
: ‘ ) ~ originrl upsetting of billet, fig.Lk, lon nicro-

structure of a 20 inch dir~meter press)forged disc
in Ti-4Al-LMn., This praoblem has been minimized
25 a result of the much finer grain structuresnow
demanded in billets. It is however taken in to
consideration, and forgings are designed in such
a way that these zones are removed during final
machining or deformed more uniformly to, improve
micros cture,
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Eig-h3 Surface "breakup" on a forged blade, the result of .

localized surface shear which occurs after lubricant
‘breakdown during forging. .
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"Fig.h9 Longitudinal streaks produced by heavy deformation such
as single .blow finished forgings. Streaks occur at

. voints-where propounced ‘flow emerges at the surface,
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y Fig.50. (x315)
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- . phase in streak shown in

e e In this éase aluminium content in the defect region was 509
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Fig.52 General microstriucture
in snubber section of

blade shown in Fig.50.
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Fig.53 Example of type of streak defect which occurs in’

silicon containing titanium alloys. The streak
shown consists'of numerous titanium silicidg part-
icles, the concentration being more than three
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‘carried out in one step and at slower ram speeds than conventional forging.

In titanium which, is strain rate . sensitive ‘this- slower forging speed

substantially reduces flow stress requirements as can be seen from Fig. 54,

‘ At the same time isothermal forging‘has been developed in such a way as to

~

retain the good ' flow characteristics of superplastic for ing while

© operating at strain rates above those usually associéted with su rplastic

behaviour. This is done by insuring that all workpieces have  the fine
equiaxed microstructure necessary for superplasticity. As a resultjof the
easier flow assoclated with superplastic behaviour thinner forgings! with
improveq property -uniformity and higher strengths are possible, with
accompanying savings in material, time, and energy.(3)(22)(23)(25)
5 .

Along with these advantages, however, come problems unique to operating at
tempertures of 900Lto 1000°C., At t. -témperatures the only die materials
that have proved satisfactory are th; superalloys such as IN 100 developed
for'use in the hottest portions of jet engines. Similarly the lubricants
used in conventional forgings.such as glasses, molten salts, and graphites

have proved successful to a degree but where surface finish is important

only boron nitride has proved suitable.(3)(22)(23)(25)

-
A
¢

All alloys may be worked . isothermally in’ the alpha + beta or the beta
field,, however little if any isothermal forging 1s carried out at beta

’ phase temperatures.. This 1is because alloys that are isothermally beta

forged have coarse, completely transformed microstructures with inferior
tensile strength and ductility which is unaffected by any subsequent heat
treatment. In conventional forging it is possible to overcome this problem
by forging _partly’(at beta temperatures and partly at alpha + beta
temperatures, in isothermal forging this 1s difficult and offers few‘
advantages. On the other hand isothermai'alpha + beta forging results in a
fine, grained structure of equiaxed primary alpha in a matrix of
transformed (Widmanstatten alpha) beta, the amount of primary alpha being
dependent upon the forging temperature, as can be seen from Fig.55.. At the
same time if it should prove necessary to alter the ratio of primary alpha
to transformed beta, -solution heat treating 1is all that fis necessary.
The mechanical properties resulting from this fine grained structure are as

good or, better than those for conventional alpha + beta forgings with‘

. genere}ly high tensile and fatigue properties ~and improved ductility.

Other advantages of 1isothermal forging are almqst' no anlsotropy, no

-
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brittle alpha phase formation due to absorption of gases and no internal

stress left after forging, which makes annealing unnecessaty.(3)(22)(23)
(25)

A comparis&n of the two types of forging indicates that isofhermallforging,
even though it 1s still comparitively “under development™, is the better of
the two processes. Forgigés produced isothermally are thinner and more
accurate,.with considerably redpced or non-existant post forging, machining
requirements. They are inherently more flaw free and permit better and
more accurate control of microstructure than conventional. forgings, and the
reduced ' stress levels and material requirements result in considerable
savings on capital investment. This .cost saving is: particularly true of
largef components, which as conventional fogings require very high stréss
levels and as a résuIt very large and powerful presses. These advantages

more than outweigh the more complex technology of isothermal forging, such

as heated superalloy dies,

special 1lubricants and inert gas

forging

envelopes.

Given the intrqgsing demands for high quality titanium forgings

for the new generation of engines and aircraft it is only a matter of time

until the majority of titaniun! forgings are being done isothermally.
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3.2 SUPERPLASTIC FORMING

]
Superplasticity was mentioned in the earlier section as one of the factors
or mechanisms involved in' isothermal forging,.1it was not ho/wever clequy
explained. Basically, superplasticity 1s the ability of a material to
a¢hieve extensive elongation, generally more than 200 percent and as much
as 1000 percent, under tensile stress, combined with élhigh level of
resistance to the plastic instability (necking) 'usually associated with
tensile deformation.(31)(32)(33) ‘ L !

This behaviour has been put to use in the process known as superplastic
forming to produce from thin sheet titanium and its.alloys a wide range of
shapes and products while still developing microstructures and properties
as good ‘as those of forged products. At the same time because the process
regsults in finished parts requiring less material and 1little or no
machining it has subst':antially reduced part costs and the material loss

ratio's normal to titanium products.(31)(33)

Laboratory testing has revealed which of the titanium alloys are capable of
superplastic deformation, and the conditions which are necessary for this
t6 OoCCuT. A fine, equiaxed grain structure, preferably two phased”and
stable “at the working temperature is normally required. A singlen phase
microstructure way be used but has a tendency to undergo grain growth which
produces undesirable microstructure in the finished product. At Vthe same
time the deformation must occur between 0.4 and 0.7 T, (absolute melting
point temperature) ‘and at strain rates of 1076 g 1073 gec”!,

relatively low for most metal forming 6perations.(31)(33)

One measure of the degree to which a metal will become superplastic is the
sensivity of the flou&tress, to the strain rate imposed on the material.
‘ The, classic equation relating flow stress (@) ¢o strain rate (&) is:

8

o=Ke"™ N ~ )
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This may be determined experimentally for each alloy by testing tensile

- specimens at given strain rates and temperatutes and determintng tke stress

required to maintain that strain rate. By testing across a range of strain
rates it is possible to prepare a series of stress-strain curves such as
shown in figure 56a. This type of curve is however inconvenient to work

with and the usual practice is to graph the data as a log-log plot, such as
that shown in fig. 56b. By taking natural logarithms of equation 1:

K

. Uno = mdn E + In K (2)

In this equation m a measure of the strain rate sensitivity.
Differentiating tWe result and finally solving for m the following

expression is obtained: o

m ._d__.én_:r_ ™

"\"

Frqm this equation, 3, it can be éeen that the higher the value of m, the

more strain rate sensitive and therefore, ‘the more superplastic the

material. This equation may then be related, to the log-log plot of

fig. 5bb, where, the slope of the stress—strain curve can be used to

establish\‘\gual experimental Yalups of ms 1In fig. S6c values of m have

/as a function of log strain rate. As can be seen from this

iches a maximum at intermediate strain rates, the low m value

ting still greater supegplastic properties, are therefore
ecially in titanium.(31)(33)

I
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Fig56 Tensile tests made in vacuum
at high temperatures and varying strain rates

enable engineers to determine an alloy's superplastic quahty,

— it is indicated by the highest m value.
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The technology of superplastic forming: is really quite simple and.is in
many ways similar to that‘useld to form thermoplastic sheet, the work piéce
being d/eformed in a manner analogous to that of a diaphragm., The sheet /s
inserted into the die cavity, the die closéd, purged of air using an %/rr{ert
gas, such as argon, heated to the working temperature, and then formed by
increasing the gas pressure in the upper cavity. Typical operating ranges’
for Ti-6Al-4V are 15 to 150 psig pressure at 900 to 950°C for from 15

,minutes to 4 hours, The inert gas ysed during forming protects the

titanium from \gas absorption embrittlement, while permitting a slow
pressure Iincrease .in the die cavity, to provide the slow strain rates.
necessary for superplastic forming. At the same time the use of gas to
cause deformation meané, that only a single female die is neocessary, ‘rather
than the mated dies‘of conventional forging and this die. may be much larger

in area than conventional dies.(31)(33) ' R

The slow forming rates and use of thin_sheet ‘make possible the forming of

shapes - far more'complex than those possible by conventional forming

. techniques. Parts formed can include one or all of the following features,

integral end flanges, beads in both webs and corners, short run-out
jpggles, and bend radii less than the thif:kness/of,the/sheét. An exam;le
of thé‘ design’freedom, and the advantages this provides may be seen ‘in
con@onen.i:s developed for the B-1 bombei‘. One particular part the nacelle
center beam frame, eight of v;hich were reguired on each pJ:ane'. to sepgra\te
the B-1's two engines, was manufactured conventionally’ ~and
superplastically. (see fig. 57) The coanventional part was formed as’gi»gﬁt
seﬁarate components joined together by 96 fasteners, wh;lle ‘the superplastic
part was only a single component which due to beading of the web was’
thinner, 30 perceﬁt lighter and 50 percent cheaper to produce.
Difficulties encountered in superplastic forming are similar "to those in
isothermal forging,' the need for high temperature die materials and the
h;‘iting of the dies and workpieces. Fortunately the superalloys used in
isothermal forging are algso suitable here and due to the low strain rate
levels used during the process ‘1/t has been possible to carry out

experimental trials of ceramic dies’ which have p}'oved troublesome but

adequate and considerably cheaper. (31)(33)
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fabricated part containing 104 separate components, (b) same
part superplastically formed from a single sheet of Ti-6Al-4V.
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TABLE i

HEAT TREATMENT AND GRAIN SIZE OF Ti-6A1-4V R

Heat Trcatment*

Specimen No. " Temperature (C) Time (h) Grain Size (um) ~
He-1 590 64 4.) .
HC-3 704 8 4.2 "
HC-4 760 8 4.2
HC-5 _8710 2@ . 4.9 )

HEAT CREATMENT AND GRAIN S1ZE OF BETA 111l i
) 7 *
Heat Treatmcnt* Initial

Specithen No. Temperature (C) Time(min) Grain Size (um)
of - - see text
7 . © 510 240 see text
8 775 2 8
9 775 . 30 28

10 775 180 33

*/Air cool. \
# Ag-cold worked.

@ Cool 56C/h to 704C + air cool.,

"Grain size determined by lincar intercept method, counting .all =
interphase boundaries and corrected to true grain diameter. No
detectable change“between pre-test and post-test grain sizes.

o
-
*

TABLE § I

 — e . N 1}

FLOW PROPERTIES OF«T{-6A1-4V AT 815C

Grain Size* 9g ’ & at Tax

Specimen No. . (um) (MPa) Dmax [Cheo)
- i Present Investigation Py
1

HC-1 IR § 3.77 .883 3.4 x 107%
HC-3 Y a2 3.01 .876 2.0 x 107%"
HC-4 4.2 3.11 921 2.9 x m‘,‘l: .
HC-5 4,9 - 4.83 .838 1.6 x 10~

3

Conventionally Processed Sheet

- LA=1-A ¢ " 7.6 2.88 624 3,
"LA-1-A(R) 7.6 2.33 .786 4.

o x
=
)
w
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To date ™almost 511 superplastic forming has been done with the alloy

_Ti-6AL-4V at temperatures of 900 to 950°C, with no-special processing to

enhance its superplastic properties. Research to provide iﬁproved
superplasticity has therefore concentrated on either, new alloys or special
mill processing steps. Any improvements achieved would permit reductiop of

temperatures, and/or. forming pressures and times, particular importance

"being attached to reduced temperatures with their accompanying cheaper die

materials.

~—

i

The microstructures developed during superplastic forming are similar to
those thag result from isothermal forging, fine grained equiaxed
alpha + beta crystal structure at lower forming .temperatures, and primary
alpha + Widmanstatten ‘alpha at higher temperatures, especially if the alloy
has been cold worked prior to forming. Research carried out by Froes, et
a1(33), in an attempt to lower forming temperature by improving
superplasticity was quite successful. By substantially cold reducing and
then annealing workpieces it was possible to reduce grain size, in samgles
of Ti-6AL-4V and thereby increase m values. As a result it became as easy
to form the metal at 815°C as it Héd previdusl& been at 925°C. Compared to
conventionally *processed sheet material at the same temperature it was

possible to use higher strain rates, and shorter forming times at slightly

- higher pressures. At the same time the fine grained ‘alpha + beta crystal

structure that was developed by "cold working and annealing was retained
after forming due to the almost com%lete absence of recrystallization or
grain growth at the lower temperature, (see tables 5 and 6). ‘During the
same research the §uperplastic properties of the metastable beta alloy,
Beta III, (Ti-l11.5 Mo - 6Zr - 4.5 Sn), were also investigated. In this
case the alloy  was cold reduced and then given various annealling

treatments to produce a varlety of grain sizes which were subsequently

‘superplastically deformed in the temperature rangé 650 to 815°C. However,

due to the fact that Beta II1 has a transus temperature of only 745°C the
deformation occured both above and below the beta transus and was

complicated by recFystallization and grain growth. In general the best

superplastic behaviour was observed below the beta‘ transus, with optimum -

-
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properties occuring at 730°C. ;Above the beta transus, rapid grain growth

degraded superplasticity - and resulted in coarse, transformed and genetally

‘undesirable microstructures. Compared to superplastic forming of Ti-6A1-4V, ,

the forming of Beta IIT required more' time and higher pressures at similar

points below the beta transus, The greatest potential for superplastic

forming in Beta . IIl appears to exist ian the ultrafine ‘,’grain size tgsulting,

[P S

from cold wérking or cold wosking plus aging, when deformed at temperatures
from 700 to 650°C. At these temperatures there is little grain growth and .
the retained fine grain structure encourages superplastic behaviour and
r,e“sult_ggin optimum properties in finished products: (see fig. 58,59) These
results {ndicate thaty although not all titanium ;lloys may be as easy to
'form superplas;ically as Ti-6Al1-4V, all or most of' them may be worked in

this fashion once the optimum forming temperatare and grain size have been

determined. ) .
-

Superplastic forming appears to -offer substantial advantages over
conventional forming® techniques, its greater design flexibility, loger

fabrication costs, and reduced material requirements, alone are sufficient

to make it a useful manufacturing teshnology. However when these are
combined with excellent product microstructures and properties, and the
growing demand for large titanium parts in new aircraft and jet engines, it —
is almost ° certain that superplastic forming will =rev'c.)lt.tt:ia'nize the

,fabrication of titanium &l loy sheet products. ' . .
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3.3 EXTRUSION

The extrusiqﬁ of titanium and its allgys is a process co;siderably more
complicatea than the extrusion of more conventional metals such as copper,
aluminum, steel and nickel allo}s. The reason for this being not only the
gas absorption at high temperatures and the low thermal diffusivity that
have been mentioned earlier but an unfortunate tendency on the part of

titaniun to adhere to the working surface of extrusion dies. As a result

. it is impossible to extrude titanium without a high degree of lubrication

and even this may not be sufficient if the correct shape of die 1s not
used. In a flat faced die the occurance of a dead metal zone results in

titanium sliding over titanium and a breakdown in the lubricant film at the
die.(310)

Several different techniques have been developed to overcome this problem
most 1nvolving cone shaped dies and billets with tapered ends. In. the
Soviet'Ungpn however, another technique ha§ been developed using flat dies,
but with special cone shaped inserts made of lubricant material, wusually
glass, which are inserted between the die and the billet, thus supplying
lubrication and so permitting extrusion, Care must however be takén to

insure that the insert and the extrusion press chamber are above the

melting point of the glass lubricant otherwise it will function as an

abrasive and damage the walls of .the extrusion chamber.(34)  another
technique to correct this problem is to can the titanium 1in steel prior to

heating and extrusidn, this also eliminates gas absorption embrittlement

during processing, and once the billet has been extruded the titanium may -

be declad through pickling-or machining.(37) / ,

The lubricants used in extrusion processes, while éimilar to those used in’

forging processes, must be formulated to provide a greater degree of
lubrication due to the increased metal -flow during éittusion. Glassks are
the most popular lubricants -although they have to be physically separated
from the metal after extrusion thch increases costs. Molten salts have
also proved effectivé: boron ‘nitrate being particularly good where high
quality surface finishes are desirable. A considerable interest has also
been shown in graphite — containing, hydrgcarhon-—based lubricants.

)
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Although the hydrocarbon lubricpnts by themselves tend to burn off during

extrusion, considerable improvement has been a\Fhieved through the addition
of varying percentages of additives which alone provide no special degree
of lubrication but 4in combination with the hydrocarbons display .a
synergistic effect, mutally lowering friction. L Some of the additives that

have proved effective are Mo0O3, MoS; as ‘'well as suspension of lead and
i aluminum(35»36).

SRR

Other than the earlier mentioned dif’ficultie‘s the extrusion 'of titanium is

[ES PR

carried out in a manner similar. to that of other metals. The billet to be

extruded is hot worked to improve microstructure', then pilerced or drilled

e mon

out to provide a location for the mandrel, heated to the extrusion
temperature and then extruded. The earlier mentioned lubricant may be
applied either ‘before the final heating or just before extrusion, although
it .is frequently applied at both points in the process. Almost any press
capable of extru'ding copper or steel is sufficiently powerful to extrude
titanium and ;nay be used for this purpose. Care must however be taken to
lubricate the man;'lrel, as Wwell as che die, for titanium sticking to the

mandrel, surface will damage
\pipe,(30)(38)(40) : ¥

the inside of the extruded

Of the many factors involved in the process of extrusion only four appear :
to have a primary effect upon the pressures required to carry out {
deformation. These four factors are billet température, alloy compositiop,
ram speed and the logarithm of the extrusion ratio, other factors such as '

die angle or container .temperature have only a limited effect on the working

i s MM A

pressure. From the graphs ,in figs.'60, 61, and 62 the relationship of

‘temperature and extrusion ratio to extrusion pressure for various alloys of

Bt Y

titanium can be clearly seen while from equation 4 the direct effect of
velocity (V) on strain rate(é) for Strain rate sensitive materials such as

© titanium can be seen(36)

. ' é 2 4v 03 Tav©
) Ded 4)

D= die‘diam., o= vent:rance, e= exit, 6= die semiangle. i
‘ ki
ThHese same factors along with cooling rate after extrusion, also control the !
grain size and microstructure of the product and therefore its properties.

© . LY \
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Fig. 60 ‘ Deformation pressure as a function of extrusion ratio
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for the extrusion-of Ti-5A1-2.5Sn at various billet
preheat temperatures,
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To get a better understanding of the effects of these  variables, a

cqppariéon of the results of extrusion at differént temperatures, with
different cooling rates, of three different alloys will be carried out from
the wbrk of Gurney and Male.(38) The three alloys reported .on in the
paper, .were Ti-5Al - 2.5 Sn an alpha akloy, Ti-6Al -4V an alpha + beta
alloy andf T{-13Vv -11 Cr-3A1 a beta alloy. Each of thesé alloys was
extruded av temperatures from 870°C (1600°F) to 1180°C (2150°F) and then

either alr cooled, or water quenched.

In the case of Ti-5A1-2.5 Sn, bars extruded below the beta transus.

regardless of cooling rate had fibrous structures of fine beta particles iu

an alpha matrix. (see fig. 65 a,c) Extrusion above the beta transus,
with air cooling producing coarse plate like (acicular) Widmanstatten alpha
structure and water cooling producing alpha prime martensites. (See fig.
65 b,d). 1In those samples extruded above the beta transus prior beta grain
boundaries were clearly visible,f\{heir size increasing with increasing
extrusion temperature, indicating‘”that recrystallization had occured,
Annealing of these samples produced no visible optical changes in
structure. The properties of Fhese various microstructures may be seen in

Fig.66. Generally below the beta transus there is almost no difference in

‘properfies, between air cooled and water cooled alloy as reflected by their

similar microstructures. However above the beta transus/the watér quenched
sample due to its finer microstructure has higher strength and toughness
than the air cooled sample but as both have similarly tangled

microstructures, almost equal ductility.

For the alpha + beta alloy Ti-6Al1-4V, bars extruded below the beta transus
again had a fibrous structure in this case of elongated alpha interspersed
with a fine grained structure of alpha + beta, regardlessoof cooling rate.
(see fig. 67a, ¢) Those samples extruded above the beta transus however,
upon air cooling, developed a structure of relatively slightly elongated

primary albha in a matrix of Widmanstatten alpha (basketweave), while when
qdenched, developed a structure of alpha prime martensite. (see Fig.67

b,d) The extruded samples of this alloy were heattrpacedin two different

69
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ways, while all samples were given the standard four hour aging, a separate
set of air cooled samples were alsoc solution treated and aged.' As can be
seen from Fig.68 ductility and ;oughnegs are effectively the same for each
type of treatment, strengths on the other haad vary considerably. Aging of
the air cooled material, produced“é coarse alpha + béta structure in all
samples and this appreciably decreased strength. Aging of water quenched
material on the other hand had no effect below the beta transus but f;r
those samples extruded above the beﬁantransué aging tempered the alpha
prime to fine graihed alpha\+ beta which resiulted in high strength values.
Finally the effects of solutioning .and aging variéd with extrusion
temperatures, below the beta transus it pe{mitted recrystg%}ization and
produced a fine grained microstructure of primary alpha particles in a
matrix of alpha prime and beta with properties equivalent to those of water
quenched material. Above the beta transus however it permitted
recrystallizqtion, nucleation and growth of randomly oriented needles of
primary alpha, in a matrix of alpha prime:cand beta the resulting
microstructures being similar to Widmanstatten alpha produced strengths

almost equal to those of alloy extruded below the beta transus (see fig:

69). °

The third alloy, Ti—13V—IICf-3A1,’being‘a beta alloy, typically, showed no
deformation structure of any kind. The samples worked below the beta
transus, both air and water cooled, were almost identical, showing large
beta grains with some slight evidence of a second phase (see fig. 70, a,c)
In the material worked above the beta transus however, the quenéhed sample
had large beta grains with no second éhase showing, while the éir cogled
sample showed a coarse ‘.precipitate localized within the grains
(see fig.70 b,d). Ag;ngf of the material resul@ed in almost identical,
fine, uniformly distributed precipipate structures for all the samples
except those worked above the beta transus and air .cooled. 1In these
sampies fhe precipitate was not uniformly distributed but rather very

coarse and ‘unevenly scattered from grain to grain, the coarsest structure

occuring, at 1120°C (2050°F). (see fig. 71) = Based on fig. 72 for the

" properties of Ehis alloy it cah be assumed that the precipitate is omega
phase, as strength levels are high while ductility and toughness vaiues are
low, typical eff;cth of this phase on titanium properties. The decrease in
room temperature strength for billets extruded at 1120°C (2050°F) {is

probably therefore, a  ,point where the coherency of the omega phase 1is
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disturbed, as suggested by the microstrucspre at this point. (see fig. 7lf)
At the same time the difference in Jdmpact energy and area reduction betueen
water and air cooled samples is due to the . fine‘? . particle size of
precipitate in the, water quenched mater,ia-l, the finer*particles making tHe

material more ductile. o

. . ‘ N
» . .
. 1
- P .

The above cha'raeteris'ti,cs of extruded titanium alloys of various
com tions Has been partly ’confirmued in a paper by ChaiL and ’
Stead L) In their paper however they used. different alpha + beta and\
*Beta alloys and yet obtained simii’ar microstructures and . properties.- This
indicates ‘that’ the@behaviour at/tributed to eich of the alloys mentioned
earlier may be regarded as being representative of it(s titaniu% alloy'
' .group, .811)}‘13, alpha +~beta and/beta rather than just its alloying element
compositior. L /T.-.‘ }" K o o | v
The majority of -tubing produced by hot woriting is 'later cold drawn to
C \sgél-ler diameters and thinner wall thicknesses. ‘The . properties desired in
hot extruded titanium, high ductility and low strengch aore therefore not
? necessarily the ‘same as those of other titanium products but;., are obtained
and optimized in exactly the sﬁne way, through control of’ tt?ermo-mechanical

»

processes. . ‘ .
v ] “ .

3.4 HOT ROLLING | I ..
g $

¢

The hot rﬁling of titanium and ‘its alloys is carried out in a manner
similar to that of other metals ) subject only to the limits imposed by the
properties of titanium -itself, Hot rolling takes place between 730°C and
820?6, but may be carried out at temperatures as loy as 590°C. The
material to be rolled is heated to the working temperature, descaled ifa
necessary, placed in the rolling mill and reduced in size. As the
thickness of the workpiece decreases it becomes necessary to reduce  its
temperature to mifiimize gas absorption. en the sheets of titanium’ hdve
° been reduced to a thickness of about 0.1 ¥nch they are hot pack roll’ed,
. sevewl of the thin gheets being piled on top of each other with a top and
‘bottom sheets of stainless, steel or nickel being added. These are then

’ composite rolled at one -time, thereby reduéing elastic deformation 5«1 the -

rolls » while the top and bot.t:om sheet provide protection againsf gas
absorption.(l) oy ) , ' o
- . n 4 7 7 o " . .
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" The groblenis that occur in this process have for the most part been

.beta rolling.(za)(“') %

.. Two types

. 18 the result o

'brittle cracking of,

'through beta heat treatment, which tends to randomize a developed preferred

mentioned, hefore in one of the earlier forming processes and may be solved.

fn a simi manner. The tendency of titanium to adhere to the rolls as it
is being deformed may be controlled through the application of appropriate
lubricants and these will ~at the same time serve to reduqe roll friction
and gas absorption. Other problems encountered are chill cracking due to
localized cooling and Hot spots causing crystal structure changes. However

through co‘ntrol' of rate of deformation’ these two difficulties may be made

to cancel out. As tthe metal 1is deformed between the rolls 1t is”‘,

kinetically heated and if the amount of deformation 1is chosen correctly

then the heat generated can be exactly that necessary to overcome the

| chilling effect. of the "rol'ls.“)

<

Although hot rolling 1s generally carried out in the alpha + beta region it

.nxay also be done 1in the beta region. However as in the case of “beta

forging a subetantial degreé of the ginished rolling must be carried out.

below the ‘beta transus to obtain optimum»‘}properties. In fig.73 are shown

examples of the microstructures resulting from alpha + beta rolling and

%t-‘\

f macrostructural defects occur in hof\ rolled titanium, the

first of these is a locdlized problem called banding and the second is the
phenomeninn of \texturing of rolled sheet resulting fn anisotropy. Banding
local kinetic overheating which exceeds the beta transus,

followed by quenching due to ad jacent cooler metal,athe result, especially

rm’ martensites is a hardened band of transformed metal

o

runniog across the sh et. 1f this is not corrected, by deforming to greater

in alloys that may

than 50% or avoided through proper temperdture control it can lead to
he sheet surfaces®542) . Anisotropy on the other
hand 1is a bulk propert.

" . R 1
differtnt directions, an\ occurs when, during rolling, a metal becomes

~ textured. It 1s the result of  a fabrication sequence which encourages a,

strong preferred orientation in -a component and occurs most often *in hcp
crystal microstructures, such as titanium k6 alloys rich in alphx‘\%haseu

Although it does have drawbacks, in certain services it can be a Whseful

5 tQ

source of added strength and otherwise may’ be_ corrected to a certain ex{‘en

orientation.(‘l’i) 26) PR
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o ‘ ’ CONCLUSION . i ,
' " Titanium and its alloys are among the most difficult of the  structural
- metals to form and at the same time among the most promising in terms of
l : . strength, density and corrosion resistence.' However, slowly but surely
technology _has been, and 1s being' developed to handle this rather
cantankerous metal, and 'as further research into its properties is done its
shaping and bending to the tasks we find for it will become easier.,,
Already in only a few short yeafs techniques geared especially to the’
P properties of titanium such as ieothermal and superplastic forming have
> been developéd. These combined with better control of microstructure have
permitted a degree of control of finished part properties that was
undreamed of 15 yefrs ago.

Now, with the growing use of titanium in the latest generation of alrcraft
| . (and lthe engineé,/that ‘power thee, has come an increase in research that may
; be able to break the final barrier, cost, and if not x_nake titanium as cheap
/ as steel at least bring it into common usage with the other metals’ that

serve mankind, °
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